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CONCEPTS

Molecular Beacons: A Novel DNA Probe for Nucleic Acid and Protein
Studies

Weihong Tan,* Xiaohong Fang, Jeffery Li, and Xiaojing Liu!?!

~

Abstract: A new concept has been introduced for
molecular beacon DNA molecules. Molecular beacons
are a new class of oligonucleotides that can report the
presence of specific nucleic acids in both homogeneous
solutions and at the liquid —solid interface. They emit an
intense fluorescent signal only when hybridized to their
target DNA or RNA molecules. Biotinylated molecular
beacons have been designed and used for the develop-
ment of ultrasensitive DNA sensors and for DNA
molecular interaction studies at a solid —liquid interface.
Molecular beacons have also been used to study protein—
DNA interactions. They have provided a variety of
exciting opportunities in DNA/RNA/protein studies.

Keywords: DNA recognition « DNA hybridization -
fluorescence spectroscopy - molecular beacons - pro-

teins +- RNA
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Introduction

Molecular beacons are a new class of DNA probes. Since first
developed in 1996, they have been providing a variety of
exciting opportunities in DNA/RNA studies. Molecular
beacons are single-stranded oligonucleotides that possess a
stem-and-loop structure (Figure 1). The loop portion of the
molecular beacons can report the presence of a specific
complementary nucleic acid. The stem has five to seven base
pairs which are complementary. A fluorophore and a quench-
er are linked to the two ends of the stem. The stem keeps these
two moieties in close proximity, causing the fluorescence of
the fluorophore to be quenched by energy transfer. When the
probe encounters a target DNA molecule, the molecular
beacon undergoes a spontaneous conformational reorganiza-
tion that forces the stem apart, leading to the restoration of
fluorescence. The conformational state of a molecular beacon
is thus directly reported by its fluorescence: in the closed
state, the molecular beacon is not fluorescent; in the open
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Figure 1. Mechanism of operation of molecular beacons. On their own,
these molecules are non-fluorescent, because the stem hybrids keep the
fluorophores close to the quenchers. Molecular beacons emit intense
fluorescence only when the stems are apart through hybridization of DNA
molecules with sequences complementary to their loop sequences or
through unwinding the stem hybrids by increasing temperature or using
denaturing reagents.

state, when the fluorophore and the quencher molecules are
apart, it emits intense fluorescence. Different molecular
beacons can be designed by choosing loop sequence and size.
Also, the quencher and the fluorophores can be changed
according to the problem studied.?! Recently, a biotinylated
ssDNA molecular beacon has been designed for DNA
hybridization studies at a liquid —solid interface and for the
development of a ultrasensitive DNA biosensor.’! Molecular
beacons are useful in situations where it is either not possible
or not desirable to isolate the probe —target hybrids from an
excess of the hybridization probes, such as real-time monitor-
ing of DNA/RNA amplification reactions and the detection of
RNA within living cells.*') Molecular beacons have shown
many advantages over other DNA probes. These include the
extremely high selectivity with single base pair mismatch
identification capability, the excellent capability of studying
biological process in real time and in vivo, and avoiding the
inconvenience caused by using DNA intercalation reagents or
by labeling the target molecules or using competitive assays.

Molecular Beacon Synthesis

Molecular beacon preparation: The molecular beacon se-
quence can be chosen for specific targets and for specific
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applications. Molecular beacons are synthesized by using
dimethylaminophenylazobenzoic acid controlled pore glass
(DABCYL-CPG) as the starting materials. DABCYL, a
nonfluorescent molecule, serves as a universal quencher for
many fluorophores in molecular beacons.’! There are four
important steps in this synthesis.- 3 1) A CPG solid support is
derivatized with DABCYL and used to start the synthesis at
the 3’-end. The rest of the nucleotides are added sequentially
by using standard cyanoethylphosphoramidite chemistry. 2) A
primary amine group at the 5’-end is linked to the phospho-
diester bond by a six-carbon spacer arm. There is a trityl
protecting group at the ultimate 5'-end that protects the amine
group. 3) The oligonucleotide is hydrolyzed and removed
from the CPG, then purified by reversed-phase HPLC. 4) The
purified oligonucleotide is removed from the trityl group and
labeled with a fluorophore. After labeling, the excess dye is
removed by gel filtration chromatography on Sephadex G-25.
The oligonucleotide is then purified again by reversed-phase
HPLC. The main peak from the HPLC run is collected. The
synthesized molecular beacon is characterized by UV and by
mass spectra.

Design of a biotinylated ssDNA molecular beacon for surface

immobilization: A biotinylated ssDNA molecular beacon

with tetramethylrhodamine (TMR) as the fluorophore and

DABCYL as the quencher has been designed and synthesized

recently. 'l There are five important considerations in the

design of biotinylated ssDNA molecular beacons:

1) The functional group used for surface immobilization: One
of the most common ways for biomolecule immobilization
onto a solid surface is through biotin—avidin binding.!'?!
Since the 5'- and 3’-ends of a molecular beacon are linked
to a fluorophore and a quencher, respectively, adding a
biotin functional group to one base in a molecular beacon
is the easiest strategy for the attachment of the molecular
beacon to a surface.

2) The position for biotin binding: It is highly desirable to link
biotin to the quencher side of the stem to minimize the
effects biotin might have on the fluorescence of the
molecular beacon, quenching, and hybridization.

3) The length of the stem and the sequence: Most molecular
beacon studies! > indicate that an excellent balance is
achieved with 15 to 25 base sequences together witha 5-7-
base-pair stem. A 16-base loop sequence has been
designed. The 6-base-pair stem is strong enough to form
the hairpin structure for efficient fluorescence quenching,
while it is still weak enough to be dissociated when a
complementary DNA hybridizes with the loop of the
molecular beacon.

4) A spacer between biotin and the sequence: A biotin-dT to
provide an easy access for target DNA molecules to
efficiently interact with the loop sequence, and an
adequate separation to minimize potential interactions
between avidin and the DNA sequence.

5) The fluorophores: When an ultratrace amount of molec-
ular beacon is used or the molecular beacons are
immobilized on a surface, photobleaching of the fluoro-
phore will become a severe problem. A rhodamine dye is
used for the molecular beacon as it has high quantum
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yields and is photostable in fluorescence detection. In
addition, fluorescence intensity of rhodamine is independ-
ent on the pH used in a sample matrix. A biotinylated
molecular beacon, 5'-( TMR) GCA CGT CCATGC CCA
GGA AGG AAC G(Biotin dT)G C( DABCYL)-3, has
thus been designed for surface immobilization. The newly
synthesized molecular beacon has been characterized by
mass spectra and its structure has been confirmed by
molecular weight. The biotinylated ssDNA molecular
beacon has been successfully immobilized on a silica
surface or at the tip of an optical fiber probe.> !l 3]

Hybridization Studies of Molecular Beacon

Hybridization study in solution: Molecular beacons have been
used for DNA hybridization in solution using fluorescence
measurements performed on a spectrofluorometer. Four
sample solutions were used: 0.1 pMm molecular beacon with a
fivefold molar excess of one of the following four solutions: its
complementary DNA, a one-base mismatched DNA, a two-
base mismatched DNA, or a non-complementary DNA. The
solutions were incubated for 15 min in a hybridization buffer
(20mm Tris-HCl, 50mMm KCl, and 5Smm MgCl,, pH 8.0).
Emission fluorescence at 580 nm was recorded at room
temperature with excitation at 530 nm from a xenon lamp in
the spectrometer. The hybridization of the molecular beacon
with its complementary DNA inside the solution has shown a
more than 10 times fluorescence enhancement. Theoretically,
the enhancement could be as high as more than 200-fold with
optimal design of the sequence and under optimal hybrid-
ization and optical detection conditions.! The enhancement
factor of the molecular beacon after hybridization is high
enough for a variety of applications. Hybridization dynamics
of the biotinylated molecular beacon has also been inves-
tigated, and similar results to that of a molecular beacon
without biotin attached have been obtained.F!

There is an obvious difference in the fluorescence enhance-
ment when different DNA molecules hybridize with the
molecular beacon. Compared with the complementary DNA,
the one-base mismatched DNA resulted in a much lower
fluorescence restoration, while the two-base mismatched
DNA and the non-complementary DNA had no fluorescence
restoration (Figure 2). This clearly demonstrates the excellent

Relative Enhancement

" 1bDNA  2b-DNA  nc-DNA

Figure 2. The relative fluorescence enhancement of the molecular beacon
when hybridized with different DNA molecules: c-DNA: complementary
DNA; 1b-DNA: one-base mismatched complementary DNA; 2b-DNA:
two-base mismatched complementary DNA; nc-DNA: non-complemen-
tary DNA.

c-DNA
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selectivity of molecular beacons in the identification of its
target DNA molecules. The specificity of molecular beacons is
higher than that for a linear probe due to the existence of the
molecular beacon’s hairpin structure.?’! Tyagi and Kramerl!l
reported that there was no fluorescence in the presence of a
one-base mismatched oligonucleotide. The discrimination in
the molecular beacon hybridization between perfectly match-
ed and single-base mismatched DNA relies on the stability of
the newly formed DNA duplexes. The length of the hybrid-
ization sequence, GC contents, the location of mismatch bases
in the sequence, and the hybridization temperature all have
strong effects upon duplex stability.l"2 Therefore, high
specificity with one-base mismatch DNA identification capa-
bility is obtainable by using a carefully designed molecular
beacon probe and the optimized hybridization conditions.

Hybridization of immobilized molecular beacons: The newly
synthesized biotinylated molecular beacons can be immobi-
lized on a silica surface through the avidin-biotin binding. 12
A clean silica coverslip was treated and then incubated in
avidin solution (0.1 mgmL~!, 10 mMm phosphate buffer, pH 7.0)
for 12 h. The physically adsorbed avidin was stabilized by
cross linking in 1% glutaraldehyde solution for 1 h, followed
by incubating in 1M Tris/HCl (pH 7.5) for 3 h. The avidin-
coated coverslip was washed by the phosphate buffer and
dried under nitrogen. A drop of a biotinylated molecular
beacon solution (1 x 107°M in the buffer) was added to the
avidin-coated coverslip. The avidin —biotin binding was quick
and usually only took a few minutes. After immobilization,
the coverslip was then washed by the hybridization buffer to
remove any unbound molecular beacon. The binding process
is quick and efficient.

An immobilized molecular beacon has been hybridized
with its complementary DNA. Fluorescence signal monitor-
ing was achieved with a highly efficient optical detection set-
up.'l The system consists of a fluorescent microscope, an
intensified CCD (ICCD), an Ar" laser (515 nm laser beam),
an optical fiber probe for light transmission to the microscope
stage, and a prism to generate an evanescent wave to excite
the molecular beacon immobilized on the silica plate surface.
The results from real-time measurements of the hybridization
dynamics (Figure 3) indicated that the biotinylated molecular
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Figure 3. Immobilized molecular beacon hybridization kinetics study.
Real-time measurements of the hybridization dynamics of an immobilized
molecular beacon were obtained with target DNA molecules () and non-
complementary DNA molecules (A).
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beacon is efficient for DNA hybridization. We have also
carried out molecular beacon probe testing with different
concentrations of complementary DNA molecules. The
results show a good linear relationship between the initial
hybridization rate and the concentration of the complemen-
tary DNA.[" The molecular beacon immobilized plate can be
used to detect target DNA molecules in the subnanomolar
range.

Molecular Beacon Biosensors

Ultrasensitive fiber optical DNA sensors: An immobilized
molecular beacon can be used for the preparation of a variety
of optical fiber DNA sensors such as a submicrometer sensor
and a fiber optic evanescent wave sensor.!¥] Coupled with
highly sensitive optical imaging and detection methodolo-
gies,' molecular beacon DNA optical fiber sensors have
been developed with fast response time and ultrasensitivity.
The microscopic optical fiber probe is fabricated by using
either pulling or etching technologies.'> ') The fiber optic
evanescent wave sensor is made by exposing the core surface
of an optical fiber through chemical etching. Evanescent wave
generated on the core surface is used for fluorescence
excitation in the longitudinal surface of the fiber. Biotinylated
molecular beacons have been immobilized onto these two
types of optical fiber probes. The preparation process is
similar to the molecular beacon immobilization on a silica
surface.> ! The sensors are stable, reproducible, regenerable,
and have remote detection capability. Both molecular beacon
biosensors have been applied to detect specific mRNA
sequences amplified by polymerase chain reaction.

Multiple analyte molecuar beacon sensor on a silica surface:
The immobilization method for biotinylated molecular bea-
cons enables us to develop molecular beacon probe arrays on
a silica surface.'!l By using a CCD camera as a fluorescence
detector, we can make use of the spatially resolved imaging
capability of the CCD camera to detect multiple target
oligonucleotides simultaneously. To demonstrate the feasibil-
ity, we have immobilized two different molecular beacon
(MB) probes on a coverslip: MB1: 5-( TMR) GCA CGT
CCA TGC CCA GGA AGG AAC G(Biotin dT)G
C( DABCYL)-3" and MB2: 5-( TMR) CCT AGC TCT
AAATCG CTATGG TCG CGC(Biotin dT)AG G( DABC-
YL)-3'. Two small drops of MB1 and MB2 solutions were
deposited on an avidin-coated coverslip by a pulled glass
micropipette. The diameters of the spots were about 300 to
400 pm. After the immobilization of MB1 and MB2 onto the
surface, the coverslip was washed and dried. The fluorescence
intensities of the two spots were monitored by the ICCD/
fluorescence microscope. When a solution of a complemen-
tary DNA molecule to MB1 was used, hybridization took
place only at the MB1 spot (Figure 4). It was also true that
only the fluorescence intensity of the MB2 spot was increased
when the corresponding complementary DNA to MB2 was
used. Therefore, different moecular beacon probes can be
immobilized on the same silica plate and maintain their
selectivity for the detection of target DNA molecules.
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Figure 4. Optical image of two immobilized molecular beacon sensor areas on a silica surface (A); fluorescence images of the molecular beacon sensor areas

after adding MB1’s complementary DNA for 1 min (B) and 5 min (C).

Molecular Beacon Applications

There have been a variety of applications of molecular
beacons in DNA/RNA studies, including sensitive monitoring
of polymerase chain reactions, real-time detection of DNA -
RNA hybridization in living cells, DNA mutation analysis.
Here are a few examples.

Real-time monitoring of polymerase chain reaction (PCR):
Molecular beacon probes are most suitable for real-time
monitoring DNA/RNA amplification during the PCR.[%Z
When the temperature is lowered to allow annealing of
primers, the molecular beacon will not be fluorescent due to
their stem hybrids. However, some of the molecules of the
molecular beacon will bind to the target amplicons to
generate fluorescence. The PCR reaction can only be
monitored at lower temperature, since the molecular beacon
itself dissociates at higher temperature where molecular
beacons do not interfere with polymerization. Therefore,
hybridization of molecular beacons to their targets takes place
only in the annealing step of every cycle, and the resulting
fluorescence directly indicates the concentration of the
amplicon in the PCR process. The assay is fast, sensitive,
and nonradioacticive. The measurement is carried out in
sealed PCR tubes, thus avoiding carryover contamination.
Rapid detection of the PCR has also been achieved by using
surface immobilized PNA - DNA molecular beacon probes.[®!
Amplicons can be detected by adding a PCR product in a
micrometer-well containing the previously immobilized
probe, and reading the generated fluorescence. No further
transfers or washing steps are involved.

RNA detection in living cells: Demonstrating hybridization
between an antisense oligodeoxynucleotide and its mRNA
target and monitoring the changes of a specific messenger
mRNA in living cells have long been a challenge in antisense
research and in biological studies. The molecular beacon
probe opens a way to solve these problems. A molecular
beacon probe containing a 15-nucleotide-long antisense
sequence for human basic fibroblast growth factor (bFGF)
has been used to visualize the bFGF mRNA in the human
trabecular cells.”) The molecular beacon probe was carried by
liposomes and was delivered into the cells. The real-time
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detection of molecular beacon/target mRNA hybridization in
living cells has also been attempted by microinjecting the
molecular beacon probes into K562 human leukemia cells.[’]
Within 15 min, confocal microscopy revealed fluorescence in
cells injected with target, but not the control sample. These
studies suggest the possibility of real-time visualization and
localization of oligonucleotide/mRNA interactions. The mo-
lecular beacon probe is expected to be useful in finding
targetable mRNA sequences under physiologic conditions
and in studying RNA processing, trafficking, and folding in
living cells.

Genetic analysis: Molecular beacon probes have a high
selectivity with one-base mismatch identification capability.!!
Combining with amplification techniques for DNA/RNA,
they are becoming promising probes for genetic analysis. A
method called “spectral genotyping” has been developed for
the detection of genetic mutations.! In this method, alleles
were identified by fluorescent colors generated in sealed
amplication tubes. Two molecular beacon probes with differ-
ent fluorophores were used: one specific for a wild-type allele
and another for a mutant allele. The fluorescence measured at
two different wavelengths during the amplification indicated
whether the sample contained the homozygous wild-types,
homozygous mutants, or heterozygotes. The alleles of f-
chemokine receptor 5 gene that determined susceptibility to
the HIV-1 were distinguished by this method. HIV disease
progression has also been investigated.’) Molecular beacons
have also been used to detect a point mutation related to
cardiovascular disease and neural tube defects,® to analyze an
81-bp region of the gene for mutations that confer resistance
to the antibiotic rifampin.!'%]

Protein studies: Recently, molecular beacons have been used
for studying the protein — DNA interaction.['”l The interaction
between single-stranded DNA binding (SSB) protein and
molecular beacon DNA molecules has resulted in significant
molecular beacon fluorescence restoration. The fluorescence
enhancement brought about by SSB protein and by comple-
mentary DNA is very comparable. The molar ratio of the
binding between SSB protein and the molecular beacon is 1:1
with an SSB protein—molecular beacon binding constant of
around 2 x 10’M~L, The detection limit of SSB is 2 x 1071'Mm
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when a conventional spectrometer with a xenon lamp is used.
Preliminary results also show that there are significant
differences in molecular beacon binding affinity by different
proteins, which will constitute the basis for highly selective
bioassay of a variety of proteins.

Future Outlook

Molecular beacons hold great promise in studies in genetics,
disease mechanisms, and in disease diagnostics. Efforts are
being made to explore their applications in different areas.
More research is expected for the mutation detection for a
variety of diseases and for RNA monitoring in living cells.
This will be expedited with the development of molecular
beacon biosensors and multiple molecular beacon sensors/
molecular beacon chips. By improving the immobilization and
localization techniques, a silica chip with an array of many
molecular beacon probes with specific loop sequences can be
fabricated. Each probe will only occupy a few pixels in a CCD
image. The hybridization information for a sample containing
multiple DNA targets can be obtained simultaneously in one
single analysis. This multiple-analyte molecular beacon sensor
will provide an easy and fast way for DNA analysis and
disease diagnosis even on a single cell level. Molecular
beacons will also be useful for studies of protein—- DNA/RNA
interactions by affording high sensitivity, speed, and conven-
ience. They open the way to using easily obtainable and
designer DNA molecules for genomics and proteomics and
for new drug development. The kinetic study during the
conformational change of the molecular beacon itself and
during the hybridization is another interesting area for the
understanding of the molecular mechanism of molecular
beacons and for the better design of molecular beacon probes.
Molecular beacons are expected to be capable of functioning

as highly specific, highly sensitive recognition and signaling
elements in state-of-the-art biological detection strategies for
biomolecules.
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Polyhomologation: The Living Polymerization of Ylides
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Abstract: The polymerization of dimethylsufoxonium
methylide to produce linear polymethylene polymers is
described. The reaction is catalyzed/initiated by trialkyl-
boranes and gives organoboron star polymers as the
primary product. The reaction is a living polymerization,
providing control over molecular weight and function-
ality at the polymer chain ends. A variety of novel
polymethylene architectures are available by this meth-
odology.

Keywords: organoboranes polymerizations poly-
methylene - telechelics - ylides
K y y j

Introduction

It is difficult to imagine a world without synthetic polymers.
The most important commercial polymers include polyolefins
such as polystyrene, polypropylene, polyethylene, and poly-
vinylchloride. Annual worldwide production of polyethylene
alone exceeds 100 billion pounds in weight!l] The products
that are fabricated from these materials are ubiquitous in
contemporary society.

Polyolefins contain a carbon backbone that is synthesized
by the polymerization of alkenes. The macromolecular carbon
chain is built up two carbons at a time [Eq. (1)]. The raw
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materials for these commodity plastics are derived from
petroleum. Although cheap and abundant at present, the
supply of petroleum is finite and long-term strategies for their
replacement will be necessary.?

H,C=——=CHR
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We have been exploring alternative approaches to synthe-
size carbon backbone polymers. Novel strategies for their
synthesis can lead to new polymer architectures in addition to
telechelics and copolymers that are not readily available by
existing olefin-polymerization methods. In addition, research
in this area may eventually lead to useful non-petroleum
based technologies for the production of commodity poly-
mers.

Our studies have focused on nontraditional monomers as
the carbon source for these polymers. We have discovered
that sulfur-based methylene ylides can be polymerized by
alkylboranes. Unlike conventional olefin polymerization, the
polymer chain is built up one carbon at a time [Eq. (2)]. This
new reaction, which we have termed polyhomologation has
the characteristics of a living polymerization, allowing control
over molecular weight and functionality at either end of the
polymer chain.l

Background

Our initial effort drew from the work of Tufariello and co-
workersP! who studied methods for the homologation of
trialkylboranes. They noted that the ylide dimethylsulfoxo-
nium methylide (1) underwent reaction with trihexylborane.
Upon oxidative workup, a mixture of C4, C;, and Cg alcohols
were formed (Scheme 1). Although practical synthetic meth-

o ® HO _~_~_~ 69%
1) CH,S(O)Me;, 1/ THF / 0°C

ot~

HO o~~~ 25%

8 2) NaOH / H,0,
HO _~_~~ 6%

Scheme 1. Reaction of trihexylborane with 1.

odology did not emerge from this particular reaction, it
demonstrated that the homologation reaction could be
repeated more than once.

Mechanistically, the homologation reaction in Scheme 1
involves initial attack of ylide 1 on the alkylborane to form a
borate complex. The complex then undergoes a 1,2-migration
of the alkyl group to produce a homologated alkylborane and
a molecule of dimethyl sulfoxide [Eq. (3)].
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The homologated alkylborane product is then available to
react with additional ylide. The minor amount of Cg bishomol-
ogated product produced as a side product in the original
report of this reaction are consistent with this mechanism.

In the absence of competing nucleophiles, the reaction in
principle may be repeated many times. Repetitive homologa-
tion could be used for synthesis of long hydrocarbon chains
(polymethylene). To evaluate this possibility we first exam-
ined the reaction of simple alkylboranes with a 200-fold excess
of ylide. It was observed that the addition of triethylborane to
a THF solution of dimethylsulfoxonium methylide at 40 °Cled
to consumption of the ylide within 10 min. During the course
of the reaction the solution became cloudy. Concentration,
then treatment with basic peroxide (NaOH/H,0O,, THF, H,0)
produced a white waxy solid in >95% yield. Spectral
properties of the product were consistent with a hydroxyl-
terminated long-chain alkane.”] Since the hydrocarbon chain
is built up one carbon at a time, the new material is a
polymethylene oligomer.[®! Linear hydrocarbons, such as
polymethylene with > C;, are insoluble at room temperature
and are only soluble in a limited number of solvents (i.e.,
toluene) at elevated temperatures. To ensure homogeneity of
the reaction, toluene solutions of ylide 1, preheated to 70—
80°C, were treated with triethylborane. The ylide was rapidly
consumed (5 min). Following concentration and oxidative
workup, a quantitative yield of hydroxyl-terminated poly-
methylene was obtained (Scheme 2).1%)

The average molecular weight was found to be very close to
the initial ratio of (ylide/trialkylborane)/3. In three experi-
ments with ratios/3 of 50, 117, and 232, the experimentally
determined degree of polymerization (DP; NMR end-group
analysis, gel permeation chromatography (GPC), polyethyl-
ene standards) was 48, 108, and 231, respectively (Table 1). To
account for the molecular weight of the linear alcohol products,
all three alkyl groups on boron must participate in the
reaction. The initial product, therefore, is a star polymethyl-
ene organoborane 2. The reaction is illustrated Scheme 2.

The strict relationship between molecular weight and

reaction stoichiometry is con-
sistent with a living polymer-
ization."¥ The absence of a
termination step is reasonable,
since the “living end” of this
polymer is a trialkylborane,
which should be stable under
the reaction conditions. DMSO,
the only biproduct in the reac-
tion, does not form stable com-
plexes with trialkylboranes.
Further support for the living
character of polyhomologation
was found from the polydisper-
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o ®
excess CH,SOMe,
BEty 1

sities (M,/M,) of the reaction
products. Representative val-
ues range from 1.01 to 1.17.
+ Interestingly, some of the low-
est polydispersities are ob-
tained from low molecular
weight oligomers.

The trialkylborane-initiated polymerization of dimethylsulf-
oxonium methylide followed by oxidative cleavage of the
carbon —boron bond produces perfectly linear polymethylene.

\
/B_CHZ_CHzR (3)

Table 1. Molecular weight and polydispersity of oligomeric hydroxyl-
terminated polmethylene 3.

-+
1) 3n[CH2—S(O)MeJ
EtsB — 3E1‘ECH2% CH,OH
2) OOH /NaOH n
Polymer DP DP M, PD
(calcd from feed ratio) (GPC)@  (GPC) (GPC)
Et(CH,),CH,OH 50 48 727 1.04
117 108 1563 1.05
232 231 3287 1.17

[a] Analysis performed on a high temperature GPC with o-xylene as the
mobile phase (1 mLmin') at 105°C. Pure hydrocarbons and narrow
molecular weight polyethylene standards were used for calibration.

The molecular weight is controlled from the initial ratio of
ylide to trialkylborane. The reaction has been used to prepare
polymethylene samples with molecular weights that range
from several hundred to over one hundred thousand.['!]

Functional Polymethylenes. Telechelics and
Terminal Functionalized Polymers

The primary products of the polyhomologation reaction,
oligomeric and polymeric organoboranes, are amenable to a
number of synthetic transformations that introduce function-
ality at the terminal position of the polymethylene chain. As
illustrated in the previous example, peroxide cleavage of the
carbon—boron bonds in star 2 results in formation of
hydroxyl-terminated linear polymethylene 3 (Scheme 2).
Oxidative cleavage is only one of many transformations of
the carbon —boron bond. The rich chemistry of this functional
group permits the polymethylene-chain end to be terminated

toluene

H,0, , NaOH

Scheme 2. Reaction of BEt; with 1.
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with a number of functional groups, including hydrogen
(alkanes), amines, halogens, and carbon —metal bonds.!'?]
The alkyl group of the organoborane initiator winds up at
the beginning of the polymethylene chain. Diverse organo-
boranes are available by either hydroboration of alkenes or by
direct substitution of functional boranes.!¥] Following poly-
homologation, transformation of the carbon-boron bond
introduces functionality at the end of the polymethylene chain.
Thus, the polyhomologation of organoboranes can be used to
synthesize telechelic polymethylene derivatives (Scheme 3).!

QP —-

—_—

e B9

n

Scheme 3. Schematic representation of the synthesis of telechelic polymethylene derivatives.

The process is illustrated by the preparation of a-p-
methoxyphenyl-w-hydroxypolymethylene (Scheme 4). The
initiator, tris(p-methoxyphenylethyl)borane (4), was prepared

BHz » THF

veo{

3

MEOOCHZCHZ B
4

— o+
1) 3”CH2AS(O)M€2

2) TOOH / NaOH

MeoOCH%CH% CH,OH
n
5

Scheme 4. Reaction scheme for the preparation of a-p-methoxyphenyl-w-
hydroxypolymethylene.

by hydroboration of p-methoxystyrene.') The organoborane
was then rapidly added through a syringe to a preheated
toluene solution of ylide. Following consumption of ylide
(5 min), concentration and oxidation, a quantitative yield of
a-p-methoxyphenyl-w-hydroxypolymethylene 5 was ob-
tained. For samples prepared with an initial ylide/alkylborane
ratio of 58:1, the average DP calculated by field desorption
mass spectrometry (FDMS) is 66. The polydispersity (M,/M,)
of this sample was 1.02 (GPC; polyethylene standards) and
1.01 (FDMS). A representative field desorption mass spec-
trum is shown in Figure 1. Mass spectrometry and GPC also
reveal that a small amount of product (<5%) is found on
occasion, at approximately twice the mass of the major
product. This may arise from the reaction of trace O, with
organoboranes after polyhomologation. This reaction can
produce alkyl radicals which can dimerize. We are currently
investigating this reaction to verify the origin of this minor
product and the mechanism of its formation.

Chem. Eur. J. 2000, 6, No. 7
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Novel Polymethylene Architectures

Star-branched polymethylene: Trialkylboranes undergo a
number of “stitching” transformations that result in the
transfer of the three alkyl groups on boron to a common
carbon atom.”] When these reactions are carried out on tris-
polymethylene organoboranes, novel tripodal tris-polymethy-
lene carbinols are formed.[]

The example below illustrates this concept. The synthesis of
polymethylene carbinol 6 was accomplished by the polyho-
mologation —chain-stitching —
oxidation sequence shown in
Scheme 5. Triethylborane was
introduced in a preheated solu-
tion of dimethylsulfoxonium
methylide/toluene under N,.
The ylide was consumed in
three minutes. a,a-Dichloro-
methyl methyl ether (DCME)
was added to the heated mix-
ture followed by dropwise ad-
dition of a hexane solution of

100 530.5

Scheme 5. Polyhomologation —chain-stitching — oxidation sequence. Reac-
tion conditions: 1) 3n1, toluene, 50°C; 2) CHCL,OMe, LiOCEt;, 40°C;
3) H,0,, NaOH.

lithium 1,1-diethylpropoxide.!'”l After 2 h at 40°C the result-
ing polymethylene derivative was oxidized to afford tripodal
tris-polymethylene carbinol 6. In experiments where the
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molar ratio of ylide to organoborane varied from 25, 60, 90,
and 120, the experimentally determined number of average
molecular weights (M) of the carbinol product were 530, 775,
1682, and 1982 respectively, in close agreement with the
calculated molecular weights (Table 2).'1 The polydispersi-

Table 2. GPC analysis of polymethylene carbinol 6.

initiator: M (caled) M, M, PDI
ylide
1 25 453 530 541 1.02
2 60 873 775 817 1.05
3 90 1380 1682 1853 1.10
4 120 1801 1982 2243 1.13

[a] The calculated molecular weight is based on theoretical degree of
polymerization from initial ylide to borane ratio. [b] M, (number average
molecular weight) was determined by GPC analysis. [c] PD = (M,/M,) is
also determined by high temperature GPC.

ties (PDs) ranged from 1.02 to 1.13. The branched poly-
methylene architectures produced by the polyhomologation —
carbon-stitching sequences provide access to structures that
are not readily available by conventional ethylene polymer-
ization.

Ring expansion of cyclic and polycyclic organoboranes:
Particularly interesting architectures may be synthesized by
polyhomologation of bridged bicyclic organoboranes.'] A
case in point is the bridged bicyclic organoborane 9-BBN. This
molecule has two carbon —boron bond types that can undergo
migration. In reactions that bear mechanistic similarities to
polyhomologation, such as oxidation with amine oxides,
selective bridgehead carbon —boron migration is observed.['*!
Regardless of the outcome, polyhomologation of 9-BBN
derivatives can result in formation of novel polymethylene
architectures. The experimental findings are summarized in
Scheme 6.

o @ OMe
1) 3n CH,SOMe; B/Q

toluene, 50° C

Scheme 6. Formation of novel polymethylene architectures from the
polyhomologation of 9-BBN derivatives.

The starting material, B-p-methoxyphenyl-9-BBN 7, is
prepared by the hydroboration of p-methoxystyrene with
9-BBN. The polyhomologation reaction was performed by the

1116 —
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addition of a solution of 7 in THF to the ylide 1 in toluene at
50°C (Scheme 6). The ylide was rapidly consumed. Subse-
quent oxidative cleavage of the carbon—boron bonds yielded
two polymethylene structures. Interestingly, since narrow
distributions of oligomeric chains are produced, the two
polymethylene structures can be separated by simple SiO,
chromatography. Separation of telechelic 5 from 9 was
achieved at 55°C by using a 8:2:1 toluene/hexane/EtOAc
solvent combination. The GPC and NMR analysis of the
resulting product confirmed a 1:1 mixture of a-p-methoxy-
phenyl-w-hydroxypolymethylene 5 and cis-1,5-bis-(a-hy-
droxy-polymethylene) cyclooctane 9. These structures are
derived from a grossly expanded 9-BBN 8, (Scheme 6).
Thus, despite what might initially be a selective migration of
the bridgehead carbon-boron bonds, the bridged bicyclic
initiator 7 experiences more or less statistical insertions into
all carbon-boron bonds; this results in an “exploded”
borabicyclic structure. Despite differences in the initial rate
of insertion, the molecular weight of 9 is approximately twice
that of 5. Furthermore, the molecular weights of 5 are directly
related to the ratio of ylide 1 to initiator 7 (Table 3).['"]

Table 3. Summary of GPC analysis of a-p-methoxyphenyl-w-hydroxypoly-
methylene carbinol 5 produced by the polyhomologation and oxidative
cleavage of 7.

initiator: M (caled)® M, M, PDI
ylide
1 30 897 714 776 1.08
2 45 1066 758 844 1.11
3 90 1698 1349 1545 1.14
4 120 2219 1741 2155 1.20
5 150 2539 2784 3313 1.19

[a] The calculated molecular weight is based on theoretical degree of
polymerization from initial ylide to borane ratio. [b] M, (number average
molecular weight) was determined by GPC analysis. [c] PD = (M,/M,) was
also determined by GPC.

Synthesis of macrocyclic oligomers and polymers: General
strategies for the synthesis of macrocycles are quite limited.[""]
The basic approach relies on ring closure of an a,w-difunc-
tional linear precursor under conditions of high dilution
[Eq. (4)]. The polyhomologation reaction provides a new
strategy for their synthesis.?l Repetitive methylene insertions
into the carbon—boron bond of boracyclanes generate macro-
cyclic rings [Eq. (5)]. These macrocyclic organoboranes can
be elaborated to carbocyclic rings and other derivatives.

X—Y
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OMe

T e @ "
BH, - Tll-éFoc I I 5 2n CH,SOMe;
OMe toluene
10
OMe
OMe
H,0, , NaOH 2 HO
W
5 OMe

, n
/

H_B
1
MOME

Scheme 7. Reaction scheme showing the use of thexyl as a blocking group.

Boracyclanes are readily prepared by hydroboration of
dienes. However, since all three boron-carbon bonds in
trialkylboranes undergo polyhomologation, it would be
desirable to orchestrate selective migration of the ring
carbon —boron bonds. To this end we chose thexylborane as
the hydroborating agent. The thexyl group has been shown to
exhibit a low migratory aptitude in rearrangements of
organoboranes.?!l This low migratory aptitude could be
capitalized on to allow exclusive ring expansion. To verify
the use of the thexyl group as a blocking ligand, thexylborane
was treated with two equivalents of p-methoxystyrene in THF
at —10°C (Scheme 7). Thexyl-[bis(methoxyphenylethyl)]-
borane 10 was added to 50 molar equivalents of dimethylsul-
foxonium methylide (1) at 0°C. Following ylide consumption
(<10 min), oxidation (NaOH, H,0,) provided a-p-methoxy-
benzene-w-hydroxypolymethylene 5 in 85% yield.?"! The
product was free of thexyl-terminated polymethylene. Its
absence confirms the low migratory aptitude of the thexyl
group in the polyhomologation reaction; this effectively
restricts the number of propagating polymethylene chains
on boron from three to two, that is, exclusive formation of 11.

Incorporation of a nonmigrating thexyl substituent as the
third ligand in a boracycle allows for selective ring enlarge-
ment. B-Thexylboracycloheptane 12 was prepared by the
hydroboration of 1,5-hexadiene
with thexylborane in THF at
—10°C (Scheme 8). The poly-
homologation reaction was run
by using an excess of ylide 1 in
toluene at ~5-10°C. Verifica-
tion of exclusive ring expansion
to boracycle 13 was obtained by
oxidization to the a,w-poly-
methylene 14. No thexyl-con-
taining polyhomologated prod-
uct was observed and the over-
all yield of 14 for the hydro-
boration, polyhomologation,
oxidation sequence was >90%.

The non-participation of the
thexyl blocking group allows

}_)‘BHZ

C
n

13

Chem. Eur. J. 2000, 6, No. 7
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control of the ring expansion of boracycle 12. This was
established by pairs of experiments that employed different
ratios of ylide 1 to thexylboracycle 12. Following polyhomol-
ogation to 13 and oxidative cleavage, the molecular weights of
diol 14 were determined by a combination of GPC and NMR
end-group analysis. The experimentally determined ratio of
molecular weights showed a strong correspondence to the
ratios calculated on the basis of the ratio of 1/12 (Table 4).
Thus, the average ring size is controlled by the ratio of these
two reagents.

Table 4. Molecular weight and PD for a,w-dihydroxylpolymethylene 14
produced from the oxidative cleavage of thexylboracycle 13.

Run M, PD Calcd ratio of Found
molecular weights (b/a)! (b/a)l®!

la 705 1.07 1.7 1.6

1b 1180 1.29

2a 1139 1.21

2b 2023 1.63 1.8 1.8

3a 469

3b 1127 1.60 23 2.4

[a] Ratio of molecular weights of 14 between runs a and b calculated for the
molar ratios of 1/12. [b] Experimentally determined ratios.

o ©®
excess CH,S(O)Me;,

\/\/\
THF, -10 °C

toluene, 10 °C

O

12

NaOH, H,0,

HO
\/\/\H/\/\/\OH

n

14

Scheme 8. Preparation of compounds 12-14.
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The macrocyclic organobor-
anes may be transformed di-
rectly to carbocyclic rings.?%
The utility of this new chemis-
try is demonstrated by synthesis
of a distribution of macrocyclic
ketones. The molecular weights
incorporate members of the
musk odorant class.”?! In one
experiment, B-thexylborocane
12 was added to ten equivalents
of ylide in THF at room temperature. After ylide consump-
tion, the expanded boracycle was treated with sodium
cyanide, followed by benzoyl chloride then peroxide oxida-
tion (Scheme 9). The yield of cyclic ketone 15 was approx-
imately 30 %. On the basis of the ratio of integrated intensities

HB/_Q

10 OMe

LiOCEt;; 3) H,0,, NaOH.

7
o o c
1) 10 equiv CH,S(0O)Me,
B toluene, 0 °C
2) NaCN, THF

O

12

3) BzCl, reflux

4) NaOH, H,0; CHs

/

n
15

Scheme 9. Preparation of compound 15.

of methylenes a to the carbonyl to those of the ring
methylenes, the calculated DP=20. The distribution of
ketone macrocycles is shown in the gas chromatograph of
the reaction mixture (Figure 2). The identity of the individual

O=0

N\,

H.
n

Amiz=14 /‘

i

Figure 2. The distribution of ketone macrocycles from the gas chromato-
graph of the reaction mixture.

peaks was established by high resolution GC mass spectrom-
etry. The most abundant molecular ion ([M]" 322.3222)
corresponds to a twenty-one member cyclic ketone
(322.3235). The molecular ions of the surrounding peaks
were separated by m/z 14.03. The molecular weights, calcu-
lated from the mass spectral data, are M, =290 and M,, =295
(PD =1.02).

The B-thexyl-B,B-bis-(p-methoxyphenethyl)borane 10 may
also be converted to linear polymethylene ketones. This was

1118
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(e}
n n
A
MeO 16

DP=12

OMe

Scheme 10. Preparation of compound 16. Reaction conditions: 1) 20 equiv1, toluene, 0°C; 2) CHCl,OMe,

achieved by polyhomologation of 10 followed by treatment
with a,a-dichloromethyl methyl ether and lithium 1,1-diethyl-
propoxide in toluene. After 30 min, the reaction mixture was
oxidized under alkaline peroxide conditions (Scheme 10). Bis-
(p-methoxyphenyl) polymethylene ketone 16 was isolated in
65 % yield. In one example, a 20:1 ratio (calculated DP =10),
gave ketone 16 with a DP =12. Mass spectral analysis of the
product gave M, =635 and M, =640 (PD =1.01).

Summary

A new approach to the synthesis of carbon-backbone
polymers has been described. Organoboranes have been
found to catalyze the polymerization of dimethylsulfoxonium
methylide. Unlike conventional olefin polymerization, the
polymer chain is built up one carbon at a time. This new
reaction, which we have termed polyhomologation, exhibits
characteristics of a living polymerization, allowing control
over molecular weight and functionality at either end of the
polymer chain. The reaction may also be used for synthesis of
novel polymethylene architectures and macrocyclic rings.
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In Situ Monitoring of Solid-State Polymerization Reactions in
Sodium Chloroacetate and Sodium Bromoacetate by
2Na and BC Solid-State NMR Spectroscopy

Abil E. Aliev,*! Laurent Elizabé,™ Benson M. Kariuki,™ Holger Kirschnick,!*!
John Meurig Thomas,!l Matthias Epple,*‘! and Kenneth D. M. Harris*["!

Abstract: The thermally induced solid-
state polymerization reactions in sodium
chloroacetate and sodium bromoace-
tate, leading to poly(hydroxyacetic acid)
(polyglycolide) and NaCl and NaBr,
respectively, were studied by isothermal
in situ solid-state NMR spectroscopy at
120, 130 and 140°C with a time resolu-

monitored. For sodium chloroacetate,
there is no evidence for the involvement
of intermediate phases during the reac-
tion whereas this cannot be excluded for
sodium bromoacetate. The crystal struc-
ture of sodium bromoacetate was deter-
mined directly from powder diffraction
data by the Monte Carlo method, and

was found to be isostructural with so-
dium chloroacetate. The topochemical
reaction mechanism proposed previous-
ly for sodium chloroacetate is thus also
applicable for the polymerization reac-
tion in sodium bromoacetate. The mech-
anistic and kinetic information obtained
from our in situ solid-state NMR inves-

tion of the order of 5 to 25 min. The
nuclei probed were *Na and *C, allow-
ing the parent compounds (sodium hal-
ogenoacetates) and both reaction prod-
ucts (polymer and alkali halide) to be

Introduction

It has been known since the middle of the 19th century that
alkali halogenoacetates undergo a reaction in the solid state
upon heating above about 100°C.['l At the end of the last
century, it was realized that the reaction involves a polymer-
ization to produce the simplest polyester, poly(hydroxyacetic
acid) (also called polyglycolide). In the case of sodium
chloroacetate, the reaction is:
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tigations is compared and contrasted
with information obtained from other
in situ probes of the polymerization
reactions in these materials.

spectroscopy -

T T
CI~—(|3—C-—O' Na*  ———— 1 |C—C—o + NaCl
H H
n

The reaction leads to micrometer-sized NaCl crystals
dispersed in a matrix of polyglycolide.’! In principle, the
halogen and the metal can be varied for this reaction type. Ina
systematic study of most combinations of halogen (Cl, Br, I)
and metal (Li, Na, K, Rb, Cs, Ag, NH,) we have shown that
the polymerization reaction does occur in most cases, with the
exception of three lithium salts and sodium iodoacetate.?! A
number of crystal structure determinations on halogenoace-
tates, mostly carried out using powder diffraction data (for
discussions of this method see for example 1) due to the lack
of crystals suitable for single crystal X-ray diffraction, have
now provided a structural basis for interpretation of these
results.”""l A number of in situ experiments involving X-ray
spectroscopy (EXAFS),[” X-ray diffraction (XRD),"> 3l
infrared (IR) spectroscopy!' and small-angle X-ray scattering
(SAXS)I! have shown that the reaction occurs in the solid
state with no detectable intermediate phases involved. How-
ever, we emphasize that these methods are mostly sensitive to
the structural arrangement of the reactants and products (for
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example EXAFS, XRD or SAXS), and are not necessarily
sensitive to details of the chemical nature of reactants,
products and possible intermediates. In general, in situ studies
are preferred over ex situ experiments on quenched aliquots
as, in the latter, it is often not clear whether chemical and/or
structural changes occur upon quenching and storage of an
aliquot before the analysis.[' 7]

Solid-state NMR spectroscopy represents a powerful tool
for identification and quantification of different chemical
species. Techniques such as magic angle spinning (MAS),
high-power proton decoupling and cross polarization (CP)
have made it possible within the last few decades to routinely
measure high-resolution NMR spectra of solid samples.['5-2!]
Temperature-resolved experiments have been carried out
previously on solid-state phase transformations? 2! and
solid-state reactions,?*2%1 demonstrating that detailed infor-
mation can be derived from such experiments. High-resolu-
tion solid-state NMR studies are particularly sensitive to the
chemical and local structural changes associated with solid-
state reactions, and thus represent a vital addition to the range
of in situ probes that have been used hitherto to characterize
the solid-state reactions in alkali halogenoacetates.

In the work reported here, sodium chloroacetate and
sodium bromoacetate were chosen as they are the most
extensively characterized examples of the “halogenoacetate
family”. Our solid-state NMR study has focused on *Na-
NMR spectroscopy to probe the sodium halogenoacetate
parent phase and the sodium halide (NaCl, NaBr) formed in
the reaction, and *C-NMR spectroscopy to probe the sodium
halogenoacetate parent phase and the polyglycolide formed
in the reaction (Table1). For a given temperature, the
reaction is faster in the case of sodium bromoacetate.?! In
order to relate the NMR spectroscopic observations to
structural features, we have also determined the crystal
structure of sodium bromoacetate from powder X-ray dif-

Abstract in German: Die thermisch induzierte Festkorper-
Polymerisationsreaktion in Natriumchloracetat und Natrium-
bromacetat, die quantitativ zu poly-Hydroxyessigsdure (Poly-
glycolid) und NaCl bzw. NaBr fiihrt, wurde mittels in situ
Festkorper-NMR-Spektroskopie untersucht. Die Reaktion
wurde isotherm bei 120, 130 und 140°C mit einer Zeitauflosung
von ca. 5-25 Minuten durchgefiihrt. Sowohl *Na- als auch
BC-NMR Spektroskopie wurden eingesetzt, so daf3 Edukte
(Halogenacetate) als auch Produkte (Polymer und Alkalihalo-
genide) detektiert werden konnten. Im Fall von Natriumchlor-
acetate konnten keine strukturell definierten Zwischenpro-
dukte nachgewiesen werden, wihrend diese fiir Natriumbrom-
acetat nicht ausgeschlossen werden konnen. Weiterhin wurde
die Kristallstruktur von Natriumbromacetat aus Rontgenpul-
verdaten mittels Monte-Carlo Methoden bestimmt. Natrium-
bromacetat kristallisiert isostrukturell mit Natriumchloracetat,
so daf} der frither vorgeschlagene topochemische Polymerisa-
tionsmechanismus fiir Natriumchloracetat auch in diesem Fall
gelten sollte. Die mechanistischen und kinetischen Ergebnisse
dieser in situ NMR-Studie werden mit den Resultaten anderer
in situ Experimente fiir diesen Reaktionstyp verglichen.
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Table 1. Experimental conditions for in situ solid-state NMR spectroscopy
experiments.

Sample sodium sodium sodium

chloroacetate bromoacetate bromoacetate,
3C enriched

observed nucleus ZNa BNa BC

temperature/°C 140 130 120

total time/h 47 23 46

time per spectrum/s 1536 300 900

number of spectra 110 276 184

MAS frequency/Hz 7060 6200 4600

conversion final reaction final reaction final reaction
ca. 92% ca. 96 % ca. 42%

fraction data using the Monte Carlo method for structure
solution.[® 2% 281 The crystal structure of sodium chloroacetate
has been determined previously.!'%)

Results and Discussion
Sodium chloroacetate: Na-NMR spectroscopy

An in situ Na-NMR experiment was carried out for sodium
chloroacetate at 140 °C over a period of 47 h. Figure 1 shows
PNa-NMR spectra of sodium chloroacetate and sodium
bromoacetate and the final reaction products. Figure 2 shows
the course of the reaction in sodium chloroacetate in a
pseudo-three-dimensional representation of 2?Na-NMR spec-
tra. A broad multiplet in the region of 6=-30 to —5
corresponds to the sodium cation in sodium chloroacetate,
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Figure 1. Solid-state »Na-NMR spectra of (A) sodium bromoacetate
(containing a small impurity amount of NaBr), (B) the final product
obtained from the in situ study of sodium bromoacetate, containing NaBr/
polyglycolide/sodium bromoacetate, (C) sodium chloroacetate, and (D) the
final product obtained from the in situ study of sodium chloroacetate
containing NaCl/polyglycolide/sodium chloroacetate. The spectra were
recorded at 130 (sodium bromoacetate) and 140 °C (sodium chloroacetate).
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Figure 2. Solid-state 2?Na-NMR spectra recorded as a function of time at
140°C for sodium chloroacetate over a period of 47 h. The solid-state
polymerization reaction to produce NaCl is clearly observed. The multiplet
ranging from 6 = —30 to — 5 corresponds to sodium chloroacetate, and the
sharp single line at 6 =7 corresponds to NaCl.

indicating an unsymmetrical environment. The central tran-
sition *Na MAS NMR lineshape of sodium chloroacetate
could be simulated using y = 1.53 MHz,  =0.63 and 6 = —5.3.
Consistent with this observation, in the crystal structure of
sodium chloroacetate,!'”) there is an unsymmetrical coordina-
tion (neither octahedral nor trigonal-prismatic) of the sodium
cation by six oxygen atoms with Na --- O distances in the range
of 24-2.7A. The Na* and four oxygens (from different
anions) lie close to the same plane, with two oxygens (from
the same anion) lying above this plane. On the other hand, the
highly symmetrical octahedral environment of sodium in
NaCl leads to a sharp single line at d =7 in the ?Na-NMR
spectrum.

Although these signals change in relative intensity during
the reaction, they do not change in position or shape, and no
other signals are detected; this suggests that the reaction
occurs in a single-step without involving any intermediate
phases. This conclusion is in agreement with previous in situ
X-ray diffraction experiments®®! and in situ EXAFS experi-
ments.['> 1 However, it must be emphasized that diffraction
techniques are sensitive only to the crystalline phases present,
and that the ability of EXAFS to detect small amounts of
additional phases is limited. In contrast, solid-state NMR
represents a highly sensitive technique that can probe both
crystalline and amorphous phases with high sensitivity
(provided the signals from the different phases are sufficiently
well resolved).

The final conversion of the reaction after 47 h is about 42 %
(assessed from the sodium chloroacetate peak). A preliminary
experiment at 130°C gave about 32 % conversion after 88 h.
These reaction rates compare well with earlier kinetic data on
this reaction,%3! and represent a significantly slower reac-
tion than for sodium bromoacetate (see below).

Suitably normalized intensities for both sodium chloroace-
tate and sodium chloride are shown in Figure 3. Both curves
have a very similar shape, consistent with a situation in which
the rates of decay of the parent phase and production of the
product phase are equal, and consistent with a situation in
which no intermediate phases are involved.
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Figure 3. Variation of signal intensities as a function of time in solid-state
BNa-NMR spectra recorded for sodium chloroacetate at 140°C for 47 h.
The dotted line shows normalized intensity values computed for the parent
compound sodium chloroacetate, whereas the solid line refers to the
product NaCl (same data as in Figure 2).

Sodium bromoacetate: 2Na-NMR spectroscopy

The #Na-NMR spectrum of sodium bromoacetate is shown in
Figure 1. The spectrum closely resembles that of sodium
chloroacetate: A broad multiplet covers the range 6 = — 30 to
—5. This lineshape was simulated using y =1.52 MHz, =0.7
and 0=-5.7. The similarity with sodium chloroacetate
underlines the fact (evident from the structure determination
discussed below) that both compounds are isostructural. In
the reaction product, a sharp single line at d =5 corresponds
to NaBr (Figure 1). Note that a small amount of NaBr is
already present at the beginning of the experiment. We
ascribe this fact to a partial thermal reaction that has occurred
between preparation of the sample and the NMR experiment,
probably arising mainly during the heating from room
temperature to 130°C (ca. 30 min) at the start of the NMR
experiment.

An in situ solid-state Na-NMR experiment was carried
out for 23h at 130°C with a time resolution of 300s
(Figure 4). Qualitatively, the results are similar to those
i
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Figure 4. Solid-state 2Na-NMR spectra recorded as a function of time at
130°C for sodium bromoacetate over a period of 23 h. The solid-state
polymerization reaction to produce NaBr is clearly observed. The multiplet
ranging from 6 = —30 to —5 corresponds to sodium bromoacetate, and the
sharp single line at 6 =5 corresponds to NaBr.
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obtained for sodium chloroacetate. No intermediates phases
containing 2Na are detectable at any stage during the
reaction. The two signals in the Na-NMR spectrum are well
separated, and integration is readily carried out. Figure 5
shows normalized intensity data for this reaction. The final
reaction extent is about 96 %, determined from the integrals
of the sodium bromoacetate peak. At the start of the reaction,
about 5% of NaBr are already present (determined by
comparing the integrals of the NaBr peak at the start and at
the end of the experiment).
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Figure 5. Variation of signal intensities as a function of time in solid-state
2Na-NMR spectra recorded for sodium bromoacetate at 130°C for 23 h
(same data as in Figure 4). The dotted line shows normalized intensity
values computed for the parent compound sodium bromoacetate, and the
solid line refers to the product NaBr.

In a reaction without intermediates, the halogenoacetate
should be consumed at the same rate as the products (NaX
and polyglycolide) are formed. From Figure 5 it is clear that
the lines showing the decay of the parent phase and the
formation of the product phase have different curvature, with
the amount of sodium bromoacetate appearing to decrease at
a significantly faster rate than the rate of formation of NaBr.
This is different from the situation found for sodium
chloroacetate. Clearly, this observation could point to the
formation of an intermediate phase. However, no NMR
signals from another phase containing >Na was observed. A
similar observation was made in our in situ *C-NMR experi-
ment on sodium bromoacetate (see below for a discussion).

Sodium bromoacetate: *C-NMR spectroscopy

The experiments with »Na-NMR spectroscopy discussed
above probe the sodium ions as they change their local
environment from halogenoacetate anions to halide anions.
To assess the polymerization reaction more directly, it is more
informative to study the organic part of the molecule as it
undergoes the solid-state polymerization reaction. Conse-
quently, we have carried out in situ C-NMR studies of the
reaction in sodium bromoacetate to produce polyglycolide
and NaBr. The results are shown in Figures 6 and 7.

The BC-NMR spectrum of sodium bromoacetate contains a
doublet for the methylene carbon at 6 =30.3 and 59.2 due to
coupling (residual dipolar interaction) of this *C nucleus with

Chem. Eur. J. 2000, 6, No. 7
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Figure 6. 3C CPMAS NMR spectra of sodium bromoacetate (bottom) and
the product obtained from the solid-state polymerization reaction (top:
after 46 h at 120°C). The multiplet at 6 =30.3/59.2 in sodium bromoacetate
results from residual dipolar interaction between the methylene '3C and the
"81Br nucleus directly bonded to it. Spinning side bands are marked as (*).
The spectra were recorded at 120°C.
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Figure 7. Reaction of sodium bromoacetate to produce polyglycolide and
NaBr at 120°C, followed over a period of 46 h by high-resolution *C
CPMAS-NMR for 3C enriched samples (NaOO"C-CH,Br/NaOOC-
13CH,Br, 1:1 ratio). Spinning side bands are marked as (*¥).

the adjacent 7#!Br nucleus. This behaviour is well document-
ed for similar systems (and also for *C nuclei bonded to
3137C1).B2331 Remote second-order quadrupolar effects are
also observed for the carboxylate carbon at about 6 =176
(Figure 6). Polyglycolide shows two signals at 6 =63.8 (meth-
ylene) and 168.8 (carboxylate), in good agreement with
literature data on polyglycolide!'>* and its copolyesters with
polylactide.!

Again, there is no direct evidence for intermediates,
suggesting a single-step reaction. However, as with the *Na-
NMR data on this compound, there is a mismatch between the
rate of loss of sodium bromoacetate and the rate of gain of
polyglycolide (Figure 8), with a significant delay in the
formation of polyglycolide relative to the loss of sodium
bromoacetate.

Crystal structure determination: The crystal structure of
sodium bromoacetate was solved from X-ray powder diffrac-
tion data (Figure 9) as no crystals of suitable size and quality
for single-crystal X-ray diffraction studies could be obtained.
Details of the crystal structure solution and refinement are
described in the Experimental Section. Sodium bromoacetate
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Figure 8. Variation of signal intensities as a function of time in high-
resolution solid-state '*C NMR spectra recorded for *C-enriched sodium
bromoacetate at 120°C. The dotted line refers to the parent compound
sodium bromoacetate and the solid line refers to the product polyglycolide.
The data were determined by integration of the peaks of the carboxylate
carbon in each phase.
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Figure 9. Final Rietveld refinement plot for sodium bromoacetate, show-

ing experimental and calculated diffraction patterns (top) and the differ-
ence diffraction pattern (bottom).

is isostructural with sodium chloroacetate.'”l The structural
parameters are shown in Tables2 and 3, and the crystal
packing arrangement is shown in Figure 10.

As with sodium chloroacetate,'”] a polymerization within
the chains of chloroacetate anions along the crystallographic
b-axis appears to be the most likely reaction mechanism (see
ref.'% for a detailed discussion). This mechanism is consistent
with all previous results obtained using in situ methods,
including this work, that support a topochemical® % poly-

Table 2. Crystallographic data for sodium bromoacetate and sodium
chloroacetate. The structural similarity is obvious.

sodium bromoacetate sodium chloroacetate!')

(this work)

crystal system monoclinic monoclinic
space group P2/a P2\/a

al pm 708.11(8) 711.77(3)
b/ pm 537.27(6) 536.09(3)
¢/ pm 1130.06(11) 1081.27(5)
pl° 91.95(1) 92.434(4)
V/10° pm? 429.68 41221

V4 4 4

Peatdd & cm™ 2.49 1.88
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Table 3. Fractional atomic coordinates in the final refined crystal structure
of sodium bromoacetate. No refinement of hydrogen atoms was performed.
The final profile R factors were R,,=14.9% and R,=11.9%.

Atom xla ylb zle

Br 0.7337(5) 0.4678(5) 0.6176(4)
Na 0.8925(13) 0.2488(16) 0.9121(12)
C1 0.664(4) 0.7565(20) 0.8266(9)
C2 0.696(4) 0.7813(12) 0.6998(9)
o1 0.6349(16) 0.5512(20) 0.8730(12)
02 0.6434(19) 0.9536(20) 0.8853(10)
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Figure 10. Final refined crystal structure of sodium bromoacetate (hydro-
gen atoms not shown) viewed along the crystallographic a axis.

merization. However, as it is well known that solid-state
reactions are often initiated near defects in the crystal, 4l
this proposed mechanism is at best considered as highly
probable, rather than strictly proven.

Conclusion

The solid-state polymerization reactions in sodium chloroa-
cetate and sodium bromoacetate were monitored in situ using
BNa-NMR and BC-NMR spectroscopy. No well defined
intermediate species were detectable in any of the NMR
spectra recorded. It may therefore be concluded that the
reaction occurs in a single step or involves intermediates that
are either present in sufficiently small amounts or in a
sufficiently broad range of local environments over a suffi-
ciently short period of time relative to the time resolution of
the experiment that they give no detectable signals in the
NMR spectra. As now discussed, this question can be
addressed when the NMR spectra are evaluated quantita-
tively by peak integration to give the relative amounts of
phases present.

In both experiments (3*C and »Na NMR) on sodium
bromoacetate, a mismatch between the rate of decay of the
parent compound (sodium bromoacetate) and the rate of
formation of the products (NaBr and polyglycolide) is
observed. This suggests that some NMR intensity may indeed
be related to an intermediate phase, although no peaks are
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detected in addition to those of the parent compound and
products. The reaction could occur via a number of poorly
defined intermediates that result in low intensity and perhaps
broad (particularly for Na) signals in the NMR spectra.
Therefore, NMR intensity could be “lost” due to the existence
of such species without distinct signals representing these
species being detected.

For BC-NMR spectroscopy, these species could be related
to a number of temporarily-present glycolide-oligomers and
perhaps to a variety of different chain-end configurations. In
fact, we have shown by viscosimetry that the average polymer
chain length increases as a function of reaction,!! indicative
of a stepwise growth of the polymer chains during the
reaction. The same type of situation could pertain to the
environment of Na* as detected by *Na solid-state NMR
spectroscopy. Sodium has to change its environment from a
six-fold oxygen coordination to a six-fold bromine coordina-
tion during the reaction, and it is conceivable that this process
occurs via a range of intermediate species representing a
broad distribution of local structural situations, such as
sodium in interstitial positions or within disordered parts of
the crystal, and representing different combinations of near-
neighbouring bromine and oxygen atoms. Thus, although
intermediates were not detected, their presence cannot be
excluded for sodium bromoacetate.

At present, we cannot explain the different behaviour of
sodium chloroacetate (with no evidence for intermediates)
and sodium bromoacetate (with possible intermediates).
However, in both cases our NMR experiments have shown
that no significant amounts of well defined intermediates are
produced during the reaction. For such complex systems
undergoing solid-state reactions, the occurrence of intermedi-
ate species that are difficult or impossible to detect appears
likely, and the different rates of reaction for sodium chlor-
oacetate and sodium bromoacetate could lead to different
amounts of temporarily present intermediates.

In conclusion, we emphasize that solid-state NMR spectro-
scopy was essential to obtain these new insights concerning
the solid-state transformations in sodium halogenoacetates, as
other methods (e.g., diffraction or EXAFS) are not sensitive
to such subtle changes in the local environments. The
complementary nature of these techniques, and their ability
when applied under in situ conditions to probe chemical and
structural changes directly as they occur, represents a power-
ful strategy with which to investigate chemical transforma-
tions in solids. It is reasonable to generalize that a compre-
hensive understanding of the nature of such solid-state
reactions may be derived only from the application of a
multi-disciplinary experimental strategy of this type.

Experimental Section

Synthesis: Sodium chloroacetate and sodium bromoacetate were prepared
by neutralization of chloroacetic acid and bromoacetic acid, respectively,
with NaOH in ethanol, followed by recrystallization from ethanol.l'*l The
materials were characterized thoroughly using IR spectroscopy, 'H-NMR
spectroscopy in solution, X-ray powder diffraction, elemental analysis (C,
H) and differential scanning calorimetry (DSC). "*C-enriched sodium
bromoacetate was prepared by neutralizing a mixture of 5 wt% HOORC-
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CH,-Br, 5wt% HOOC-*CH,-Br and 90 wt% HOOC-CH,-Br (natural
abundance of C) with NaOH in ethanol, followed by precipitation and
solvent removal.l'’]

Solid-state NMR spectroscopy: High-resolution »Na- and “C-NMR
spectra were recorded at 79.4 MHz and 75.5 MHz (7.05 T), respectively,
on a Bruker MSL300 spectrometer. The samples were studied as
polycrystalline powders in zirconia rotors (4 mm and 7 mm external
diameters) using MAS frequencies (7,) in the range of 4 to 8 kHz. **Na
MAS NMR spectra were obtained using single-pulse excitation with 0.8 us
pulse duration and 2.3 s recycle time. The standard 'H,"*C cross-polar-
ization (CP) BC-NMR technique was used (with high-power proton
decoupling applied during acquisition). Typical parameters were: 'H 90°
pulse, duration 5.2 us, CP contact time 10 ms, recycle delay 14s. *C
chemical shifts are given relative to tetramethylsilane (TMS), established
with the use of adamantane (methine carbon signal at  =29.47) as an
external standard, whereas Na chemical shifts are given relative to 0.1m
aqueous NaCl solution used as an external standard.

The quadrupolar interaction parameters and **Na isotropic chemical shifts
for the parent compounds were obtained from simulations of the central
transition MAS NMR lineshapes using the POWDER program (Bruker
Aspect 3000 software package).

For in situ experiments, the samples were put into rotors and heated to the
reaction temperature as fast as practically possible. For each experiment,
the starting time (r=0) was assigned as the time at which the sample
temperature had reached the preset value. The time to heat from room
temperature to the reaction temperature was about 30 min in each case.

Powder diffraction and structure determination: An X-ray powder
diffractogram was recorded for sodium bromoacetate at ambient temper-
ature on a Siemens DS5000 instrument operated in transmission mode
(Cug,, radiation, A=154.06 pm, germanium monochromator, position-
sensitive detector covering 8° in 2@). The total 26 range was 3 to 70° (step
size 0.02°, total count time 60 min). The powder diffraction pattern was
indexed using the program ITO® (resulting in a=7.09 A, b=538 A, c=
1132 A, f=91.92°). The space group P2,/a was assigned on the basis of
systematic absences. The unit cell parameters suggested a close similarity to
the previously known structure of sodium chloroacetate.!!’!

The structure of sodium bromoacetate was solved by the Monte Carlo
method,?” ] using the program OCTOPUS.®l Two independent struc-
tural fragments were used: the organic fragment Br-C-COO~ (representing
the non-hydrogen atoms of the bromoacetate anion with geometry taken in
analogy to sodium chloroacetate), and the sodium cation Nat. The
bromoacetate unit was subjected to translational and rotational displace-
ments, with 20 rotations per translation. The sodium cation was subjected
to translational displacements only. A total of 5000 Monte Carlo moves was
carried out. For both units, the maximum allowed translational displace-
ment in each Monte Carlo move was 0.2 A along each of the three
crystallographic axes, and the maximum allowed rotational displacement of
the bromoacetate unit was constrained to +45° about each of three
orthogonal axes passing through the carboxylate carbon atom (C1). The
parameter SI® 2 28] (which behaves in a manner analogous to temperature in
Monte Carlo based energy simulations) was chosen such that about 40—
50% of the trial structures were accepted in the Monte Carlo calculation.
The trial structure with the lowest R,,, in the Monte Carlo calculations was
taken as the structure solution and used as the initial structural model for
Rietveld refinement. Subsequent Rietveld refinement using the GSAS
program packagel* gave the final structure reported in Tables 2 and 3 and
shown in Figure 9. All isotropic displacement parameters U, were fixed at
0.025 A2, and standard restraints were applied to bond lengths and angles.
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Abstract: Trigonal copper(l) complexes
of the chiral bidentate ligand (1S5,2S5)-
N,N’-Bis-(mesitylmethyl)-1,2-diphenyl-
1,2-ethanediamine ((S,S)-1) have been
prepared with hydrocarbon olefins, as
well as with allylic alcohols and ethers.
The stereochemistry of the complexes
has been investigated by 'H NMR spec-
troscopy and by combined quantum
mechanics and molecular mechanics
(OM/MM) computational methods.
The coordinated chiral nitrogen atoms

S) configuration, the latter being disfa-
vored if steric hindrance is present
above and below the coordination plane.
Although the complexes exist as rapidly
equilibrated mixtures of stereoisomers,
one of these is often dominant, and
prochiral olefins are coordinated with
high enantioface selection. In addition,
the [(S,5)-1]-Cu" fragment selectively

Keywords: chiral diamine - chirality
- copper - enantioselectivity - olefin

recognizes the R enantiomer of secon-
dary allylic alcohols and ethers, as con-
firmed by the X-ray crystal structure
analysis of the adduct with (R)-1-buten-
3-ol. The reasons for the observed
selectivities have been elucidated, and
lead to some implications which are
consistent with the enantioselection ob-
served in catalytic cyclopropanation re-
actions promoted by copper complexes
of the same ligand.

can display equal (R, R) or opposite (R,

Introduction

Chiral recognition in the coordination of olefins to chiral
transition metal fragments is a topic of interest,!!! especially
because of its involvement in metal-promoted enantioselec-
tive syntheses.”) Although binding selectivity is often not the
controlling factor in metal-catalyzed asymmetric reactions,!
it is more likely to be so in stoichiometric processes. Whether
or not enantioselectivity at the stage of m-complex formation
determines the final outcome of an asymmetric transforma-
tion, its assessment remains essential for developing an
understanding of the whole process. Moreover, since the
induction of asymmetry is usually dominated by steric effects,
observable ground state m complexes can be reliable steric
models for intermediates or transition states having similar
geometry, even if different metals or reactions are involved.[

Two different aspects of chiral recognition that can be
considered are enantioface selectivity in the coordination of a
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Dipartimento di Chimica
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Fax: (+39) 0815527771
E-mail: alvitagl@unina.it
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prochiral olefin (which becomes diastereoface selectivity in
the case of a chiral olefin) and enantiomer selectivity in the
coordination of a racemic chiral olefin. The latter is relevant
to the thermodynamicl®! or kineticl® resolution of racemic
olefins. These subjects have been investigated for a variety of
transition metal chiral moieties,!! but only very recently has
stereoselectivity in copper() olefin complexes attracted
interest!”] in connection to asymmetric catalytic cyclopropa-
nation/aziridination® and allylic substitution reactions. The
diamine N,N’-bis-(mesitylmethyl)-1,2-diphenyl-1,2-ethanedi-
amine (1) was originally prepared by Corey et. al.l'% and used
as a very effective controller ligand for the enantioselective'"]
and diastereoselectivel'!l dihydroxylation of olefins by osmi-
um tetroxide. More recently, its use in copper chemistry has
been reported by Kanemasa et.al. (asymmetric catalytic
cyclopropanation of styrenes!'?l) and by some of us (stoichio-
metric resolution of secondary allylic alcohols via Cu' com-
plexes).b3 We have also reported the isolation of trigonal-
bipyramidal Pt olefin complexes of 1, in which relevant
stereoselectivity effects were observed.'®] Our previous
resultst* prompted us to a deeper investigation of the Cu!
olefin complexes of 1. Our aim was both to investigate the
stereochemistry of diamine and olefin coordination in a
purely trigonal environment (i.e. in the absence of the
constraints added by the axial ligands), and to rationalize
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the remarkable chiral recognition observed in the formation
of the Cu! complexes with allylic alcohols.*?l Here we report
our results, which include combined quantum mechanics and
molecular mechanics (QM/MM) studies of selected species
and the X-ray crystal structure analysis of the complex with
the representative allylic alcohol (R)-1-buten-3-ol.

Results and Discussion

Synthesis of the complexes: A convenient starting material
for the preparation of the olefin adducts is the complex
[Cu(MeCN),]X (X=BF, or ClO,). By treating it with the
stoichiometric amount of the diamine (S,S5)-1' and an excess
of the appropriate olefin (5 equivalents if not gaseous) under
an oxygen-free atmosphere, the ternary complexes 2—-10 are
formed in a fast equilibrium reaction (Scheme 1). This

H H
NG ‘/Ph
+ L—C, AN .
Cu(MeCN)s + ArCH,—NH NH—CHAr — < _Cu—(NCMe)
N

(5,91 + olefin
- MeCN
Ar =2, 4, 6-trimethylphenyl N
< /CuL(olefin)

N
2-10

olefin = propene
olefin = E-2-butene
olefin = 1-propen-3-ol

olefin = ethylene

olefin = 1-pentene

olefin = Z-2-butene

olefin = 1-buten-3-ol

10 olefin = 3-methoxy-1-butene

[-- 2 NP - M
W ~N W

olefin = 1-octen-3-ol

Scheme 1.

reaction is quite general, and in most cases the products could
be crystallized directly from the reaction mixture as colorless
needles. The rapid reversibility of the olefin coordination was
nicely indicated by the sudden redissolution of the crystals,
which occurred in the case of gaseous olefins (ethylene and
propene) upon our first attempts to improve the yield by
concentrating the solution in vacuo. Indeed, '"H and *C NMR
spectra of the complexes indicated that the rate of olefin
exchange and nitrogen inversion is quite high (especially in
the presence of coordinating impurities), resulting in broad
signals for most of the protons or carbons of the complex at
room temperature. Accordingly, to obtain spectra suitable for
a proper characterization of the species, low temperature
measurements were necessary in all cases.

Dynamic stereochemistry of the complexes, general consid-
erations: The diamine (S,S)-1 contains, besides the two chiral
carbon centers, two chiral nitrogen centers, which quickly
invert in the free ligand but whose chirality is “frozen” upon
coordination. As a consequence different diastereomers can
in principle be formed, depending on the configuration
adopted by the coordinated nitrogen centers. The number of
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possible diastereomers can further increase depending on the
symmetry of the coordinated olefin. In the case of the most
symmetric ethylene ligand three isomers are possible, differ-
ing only in the configuration of the nitrogen atoms. In the
extreme case of an asymmetrically substituted chiral olefin up
to 16 isomers could be formed, depending on the config-
uration of the nitrogen atoms, on which enantiomer is
coordinated, and on which diastereoface is coordinated.
However, the ability to detect and identify by NMR spectros-
copy the actual isomers at equilibrium and to measure their
relative amounts (thus getting the desired information about
stereoselection in the assembly of the complex) is bound to
the rates of the various dynamic processes taking place in
solution and interconverting the isomers. Six different dy-
namic processes can take place in solution, five of which have
been experimentally revealed and four of which can result in
isomer interconversion: a) exchange of the N-N ligand;
b) nitrogen inversion; c¢) olefin exchange; d) olefin rotation;
e) rotation around the C—Ph bonds in the diamine backbone;
f) rotation around the C—mesityl bonds in the diamine
“arms”. A general qualitative discussion of the occurrence
of these processes for complexes 2-10 seems worthwhile.

a) N— N Ligand exchange: This process would interconvert all
of the isomers that differ in the configuration of the
coordinated nitrogen atoms. It is actually the slowest one
and did not affect the NMR measurements, since well-
separated signals were observed for the protons of the
coordinated diamine and those of added free diamine for all
of the complexes up to 300 K. It is also worth noting that the
addition of one equivalent of free diamine to the NMR
samples did not displace the olefin.

b) Nitrogen inversion: For the nitrogen atoms the most stable
configuration is expected to be the one opposite to that of the
chiral carbon atoms, so that the bulky substituents of the five-
membered chelate ring can lie in a trans-equatorial arrange-
ment. The four ligand atoms involved in the chelate ring
should thus be arranged as R, S, S, R, as found in bipyramidal
Pt" complexes.[S] However, the NMR spectra revealed the
presence of isomers with inverted configuration of one
nitrogen atom, namely R, S, S, S. With two exceptions, these
isomers were generally observed as minor species (Table 1)
and their abundance was significantly decreased when the
temperature was lowered. At 300K, the interconversion
between these isomers caused broadening of the NMR signals
of the diamine ligand in most complexes, allowing the
qualitative estimation of nitrogen inversion as the second
slowest dynamic process taking place in solution. In the
absence of coordinating impurities, the nitrogen inversion was
frozen on the NMR time scale in the range 280-290 K.

¢) Olefin exchange: This process causes interconversion of
isomers which differ in terms of the enantioface (or diastereo-
face) that is coordinated or in terms of the enantiomeric olefin
that is coordinated (in the case of racemic chiral alkenes). As
expected for coordinatively unsaturated species in which
bimolecular ligand exchange processes are favored, the rate of
olefin exchange was found to be substantially increased by the
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Table 1. Diastereomeric distribution of [Cu((S,S)-1)(olefin)]* com-
plexes.l?

Complex  Olefin % at NN Coordinated
243K configuration enantioface®
2a ethylene 70 R,R -
2b ethylene 30 R, S -
3a propene 86 R,R re
3b propene 8 R, S re
3¢ propene 6 RS si
4a 1-pentene 83 R,R Si
4b 1-pentene 10 R, S Si
4c 1-pentene 7 R, S re
S5a E-2-butene >97 R, R re
6b Z-2-butene ~751 R, S -
Ta allyl alcohol >95 R, R Si
8aldl 1-buten-3-ol >95 R,R sile]
94l 1-octen-3-ol 94 R,R si
10ald! 3-methoxy-1-butene 95 R,R si

[a] Equilibrium populations in CD,Cl,/CD;OD 9/1. [b] Configuration
assigned on the basis of MM calculations and '"H NMR data. See ref. [20]
about re-si conventions. [c] T=273 K. [d] Data for the isolated diaster-
eomer containing the R olefin. [e] Unequivocally assigned from the X-ray
structure analysis.

presence of free olefin. In addition, it was found to be much
faster (see next section) for the C,-symmetrical species (R, S,
S, R) than for the asymmetric species (R, S, S, S). In the
absence of coordinating impurities and below 243 K, the
olefin exchange process was generally frozen on the NMR
time scale for all of the complexes investigated.

d) Olefin rotation: Different rotamers can, in principle, exist
and be interconverted by this process only if both the
coordinated diamine and the coordinated olefin lack a C,
axis. They would therefore be detected only in the case of the
R, S, S, S species. However, olefin rotation can be revealed if
one of the two fragments lacks a C, axis. If the diamine
backbone is C, symmetrical but the olefin is not, hindered
rotation can be revealed by removal of the equivalence of the
two halves of the diamine ligand. Conversely, if the olefin is
symmetrical (ethylene or E-2-butene) but the diamine back-
bone is not C,-symmetrical (R, S, S, S species), hindered
rotation can be revealed by removal of the equivalence of
mutually trans olefinic substituents. The rate of olefin rotation
was found to be substantially lower for the allylic alcohol
complexes than for complexes of hydrocarbon olefins. In both
the propene and 1-pentene complexes 3 and 4 free rotation
was observed down to 200 K, while in the propenol and
butenol complexes it was frozen in the temperature range
210-220 K.

e), f) Rotation around the C—Ph and C—mesityl bonds:
Hindered rotation of the phenyl rings was revealed for all
complexes at temperatures below 270 K by the nonequiva-
lence of the ortho and meta protons within each phenyl group.
Freezing of the rotation of the mesityl rings was revealed in
the temperature range 210-220 K by the nonequivalence of
the ortho methyl groups within each mesityl group. These
processes were also detected in the same temperature ranges
for the bipyramidal platinum species.'’ They are not partic-
ularly relevant to the stereochemistry of the complexes, since
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they are not connected with isomer interconversion. Never-
theless they provide evidence of the steric constraints imposed
on the diamine ligand by coordination, resulting in an overall
rigidity, which is consistent with the high stereoselection
observed in these species (as discussed below).

Dynamic stereochemistry of the complexes, specific aspects:
In this section we shall discuss the stereochemistry of
representative complexes, as inferred from 'H NMR data.
The isomers that were observed in solution, their relative
abundances, and configurational assignments are reported in
Table 1. Relevant '"H NMR data are given in Table 2.

Complex 2: The ethylene complex 2 exists in solution as an
equilibrium mixture of two isomers 2a and 2b. Figure 1 shows
the ™H NMR spectra of 2 (400 MHz), recorded at 283 K in
CD,Cl, (A) and at 223 K in CD,CL/CD;0D 9/1 (B), together
with the assignments of the various signals. Although in this
case stereoselection in the olefin coordination is not a
concern, we will discuss these spectra in detail, because they
are illustrative of a number of features, which are common to
the other complexes. The presence of two different species is
apparent from both spectra. For one species (2a) protons
belonging to different sides of the diamine ligand appear to be
equivalent, while for the other species (2b) protons belonging
to different sides of the diamine ligand give different sets of
signals. Therefore the C,-symmetric configuration of the
diamine skeleton (R, S, S, R) can be assigned to 2al'! and the
asymmetric configuration (R, S, S, S) can be assigned to 2b.
Particularly relevant is the difference in the chemical shifts of
H* and H* of the diamine backbone in 2b. In spectrum A the
apparent triplet due to H* at 6 =4.53 is almost overlapped by
the corresponding apparent doublet of doublets (6 =4.49)
from the symmetrical species 2a, while the doublet of
doublets due to H* appears 1 ppm downfield (6 =5.49). The
latter can confidently be assigned to the proton vicinal to the
N atom having inverted S configuration, not only because of
the large downfield shift,['”) but also because its coupling to
the vicinal NH proton is much smaller than for H* (5.4 Hz
versus 12.4 Hz), consistent with an equatorial —axial arrange-
ment for the CH-NH protons. This feature can be used as a
diagnostic tool to assign (or to exclude) an asymmetric
configuration (S, S, S, R) to the diamine backbone in cases in
which the lack of C, symmetry can be attributed to some other
reason (e.g. hindered rotation of an asymmetric olefin).

The detection of such a high relative concentration of the
asymmetric species 2b (at 283 K in CD,Cl, 2b is the major
isomer) was actually surprising, because in the case of trigonal
bipyramidal Pt" complexes"l only the symmetric isomer was
observed. However, while molecular mechanics studies made
on osmium complexes!'® did not mention such asymmetric
species, a QM/MM analysis of 2 in this work calculated 2b to
be only 2 kJmol~! above 2a. Most likely, the asymmetric
species 2b is not much less favored than 2a because of the lack
of the steric constraints, which in the above-cited bipyramidal
and octahedral species are imposed by the axial ligands. It is
worth noting that from the isomeric populations determined
in CD,Cl,/CD;OD (9/1) at various temperatures in the range
230-300 K, 2b was actually found to be enthalpically
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Table 2. Selected 'H NMR data for [Cu(S,S-1)(olefin) ]ClO, complexes.[?
on o N
Diamine protons l—F\cﬁN\HC_C;IH—C/HZ Orlzf:)r;lg Hz\/ =CiH5 Others
A oA P HE R
Complex H? H? H? H* H* H* H” HE H’
2al) 3.85 (2H, d) 348 (2H, d) 4.43 2H) 3.14 (2H, br); 2.96 (2H, br)
2b0) 382(d) 3.66(d) 3.62(d) 317(d) 457 (br) 524 (br) 272 (2H, br); 3.24(2H, br)
3ald 3.92 (2H, d) 355 (2H, d) 445 (2H) 321 (br) 301 (br) 422 (br) 0.70 (3H, br, =CHMe)
3b 391(d) 371(d) 377(d) 322(d) 453(d) 532 (d) 247(d)  345(d) 411 (br) 0.61 (3H, d, =CHMe)
3c 382(d) 371(d) 361(d) 322(d) 456(d) 529 (d) 2.87 (2H, m) 325 (m) 1.08 (3H, d, =CHMe)
42l 3.95 (2H, d) 3.54 (2H, d) 450 2H) 288(d) 320 (br) 417 (br) 0.45 (1H, br, =CHCHH)
1.07 (1H, br, =CHCHH)
4b 391(d) 377(d) 370(d) 320(d) 4.52(d) 532 (d) 243 (d)  341(d) 404 (m) 0.19 (1H, br, =CHCHH),
1.22 (1H, br, =CHCHH)
4¢ 383(d) 3.63(d) 370(d) 320(d) 455(d) 532(d) 286(d)  289(d) 330 (br) 1.12 (1 H, br, =CHCHH)
1.48 (1H, br, =CHCHH)
5all 4.02 (2H, d) 3.49 (2H, d) 4.60 2H) 3.75 (2H, br) 0.66 (6 H, br, =CHMe)
6bl1 382(d) 3.66(d) 371(d) 320(d) 440(d) 540 (d) 3.96 (1H, m); 3.30 (1H, m) 1.00 3H, d, =CHMe)
0.59 (3H, d, =CHMe)
7all 3.88 (2H, d) 3.49 (2H, d) 438 (2H, br) 307 (br) 320 (br) 417 (br) 3.07 (LH, br, =CHCHH)
8aldl 3.82 (2H, br) 347 (2H, d) 431 (2H, br) 294 (d)  323(d) 412(dd)  0.68 (3H, d, CH(OH)Me)
8¢’ 3.82 377(d)  3.60(d)  3.16(d) 450(d) 510 (d) 281(d)  3.09(d) 329 (dd)
9ald 3.84 (2H, br) 3.46 (2H, d) 433 (2H, br) 298 (d)  321(d) 412 (m)
102l 3.84 (2H, br) 349 (2H, d) 435 (2H, br) 304 (d) 299 (d) 417 (m) 0.66 (3H, d, CHMe)

3.08 (3H, OMe)

[a] Ar=24,6-trimethylphenyl. Spectra were recorded in CD,Cl,/CD;OD 450 uL/50 pL. The following abbreviations were used for describing NMR
multiplicities: no attribute, singlet; d, doublet; dd, double doublet; m, multiplet; br, broad. [b] Spectrum recorded at 7= 243 K. [c] Spectrum recorded at 7=
258 K. [d] Spectrum recorded at 7=253 K. [e] Spectrum recorded at 7= 233 K. [f] Spectrum recorded at 7=273 K.

refer to 2b.

K H o—d
\ | T S\R /
A'/?HS_Q'/\W; —

S .
H c— ¢ L 2 Me,
Hg\c—N/ (Iff! g\H—N_C/w
AT R~ + s T A Ar =

(ppm)
Figure 1. Selected portion of the 400 MHz 'H NMR spectrum of 2 (2a+2b): A) CD,Cl,, 283 K; B) CD,Cl,/CD;0D 10/1, 223 K. Underlined assignments

disfavored over 2a by about 6 kJ mol~!' but entropically
favored by nearly 20 Jmol 'K~

Another relevant point illustrated by the spectrum run at
283 K (A) is the relative inertness to olefin exchange in 2b
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compared with 2a. While the ethylene protons of 2a give rise
to a broad singlet at 6 =3.25, those of 2b appear as a sharp
AA'’XX' multiplet (0,0 =3.33 and Oxx =2.82). At 223K
(spectrum B), the ethylene protons of 2a appear as an
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AA'XX' multiplet (04, =3.06 and Oxx =2.81), while those of
2b give two broad signals (0, = 3.20 and dxx =2.65). In the
presence of an equimolar amount of free olefin, the coales-
cence temperatures of the ethylene protons for the two
isomers are 250 K for 2a and 315 K for 2b. Even taking into
account that the exchange rate at coalescence would be about
twice as large for 2b as for 2a, because of the larger chemical
shift difference between the geminal ethylene protons, we can
estimate the exchange rate in 2b to be a couple of orders of
magnitude (if not more) slower than in 2a. In spectrum B the
ethylene proton pattern of 2b indicates that olefin rotation
around the Cu—double bond axis is still moderately fast on
the NMR time scale. On further cooling (203 K), the signals
coalesce, disappearing into the baseline as a consequence of
slower rotation at this temperature.

A final feature worth pointing out is the unusually high field
at which the ethylene proton resonances appear (see above),
compared with the range 6 =4.8-4.0 commonly found in Cu*
complexes.l'l Moreover, the resonances move further upfield
when the temperature is lowered (compare spectra A and B in
Figure 1). This high-field shift is strong evidence that the
protons (especially H> and HY) are located in the shielding
cone of the mesityl rings, thereby indicating that in the most
stable conformation the mesityl rings protrude forward to
envelop the sides of the third coordinative position. When the
temperature is lowered, the population of the most stable
conformation increases, and accordingly, the average shield-
ing effect on the olefinic protons proximal to the mesityl rings
increases."”]

Complex 3: The dynamics of this complex closely resembles
that of the ethylene complex 2, and the discussion will be
focused on the stereochemistry of the species. Six diaster-
eomers are in principle possible for the propene complex
under the condition of fast rotation around the Cu-olefin
bond. As revealed by the 'TH NMR spectra, the complex exists
in solution as an equilibrium mixture of three detectable
isomers (Tables 1 and 2, Figure 2). The spectrum of the major
isomer (3a) shows equivalence between the two halves of the
diamine ligand, indicating a C,-symmetric structure (averaged
by fast rotation around the Cu-olefin bond). The R, S, S, R
configuration can consequently be assigned to the diamine
backbone.®! As for the propene binding, the QM/MM
calculations indicate that coordination of the rel?” enantioface
(structure 3a in Figures2 and 3) is favored by 5 kJmol™!
relative to the coordination of the si enantioface (Figure 3 C),
thereby allowing assignment of structure 3a to the major
isomer. The calculated optimal conformation of 3a is actually
shown to be predominant in solution by the high field at which
the propene methyl resonance of 3a appears (60 =0.70 at
258 K), which indicates that the methyl group lies in the
shielding cone of the adjacent mesityl ring (Figure 2) and
thereby supports the assignment of the re configuration to the
coordinated enantioface. The second and third isomers (3b
and 3¢, respectively) both show inequivalent halves of the
diamine ligand, with the signal of one of the two PhCH
protons appearing at d~5.3 and the other at d ~4.5. This
unambiguously indicates that in both 3b and 3¢ the config-
uration of one nitrogen atom is inverted compared with that in
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Figure 2. Three lowest energy QM/MM-optimized geometries of the
propene complex 3, corresponding to the stereoisomers 3a, 3b, and 3¢,
seen along the normal to the N-Cu-N plane (left) and along the normal to
one mesityl ring (right), showing the olefinic proton(s) located in the
shielded region.

H
[ N
NN N

N/\ ) & ‘~
RN
AN Ot <

A (0) 4\0 3

Figure 3. QM/MM-optimized geometries for propene coordination to the
fragment with R, S, S, R configuration, with their relative energies
(kJmol ") given in parentheses (the phenyl groups in the back have been
omitted): A) C,-symmetric diamine conformation, re face coordinated
(3a); B) and C) si face coordinated.
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3a, resulting in an R, §, S, S backbone configuration for the
diamine ligand. To establish the difference between 3b and
3¢, we can consider that the two possible configurations R, S,
S, S and S, S, S, R would be interconverted by a 180° rotation
of the olefin molecule. Therefore they are indistinguishable
under the condition of free rotation of the olefin, which is the
case (as shown above) at temperatures above 213 K. This
takes us to the conclusion that 3b and 3¢ must differ from
each other by the olefinic enantioface that is coordinated and
not by which nitrogen atom is inverted. It is possible to go
even further, trying to establish which enantioface is coordi-
nated in each isomer. Here we consider that in 3b the signals
of both the methyl and methine protons of the propene ligand
appear very close to the corresponding ones in the major
isomer 3a (see Table?2). In contrast, the signals of the
methylene protons are very much displaced, and in opposite
directions, from the corresponding ones in 3a. This indicates
that in going from 3a to 3b the steric environment on the side
of the MeCH= moiety is kept almost unchanged, while the
steric environment on the side of the =CH, moiety undergoes
a substantial change. It is therefore very likely that the only
difference between 3a and 3b is the configuration of the
nitrogen atom on the side of the =CH, propene moiety, the
coordinated olefinic enantioface being the same (re). It is
worth noting that the large upfield shift of the HZ proton (6 =
2.47 in 3b versus 6 =3.21 in 3a) is in contrast to the downfield
shift of the H” proton (0 =3.45 in 3b versus 6 =3.01 in 3a).
This suggests that in the predominant conformation of the
molecule the HZ proton is situated on the side of the nitrogen
atom having inverted S configuration, just in the middle of the
shielding cone of the mesityl ring, which thus lies below the
coordination plane facing the HZ proton. This is nicely
confirmed by the QM/MM optimized geometries reported
in Figure 2. In the last isomer 3¢, the opposite enantioface (si)
must be coordinated. Comparing the propene chemical shifts
of 3¢ with those of 3a, the largest differences are now found
for the methyl protons which move downfield (6 =1.08 in 3¢
versus 0 =0.70 in 3a) and especially for the methine H’
proton which moves upfield (6 =3.25 in 3¢ versus 0 =4.22
in 3a). This suggests that in the predominant conformation of
3¢, the diamine skeleton is arranged in the same way as in 3b,
but the propene molecule is flipped from left to right, so as to
bring the H3 proton in the shielding cone of the mesityl ring
lying below the coordination plane. This is also in agreement
with the results of QM/MM modeling (see Figure 2).

Complex 4: The stereochemistry of the 1-pentene complex
closely resembles that of the propene complexes discussed
above, indicating that substitution of a flexible chain for the
methyl group does not alter the overall steric requirements of
the complex. The diastereomeric populations are given
Table 1 and relevant 'H NMR data are listed in Table 2.

Complex 5: Six diastereomers are possible for the E-2-butene
complex. Based on the results obtained for the propene
complex 3 and on the configurational assignments made to the
three isomers 3a, 3b, and 3¢, the presence of only one largely
predominant species for 5 would be expected. This because in
each of the favored conformations of complexes 3b and 3¢
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(Figure 2), the substitution of a methyl group for the H%
proton would presumably produce a severe steric interaction
with a mesityl ring. Indeed, the only isomer which could be
identified in solution revealed the C,-symmetric structure Sa
and its abundance was estimated to be larger than 97 % at
243 K.

Complex 6: For the Z-2-butene complex there is no concern
about enantioface selection. Nevertheless this complex was
prepared and investigated to give independent support to the
whole picture of the mutual influence between the geometry
of olefin coordination and the configuration adopted by the
nitrogen atoms. The same kind of arguments as for complex §
(but with opposite conclusions) suggest a substantial destabi-
lization of the R, S, S, R arrangement of the diamine backbone
for 6 (see Figure 3 A, imagining the addition of a Z-methyl
group to the propene ligand). To confirm these expectations,
the major isomer present in solution (6b, ~75 % abundance at
273 K) did indeed reveal an asymmetric R, S, S, S config-

uration of the diamine moiety.
N/ﬁ\
\ 3
H N

L\

5b

: H
\ N
\C;u/

N H H
3 \ /
N N

\C+u/
\L/

6b

Complex 7: From a steric point of view, there should be little
difference between the propene complex 3 and the allyl
alcohol complex 7. Also, the electronegative OH substituent is
not expected to have much of an effect on the intrinsic
strength of the copper-olefin bond, which is known to be
minimally influenced by the electronic effects of the substi-
tuents.['8I In spite of this, significant differences were found in
both the diastereomeric distribution and the dynamic behav-
ior of complex 7, compared with 3. Although species with
inverted configuration of one nitrogen atom (R, S, S, S
backbone) could be detected in solution, their abundance was
substantially lower than for the corresponding species (3b and
3¢) of the propene complex (Table 1). The rate of olefin
exchange for the major isomer 7a was found to be lower than
for 3a. Thus, in the presence of an equimolar excess of free
allyl alcohol, the exchange was frozen on the NMR time scale
at 253 K, while in the case of 3a the corresponding temper-
ature was 20 K lower. Also, rotation of the olefin around the
metal —double bond axis was frozen at about 223 K, while no
evidence of hindered rotation was detected down to 200 K in
the case of 3a. To test the relative stabilities of 3a and 7a, an
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equimolar amount of allyl alcohol was added to an NMR
sample of 3a and the equilibrium abundances of 3a and 7a
were measured at 233 K. The equilibrium constant for the
exchange reaction could thus be estimated to be K=5. All
these data indicate the allyl alcohol complex 7a to be both
kinetically less labile and thermodynamically more stable
than the propene complex 3a, a result that is consistent with
previous findings, which suggest an oxygen—copper interac-
tion in Cu* adducts of allylic alcohols.?!]

Complex 8: Although 12 diastereomers are in principle
possible for this complex if the racemic olefin 1-buten-3-ol
is used in the synthesis (16 in the case of hindered rotation
around the Cu—olefin bond), one largely dominant species
(8a, >95% abundance) was detected in solution by '"H NMR
spectroscopy. This indicates both a large preference for the
coordination of one diastereoface of the olefin (si,? as
suggested by the above result) and a large selectivity for the
coordination of one enantiomer. The selected enantiomer has
the R configuration, as proved independently by X-ray
diffraction analysis (Figure 4) and by decompostion of the

Figure 4. ORTEP view of [Cu((S,S)-1)((R)-1-buten-3-0l) ]C1O, (8a).

complex and recovery of the optically active allylic alcohol.!
It was important to establish to what extent the almost
exclusive formation of the complex with the (R)-alcohol was
due to the selective coordination of one enantiomer rather
than to a selective crystallization of one diastereomeric
adduct. To this purpose, we isolated the allylic alcohol of
the opposite chirality (i.e. (S)-1-buten-3-ol) through its Cu!
complex with (R,R)-1, and added an excess of it to an NMR
sample of 8a. Small signals appeared in the spectrum which
could unambiguously be assigned to the diastereomeric
complex 8¢ (see Table 2), containing (S)-1-buten-3-ol (Fig-
ure 5C). The same signals were almost undetectable when an
excess of racemic butenol was added to the complex. From the
'H chemical shifts of complex 8¢’ (see Table 2) and the
previous discussion on the propene complexes 3 it is possible
to infer that 8 ¢’ has a structure in which the diamine backbone
has an R, S, S, S configuration and the re diastereoface is

Chem. Eur. J. 2000, 6, No. 7
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8¢' (QM/MM)

Figure 5. Experimental and calculated structures of 8. A) X-ray structure
of 8a; B) QM/MM-optimized geometry of 8a; C) QM/MM-optimized
geometry of the complex with (S)-1-buten-3-ol (8¢').

coordinated (Figure 5 C). The above findings definitely prove
that chiral recognition of the (R)-1-buten-3-ol by the [(S,S)-1-
Cu]* fragment takes place in solution and therefore crystal-
lization plays a minor role, if any, in the resolution. By
knowing the analytical composition of the mixture and by
integration of the appropriate NMR signals, the equilibrium
constant for the exchange of the two enantiomers on the
[(S,S)-1-Cu]* fragment could be estimated to be K = 40.

Molecular structure of ((S,5)-1)((R)-1-buten-3-ol)copper(®
perchlorate (8a): The molecular structure of the complex,
together with the atom-labeling scheme are shown in Figure 4.
The Cu' ion is coordinated to the two N atoms of the diamine
and to the olefinic double bond of the allylic alcohol in the
expected trigonal-planar geometry. The dihedral angle be-
tween the planes defined by Cu, N1, and N2 and by Cu, Cl1,
and C2 is 5(1)°, while copper and the four-coordinate atoms
are coplanar within 0.05(1) A. The diamine ligand exhibits an
approximate C, symmetry and the two chiral nitrogen atoms
display the same configuration, opposite to that of the chiral
carbon atoms, resulting in the overall R, S, S, R configuration
of the backbone of the chelate ring. The olefin ligand is
present as the R enantiomer and the si-enantioface®! of the
double bond is coordinated, keeping the olefin substituent
and the nitrogen side chain in an anti orientation to each
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other. Each perchlorate anion lies nearly halfway between
two cations and is linked to one of them by a weak bifurcated
hydrogen bond, bridging O2 to both N2 (O—N 3.11(1) A) and
01 (0—0 3.06(1) A).

Selected bond lengths and angles are presented in Table 3.
The Cu—N bond lengths, 2.055(5) and 2.032(5) A, fall in the
middle of the range (1.93-2.16 A) observed in similar

Table 3. Selected bond lengths [A] and valence angles [°] with their esds in
parentheses for 8a.

Cu-N1 2.055(5) 01-C3 1.40(1)
Cu-N2 2.032(5) cl-c2 1.36(1)
Cu—Cl 2.011(9) -C3 1.54(1)
Cu—C2 2.036(8) C3-C4 1.53(1)
N1-Cu-N2 87.7(2) Cu-C1-C2 71.3(5)
Cl1-Cu-C2 39.3(3) Cu-C2-Cl 69.4(5)
Cu-N1-C5 105.8(4) C1-C2-C3 124.0(8)
Cu-N2-C6 105.5(4)

complexes.’2l Likewise, the two Cu—C(olefin) distances
(2.011(9) and 2.036(8) A) fall in the expected range,? the
bond with the terminal Cl atom is slightly shorter, as
expected. The C—C double bond length of 1.36(1) A coincides
with the value found in the complex [Cu(bipy)(styrene)]-
(C10,)?? and is slightly but significantly longer than the value
commonly reported for free olefins (1.34 A). The small
lengthening of the C—C double bond confirms the presence
of a slight but appreciable contribution from n-back-donation
to the Cu'-olefin bond.['83]

It is interesting to compare the present structure with that
of the trigonal bipyramidal platinum complex in which the
same diamine is bound to the fragment [PtCIMe((E)-
CICH=CHCI)].["*l Apart from the absence of axial substitu-
ents, one major difference is that in the present case both of
the mesityl rings extend towards the coordinated olefin in an
approximate C, symmetry, while in the platinum case this
conformation is adopted only on one side of the molecule. A
second relevant difference is that the chiral pocket created
around the coordinated olefin is narrower and ~0.5 A
deeperlin the copper complex than in the platinum complex
as a result of the smaller size of the copper ion and the absence
of axial ligands. These geometric differences can explain the
essentially complete enantioface selectivity of the diamine —
Cu" fragment (in the C,-symmetric configuration) versus the
good but incomplete selectivity (84 % in the propene case)
observed for the platinum complex. Also, they can contribute
to the much larger equilibrium constant for R/S exchange of
the allylic alcohol, 1-butene-3-ol, in the copper complex (K ~
40) versus the platinum complex (K=& 4).

QM/MM modeling and chiral recognition: As shown above,
the optimized geometries of complexes 3 (Figure 2) give a
nice qualitative explanation of the exceptionally low 6 values
of some protons of the olefinic ligand (the same holds for the
ethylene complexes 2). Also, a fair semiquantitative agree-
ment is found between the experimental result of only one
enantioface being coordinated (within the detection limits) in
the propene complex having the R, §, S, R arrangement of the
diamine backbone (3a), and the relative energies of its most
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stable geometries (Table 4). Indeed, both the most stable
structure 3a (entries A1 and A3 in Table4) and those
structures higher in energy (3 kJmol!) represented by
entries B1, B3, C1 and C3 in Table 4 correspond to re
propene coordination. In contrast, for si propene coordina-
tion, the most stable structure (entries B2 and C4 in Table 4)
is 5kJmol™' above that of 3a. The lack of enantioface
selectivity in the propene coordination to the asymmetric (R,
S, S, S) diamine-Cu" fragment, manifested in the comparable

Table 4. Relative steric energies [kJmol~'] of the QM/MM-optimized
basic geometries of the propene complexes 3.1

Entry 1 2 3 N
F T L
N P
— = N\ s
N N R
A l” H 3a
H—
B \/N‘TUVNH o 3(4) 5(5) 3(4) an
.
. /Ncl»,f\ B3 —B4 =Bl =B
H—_H
D NoAKgrN N 20D 2(1) (1) (16)
l 3b 3c
ot
E \/N‘TUVN (20) (1) (22) (34
. H—H
. R NN 53) 5(3) 13) 6(5)

l

[a] Values in parentheses come from pure MM calculations (see compu-
tional details).

populations of the two species 3b and 3¢ (Table 1), is also
correctly predicted by the nearly equal energies (2 kJmol™!)
of the corresponding optimized geometries (entries D1 and
D2 in Table 4). However, the latter value is in significant
disagreement with the experimentally found enthalpy differ-
ence (ca. 7kJmol™!) between 3b and 3a. This might be
explained by noting that in the optimized geometries for 3b
and 3¢ (Figure 2) the approach of solvent or counterion to the
Cu' ion is possible only from the side of the N—H bonds, since
approach from the other side is hindered by the two mesityl
groups. The reduced stabilizing interactions between the
metal ion and solvent or counterion in 3b and 3¢ relative
to 3a (not considered in the present QM/MM calculations)
could account for the disagreement between the theoretical
and experimental energy values and for a positive contribu-
tion to the entropy of 3b and 3¢ as actually found exper-
imentally.>] Further consistency is given to the above picture
by the observation mentioned above that the asymmetric
species 2b (as well as 3b and 3 ¢) undergoes olefin exchange at
a much lower rate than 2a and 3a, most likely as a
consequence of hindrance to a bimolecular substitution
pathway.
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The reason for the enantioface selection is easily seen from
Figure 3 A, where a front view of the lowest energy geometry
of complex 3a is displayed, showing, when the re face is
coordinated, how the propene molecule fits into the chiral
pocket created by the diamine ligand. The diamine-Cu*
fragment keeps a virtually undistorted C, symmetry, indicat-
ing that no steric interaction exists between the propene
methyl group and the adjacent mesityl ring, as confirmed by
the essentially equal energies (3 kJmol™') of the two con-
formations represented by entries B1 and B3 in Table 4. If the
opposite enantioface is coordinated (Figure 3 C), the diamine
“arm” on the side of the propene methyl group is forced to
twist back (entry B2 in Table 4) in order to avoid a strong
steric interaction with the methyl group (Figure 3B,
entries A2 and A4 in Table 4). The latter repulsive inter-
actions force the olefin to rotate more than 30° out of the
coordination plane, thus relieving the steric strain at the
expense of reduction of electronic m-back-donation.

In the case of secondary allylic alcohols (and ethers), the
reason for the large selectivity with regard to the coordination
of the R enantiomer is suggested by the X-ray structure
analysis of complex 8a and nicely confirmed by the QM/MM
analysis of complex 8. In Figure 5, the crystal structure and the
QM/MM optimized geometries of 8a and 8¢’ are compared.
In the X-ray and calculated structures of 8a (Figure 5 A and
5B) the conformation of the diamine ligand looks similar to
that calculated for the propene complex 3a (Figure 3 A), and
that of the olefin ligand is such that the oxygen atom is
pointing above the coordination plane, approaching the Cu*
ion. In the QM/MM structure the distance between the
oxygen atom and the metal is much shorter than that found in
the crystal (2.73 A versus 3.37 A), as a consequence of the
presence of the ClO,~ counterion in the real structure. In fact,
a QM/MM optimization of 8a, in which a pure QM CIO,~
counterion was included, gave a value for the Cu—OH
distance equal to 3.42 A, in good agreement with the
experimental value. In the X-ray structure (as well as in the
QM/MM structure including the counterion) a weak hydro-
gen bond between the OH group and the perchlorate anion is
present.?’! An attractive interaction between the O atom and
the Cu® ion was found in all the QM/MM low-energy
geometries, including that of the very minor diastereomer
8¢ (Figure 5C). Thus, the orientation of the allylic oxygen
atom towards the metal ion appears to be an attractive
constraint acting on the complex. In the presence of this
constraint, the coordination of the R enantiomer is forced by
the need to have the si face coordinated®! and to avoid steric
contact between the olefinic methyl group and the nearby
mesityl ring. Indeed, in the case of coordination of the §
enantiomer, the QM/MM analysis indicates that in the
preferred geometry the diamine backbone adopts the asym-
metric R, S, §, S configuration and the opposite diastereoface
is coordinated (Figure 5C).[*"]

Implications on enantioselective catalysis: A major implica-
tion of our results is that the coordinated diamine (§,5)-1 has a
strong tendency to adopt a C,-symmetric geometry as shown
in Figures 2 (top) ,3A, 5 A, and 5B. This geometry appears to
be the most stable, unless the third ligand brings steric
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hindrance in two adjacent quadrants of the chiral space,!!l as in
the case of Z-2-butene shown before. In the cases considered
in this paper the third ligand is an olefin, but in a more general
case it could be any other species, and the same steric
requirements would control the geometry of the diamine. As
mentioned in the introduction, (S,S)-1 was successfully used in
the catalytic enantioselective cyclopropanation of styrenes.['?!
The suggested mechanism for this reaction assumes as the
reactive species a copper(l) carbenoid intermediate, which
should have the structure shown in Figure 6,?%] where the

Figure 6. Schematic view of a disfavored styrene approach to a [Cu((S,S)-
1)]-carbene intermediate in a catalyzed cyclopropanation reaction.

diamine adopts its preferred conformation. It is seen from
Figure 6 that in the assumed mechanism,?¥ the approach of a
styrene molecule from the left side would push the ester group
against the top of the mesityl ring on the right side in the
transition state. This repulsive interaction would be reduced
in the case of approach from the right side, leading to
preferential reaction of the re enantioface in the case of anti
orientation of the substituents (the si face in the case of the
syn orientation). This is in agreement with the absolute
configuration of the products (trans-11 and cis-11) reported by
Kanemasa et al.l'

P’ CooR PH

trans-11 cis-11

“COOR

Conclusion

Throughout this work, a remarkable and consistent agree-
ment between experimental and computational findings has
been obtained. The overall results show that the diamine
(5,5)-1 creates a rather narrow and deep chiral pocket around
the metal ion, enabling an efficient enantioface discrimination
for olefins which are coordinated “in-plane” in a trigonal-
planar arrangement. The (usually predominant) C,-symmetric
fragment, in which the two chiral nitrogen atoms display R, R
configurations, shows an essentially complete selectivity for
the coordination of the olefinic enantioface, filling the
“empty” quadrants of the chiral spacel!l (re face for propene
and E-2-butene, si face for a-olefins other than propene).>"!
The same fragment is capable of recognizing the R enantio-
mer of a secondary allylic alcohol or ether, displaying a large
binding selectivity relative to the S enantiomer. The recog-
nition is the combined result of the face selection and of the
allylic oxygen atom being “hooked” on the side of the metal
ion, so that only the enantiomer whose side chain points away
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from the metal can fit in the chiral pocket. The asymmetric
fragment, in which the two nitrogen atoms display R, S (or S,
R) configurations, shows a poor enantioface selectivity in the
case of a-olefins. This can be interpreted as the result of
having both “empty” quadrants of the chiral space on the
same side of the coordination plane. The actual abundance of
the asymmetric fragment is strongly affected by other
hindrance that might be present on the side of the coordina-
tion plane, which is going to be occupied by the S-nitrogen
substituent. The asymmetric fragment is virtually absent in
trigonal-bipyramidal Pt"' complexes,®! (in which both sides
are occupied by axial ligands) and in the E-2-butene complex
5 (in which both sides are hindered by the butene methyl
groups). Conversely, the R, S configuration of the nitrogen
atoms is relevant for the ethylene complex 2, where no
hindrance is present on either side of the coordination plane.
It is even dominant for the Z-2-butene complex 6, in which
only one side of the coordination plane is free of hindrance
but, at the same time, the C,-symmetric diamine conformation
would be much destabilized (as in Figure 3B for the propene
molecule). Thus, a strong interplay takes place between the
steric requirements carried by the olefin ligand and the
configuration adopted by the diamine backbone.

As a final remark, we would like to point out that the
consistent picture emerging from the present study has the
potential to produce qualitative predictions concerning not
only metal-olefin complexes of (S,5)-1 but also other
trigonally coordinate species of this important chiral auxiliary,
which might be intermediates of enantioselective processes.

Experimental Section

General: NMR spectra were recorded on a 400 MHz Bruker model WH-
400 spectrometer. CD,Cl, and CD;OD were used as solvents, and CHDCI,
(0=5.31) or BCD,Cl, (6 =53.8) as internal standards. The solvents were
deaerated before use. All reactions were carried out under an argon
atmosphere, with Schlenk techniques. The diamine 1,'% 3-methoxy-1-
butene,?”) and the complex [Cu(MeCN),]ClO,* were prepared according
to previously described procedures.

Synthesis of [Cu((S,S)-1)(CH,~CH,) ]C10, (2): To a solution of [Cu-
(MeCN),]CIO, (0.080 g, 0.24 mmol) in CH,Cl, (3mL) solid (S.,S)-1
(0.116 g, 0.24 mmol) was added. At 233 K, ethylene was bubbled through
the solution until a white solid precipitated. The solid was dissolved by
warming the mixture to room temperature, then white crystals were
obtained by cooling again to 243 K. The solvent was removed by filtration
and the crystals were washed with pentane and dried. Yield of 2: 0.120 g
(75%). *C NMR (CD,Cl,/CD;0D 450 uL/40 pL, 263 K): (2a) 6 =19.6 (o-
MePh), 20.6 (p-MePh), 46.5 (NCH,), 69.3 (CHPh), 80.2 (CH,=); (2b) 6 =
19.6 (0-MePh), 20.6 (p-MePh), 41.2 (NCH,), 47.0 (NC'H,), 64.5 (CHPh),
64.6 (C’'HPh), 80.9 (CH,=); C3sH,4CICuN,O, (667.7) (%): caled: C 64.75, H
6.64, N 4.20; found: C 64.42, H 6.70, N 4.22.

Synthesis of [Cu((S,S)-1)(CH,=CHMe) |C1O, (3): The same procedure was
followed as for 2, without recrystallizing the product. *C NMR (CD,Cl,/
CD;0D 450 pL/40 pL, 253 K): 6 =18.1 (=CHMe), 19.7 (o-MePh), 20.6 (p-
MePh), 46.5 (NCH,), 69.0 (CHPh), 80.6 (CH,=), 98.5 (=CHMe);
C;;HsCICuN,O, (681.8) (%): caled: C 65.18, H 6.80, N 4.11; found: C
65.02, H 6.93, N 4.20.

Synthesis of [Cu((S,S)-1)(E-MeCH=CHMe) |C10, (5) and [Cu((S,S)-1)(Z-
MeCH=CHMe) ]CIO, (6): The same procedure was followed as for 3. 5:
13C NMR (CD,CL/CD;0OD 450 uL/40 uL, 233 K): 6 =17.3 (=CHMe), 18.7
(0-MePh), 20.7 (p-MePh), 21.2 (o-MePh), 47.0 (NCH,), 68.9 (CHPh), 96.4
(CH=); C;H,CICuN,0, (695.8)(% ): caled: C 65.60, H 6.95, N 4.03; found:
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C 65.43, H 6.83, N 4.15. 6: C3sH,sCICuN, 0O, (695.8) (% ): caled: C 65.60, H
6.95, N 4.03; found: C 65.48, H 6.87, N 4.13.

Synthesis of [Cu((S,$)-1)(CH,=CHR) CIO, (R=C;H; (4); R=CH,0H
(7); R=CH(OH)C:;H,;, (9); R=CH(OMe)Me (10)): To a solution of
[Cu(MeCN),]CIO, (0.080 g, 0.24 mmol) in CH,Cl, (3mL, for 9 only
1.5 mL), solid (S,S)-1 (0.116 g, 0.24 mmol) was added. At room temper-
ature the appropriate olefin (1.20 mmol) was added. After 24 h at 253 K,
white crystals were formed. The solvent was removed by filtration and the
crystals were washed with pentane and dried. Yield: 80-90%. 4:
C3H;5,CICuN,O, (709.8) (%): caled: C 65.99, H 7.10, N 3.95; found: C
65.98, H 7.14,N 3.94. 7: C3;H,4CICuN,O5 (697.8) (% ): caled: C 63.69, H 6.64,
N 4.01; found: C 63.45, H 6.54, N 4.14. 9: BC NMR (CD,CL,/CD;0D
450 pL/40 pL, 253 K): 6 =14.0 ((CH,),Me), 20.0 (0-MePh), 20.6 (p-MePh),
473 (NCH,), 69.7 (CHPh), 70.6 (CHOH), 72.4 (CH,=), 109.5 (=CH);
C,,H54CICuN,O5 (767.9) (% ): caled: C 65.69, H 7.35, N 3.65; found: C 65.43,
H 7.19, N 3.76. (10) C NMR (CD,Cl,/CD;0D 450 puL/40 pL, 253 K): 6 =
20.1 (0-MePh), 20.3 (CH(OMe)Me), 21.0 (p-MePh), 47.7 (NCH,), 55.8
(OCHj;), 70.2 (CHPh), 74.0 (CHOMe), 75.1 (CH,=), 103.3 (=CH);
C3H5CICuN,O5 (725.8) (%): caled: C 64.54, H 6.94, N 3.86; found: C
64.33, H 6.82, N 3.94.

Synthesis of [Cu((S,S)-1)((R)-CH,=CHCH(OH)Me) |CIO, (8a): To a
solution of [Cu(MeCN),]ClO, (0.080 g, 0.24 mmol) in acetone (5 mL),
solid (S,5)-1 (0.116 g, 0.24 mmol) was added. At room temperature,
racemic 1-buten-3-ol (104 pL, 1.20 mmol) was added. After 24 h at 253 K,
white crystals were formed. The solvent was removed by filtration and the
crystals were washed with pentane and dried. Yield of 8a- C;H4O: 0.175 g
(95%). To obtain crystals suitable for X-ray diffraction analysis, the same
procedure as above was used, in a more dilute acetone solution (20 mL).
No recrystallization was performed. *C NMR (CD,Cl,/CD;0OD 450 uL/
40 uL, 253 K): 6 =19.5 (0-MePh), 20.5 (p-MePh), 23.9 (CH(OH)Me), 47.2
(NCH,), 66.2 (CHOH), 69.6 (CHPh), 715 (CH,=), 1055 (=CH);
CyH,3CICuN,O;5- C;HO (769.9) (%): caled: C 63.96, H 707, N 3.64;
found: C 64.00, H 7.02, N 3.69.

Resolution of 1-buten-3-ol: Complex 8a (2.18 g, 1.7 mmol) was suspended
in a 2.5M HCl solution (10 mL), and diethyl ether (10 mL) was added under
stirring. The mixture was stirred for 20 min at room temperature,
centrifuged, and the diethyl ether layer was collected. After two further
extractions with diethyl ether (10 mL), the organic phase was dried over
Na,SO,. The solvent was removed and a fractional distillation gave (R)-1-
buten-3-ol (0.106 g) in 93 % ee.

X-ray crystallography: The details of the structure analysis are listed in
Table 5. X-ray data were collected on an Enraf-Nonius CAD4-F diffrac-
tometer using Cuy, graphite-monochromated radiation operated in the w/6
scan mode. The unit cell parameters were obtained by a least-squares

Table 5. Crystal data and structure refinement parameters for 8a.

crystal size [mm] 0.20 x 0.20 x 0.60

formula C33H3CICuN,O5 - C;HO
formula weight 769.9
crystal system orthorhombic
space group P22.2,
a[A] 12.380(3)
b [A] 15.080(5)
c[A] 21.868(7)
V [A3] 4083(2)
V4 4

F(000) 1632
Pealed [g Cm73] 1.253
Pmeasured [g cm—S] 124
(Cug,) [A] 1.54056
Omax [D] 75

u [em™] 17.1

no. independent reflections 4611

no. reflections above 30(/) 3322

no. refined parameters 440
goodness of fit 1.185

R 0.063

wR 0.075
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fitting of the setting values of 25 strong reflections in the range 25° <6 <
28°. Three monitoring reflections, measured every 400 reflections, showed
only tiny intensity fluctuations. The structure was solved by routine
application of the Patterson and Fourier techniques. A molecule of acetone
was detected in a difference electron density map. The full-matrix least-
squares refinement minimized the quantity Zw(AF)? with w™!=[0*(F,) +
(0.02 F,)* + 1] where o is derived from counting statistics. All non-hydrogen
atoms were refined anisotropically except those of the solvent molecule.
The hydrogen atoms, added on the basis of geometric considerations and
difference Fourier suggestions, were assigned the isotropically equivalent
thermal parameters of the carrier atoms and included in the final
refinement as riding atoms. A correction for absorption effects was applied
according to Walker and Stuart® by using the DIFABS computer program
(maximum and minimum values of the absorption correction were 1.6 and
0.8). The absolute value of the highest positive or negative peaks in the final
difference Fourier map was not larger than 0.5 ¢ A3,

All calculations were performed with the Enraf-Nonius (SDP) set of
programs.?l Crystallographic data (excluding structure factors) for the
structure reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no. CCDC-
132619. 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).

Computational details: To locate the minimum energy geometries, the
following procedure was followed. For the ethylene complex with the R, S,
S, R configuration of the diamine ligand, we performed a systematic search
by varying the torsional angles around the N—C(mesityl) bonds, while
optimizing all other degrees of freedom. This procedure allowed us to
select six independent conformations of the ethylene complex with energy
below the threshold of 40 kJmol™' relative to the absolute energy
minimum. After this search, energy optimizations on propene complexes
with the ligand presenting all the minimum energy conformations selected
above, were performed. Coordination of both propene enantiofaces and
different propene orientations were considered. A similar approach was
also used to locate the minimum energy geometries for complexes
containing the chiral alcohol. Since these systematic calculations involve
a large number of conformations, they are beyond feasibility with current
computational resources even with the relatively fast QM/MM approach.
Hence, they were performed with the computationally cheap MM
approach. For all of the complexes considered, geometries which presented
MM energies below the threshold of 10 kJmol~! relative to the absolute
MM energy minimum were refined with the more reliable QM/MM
method. The validity of this approach is confirmed by the substantial
agreement between the relative stability of different geometries obtained
with the MM and QM/MM methods. To demonstrate the relatively good
agreement between the MM and QM/MM results for the case of the
propene complexes, both the MM and QM/MM energies are reported in
Table 4. A similar approach was used to locate the minimum energy
geometries for the complexes with the R, S, S, S configuration of the
diamine ligand.

Pure molecular mechanics (MM) calculations: The results presented in this
paper were obtained with the CHARMM force field of Karplus et. al.l*l To
model the olefin coordination to the metal atom, the dummy atom
approach, extensively used to simulate the coordination of m ligands
(olefins, aromatic rings) to transition metals, has been adopted.?*3+3 Since
the CHARMM force field has not been extended to copper complexes, we
had to make some assumptions about the force field parameters needed to
simulate both diamine and olefin coordination to the copper atom. The
Cu—N and Cu—D equilibrium distances, where “D” is the dummy atom
located in the center of the olefin double bond, have been assumed to be
2.05 and 1.93 A, respectively. Moreover, the N-Cu-N and N-Cu-D
equilibrium angles have been assumed to be 90° and 135°, respectively.
These values approximately correspond to those observed in the X-ray
structure of compound 8. As for the associated bond stretching and angle
bending force constants, they have been assumed to be equal to the Zr—
D¢, and Dc,-Zr-Dg, force constants proposed by Bosnich et. al. in their
extension of the CHARMM force field to include Group 4 metallocenes.[?
The remaining parameters needed to simulate olefin coordination to the
copper atom have been assumed to be equal to the analogous parameter
proposed by Bosnich et. al. to simulate the coordination of the cyclo-
pentadienyl ring to Group 4 metals.? In all of the MM calculations, the Cu
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and N atoms, and the center of the olefin double bond have been forced to
lie in the same plane. No potential has been used to control the rotation of
the olefin out of the N-Cu-N plane. However, these rotations were
constrained to be smaller than 10°. All the van der Waals parameters have
been derived from the CHARMM force field.*! Copper was assigned the
“Cu3+1” van der Waals parameters of Rappé’s UFE[* To prevent the
effect of long-range attractive forces,?”*! for van der Waals interactions
we have assumed pure repulsive potentials as described in detail in
references [38,39]. Electrostatic interactions were not included in the
molecular mechanics potential. This approach has been extensively used to
rationalize a large number of experimental facts in the field of propene
polymerization with both heterogeneous®! and homogeneous catalysts,
138411 the mechanism of enantioselectivity in both primary and secondary
propene insertion, in particular.

Combined quantum mechanics and molecular mechanics (QM/MM)
calculations: The QM/MM calculations were performed with the ADF
density functional theory program,*>#! modified by some of us**! to
include standard molecular mechanics force fields in such a way that the
QM and MM parts are coupled self-consistently, according to the method
prescribed by Morokuma and Maseras.[*) The model QM system and the
real QM/MM systems are reported in Scheme 2. The partitioning of the

H H
HE H oH Ph it H Pn
H € H L€
>N/ < CszNH\ +/NH_CH2
+
H \C u/ H 4
1 or 1R

R =H, CHs, CH(CH3)OH R =H, CHs, CH(CH3)OH

QM QM/MM
Model system Real system

Scheme 2.

systems into QM and MM parts only involves the substituents on the
diamine ligand, that is, the five-membered diamine ligand including the
metal atom. The considered olefins (ethylene, propene, 1-buten-3-ol), are
always totally composed by pure QM atoms. The only MM atoms are hence
the CH,-mesityl and phenyl substituents on the diamine ligand. The
connection between the QM and MM parts occurs by means of the so-
called capping “dummy” hydrogen atoms, which are present in the model
system only.*%] These capping atoms are replaced in the real system by the
corresponding “linking” carbon atom.*! For example, the trasformation of
one of the C—H bonds of the ligand into the C—Ph group involves the
replacement of the H atom in the model QM system with a C atom in the
real QM/MM system. The QM and MM parts are thus linked by the
“capping” hydrogen atoms and coupled by van der Waals interactions. The
geometric optimization on the whole system was carried out within this
coupling scheme between QM and MM atoms. In the optimization of the
MM part, the N—C and C—C bonds crossing the QM/MM border were
constrained to be 0.45 and 0.40 A longer than the corresponding optimized
N—H and C—H distances, providing optimized N—C and C—C distances in
the real system of roughly 1.50 and 1.52 A, respectively. Further details on
the methodology can be found in previous papers.! #4454l

As for the DFT calculations on the cationic QM part, the electronic
configuration of the molecular systems were described by a triple-§ STO
basis set on copper for 3s, 3p, 3d, 4s, and 4p. Double-£ STO basis sets were
used for nitrogen and carbon 2s and 2p, and hydrogen 1s, augmented with a
single 3d and 2p function, respectively.*’#$! The inner shells on copper (up
to 2p) and nitrogen and carbon (1s), were treated within the frozen core
approximation. Energies and geometries were evaluated with the local
exchange-correlation potential by Vosko et. al.,*! augmented in a self-
consistent manner with Becke’s™ exchange gradient correction and
Perdew’sP’52 correlation gradient correction.

As for the molecular mechanics potential, the CHARMM force field
developed by Karplus et. al.?* has been adopted. The only MM parameter
needed for copper is the van der Waals potential (Cu3 + 1 taken from the
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Rappé’s UFF), since coordination of the diamine ligand and the olefin to
the metal are treated within the QM part. In the pure MM calculations, a
repulsive function has been used for the van der Waals interactions, and no
electrostatic interactions were included in the MM potential.

All of the calculated structures represent energy minima on the combined
QM/MM potential surface. Geometric optimizations were terminated if the
largest component of the Cartesian gradient was smaller than 0.002 au. This
combined QM/MM approach has previously been utilized to study the
enthalpy of ligand substitution on Ru and Fe complexes,* the ethylene
polymerization with homogeneous catalysts based on early transition
metals®l as well as on late transition metals,|*’l and to make predictions on
the E/Z selectivity in ethylene/2-butene copolymerization with Group 4
metallocenes.>l
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A New Method for the Deprotection of Benzyl Ethers or the Selective

Protection of Alcohols

Jacob Madsen, Christel Viuf, and Mikael Bols*!?!

Abstract: A new selective method for the deprotection of benzyl ethers situated next

to alcohols in the a, 3, or y position is presented which uses either NIS or DIB/I, as a
reagent. After initial formation of a hypoiodite intermediate, the reaction is believed
to follow a radical pathway to resemble the Hoffman — Loffler — Freytag reaction. The
formation of the intermediate hypoiodite is suggested on the basis of NMR studies.

Keywords: benzylidene acetal - fj-
fragmentation - hypervalent com-
pounds - radicals - selective depro-
tection

Depending on the substrate, the corresponding benzylidene derivatives or diols are

isolated.

Introduction

In carbohydrate chemistry, and particularly in oligosaccharide
synthesis, the manipulation of a protecting group is an
important, although time-consuming task.!'l Therefore, reli-
able and efficient methods for the selective removal of a
protecting group in the presence of other equivalent or
identical groups are of interest.” In this paper we report that
benzyl ethers next to unprotected alcohols are generally
transformed into the corresponding benzylidene derivatives
by means of N-iodosuccinimide (NIS) or a hypervalent iodine
reagent.

Compounds that contain hypervalent iodine have previ-
ously been described as useful synthetic tools in organic
chemistry.’! The combination of diacetoxyiodobenzene (DIB)
and iodine, which generates acetyl hypoiodite, has been used
by Sudrez et al. in reactions with alcohols™! to give acetals or
spiroketals, and with hemiacetalsP to result in 3 fragmenta-
tions. Additionally, it has been suggested that alcohols react
with hypoiodite intermediatest® or NISU! to form alkyl
hypoiodites. The O—I bond can then be homolytically cleaved
by visible light or heat to form a highly reactive alkoxy radical
(Scheme 1). However, to the best of our knowledge, the
existence of the alkyl hypoiodite has only been proven by
NMR spectroscopy in one case.[®!

It has been reported that para-methoxybenzyl ethers
(PMB) have been used to protect neighboring hydroxy groups
in the 1,2- or 1,3-position by means of benzylidene acetals.’) In
these reactions the PMB protecting group is oxidized by DDQ

[a] Dr. M. Bols, J. Madsen, C. Viuf
Department of Chemistry, University of Aarhus
8000 Aarhus (Denmark)
Fax: (+45)86196199
E-mail: mb@kemi.aau.dk
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/ﬁ\ P ROH J\ + ROI
O OH
hv or heat

ROl ———» |- + RO- — Products

Scheme 1. Acetyl hypoiodite and an alcohol in equilibrium with acetic acid
and an alkyl hypoiodite. The O—I bond is homolytically cleaved by heat or
light to give an alkoxy radical.

followed by a nucleophilic attack by the hydroxy group. Thus,
the oxidation of PMB is the initial step. Similar chemistry to
that reported in this paper is not known.

In this paper (for a preliminary report, see [10]) we report a
new transformation that allows a monobenzylated diol to be
converted into a benzylidene derivative in the presence of
other alcohols or benzyl ethers.

Results and Discussion

It was previously found that when phenylthio 2-O-dimethyl-
(1-O-methyl-2,4,6-tri-O-benzyl-a-D-glucopyranos-3-oxy)silyl-
3,4,6-tri-O-acetyl--D-galactopyranoside (1) was treated with
NIS in MeNO,, a mixture of methyl 3-O-(3,4,6-tri-O-acetyl-a-
D-galactopyranosyl)-2,4,6-tri-O-benzyl-a-D-glucopyranoside
(2) and methyl 2,6-di-O-benzyl-3-0-(3,4,6-tri-O-acetyl-a-D-
galactopyranosyl)-a-D-glucopyranoside (3) was formed.['"")
This indicated that the reaction was intermolecular and that
silicon did not participate. On the other hand, the regiose-
lectivity of the debenzylation suggested an intramolecular
reaction and, therefore, the only possibility seemed to be
participation of the free OH group at C2 in the galactose unit.

The presence of an unprotected alcohol was found to be
essential: when glucose derivative 4] was treated with five
equivalents NIS, no reaction was observed, even on addition
of water or methanol (Scheme 2).

0947-6539/00/0607-1140 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 7





1140-1146

OB 5 equiv NIS

n
Bnoﬂo —— > Noreaction
BnO \l
BnO Io)
4

Scheme 2. Without an unprotected alcohol present in the molecule no
reaction occurred. The reaction was carried out with and without MeOH or
H,O.

In contrast, when the readily available alcohol 502 was
treated with NIS (2.5 equiv), the quantitative conversion to
less polar products was observed (by thin-layer chromatog-
raphy) with simultaneous formation of iodine. These products
could not be purified by chromatography on account of their
instability; however, hydrolysis of the reaction mixture with
TFA/H,O (5:1) gave the two diols 6['2 and 70! in 48 % and
32 % yield, respectively (total yield 80 % ). Compound 6 and 7
were identified by conversion to the corresponding diacetates
(Scheme 3).

OBn
é&' 2.5 equiv NISE!
O

80%

6 (48%) 7 (32%)
OB” 2.5 equiv NISP! OBn
l¢]
HO
BnO 2506 HO
( BnOOMe
7
DIB/I, (2.2/1.5 equiv)[° ph~ N0 o
BnO O
BnO BnO
84% BnOgme
10
5 equiv NS o
BnO _ Phﬂo O
BnO BnO
84% BnOge
12

Scheme 3. Formation of five-membered rings versus six- and seven-
membered rings. Reaction conditions: [a] The reaction was run at reflux
in MeNO, for 2 h. The product mixture was treated with TFA/H,O 5:1
before workup. [b] The reaction mixture was irradiated for 40 min in
CH;CN. Treatment with 2.5 equiv NIS without irradiation gave 7 in 47 %.
Treatment with 2.2 equiv DIB/I, without irradiation gave 7 in 58 %. [c] The
reaction mixture was irradiated for 20 min in CH;CN. Treatment with
S equiv NIS under reflux but without irradiation gave 10 in 74 % yield.
[d] The reaction was carried out under reflux in MeNO, for 4 h.

Similarly, less polar products were observed when 81 was
treated with NIS (2.5 equiv) in dry CH;CN and subsequently
irradiated with a 150 W lamp. However, the products hydro-
lyzed spontaneously to give diol 7 in 75 % yield.

0Bn OBn
no O , Ho O
HO HO
HOoMme BnOoMe

The less polar products which formed initially were
assumed to be the 1,2-frans-benzylidene derivatives, which
could be expected to be unstable. To confirm the formation of
these benzylidene derivatives, compound 9"l was treated with
DIB/I, and irradiated with a 150 W lamp and 111'%l was treated
with NIS (5 equiv) under reflux. This gave the anticipated
compounds 10071 and 12, respectively, both in 84 % yield
(Scheme 3).

Mannose derivative 13 was treated with NIS (5 equiv)
and refluxed for 4 h. TLC suggested almost quantitative
conversion to a more unpolar product 14 (Scheme 4), but
after workup and chromatography, compound 14 was isolated
in only 38 % yield. This indicated that the benzylidene acetal
was rather unstable. On the other hand when a similar
reaction mixture was treated with aqueous acid followed by
acetylation, diacetate 15[ was isolated in 64 % overall yield,
which showed that the debenzylation produces fairly high
yields.

Carbohydrate derivatives with more than one unprotected
hydroxyl group could also be used as substrates: treatment of
arabinose derivative 16" with 5 equiv NIS gave benzylidene
derivative 17 in 44 % yield (Scheme 5). The rather low yield

OBn _ o
5 equiv NISH N-Ph
O/on 5 970 44%
OH OH
HO HO™ 17
16
OBn
2.5 equiv DIB/IZ[b] }wPh
2 /oH 65%
0 (]
07\ 18 19
OMe
2.5 equiv NIS[® (]
@# HO 71%
S o
Ph="
H
21

Scheme 5. Reactions with more than one unprotected hydroxy group in
the substrate. [a] Reaction in refluxing MeNO, for 4 h. [b] The reaction
mixture was irradiated for 20 min in CH;CN. With 4 equiv NIS and
irradiation, 19 was isolated in 47 % yield, while with 5 equiv NIS and 5h
reflux, 19 was isolated in 41 % yield. [c] The reaction mixture was irradiated
in CH,Cl, for 40 min. Without irradiation 21 was isolated in 65 % yield.

can be explained by the insolubility of triol 16, since treatment
of arabinose derivative 182" with DIB/I, (2.5 equiv) and
irradiation with a 150 W lamp gave benzylidene derivative 19
in 65 % yield.

Another derivative with two hydroxy groups, L-rhamnose
derivative 20,2 was treated with NIS (2.5 equiv) in CH,Cl,
and irradiated with a 150 W lamp for 40 min to give only one

Ph
BnO-/_0 5 equiv NIS BnO og 1) 5 equiv NIS BnO-. OAc
B 0 BnO o 64%
BnOO Bno&h‘ 2) TFAIH,0 BnA(g&L' 84%(recov.)
OMe 38% 13 OMe 3 Ac,0, pyridine OMe

14

15

Scheme 4. Formation of an unstable benzylidene derivative with a b-mannose derivative. The NIS reactions were carried out in refluxing MeNO, for 3 h.
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stereoisomer 21?2 in 71% yield (Scheme 5). It should be
noted that only the 2,3-cis-benzylidene derivative was ob-
served and not the alternative possibility, the formation of a
3,4-trans-benzylidene derivative.

The reactions in Scheme 3 suggest that a 5-membered
benzylidene derivative is formed in preference to a 6-mem-
bered benzylidene derivative. Furthermore, reaction 20 —21
(Scheme 5) indicates that the formation of a 5-membered ring
cis to the pyranoside is preferred over a 5S-membered ring
trans to the pyranoside.

In the above reactions (Schemes 3-5), we have demon-
strated that the debenzylation reaction is successful with all
non-anomeric hydroxy groups in different pyranosides. Inter-
estingly, it has been shown by Sudrez et al. that perbenzylated
carbohydrate derivatives with an unprotected alcohol at the
anomeric center reacts with DIB/L, to result in efficient
fragmentation, often in high yield."!

An acyclic carbohydrate derivative was also investigated:
treatment of ribitol derivative 222! with NIS (2.5 equiv) gave
benzylidene derivative 23 in 64 % (Scheme 6).

Ph
BnO BnO 2.5 equiv NIS »—Q Bno
7 a 64%
HO BnO BnO Bno Bro
n
22 23
AcO BnO
1) MeOH/l, ACO
23 —— = H
BnO BnO

2) AcO/pyridine
24

Scheme 6. Benzylidene formation with an acyclic ribitol derivative. The
NIS reaction mixture was irradiated for 40 min in CH;CN.

This is also an example of a
five-membered benzylidene de-

2.5 equiv NIS.

though with a significantly increased reaction time. Similarly,
when alcohol 282%1 was treated with NIS (2.5 equiv) in dry
CH,Cl, the known benzylidene derivatives 29?7 and 30"
were obtained in 27 % yield along with “byproduct” 31 in
53% yield. The treatment of alcohol 25 with DIB/I,
(2.2 equiv) and 2,6-di-tert-butyl-4-methyl pyridine (DTMP)
gave benzylidene derivative 26 in 52 % yield. However, in this
case byproduct 27 was not found. Instead, a minor amount of
the symmetric acetal 32 was identified (Scheme 7).

It should be noted that, unlike the cis-benzylidene com-
pounds 29 and 30, the high degree of symmetry of 26 only
allows the formation of one stereoisomer at the benzylidene
center. This exhibits different chemical shifts for all carbon
and hydrogen atoms. Although atoms H1 and H2 of 26 have
slightly different chemical shifts, they do have identical large
coupling constants that are consistent with an axial position of
the protons. The "H NMR spectra of 26 and its cis isomers are
very similar except that the signals of H1 and H2 are at 6 =
3.39-3.46 in 26, while f=4.00—4.20 in 29 and 30. This also
confirmed the axial positions of H1 and H2 in 26.

Generally, the above reactions can be accomplished by
three different methods: i) with NIS (5equiv) at reflux
temperature, ii) with NIS (2.5 equiv) and irradiation with a
150 W lamp for 20-40min, and iii) with DIB/I, (2.2/
2.2 equiv) and irradiation with a 150 W lamp for 20-40 min.
In each case the optimized reaction conditions are described
in full detail in the Experimental Section.

Evidence for hypoiodite as an intermediate in the reaction:
There is little concrete evidence available in the literature for
the formation of alkyl hypoiodite intermediates in the
reaction between acetyl hypoiodite and alcohols.®! Here we
have investigated this possibility by means of ’*C NMR.

OBn
rivative being formed in prefer- O/
ence to a six-membered deriv- “'OH
ative. The structure of 23 was 25
confirmed by its conversion to
the diacetate 24. This was ach-
ieved by removal of the benzyl-

idene with MeOH/L,? to give 2.5 equiv NIS.

o
. U »—Ph
"o o)

26 51% 27 29%

OBn
the corresponding diol followed CE
by acetylation with Ac,O/pyri- OH
dine. 28
Finally, we investigated com-
pounds with a noncarbohydrate
structure. Alcohol 251 was
treated with NIS (2.5 equiv)
and irradiated for 30 min with OBn
a 150 W lamp to give the new O/
benzylidene derivative 26 in e
51% yield along with byprod- 25
uct 27 in 29 % yield (Scheme 7).
An almost identical result was
obtained without irradiation
and at room temperature, al-
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Scheme 7. Formation of noncarbohydrate benzylidene derivatives and unexpected byproducts. All reactions
were irradiated for 30 min in CH,Cl,.
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Glucose derivative 9 was dissolved in a NMR tube with
CD;CN and a reference spectrum A was recorded (Figure 1).
DIB/I, (2 equiv) was added to the NMR tube, covered with

BnooMe

B
WWU

100 80 60 40

Figure 1. BC NMR spectroscopic evidence for the formation of an
hypoiodite intermediate by. A) Reference spectrum of 9. B) Compound 9
and 2equiv DIB/I, in the dark. C) After 5min of irradiation two
diastereomers were formed. The peak at 6 =94 is a signal from the reagent
(iodobenzene).

tin-foil, and spectrum B was recorded immediately. The
tinfoil was removed and the NMR tube was irradiated
under a standard lamp(60 W) for five minutes to give
spectrum C.

Thus, after addition of two equivalents DIB/I, in the dark
the peak corresponding to C6, the signal at 0=62.5,
disappeared. This was inter-
preted as the formation of an OH
hypoiodite. After irradiation
the peak corresponding to C6
returned and three new signals
in the area 6 =98.2-101.8 ap-
peared. The four peaks in this
area correspond to the two
acetals in each of the two pos-
sible stereoisomers in the prod-
ucts.

The same set of reaction
conditions was also applied to
NIS. However, in this case the

nI+n
—_—

OBn
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peak corresponding to C6 did not disappear which indicated
that the formation of hypoiodite is a slow process in this case.

Mechanistic considerations: The fact that the reaction rate
significantly increased on irradiation strongly suggests that
the reaction follows a radical pathway. We thus propose a
mechanism which resembles that of the Hofmann — Loffler—
Freytag reaction for conversion of N-haloamines into pyrro-
lidines.”®! Upon irradiation, the hypoiodite intermediate
homolytically cleaves to an alkoxy radical. The newly formed
alkoxy radical abstracts a hydrogen from the benzylic position
to generate a stabilized benzylic radical that abstracts iodine
from another hypoiodite in the solution to give an iodine
derivative followed by an intramolecular substitution of
iodide (Scheme 8).

Hydrogen iodide formed in the reaction reacts with another
equivalent of the reagent used. Therefore two equivalents of
reagent are necessary in the reaction.

The formation of byproducts 27 and 31 is also assumed to
follow a radical pathway. After generation of the alkoxy
radical, 8 fragmentation occurs, and the bond between C1 and
C2 is cleaved to give an aliphatic radical. Abstraction of
iodine from another hypoiodite in the solution results in an
iodine derivative followed by a intermolecular substitution of
iodide by a unreacted hydroxy group from the starting
material (Scheme 9).

The observation that byproducts 27 and 31 only are formed
when NIS is the reagent can be explained by the above NMR
studies (Figure 1). When DIB/I, is used, all the substrate is
transformed to the corresponding hypoiodite. There is, there-
fore, no unprotected alcohol that can react with the iodide
formed. However, the generated aliphatic radical is still
reactive and is assumed to be responsible for the formation of
byproduct 32.

Conclusions

In this paper we have presented a new method for the
selective protection of alcohols next to benzyl ethers to form
five-, six-, and seven-membered benzylidene derivatives or
direct debenzylation of the benzyl ether. It is suggested that
the reaction follows a radical pathway via a hypoiodite
intermediate, which has been observed by *C NMR. Thus,
this new reaction opens up a possibility for the selective

oL Oy
|
R C[H)ﬁ H
OBn (0]

" /
— C[Zi(@@ ZC) — O:}Ph + HI

H + NIS —— NHS + I

Scheme 8. Proposed mechanism for the formation of benzylidene derivatives.
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Scheme 9. Proposed mechanism for the formation of byproducts via a -
fragmentation.

removal of one benzyl ether in a perbenzylated substrate.
Furthermore, this reaction could be an explanation for the
formation of sideproducts in NIS-promoted glycosidation
reactions.

Experimental Section

General: All reactions were carried out under a nitrogen atmosphere in
preheated glass equipment. Solvents were distilled under anhydrous
conditions. Thus CH;CN and CH,Cl, was distilled from CaH,. CH;CN
was stored in pre-dried glass equipment over 3 A molecular sieves. All
reagents were used as purchased without further purification. Columns
were packed with silica gel 60 (230-400 mesh) as the stationary phase.
3C NMR and 'H NMR spectra were recorded on a Varian 200 MHz and
300 MHz Gemini instruments.

General procedure for acetylations: A sample of the compound was
dissolved in pyridine (2mL) at room temperature. Then acetic acid
anhydride (1 mL) was added, and the solution was stirred for 4 h and then
concentrated. The residue was taken up in toluene and reconcentrated to
give the desired acetylated product in 90—-100 % yield.

Methyl 4,6-di-O-benzyl-a-D-glucopyranoside (6)!'”! and methyl 2,6-di-O-
benzyl-a-pD-glucopyranoside (7):1'*] NIS (565 mg, 2.5 mmol, 2.5 equiv) was
added to methyl 2.4,6-tri-O-benzyl-a-D-glucopyranoside (5, 464 mg,
1 mmol, 1equiv) in MeNO, (10 mL). The mixture was refluxed for 2 h.
All starting material was converted to more polar products, judged by TLC.
The reaction was diluted with EtOAc (20 mL) and washed with a solution
of 5% Na,S,0; (2 x25mL). The organic layer was dried (MgSO,) and
concentrated. The residue was hydrolyzed with TFA/H,0O 5:1 (1 mL). After
evaporation the products were purified by column chromatography (18 cm
high, 2.5 cm diameter) to give 6 (120 mg, 32%) and 7 (181 mg, 48 %) as
colorless oils.

Glucopyranoside 6: 3C NMR(CDCl;, 50 MHz): 6 =138.5-128.0 (Ar), 99.3
(C1), 77.8, 75.0, 74.0, 72.6, 70.8, 68.9, 55.7 (OMe); 'H NMR (CDCl;,
200 MHz): 6 =7.4-7.1 (m, 10H), 4.6 (m, 5H), 3.9 (t, 1H), 3.7 (m, 4H), 3.55
(m, 1H), 3.35 (s, 3H).

Glucopyranoside 7: *C NMR (CDCl;, 50 MHz): 6 =138.6, 138.4, 129.0,
128.8, 128.7, 128.5, 128.1 (Ar), 98.3 (C1), 79.7, 74.0, 73.5, 73.48, 71.1, 70.6,
69.8,55.7 (OMe); '"H NMR (CDCl;, 200 MHz): 6 =7.4-72 (m, 10H), 4.67
(Jag=11.5Hz, 2H), 4.62 (J,5 =79 Hz, 2H), 4.56 (d, /=19 Hz, 1H), 3.9
(m, 3H), 3.7 (3H, m), 3.4 (dd, J=3.2,9.2 Hz, 1H), 3.3 (s, 3H).
Acetylation of 6: Glucopyranoside 6 was acetylated according to the
general procedure. *C NMR (CDCl;, 50 MHz): 6=170.9, 170.4 (Ac),
138.3,128.9,128.5,128.3,97.4 (C1), 76.5,75.0, 74.1,72.6, 71.9, 70.5, 68.6, 55.7
(OMe), 214, 21.3 (CH;); '"H NMR (CDCl;, 200 MHz): 6 =74-7.1 (m,
10H), 5.5 (1H, H;), 4.95 (dd, 1H), 4.85 (d, 1H), 4.6 (J,g=11.2 Hz, 2H),
4.51 (Jap=75Hz, 2H), 3.75 (m, 4H), 3.35 (s, 3H).

Acetylation of 7: Glucopyranoside 7 was acetylated according to the
general procedure. *C NMR (CDCl;, 50 MHz): 6 =170.1, 169.7, 1376,
1375, 128.4, 128.2, 1279, 127.8, 127.6, 97.7 (C1), 76.6, 73.4, 73.1, 72.0, 69.0,
68.0, 67.8, 55.3 (OMe), 20.8, 20. 6; '"H NMR (CDCl;, 200 MHz): 6 =7.4-7.2

1144

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

(m, 10H), 5.41 (t,7=9.6 Hz, 1H; H3), 5.05 (t, 9.6 Hz, 1 H; H4), 4.67 (d,] =
4.1Hz, 1H; H1), 4.5 (m, 4H), 3.87 (m, 1H, H5), 3.57 (dd, J=4.1, 9.6 Hz,
1H; H2), 3.47 (m, 2H, H6a,6b), 3.38 (s, 3H, OMe), 1.99 (s, 3H, CH}), 1.85
(s, 3H, CH,).

Reaction of tribenzyl glucopyranoside 8 to methyl 2,6-di-O-benzyl-a-D-
glucopyranoside (7): NIS (136 mg, 0.83 mmol, 2.5 equiv) was added to
methyl 2,3,6-tri-O-benzyl-a-D-glucopyranoside (8, 112 mg, 0.24 mmol,
1 equiv) in dry CH;CN (5 mL). The mixture was irradiated for 4 h and
allowed to cool to room temperature. The mixture was diluted with CH,Cl,
(50 mL) and washed sequentially with a solution of 5% Na,S,0; (20 mL).
The organic layer was dried (MgSO,), filtered, and concentrated. The
residue was purified by column chromatography (18 cm high, 1cm
diameter) with EtOAc/pentane (1:2, 1:1) to give 7 (68 mg, 75%).

Methyl 4,6-O-benzylidene-2,3-di-O-benzyl-a-p-glucopyranoside (10):!'”)
DIB/I, (160 mg/85 mg, 0.51 mmol, 2.2 equiv) was added to methyl 2,3.4-
tri-O-benzyl-a-D-glucopyranoside (9, 105 mg, 0.23 mmol) in dry CH;CN
(1.5 mL). The mixture was irradiated for 20 min with a 150 W lamp, CH,Cl,
(25 mL) was added, and the mixture was washed with a solution of 5%
Na,S,0; (25 mL). The organic layer was dried (MgSO,), filtered, and
evaporated. The residue was purified by column chromatography (18 cm
high, 1 cm diameter) with EtOAc/pentane (1:6) to give 10 (88 mg, 84 %).
BC NMR (CDCl;, 50 MHz): 6 =139.2, 138.7, 1379, 129.4, 128.9, 12828,
128.7, 128.6, 128.5, 128.1, 126.6, 101.8 (O-C-0O), 99.8 (C1), 82.6, 79.7, 79.1,
75.9, 74.3, 69.6, 62.9, 55.9 (OMe); '"H NMR (CDCl;, 200 MHz): 6 =7.6—
7.25 (m, 15H), 5.6 (s, 1 H; CH-benzylidene), 4.9 (Ja5 =9 Hz, 2H), 4.8 (/x5 =
11.4Hz,2H), 4.6 (d,/J=3.8Hz, 1H,),4.3 (dd, /=38, 5.7 Hz, 1H), 4.1 (m,
1H), 3.9-3.6 (m, 4H), 3.4 (s, 3H).

Methyl 4,7-O-benzylidene-2,3-di-O-benzyl-6-deoxy-a-D-gluco-heptopy-
ranoside (12): NIS (265mg, 1.17mmol, 5equiv) was added to
methyl 2,3 4-tri-O-benzyl-6-deoxy-a-D-gluco-heptopyranoside (11,
112 mg, 0.23 mmol, 1 equiv) in MeNO, (2.5 mL). The mixture was refluxed
for 4 h. EtOAc (25 mL) was added, and the mixture was washed with a
solution of 5% Na,S,0; (2 x 25 mL). The combined aqueous layers were
extracted with EtOAc (2 x 25mL). The combined organic layers were
dried (MgSO,), filtered, and evaporated. The residue was purified by
column chromatography (18 cm high, 1 cm diameter) with EtOAc/pentane
(1:9) to give 12 (94 mg, 84 % ). 3*C NMR (CDCl;, 50 MHz): 6 =139.0, 138.7,
138.1,128.3, 128.24, 128.2, 128.1, 128.0, 127.9, 127.8, 1275, 1272, 126.1, 100.1
(0-C-0), 98.1 (C1), 79.8, 79.75, 79.1,75.9, 73.4, 68.9, 575, 55.2, 34.7 (C7);
'H NMR (CDCl;, 200 MHz): 6 =7.6-7.2 (m, 15H), 5.95 (s, 1H),4.8 (m,
SH), 4.6 (d, 1H), 4.15 (m, 1H), 3.7 (m, 3H), 3.57 (dd, 1H), 3.4 (s, 3H), 1.9
(m, 2H).

Methyl 2,3-O-benzylidene-4,6-di-O-benzyl-a-D-mannopyranoside (14):
NIS (252 mg, 1.1 mmol, 5 equiv) was added to methyl 2,4,6-tri-O-benzyl-
a-D-mannopyranoside (13, 104 mg, 0.22mmol, 1equiv) in MeNO,
(15 mL). The mixture was refluxed for 4 h. EtOAc (75 mL) was added
and the mixture was washed with a solution of 5% Na,S,0; (2 x 50 mL).
The residue was purified by column chromatography (18 cm high, 2 cm
diameter) with EtOAc/pentane (1:8) to give 14 (39 mg, 38 %) as a mixture
of diastereomers in a 2:1 ratio. 'HNMR (CDCl;, 200 MHz): 6 =7.5-7.1 (m,
20H), 6.0 (s, 1H), 5.82 (s, 1H), 3.35 (s, 3H), 3.30 (s, 3H); MS: m/z: 462
[M+].

Methyl 2,3-di-O-acetyl-4,6-di-O-benzyl-z-D-mannopyranoside (15):'® NIS
(303 mg, 1.1 mmol, 5 equiv) was added to methyl 2.4,6-tri-O-benzyl-a-b-
mannopyranoside (13, 125 mg, 0.27 mmol, 1 equiv) in MeNO, (15 mL).
The mixture was refluxed for 3 h. EtOAc (75 mL) was added and the
mixture was washed with a solution of 5% Na,S,0; (2 x50 mL). The
organic layer was evaporated to dryness. The residue was treated with TFA/
H,O0 1:1 at room temperature for 2 h, then evaporated. Pyridine (2 mL) and
acetic acid anhydride (1 mL) were added to the residue and the mixture
was stirred overnight at room temperature. The reaction mixture was
concentrated, and the residue was taken up in toluene and reconcentrated.
The residue was purified by column chromatography (18 cm high, 2 cm
diameter) with EtOAc/pentane (1:6, 1:4) to afford 15 (80 mg, 64 % ) and the
acetylated starting material (21 mg, 19%). *C NMR (CDCl;, 50 MHz):
0=170.0,169.7,138.9, 128.3, 128.2, 1279, 127.8, 127.6, 127.4, 98.4, 74.6, 73 .4,
72.9,71.7,71.1,70.0, 68.4, 54.9, 20.9, 20. 8; '"H NMR (CDCl;, 200 MHz): 6 =
74-705 (m, 10H), 5.41 (dd, J=3.44, 9.5 Hz, 1H; H;), 5.32 (dd, /=172,
3.44Hz, 1H; H,),4.77 (d,/=172Hz, 1H; H,), 4.7 (m, 4H), 3.9 (m, 4H),
3.3 (s, 3H, OMe), 2.1 (s, 3H), 1.9 (s, 3H); MS (EI): m/z: 458 [M"].
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1,2-O-Benzylidene-a-D-arabinopyranoside (17): NIS (565 mg, 2.5 mmol,
5equiv) was added to benzyl a-p-arabinopyranoside (16, 120 mg,
0.5 mmol, 1 equiv) in dry CH;CN (25 mL), and the mixture was refluxed
for 5 h. The solution was diluted with EtOAc (25 mL) and washed with 5%
Na,S,05 (7 x 10 mL). The organic layers were dried (MgSO,), filtered, and
concentrated. The residue was purified by column chromatography (18 cm
high, 1 cm diameter) with EtOAc on silica gel to give 17 (105 mg, 44 %).
BC NMR (CDCl;, 50 MHz): 6 =137.5, 129.0, 128.7, 128.5, 102.0 (O-C-O),
972 (C1), 93.0, 81.3, 69.6, 63. 5; '"H NMR (CDCl;, 200 MHz): 6 =75-7.3
(m, 5H), 5.6 (s, 1H), 4.85 (d, 1H), 4.6 (m, 2H), 3.9 (d, 1H), 3.3 (dt, 1H).

1,2-O-Benzylidene-3,4-O-isopropylidene-a-D-arabinopyranoside (19):
DIB/I, (403 mg/315 mg, 1.25 mmol, 2.5 equiv) was added to benzyl 3,4-O-
isopropylidene-a-p-arabinopyranoside 18 (140 mg, 0.5 mmol, 1 equiv) in
dry CH;CN (5 mL). The mixture was irradiated for 20 min with a 150 W
lamp. CH,Cl, (40 mL) was added, and the mixture was washed with a cold
solution of saturated NaHCO; (40 mL) and a 5% solution of Na,S,0;
(20 mL). The organic layer was dried (MgSO,), filtered, and evaporated.
The residue was purified by column chromatography (18 cm high, 1 cm
diameter) with EtOAc/pentane (1:12) to give 19 (90 mg, 65%) as a 3:5
mixture of diastereomers. *C NMR (CDCl;, 50 MHz): 6 =138.7, 135.6,
129.5, 128.9, 128.4, 128.3, 126.1, 125.4, 109.1 (i-pro), 103.6, 102.0 (O-C-O),
96.1,95.7 (C1),72.2,70.7,70.1, 69.8, 69.4, 61.4, 60.2, 25.9 (CH,), 24.1 (CHs);
'"H NMR (CDCl;, 200 MHz): 6 =7.6-73 (m, 10H), 6.38 (s, 1H), 5.80 (s,
1H), 5.65 (d,J=1.73 Hz,2H; H1), 4.68 (dd, J =2.47, 8.0 Hz, 1 H), 4.66 (dd,
J=2.47,8.0Hz, 1H), 4.25 (m, 4H; H2, H4) 3.8 (m, 4H), 1.55 (2s, 6H), 1.35
(2s, 6H); HRMS (EI) calcd for C;sH 305 [M*]: 278.1154; found 278.1151.

Methyl exo-2,3-di-O-benzylidene-a-L-rhamnopyranoside (21):?!! NIS
(281 mg, 1.25 mmol, 2.5 equiv)was added to methyl 3-O-benzyl-a-L-rham-
nopyranoside (16, 134 mg, 0.5 mmol, 1 equiv) in dry CH;CN (5 mL). The
mixture was irradiated for 40 min with a 150 W lamp, diluted with CH,Cl,
(50 mL), and washed with a solution of 5% Na,S,0; (20 mL). The aqueous
layer was extracted with EtOAc (2 x 25 mL). The combined organic layers
were dried (MgSO,), filtered, and evaporated. The residue was purified by
column chromatography (18 cm high, 1 cm diameter) with EtOAc/pentane
(1:10) to give 21 (93 mg, 71%). '"H NMR (CDCl;, 200 MHz): 6 =7.5-7.2
(m, 5H), 6.05 (s, 1H), 4.8 (s, 1H, H1), 4.24 (dd, J=5.0, 6.9 Hz, 1 H; H3),
3.95(dd,J=0.63,5 Hz, 1H; H,), 3.55 (m, 1H), 3.38 (m, 1H), 3.2 (s, 3H), 1.2
(d, J=8.0 Hz, 3H); ¥C NMR (CDCl;, 50 MHz): 6 =137.7, 128.4, 128.2,
127.7,102.2 (O-C-0), 974 (C1), 78.9, 74.6, 71.1, 64.6, 54.3, 16.7 (CH;); MS
(EI): 268 [MT].

Acetylation of 21: Rhamnopyranoside 21 was acetylated according to the
general procedure. BC NMR (CDCl;, 50 MHz): 6 =170.1, 1372, 129.2,
128.3, 126.1, 102.9 (O-C-0O), 98.0 (C1), 77.1, 74.5, 70.4, 62.4, 55.0 (OMe),
19.9 (OAc), 16.0 (CH;); '"H NMR (CDCl;, 200 MHz):  =7.5-7.1 (m, SH),
6.05 (s, 1H), 4.94 (dd, /=8.0,9.7 Hz, 1H; H4) 4.8 (s, 1H; H1), 4.4 (dd, J =
5.3,8.0 Hz, 1H; H3), 4.08 (d, /=53 Hz, 1H; H2), 3.7 (m, 1 H; HS), 3.2 (s,
3H; OMe), 2.0 (s, 3H), 1.2 (d, /=8.0 Hz, 3H).

3,4,5-Tri-O-benzyl-1,2-O-benzylidene-D-ribitol ~ (23): NIS (135 mg,
0.6 mmol, 2.55 equiv) was added to 1,2,34-tetra-O-benzyl-p-ribitol (22,
120 mg, 0.23 mmol, 1 equiv) in dry CH;CN (3 mL), and the mixture was
irradiated with a 150 W lamp for 20 min. The solution was diluted with
CH,Cl, (40 mL) and washed with 5% Na,S,0; (2 x 25 mL). The organic
layers were dried (MgSO,), filtered, and concentrated. The residue was
purified by column chromatography (18 cm high, 1 cm diameter) with
EtOAc/pentane (1:10) to give 23 (77 mg, 64 % ) as a colorless oil. *C NMR
(CDCl;, 75 MHz): 6 =138.3,138.2,138.1, 137.4, 129.2, 128.3, 128.24, 128.22,
1279, 1278, 127.6, 127.5, 126.6, 103.8 (O-C-O), 79.1, 78.3, 76.3, 73.7, 73.3,
72.6, 69.7, 67.0; '"H NMR (CDCl;, 300 MHz): 6 =7.4-7.1 (m, 20H), 5.65 (s,
1H),4.7-4.4 (m, 6H), 4.35 (q, 1H), 4.05 (m, 1 H), 3.95-3.75 (m, 3H), 3.7-
3.6 (m, 2H).

Acetylation of 23 to give 1,2-di-O-acetyl-3,4,5-tri-O-benzyl-D-ribitol (24):
Ribitol 23 was acetylated according to the general procedure. *C NMR
(CDCl;, 50 MHz): 6 =170.6, 169.8, 138.0, 137.9, 137.6, 129.0, 128.2, 127.9,
1276, 1275, 77.8, 77.6, 73.4, 73.3, 72.3, 71.5, 69.0, 63.0, 20.9, 20.7.

trans-1,2-O-Benzylidene-cyclohexane (26)

Method I: NIS (565 mg, 2.5mmol, 2.5equiv) was added to trans-2-
benzyloxycyclohexan-1-ol (25, 206 mg, 1 mmol, 1 equiv) in dry CH,Cl,
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(5 mL), and the mixture was irradiated for 30 min with a 150 W lamp. The
reaction mixture was diluted with CH,Cl, (40 mL) and washed with a
solution of 5% Na,S,0; (25 mL). The organic layer was dried (MgSO,),
filtered, and evaporated. The residue was purified by column chromatog-
raphy (18 cm high, 1 cm diameter) with EtOAc/pentane (1:10) to afford 26
(105 mg, 51 %) and byproduct 27 (59 mg, 29 %) with a longer retention
time.

Method 2: DTMP (512 mg, 2.5 mmol, 2.5 equiv) and DIB/I, (386 mg/
302 mg, 1.2 mmol, 1.2 equiv) was added to trans-2-benzyloxycyclohexan-1-
ol (25,206 mg, 1 mmol, 1 equiv) in dry CH,Cl, (5 mL), and the mixture was
irradiated for 30 min with a 150 W lamp. The reaction mixture was diluted
with CH,Cl, (50 mL) and washed with a solution of 5% Na,S,0; (20 mL).
The organic layer was dried (MgSO,), filtered, and evaporated. The residue
was purified by column chromatography (18 cm high, 2 cm diameter) with
EtOAc/pentane (1:10) to afford 26 (106 mg, 52 %) and some byproducts
with longer retention times, among these 32.

Spectroscopic data for 26: *C NMR (CDCl;, 50 MHz): § =139.3 128.7,
128.2,126.1,103.4 (C7), 82.3,79.9 (C1, C2), 28.9,28.5, 23.6,23.5 (C3, C4, C5,
C6); 'H NMR (CDCl,, 200 MHz): 8 = 7.6-72 (m, 5 H), 6.05 (s, 1 H; acetal),
3.46 (ddd,J=11.0,8.7,3.7 Hz, 1H; H1), 3.39 (ddd, /=11.0,8.7,3.7 Hz, 1H;
H2),2.2 (m, 2H), 1.85 (m, 2H), 1.6-1.2 (m, 4H); MS (EL): m/z: 204 [M*],
203 [M* —1].

Spectroscopic data for byproduct 27: *C NMR (CDCl;, 50 MHz): 6 =
202.5, 139.1, 138.5, 138.0, 128.3, 128.2, 128.1, 127.6, 1275, 1274, 1272,
103.8, 101.7, 100.7, 81.7, 79.8, 79.2, 77.2, 71.6, 71.1, 67.2, 66.6, 66.5, 43.7, 43.6,
34.3,34.1,31.7,30.1, 29.8, 28.8,24.2, 23.8, 23.4,23.1, 21. 8; '"H NMR (CDCl;,
200 MHz): 6 =9.65 (t, /= 1.68 Hz, 1H), 9.56 (t, /= 1.68 Hz, 1H), 73-7.1
(m,20H), 4.76 (t, J = 5.6 Hz, 1 H; H1), 4.65 (t,J = 5.6 Hz, 1 H; H1), 4.52 (m,
8H), 3.48 (m, 2H), 3.26 (m, 2H), 2.32 (dt, J = 1.68, 7.03 Hz, 2H), 2.18 (dt,
J=1.68,7.03 Hz, 2H), 2.0— 1.0 (m, 28 H) MS (EI): m/z: 319 [M* — Bn]; FT-
ICR MS: 433.250 [M+Na*]; calcd 433.236.

Spectroscopic data for 32: 3C NMR (CDCl;, 50 MHz): 6 =202.4, 138.0,
128.3, 127.7, 127.5, 101.7, 67.2, 43.7, 33.0, 24.2, 21. 7, '"H NMR (CDCl,,
200 MHz): 6=9.67 (t, J=1.77 Hz, 1H), 74-71 (m, 10H), 4.64 (t, J=
5.38 Hz, 1H), 4.59 (d, J=10.78 Hz, 2H), 4.47 (d, J=10.78 Hz, 2H), 2.34
(dt, 7 =6.98, 1.86 Hz, 2H), 1.8—1.05 (m, 6H).

cis-1,2-O-Benzylidene-(1R,2S)cyclohexane (29)) and cis-1,2-O-benzyl-
idene-(15,2R)cyclohexane (30):?) NIS (565 mg, 2.5 mmol, 2.5 equiv) was
added to cis-2-benzyloxycyclohexan-1-ol (28, 206 mg, 1 mmol, 1 equiv) in
dry CH,Cl, (6 mL), and the mixture was irradiated for 55 min with a 150 W
lamp. The reaction mixture was diluted with CH,Cl, (50 mL) and washed
with a solution of 5% Na,S,0; (20 mL). The organic layer was dried
(MgSO,), filtered, and evaporated. The residue was purified by column
chromatography (18 cm high, 2 cm diameter) with EtOAc/pentane (1:10)
to afford a 1:7 mixture of diastereomers 29 and 30 (55 mg, 27 % ) followed
by “byproduct” 31 (109 mg, 53%). Diastercomers 29 and 30 were
separated by additional chromatography (EtOAc/pentane 1:13).

Spectroscopic data for 30 (minor isomer): C NMR (CDCls, 50 MHz): 6 =
139.0, 128.6, 128.2, 125.9, 101.8 (C7), 74.3 (C1, C2), 271, 21.0; 'H NMR
(CDCly, 200 MHz):  =7.45—7.3 (m, 5H), 6.18 (s, 1 H), 4.22 (m, 2H), 1.95—
1.2 (m, $H).

Spectroscopic data for 29 (major isomer): *C NMR (CDCl;, 50 MHz): d =
138.3, 128.9, 128.2, 126.5, 103.2, 74.9, 282, 20. 6; 'H NMR (CDCl,,
200 MHz): 6 =7.6-7.3 (m, SH), 5.9 (s, 1 H), 420 (m, 2H), 1.9~ 1.2 (m, 8 H).

Spectroscopic data for byproduct 31: *C NMR (CDCl;, 50 MHz): 6 =
202.6, 202.4, 139.1, 138.9, 138.6, 138.5, 128.3, 128.1, 128.08, 128.0, 127.6,
1274,127.3,127.2, 1271, 127.0, 126.8, 102.1, 100.4, 78.0, 74.4, 73.6, 70.4, 70.1,
70.0, 68.6,65.9, 65.7,43.7,43.4, 33.7,30.3, 29.6, 27.8, 27.5, 27.0,26.4,24 .2,22.3,
22.0, 21.8, 21.3, 21.1; 'H NMR (CDCl;, 200 MHz): 6 =9.73 (t, J = 1.67 Hz,
1H), 9.67 (t, J = 1.67 Hz, 1H), 74572 (m, 20H), 4.82 (t, J = 5.4 Hz, 1 H),
476 (1, J=5.4 Hz, 1 H), 4.6 (m, 8H), 3.90 (m, 4H), 3.50 (m, 4H), 2.41 (dt,
J=167, 6.5 Hz, 2H), 2.32 (dt, J= 1.67, 6.5 Hz, 2H), 2.05-12 (m, 28 H).

NMR experiment: Compound 9 (116 mg, 0.25 mmol) was dissolved in
CH;CN (0.6 mL) in a NMR tube, and spectrum A (Figure 1) was recorded
as a reference. The NMR tube was covered with tin foil and DIB/I, (89 mg,
69 mg, 1.1 equiv) was added. Spectrum B was recorded immediately. The
tin foil was removed and the NMR tube was irradiated with a 60 W lamp
for 5 min and spectrum C was obtained.

0947-6539/00/0607-1145 $ 17.50+.50/0 1145





FULL PAPER

M. Bols et al.

Acknowledgments

We thank Kenneth Jensen and Bent O. Pedersen for the mass spectra and
the Danish National Research Council for financial support. We also thank
Professor Russel Bowman for a helpful discussion.

[1] a) H. Paulsen, Angew. Chem. 1982, 94, 184-201; Angew. Chem. Int.

3

6

[7

1146 —

]

]

—

Ed. Engl. 1982, 21, 155-173; b) H. Paulsen, Chem. Soc. Rev. 1984, 13,
15-45; ¢) H. Kunz, Angew. Chem. 1987, 99, 297 -311; Angew. Chem.
Int. Ed. Engl. 1987, 26, 294-308; d) R. R. Schmidt, Angew. Chem.
1986, 98, 213-236; Angew. Chem. Int. Ed. Engl. 1986, 25, 212—-235.
a) N. Ikemoto, S. L. Schreiber, J. Am. Chem. Soc. 1992, 114, 2524 -
2536; b) K. Horita, T. Yoshioka, T. Tanaka, Y. Oikawa, O. Yonemitsu,
Tetrahedron 1986, 42, 11, 3021 -3028; c) L. E. Overman, C. J. Fukaya,
J. Am. Chem. Soc. 1980, 102, 1454 -1456; d) M. T. Jung, L. J. Street, J.
Am. Chem. Soc. 1984, 106, 8327-8329; e)U.E. Udodong, C.
Srinivas Rao, B. Fraser-Reid, Tetrahedron 1992, 48, 4713-4724;
f) C. B. Reese, J. C. M. Stewart, J. H. van Boom, H. P. M. de Leeuw,
J. Nagel, J. F. M. de Rooy, J. Chem. Soc. Perkin Trans. 1 1975, 934—
942; ¢) T. K. Jones, R. A. Reamer, R. Desmond, S. G. Mills, J. Am.
Chem. Soc. 1990, 112, 2998-3017; h) D. Seebach, H. -F. Chow,
R. F. W. Jackson, M. A. Sutter, S. Thaisrivongs, J. Zimmermann,
Liebigs Ann. Chem. 1986, 1281 -1308; 1) D. Boschelli, T. Takemasa, Y.
Nishitami, S. Masamune, Tetrahedron Lett. 1985, 26, 43, 5239 -5242.
Recent reviews: a) A. Varvoglis, Tetrahedron 1997, 53, 1179-1255;
b) A. Kirschning, Eur. J. Org. Chem. 1998, 22672274, c) P. J. Stang,
V. V. Zhdankin, Chem. Rev. 1996, 96, 1123 -1178.

a) J. I. Concepcion, C. G. Francisco, R. Hernandez, J. A. Salazar, E.
Sudrez, Tetrahedron Lett. 1984, 25, 18,1953 -1956; b) A. Martin, J. A.
Salazar, E. Sudrez, Tetrahedron Lett. 1995, 36, 25, 4489 —4492.

a) P. de Armas, C. G. Francisco, E. Suarez, Angew. Chem. 1992, 6,
746-748; Angew. Chem. Int. Ed. Engl. 1992, 31, 772-774; b) R.
Hernandez, E. I. Ledn, P. Moreno, E. Suérez, J. Org. Chem. 1997, 62,
8974-8975; ¢) C. G. Franciscp, C. G. Martin, E. Sudrez, J. Org. Chem.
1998, 63, 2099-2109; d) C. G. Franciscp, C. G. Martin, E. Sudrez, J.
Org. Chem. 1998, 63, 8092 -8093.

a) T.R. Beebe, B. A. Barnes, K. A. Bender, A.D. Halbert, R.D.
Miller, M. L. Ramsay, M. W. Ridenour, J. Org. Chem. 1975, 40, 1992 -
1994; b) D. D. Tanner, G. C. Gidley, N. Das, J. E. Rowe, A. Potter, J.
Am. Chem. Soc. 1984, 106, 5261 -5267; ¢c) M. Akhtar, D. H. R. Barton,
J. Am. Chem. Soc. 1964, 86, 1528—1536.

a) K. Heusler, J. Kalvoda, Angew. Chem. 1964, 76, 518 —531; Angew.
Chem. Int. Ed. Engl. 1964, 3, 525-545; b) T. R. Beebe, M. Adkins, P.
Kwok, R. Roehm, J. Org. Chem. 1972, 37, 4220-4222; c) T. R. Beebe,
A.L. Lin, R.D. Miller, J. Org. Chem. 1974, 39, 722-724; d) T.R.
Beebe, R.L. Adkins, A.I. Belcher, T. Choy, A.E. Fuller, V.L.
Morgan, B. B. Sencherey, L. J. Russel, S. W. Yates, J. Org. Chem. 1982,
47, 3006—-3008; e) T.R. Beebe, R.L. Adkins, C.C. Bogardus, B.

[9

—

(10]
(1]
(12]

(13]

(14]
(15]
(16]
(17]
(18]
(19]

[20
[21

[22

[23]

[24]

[25]
[26]

(27]

(28]

Champney, P. S. Hii, P. Reinking, J. Shadday, W. D. Weatherford, III,
M. W. Webb, S. W. Yates, J. Org. Chem. 1983, 48, 3126 -3128.

J. L. Courtneidge, J. Lusztyk, D. Pagé, Tetrahedron Lett. 1994, 35,
1003 - 1006.

a) Y. Oikawa, T. Yoshioka, O. Yonemitsu, Tetrahedron Lett. 1982, 23,
889-892; b) Y. Oikawa, T. Nishi, O. Yonemitsu, Tetrahedron Lett.
1983, 24, 4037-4040; c) Z. Wang, Tetrahedron Lett. 1989, 30, 6611 -
6614; d) R. Stiirmer, K. Ritter, R. W. Hoffmann, Angew. Chem. 1993,
105, 112-114; Angew. Chem. Int. Ed. Engl. 1993, 32, 101 -103.

J. Madsen, M. Bols, Angew. Chem. 1998, 110, 3348 -3350; Angew.
Chem. Int. Ed. 1998, 37, 3177-3178.

M. Bols, H. C. Hansen, B. I. Smith, Acta Chem. Scand. 1993, 47, 532 —
534.

S. Koto, N. Morishima, M. Owa, S. Zen, J. Carbohydr. Chem. 1984,
130, 73-78.

a) H. Qin, T. B. Grindley, J. Carbohydrate Chem. 1994, 13, 475-490;
b) T. Ogawa, Y. Takahashi, M. Matsui, Carbohydrate Res. 1982, 102,
207-215; ¢) J. M. Kiister, I. Dyong, Liebigs Ann. Chem. 1975, 2179 —
2189.

M. P. DeNinno, J. B. Etienne, K. C. Duplantier, Tetrahedron Lett.
1995, 36, 669 -672.

K. Umemura, H. Matsuyama, M. Kobayshi, N. Kamigata, Bull. Chem.
Soc. Jpn. 1989, 62, 3026 -3028.

W. Dong, T. M. Jespersen, T. Skrydstrup, M. Bols, M. R. Sierks,
Biochemistry 1996, 35, 2788 —-2795.

D. J. Bell, J. Lorber, J. Chem. Soc. 1940, 453 —455.

a) N. E. Franks, R. Montgomery, Carbohydr. Res. 1968, 6, 286—298;
b) H. B. Boren, G. Ekborg, K. Eklind, P. J. Garegg, A. Pilotti, C. G.
Swahn, Acta Chem. Scand. 1973, 27, 2639 —2644.

E. Sayed, H. E. Ashry, C. Schuerch, Bull. Chem. Soc. Jpn. 1986, 59,
1581 -1586.

R. E. Ireland, J. Org. Chem. 1983, 48, 5186-5198.

S. S. Rana, J. J. Barlow, K. L. Matta, Carbohydr. Res. 1980, 85, 313 -
317.

A. Liptak, Pal Nanasi, A. Neszmélgi, H. Wagner, Tetrahedron 1980,
36, 1261 -1268.

a) H. Kristinsson, K. Nebel, A. C. O’Sullivan, F. Struber, T. Winkler,
Y. Yamaguchi, Tetrahedron 1994, 50, 6825 -6838; b) P.J. Garegg, R.
Johansson, I. Lindh, B. Samuelsson, Carbohydr. Res. 1986, 150, 285—
289.

W. A. Szarek, A. Zamojski, K. N. Tiwari, E. R. Ison, Tetrahedron Lett.
1986, 27, 3827 —3830.

D. Basavaiah, P. R. Krishna, Tetrahedron Lett. 1994, 50, 10521 -10530.
K. Naemura, S. Takeuchi, K. Hirose, Y. Tobe, T. Kaneda, Y. Sakata, J.
Chem. Soc. Perkin Trans. 1995, 213 -219.

R. C. Cambie, P. S. Rutledge, P. A. Watson, P. D. Woodgate, Aust. J.
Chem. 1989, 42, 1939 -1949.

M. E. Wolff, Chem. Rev. 1963, 63, 55-64.

Received: August 9, 1999 [F1963]

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

0947-6539/00/0607-1146 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 7






FULL PAPER

Alkaloids from Marine Organisms, Part 5*

Biomimetic Total Synthesis of Lamellarin L by Coupling of Two Different

Arylpyruvic Acid Units

Christian Peschko, Christian Winklhofer, and Wolfgang Steglich*!?!
Dedicated to Professor Gerhard Hofle on the occasion of his 60th birthday

Abstract: Reaction of the ethyl 3-arylpyruvate Sa with the methyl 2-bromo-3-

arylpyruvate 6b in the presence of the 2-arylethylamine 4 afforded the pyrrole
derivative 10, which could be transformed into lamellarin L (1) in five steps. The
synthesis proceeds with 38 % overall yield and mimics the probable biosynthesis of

these marine alkaloids.

Introduction

A variety of alkaloids with the hexacyclic lamellarin system
have been isolated from prosobranch mollusks!!l and ascid-
ians.) Some of these compounds inhibit the growth of several
tumor cell lines 231 and revert the P-glycoprotein mediated
multidrug resistance (MDR) of tumor cells at very low
concentrations.» ¥ Consequently, these natural products pos-
sess a considerable potential for the development of anti-
tumor drugs as well as nontoxic modulators of the MDR
phenotype.[* 3

The unique structures and biological activities of the
lamellarins have attracted the attention of synthetic chemists.
Our synthesis of lamellarin G trimethyl etherl® followed
closely the proposed biosynthesis. Banwell et al.ll obtained
lamellarin K by an elegant intramolecular ylide cycloaddition,
whereas Ishibashi’s groupl® used a isoquinolinium intermedi-
ate in their synthesis of lamellarin D and H. Recently, Boger
etal.l! applied an azadiene Diels— Alder strategy for the
synthesis of related marine alkaloids.'”! The key step in our
biomimetic lamellarin synthesisl is the oxidative dimeriza-
tion of an arylpyruvic acid and condensation of the resulting
1,4-dicarbonyl compound with a suitable 2-arylethylamine.
This reaction leads to lamellarins which carry identical
substituents at C-14/C-20 and C-15/C-21, respectively. To
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Institut fiir Organische Chemie, Universitdt Miinchen
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obtain nonsymmetrical compounds such as lamellarin L (1)['!]
two different arylpyruvic acid esters have to be coupled. This
is revealed by the retrosynthetic analysis depicted in
Scheme 1.

OMe
OR

(0]
0]
OR
OR
4
NH,
Oy CO,R?
Br
MeO OR
3 5 6
Scheme 1. Retrosynthesis of lamellarin L (1).
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Results and Discussion

In the actual synthesis of lamel-
larin L (1) the ester groups R!
and R? were differentiated as
methyl and ethyl,l” and the
phenolic OH groups were pro-
tected by isopropyl residues.[3]
The starting materials 4, Sa, and
6b were easily available by
standard methods (Scheme 2).
The 2-arylethylamine 4 was
obtained in three steps from O-
isopropylisovanillin (7a).1%1
Henry reaction of 7a with nitro-
methanel¥! gave the (E)-S-ni-
trostyrene in 80 % yield, which
was smoothly reduced with
LiBH,/ trimethylsilyl chloride
(TMSCI).1  The  resulting
amine was brominated in gla-
cial acetic acid!' to afford the
hydrobromide of 4in 81 % yield
(Scheme 2, path a). The aryl-
pyruvates Sa and 5b were ob-
tained from the corresponding
benzaldehydes 7a and 7b by
Erlenmeyer azlactone synthe-
sisl'”l and subsequent esterifica-
tion with ethanol/TMSCI!'
(Scheme 2, path b) or diazo-
methane (Scheme 2, path c).
The benzylic position of Sb
was brominated by irradiation
with N-bromosuccinimide in
CCl, providing crude 6b in
quantitative yield. The bromo-
pyruvate 6b was used for the

NH,
Br

OiPr
OMe

4

100 %.

)

S5a———

pyrrole condensation step with- MeO
out further purification.
The key intermediate 10 was 80

obtained in a one-pot proce-
dure by deprotonation of ethyl
ester 5a with sodium hydride
and coupling of the resulting
enolate with one equivalent of
bromide 6b. The 1,4-diketo
compound 9 thus formed was directly converted into the
pyrrole 10 by adding the amine 4 at ambient temperature, and
the resulting mixture was refluxed in the presence of
molecular sieves (4 A). The yield of pyrrole 10 was 53 %
after purification of the reaction mixture by column chroma-
tography. When the coupling between Sa and 6b was
performed with the lithium instead of the sodium enolate,
the formation of a mixture of coupling products was observed
due to bromine exchange between the two coupling partners
(Scheme 3).

The pyrrole 10 bears all atoms and functional groups
required for the construction of the lamellarin skeleton. To
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Scheme 2. Syntheses of the building blocks 4, 5a, and 6b. 4: a) i) 7a, MeNO,, NH,OAc, 80 % ii) LiBH,, TMSCI,
74 %; iii) Br,, AcOH, 81 %; 5a:
TMSCI, 79 %; 6b: c) i) 7b, N-acetylglycine, NaOAc, Ac,0, 45 %; ii) aq NaOH, 69 % iii) CH,N,, 82 %; d) NBS, iv,

b) i) 7a, N-acetylglycine, NaOAc, Ac,0, 42 %; ii) aq. NaOH, 65 %; iii) EtOH,

OMe
OiPr

Br

EtO,C._,0 0. COMe

O S
OiPr

OiPr
9 _
OMe
OiPr
Br
' RO
— O N, £
97 % MeO
W/ 0
4 0
MeO QiPr MeO MeO OR
V) 12, R=Et 06 94 Vi) 14, R=Pr
0,
& 13,R-H ’ Lamellarin L,
R=H (1)

Scheme 3. Synthesis of lamellarin L (1). i) NaH, —12 to —5°C, then 6b, —5 to 25°C, CH,Cl,; ii) 4, molecular
sieves (4 A), 5 h reflux; iii) NaCN (50 equiv), DMPU, 1 h, 115°C; iv) Pb(OAc), (1.1 equiv), PhH, reflux; v) 40 %
aq. KOH, 3 h, 150°C, then cat p-
NEL, (3:1), 80 min, 150°C; vii) AICI (75 equiv), 0 to 25°C, CH,Cl,, 4 h.

TsOH, toluene, 30 min, 120°C; vi) Pd(OAc), (1 equiv), PPh; (2 equiv), CH;CN/

obtain the monocarboxylic acid 11 the methyl ester group of
10 had to be cleaved leaving the ethyl ester group intact. This
was cleanly accomplished by heating of 10 in a suspension of
NaCN in 1,3-dimethyl-3,4,5,6-tetrahydropyrimidin-2(1H)-one
(DMPU).I2I Subsequent reaction of the carboxylic acid 11
with lead(@v) acetatel® 'l in refluxing benzene furnished the
lactone 12 in 97 % yield. As reported before [ this reaction
forms exclusively the desired regioisomer by attack of the
carboxy radical at the ortho position which carries no adjacent
alkoxy substituent. For completion of the lamellarin frame-
work, the ethyl ester group had to be cleaved. This was
achieved by heating 12 with 40 % aqueous KOH, and removal
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of the ethanol by distillation. As monitored by TLC, the
lactone ring was also opened under these conditions, but was
easily reinstalled by heating the crude reaction product with a
catalytic amount of p-TsOH in toluene. This two-step reaction
sequence afforded the desired carboxylic acid 13 in high yield.
The Pd(o)-catalyzed Heck cyclization of bromide 13 was
carried out in acetonitrile/triethylamine in a pressure tube at
150°C. The conversion was complete within 80 min, providing
lamellarin L triisopropyl ether (14) in 97 % yield after column
chromatography. The cyclization proceeds with concomitant
decarboxylation,l®! a reaction type, hitherto not observed in
Heck reactions. Treatment of 14 with AICl; in dichloro-
methane removed the isopropyl protecting groups”?! and
afforded lamellarin L (1) in almost quantitative yield. The
spectroscopic data (UV, IR, '"H NMR, "“C NMR, MS) of
synthetic 1 agreed in all respects with those reported for the
natural product.!'!]

The first total synthesis of lamellarin L was thus completed
in six steps with an overall yield of 38 % (from compounds 4,
5a, and 6b). The use of our biomimetic approach for the
synthesis of other lamellarins is under active investigation.

Experimental Section

General: Melting points (uncorrected) were determined on a Reichert
Thermovar hot stage microscope. IR spectra were recorded on a Bruker
FTIR IFS 48 spectrometer and are presented as: s (strong), m (medium), w
(weak), and br. (broad). UV/Vis spectra were obtained on a Perkin — Elmer
Lambda 16 instrument. NMR spectra were recorded on Bruker AMX 600
and ARX 300 instruments with the solvent peak as internal reference
(CDCly: 6('"H) =726, 6(**C)=77.0; [Ds]DMSO: 6('H)=2.49, 6("*C)=
39.5). Mass spectra (MS) and high-resolution mass spectra (HR-MS) were
recorded with a Finnigan MAT 95 double focusing spectrometer, equipped
with an EI ion source operated at 70 eV. All nonaqueous reactions were
carried out under an argon atmosphere in dry solvents, unless otherwise
noted. Dichloromethane (CH,Cl,) was distilled from Sicapent, and
tetrahydrofuran (THF) was distilled from potassium/benzophenone. Other
solvents were purchased at absolute quality and stored over molecular
sieves (4 A). All reactions were monitored by thin-layer chromatography
(TLC) using E. Merck silica gel plates 60 F,s,. The spots were detected
under UV light (254 and 366 nm). Flash chromatography was conducted on
E. Merck silica gel 60, particle size 0.04—0.063 mm.
2-(2-Bromo-5-isopropoxy-4-methoxyphenyl)-1-ethylammonium bromide
(4-HBr): 3-Isopropoxy-4-methoxybenzaldehyde (7a)!*¥ (16.12 g, 83 mmol)
and ammonium acetate (6.09 g, 79 mmol) in nitromethane (120 mL) were
heated at 110°C for 30 min. The mixture was cooled to 25°C and kept at
—18°C overnight. The precipitate was filtered off, and washed with water
(3 x 60 mL) and ice-cold ethanol (1 x 50 mL). Lyophilization afforded (E)-
f-nitro-3-isopropoxy-4-methoxystyrene (15.67 g, 80%) as yellow needles.
M.p. 83°C; 'H NMR (CDCl;, 300 MHz): 6 =7.96 (d, J=13.5 Hz, 1H), 7.51
(d, J=13.5Hz, 1H), 717 (dd, /=84 Hz, J=2.1Hz, 1H), 705 (d, J=
2.1 Hz, 1H), 6.92 (d, J =84 Hz, 1H), 457 (m, J=6 Hz, 1H), 3.92 (s, 3H),
1.40 (d, J=6Hz, 6H); C NMR (CDCl;, 75 MHz): 6 =154.22, 147.78,
139.39, 135.06, 124.59, 122.68, 115.0, 111.95, 71.85, 56.05, 21.95; EIMS: m/z
(%): 237 (75), 195 (100), 148 (65); HRMS: calcd for 237.1001, found
237.1003; elemental analysis (% ): caled for C,,H;sNO,: C 60.75, H 6.37, N
5.90; found: C 60.89, H 6.31, N 5.86.

TMSCI (50.6 mL, 0.4 mol) was added within 2 min to a vigorously stirred
slurry of LiBH, (4.36 g, 0.2 mol) in dry THF (100 mL). After flushing the
vessel several times with argon, a solution of (E)-f-nitro-3-isopropoxy-4-
methoxystyrene (11.86 g, 50 mmol) in dry THF (100 mL) was added
dropwise to the mixture within 5 min. The reaction mixture was stirred at
ambient temperature for 24 h, then cooled to 0°C, and carefully quenched
with methanol (150 mL). The solvent was removed under reduced pressure,
and the residue was treated with 20% aqueous KOH (150 mL). The
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aqueous layer was extracted with CH,Cl, (3 x60mL), the combined
organic phases were dried (Na,SO,), and the solvent was evaporated in
vacuo. The resulting brown oil was purified by Kugelrohr distillation
(150°C/11 mbar) to provide 2-(3-isopropoxy-4-methoxyphenyl)-1-ethyl-
amine (7.68 g, 74 %) as a light yellow oil. "H NMR (CDCl;, 300 MHz): 6 =
6.82 (dd, /=8 Hz, ¥/ =2 Hz, 1H), 6.76 (d,/ =2 Hz, 1H), 6.75 (d, /= 8 Hz,
1H), 451 (m, J=6Hz, 1H), 3.83 (s, 3H), 2.95 (t, J=6.9 Hz, 2H), 2.69 (t,
J=6.9 Hz, 2H), 1.89 (br., 2H), 1.36 (d, /=6 Hz, 6H); 3C NMR (CDCl;,
75 MHz): 6 =148.8, 1471, 132.0, 121.1 (CH), 116.6 (CH), 112.0 (CH), 71.3
(CH), 55.9 (CHs;), 43.5 (CH,), 39.1 (CHy,), 22.0 (CH3); MS: m/z (%): 209
(24), 180 (52), 138 (100); HRMS: caled for C,H;(NO, 209.1407, found
209.1405.

A solution of bromine (4.07 g, 25.4 mmol) in glacial acetic acid (15 mL) was
added at 0°C through a dropping funnel to a vigorously stirred solution of
2-(3-isopropoxy-4-methoxyphenyl)-1-ethylamine (3.55 g, 17 mmol) in gla-
cial acetic acid (77 mL). The stirring was continued for 30 min at 0°C, and
the solvent was removed on a rotary evaporator at 45°C. The dark brown
oily residue was dried under reduced pressure overnight, diluted with ethyl
acetate (250 mL), and stirred for 15 min to yield a colorless precipitate
which was filtered and washed with ethyl acetate (3 x 100 mL) to yield the
hydrobromide of 4 (5.1 g, 81 %) as a white powder. M.p. 224°C; '"H NMR
([Ds]DMSO, 300 MHz): 6 =7.91 (br. s, 3H), 7.15 (s, 1H), 7.00 (s, 1 H), 4.56
(m, J=6Hz, 1H), 3.76 (s, 3H), 2.92-2.99 (br. m, 4H), 1.25 (d, /=6 Hz,
6H); BC NMR ([D4]DMSO, 75 MHz): 6 =149.9, 146.5, 128.2, 117.7, 116.3,
113.9, 79.4, 70.8, 56.1, 41.9, 32.9, 22.0; elemental analysis (%): calcd for
C;,H;,NO,Br, (369.10): C 39.05, H 5.19, N 3.79; found: C 39.09, H 5.23, N
3.79.

Ethyl (3-isopropoxy-4-methoxyphenyl)pyruvate (5a): A mixture of 3-iso-
propoxy-4-methoxybenzaldehyde (7a)l' (19.11 g, 98.4 mmol), N-acetyl-
glycine (13.83 g, 118 mmol), sodium acetate (10.49 g, 128 mmol), and acetic
anhydride (47 mL, 492 mmol) was heated at 120°C for 8 h under stirring.
The resulting solution was allowed to cool to 50 °C and then poured into ice
water (100 mL). After 20 min of stirring, the precipitate was filtered off,
washed with water (3 x 100 mL), and recrystallized from ethanol/water 7:3
to afford 4-(3-isopropoxy-4-methoxybenzylidene)-2-methyloxazol-5(4H)-
one (11.34 g, 42%) as a bright yellow powder. M.p. 113°C; UV/Vis
(MeOH): A, (€) =203 (14609), 253 (7563), 367 nm (23080M~'cm~'); IR
(KBr): #=1780 (s), 1763 (s), 1659 (s), 1609 (m), 1588 (s), 1514 cm™! (s);
'H NMR ([Dg]DMSO, 300 MHz): 6 =794 (d, J=1.5Hz, 1H), 775 (dd,
3] =8.4Hz, 4/ =15Hz, 1H), 717 (s, 1H), 7.09 (d, / = 8.4 Hz, 1H), 4.55 (m,
J=6Hz, 1H), 3.83 (s, 3H), 2.37 (s, 3H), 1.29 (d, /=6 Hz, 6 H); *C NMR
([Ds]DMSO, 75 MHz): 6 =1677, 165.5, 152.8, 146.7, 130.7 (CH), 130.3,
1272 (CH), 126.1, 118.1 (CH), 112.3 (CH), 70.7 (CH), 55.8 (CH3), 22.0
(CHj;), 15.6 (CH;); MS: m/z (%): 275 (73), 233 (24), 205 (13), 163 (100), 148
(14); elemental analysis (% ): caled for C;sH;NO, (275.30) C 65.44, H 6.22,
N 5.09; found: C 65.39, H 6.13, N 5.05.

The finely ground oxazolone (19.50 g, 71 mmol) was added at 100°C to a
solution of NaOH (80 g) in water (120 mL). After heating the mixture for
70 min at 130°C, it was cooled to 25 °C on an ice bath, poured into ice water
(400 mL), and adjusted to pH 3 with concentrated HCl. The mixture was
extracted with ethyl acetate (3 x 100 mL), and the combined organic
phases were washed with aqueous KHSO, (1.1m, 100 mL) and brine
(100 mL), and dried over Na,SO,. Evaporation of the solvent and
recrystallization of the residue from ethyl acetate yielded (3-isopropoxy-
4-methoxyphenyl)pyruvic acid (11.57 g, 65 %) as light yellow needles. M.p.
149°C;'THNMR ([D4]DMSO, 300 MHz): 6 = 13.03 (br.s, 1H), 8.96 (s, 1 H),
745 (d,J=2Hz, 1H), 729 (dd, >/ =9 Hz, “J=2 Hz, 1H), 6.95 (d, /=9 Hz,
1H), 6.36 (s, 1H), 4.48 (m, /=6 Hz, 1H), 3.76 (s, 3H), 1.25 (d, J=6 Hz,
6H); *C NMR ([D4]DMSO, 75 MHz): 6 =166.7, 149.7, 146.3, 140.2, 130.0,
123.2 (CH), 117.1 (CH), 112.3 (CH), 110.3 (CH), 70.6 (CH), 55.6 (CHj;),
22.1 (CH3); MS: m/z (%): 252 (19), 210 (15), 164 (14), 137 (100); HRMS:
calcd for C3H,,05 252.0998, found 252.0995; elemental analysis (% ): caled
for C;3H ;05 (252.27) C 61.90, H 6.39; found: C 61.90, H 6.24.

(3-Isopropoxy-4-methoxyphenyl)pyruvic acid (2.22 g, 8.8 mmol) and
1.5 equivalents of TMSCI (1.67 mL, 13.2 mmol) were dissolved in absolute
ethanol (26.5 mL) and stirred at 50°C. After 4.5 h, the solution was poured
into ice water (100 mL) and stirred for 5min. The precipitate was
separated, washed with water (2 x 30 mL), and dried in vacuo to afford
the ethyl ester Sa (1.96 g, 79 %) as colorless crystals. M.p. 101 °C; '"H NMR
(CDCl;, 300 MHz): 6 =748 (d, /=2 Hz, 1H), 728 (dd, 3/ =8.4 Hz, ‘=
2.1Hz, 1H), 6.87 (d, /J=8.4 Hz, 1H), 6.47 (s, 1H), 6.35 (s, 1H), 4.57 (m,
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J=6.1Hz, 1H),4.35 (q,J =7 Hz, 2H), 3.87 (s, 3H), 1.39 (t, /=7 Hz, 3H),
1.38 (d, J=6.1 Hz, 6H); *C NMR (CDCl,, 75 MHz): 6 =166.4, 1504,
1470, 1379, 127.1, 123.6, 117.1, 111.6, 111.0, 71.4, 62.4, 55.9, 22.1, 14.3; MS:
m/z (%): 280 (54), 238 (16), 164 (100), 137 (99); HRMS: calcd for C,sH,,O5
280.1311, found 280.1312; elemental analysis (% ): calcd for C;sH,,Os
(280.32) C 64.27, H 7.19; found: C 64.28, H 7.07.

Methyl 3-bromo-3-(4-isopropoxy-3-methoxyphenyl)pyruvate (6b): The
oxazolone was prepared from 4-isopropoxy-3-methoxybenzaldehyde (7b)
(15.54 g, 80 mmol), N-acetylglycine (11.24 g, 96 mmol), sodium acetate
(8.53 g, 104 mmol), and acetic anhydride (38 mL, 400 mmol) by the same
procedure as described for 5a. Recrystallization from 70% aqueous
ethanol afforded 3-(4-isopropoxy-3-methoxybenzylidene)-2-methyloxazol-
5(4H)-one (9.88 g, 45%) as a bright yellow powder. M.p. 98°C; 'H NMR
([Ds]DMSO, 300 MHz): 6 =7.89 (d, /=19 Hz, 1H), 7.72 (dd, 3/ =8.5 Hz,
4I=19Hz, 1H), 713 (s, 1H), 7.07 (d, J=8.5Hz, 1H), 4.69 (m, /=6 Hz,
1H), 3.77 (s, 3H), 2.36 (s, 3H), 1.27 (d, J=6Hz, 6H); “C NMR
([Ds]DMSO, 75 MHz): 6 =167.8, 165.4, 150.1, 149.5, 130.7 (CH), 130.2,
127.1 (CH), 125.9, 115.3 (CH), 114.1 (CH), 70.4 (CH), 55.7 (CHj;), 22.0
(CH;), 15.6 (CH,); MS: m/z (%): 275 (23), 233 (27), 163 (100); elemental
analysis (% ): caled for C;sH;NO, (275.30) C 65.44, H 6.22, N 5.09; found:
C 65.28, H 6.24, N 5.02.

Hydrolysis of the oxazolone (9.88 g, 35.9 mmol) by the same procedure as
described for 5a, and recrystallization of the product from ethyl acetate
afforded (4-isopropoxy-3-methoxyphenyl)pyruvic acid (6.24 g, 69%) as
light yellow needles. M.p. 144-146°C; '"H NMR ([D¢]DMSO, 300 MHz):
0=2897 (br. s, 1H), 743 (d, /=18 Hz, 1H), 727 (dd, 3/ =8.7Hz, /=
1.8 Hz, 1H), 6.94 (d, /J=8.7Hz, 1H), 6.38 (s, 1H), 4.56 (m, J=6Hz,
1H), 3.74 (s, 3H), 1.25 (d, /=6 Hz, 6 H); ®*C NMR ([D4]DMSO, 75 MHz):
0=166.7, 149.6, 146.4, 140.4, 128.3, 128.7 (CH), 115.2 (CH), 113.6 (CH),
110.3 (CH), 70.3 (CH), 55.6 (CH3), 22.2 (CH;); MS: m/z (%): 252 (21), 210
(20), 164 (11), 137 (100); elemental analysis (%): calcd for C;3H;405
(252.27) C 61.90, H 6.39; found: C 61.84, H 6.52.

The finely powdered (4-isopropoxy-3-methoxyphenyl)pyruvic acid (3.10 g,
12.3 mmol) was suspended in ethyl acetate (400 mL) and cooled in an ice
bath. Under vigorous stirring, the mixture was treated with 3 mL portions
of a freshly prepared ethereal solution of diazomethane until all particles
had dissolved and TLC control showed complete conversion. After stirring
for an additional 1 h at 0°C, the solvent was removed in vacuo. The oily
residue was subjected to flash chromatography on silica gel (petroleum
ether/Et,0O 1:1) to yield methyl (4-isopropoxy-3-methoxyphenyl)pyruvate
(5b) (2.69 g,82 %) as a yellow oil. 'H NMR (CDCl;, 300 MHz): 6 =7.45 (d,
J=2Hz,1H),7.23 (dd,?J=8.4 Hz,*/=2 Hz,1H), 6.87 (d,/=8.4 Hz, 1H),
6.48 (s, 1H), 6.36 (s, 1H), 4.54 (m, /=6 Hz, 1H), 3.89 (s, 3H), 3.87 (s, 3H),
1.37 (d, J=6Hz, 6H); “C NMR (CDCl;, 75 MHz): 6 =166.77, 149.90,
14744, 137.60, 12722, 123.31, 114.90, 113.39, 111.47, 71.18, 55.83, 53.06,
22.00; MS: m/z (%): 266 (29), 224 (14), 193 (38), 164 (77), 151 (100), 137
(70); HRMS: calcd for C,H 305 266.1154, found 266.1145.

A vigorously stirred mixture of methyl ester 5b (2.69 g, 10.12 mmol), N-
bromosuccinimide (NBS) (1.89 g, 10.63 mmol), and CCl, (180 mL) was
irradiated at 12 °C with a halogen lamp (500 W). After 45 min, the mixture
was filtered, and the solvent evaporated under reduced pressure to afford
the crude bromopyruvate 6b as a dark yellow oil in quantitative yield. Due
to its tendency for decomposition, 6b was used for the next step without
further purification. An analytically pure sample was prepared by flash
chromatography on silica gel (petroleum ether/ethyl acetate 2:1) and could
be stored at — 18°C for several days. IR (KBr): 7=23462 (w), 2978 (s), 2836
(w), 1738 (s), 1601 (m), 1512 (s), 1466 (m), 1423 (m), 1385 (m), 1374 (m),
1263 (s), 1140 (s), 1110 (s), 1059 (s), 1035 (s), 953 (m), 858 (w), 811 (w), 776
(w), 719 (w), 678 (w), 565 cm~! (w); 'TH NMR (CDCl;, 300 MHz): 6 = 6.96 -
7.00 (br., 2H), 6.84 (d, /=9 Hz, 1H), 6.21 (s, 1H), 4.55 (m, /=6 Hz, 1H),
3.88 (s, 3H), 3.86 (s, 3H), 1.37 (d, /=6 Hz, 6H); *C NMR (CDCl;,
75 MHz): 6 =183.48, 160.52, 150.43, 148.81, 124.79, 122.48, 114.54, 113.05,
71.27, 56.06, 53.52, 50.24, 21.99.

Ethyl  1-[2-(2-bromo-5-isopropoxy-4-methoxyphenyl)ethyl]-3-(3-isopro-
poxy-4-methoxyphenyl)-4-(4-isopropoxy-3-methoxyphenyl)-5-methoxy-

carbonyl-1H-pyrrole-2-carboxylate (10): A solution of 5a (448 mg,
1.6 mmol) in dry CH,Cl, (30 mL) was cooled to —12°C. After addition of
sodium hydride (42.2 mg, 1.76 mmol), the stirred mixture was allowed to
warm to —5°C. After Smin, a cold solution (—5°C) of 6b (552 mg,
1.6 mmol) in CH,Cl, (10 mL) was added by a syringe within 1 min. After
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the mixture had been stirred for 20 min at —5°C, the cooling bath was
removed, and the reaction mixture allowed to warm to room temperature.
Then, 4 (692 mg, 2.4 mmol), freshly generated from the hydrobromide with
saturated aqueous Na,CO; in CH,Cl, (20 mL), and molecular sieves (4 A,
2 g) were added. The mixture was refluxed for 5 h and then stirred at 25°C
overnight. After filtration and evaporation of the solvent, the residue was
dissolved in Et,0 (30 mL), and then washed with aqueous KHSO, (1.1Mm,
1 x 20 mL), water (1 x 20 mL), and brine (20 mL). After drying (Na,SO,),
the solvent was evaporated, and the residue purified by flash chromatog-
raphy on silica gel (CH,Cl,/acetone 50:1) to yield 10 (675 mg, 53%) as a
light yellow foam. UV/Vis (MeOH): A, (¢)=204 (79349), 284 nm
(20425 'em™); IR (KBr): #=3435 (m), 2976 (s), 2934 (m), 2836 (w),
1717 (s), 1603 (w), 1582 (w), 1529 (m), 1499 (m), 1466 (m), 1442 (m), 1405
(w), 1385 (m), 1372 (m), 1348 (m), 1300 (m), 1258 (s), 1212 (s), 1163 (s),
1137 (m), 1111 (s), 1049 (m), 1027 (m), 955 (w), 906 (w), 859 (w), 831 (w),
808 (w), 772 cm™! (w); 'H NMR (CDCl,, 300 MHz): 6 =6.98 (s, 1 H), 6.71
(d, J=83Hz, 1H), 6.69 (d, /J=8Hz, 1H), 6.68 (s, 1H), 6.61 (dd, %/ =
8.3 Hz, /=2 Hz, 1H), 6.52 (d, /=2 Hz, 1H), 6.52 (dd, /=83 Hz, /=
1.9 Hz, 1H), 6.49 (d, /=2 Hz, 1H), 4.96 (t, J=6.8 Hz, 2H), 4.44 (m, J=
6.2 Hz, 1H), 4.43 (m,J=6.2 Hz, 1 H), 422 (m,/=6.2 Hz, 1H), 4.02 (q, J =
7.1 Hz, 2H), 3.80 (s, 2 x 3H), 3.60 (s, 3H), 3.56 (s, 3H), 3.15 (t, /= 6.9 Hz,
2H), 1.33(d, /=6 Hz, 6H), 1.32 (d,/=6 Hz, 6 H), 1.16 (d, /= 6.1 Hz, 6 H),
0.95 (t,J=71Hz,3H); 3CNMR (CDCl;, 75 MHz): 6 =162.1, 161.6, 149.6,
149.1, 146.8, 146.1, 145.9, 130.4, 130.3, 129.7, 127.2, 124.5, 124.0, 123.5, 122.8,
118.7, 117.8, 115.9, 114.8, 114.6, 110.9, 71.6, 71.2, 60.5, 56.2, 55.9, 55.7, 51.4,
46.3,37.8, 22.1, 21.8, 13.6; MS: m/z (%): 797 (45), 795 (41), 716 (100), 674
(31), 632 (12); HRMS: caled for C,H5NO,,”Br 795.2618, found 795.2586.

Ethyl 1-[2-(2-bromo-5-isopropoxy-4-methoxyphenyl)ethyl]-5-carboxy-3-
(3-isopropoxy-4-methoxyphenyl)-4-(4-isopropoxy-3-methoxyphenyl)-1H-
pyrrole-2-carboxylate (11): Diester 10 (0.40 g, 0.5 mmol) was added to a
suspension of finely ground NaCN (1.23 g, 25 mmol) in DMPU (80 mL).
The mixture was stirred for 1 h at 115°C. After cooling to 0°C, an aqueous
solution of FeSO, (1M, 100 mL) was added, and the reaction mixture was
stirred vigorously in an open vessel until a green—blue color indicated the
formation of Berlin blue. After acidification with HCl (2m), the crude
product was extracted with ethyl acetate (3 x 100 mL), and the combined
organic layers were washed with water (2 x 100mL) and brine (100 mL).
The solution was dried (Na,SO,), concentrated, and purified by flash
chromatography on silica gel (CH,Cl,/acetone 10:1) to yield 11 (365 mg,
94%) and recovered starting material (16 mg, 4%). Compound 11
crystallized from Et,O/petroleum ether as a colorless solid. M.p. 129°C;
UV/Vis (MeOH): A, (¢)=204 (75815), 285nm (19557m~'cm™'); IR
(KBr): 7=3429 (m), 2977 (s), 2935 (m), 1715 (s), 1672 (w), 1607 (w), 1582
(W), 1529 (m), 1498 (m), 1466 (m), 1442 (m), 1426 (m), 1406 (w), 1385 (m),
1371 (m), 1346 (m), 1296 (m), 1256 (s), 1213 (s), 1174 (m), 1138 (m),
1111(s), 1028 (w), 956 (W), 859 (w), 792 cm™! (w); 'H NMR ([D4]DMSO,
600 MHz): 6 =12.70 (br., 1H), 7.06 (s, 1H), 6.78 (d,J/ = 8.6 Hz, 1 H), 6.73 (d,
J=8.6 Hz, 1H), 6.59 (s, 1H), 6.55 (d, J=1.9 Hz, 1H), 6.50-6.53 (m, 2H),
6.42 (d, J=19 Hz, 1H), 4.86 (t, J=6.3 Hz, 2H), 4.41 (m, J=6 Hz, 1H),
4.37 (m,J=6 Hz, 1H), 4.18 (m, J=6 Hz, 1H), 3.87 (q, /=7 Hz, 2H), 3.71
(s,3H), 3.67 (s,3H), 3.50 (s, 3H), 3.02 (t,/=6.3 Hz, 2H), 1.21 (d, /=6 Hz,
6H), 1.19 (d, J=6 Hz, 6H), 1.04 (d, /=6 Hz, 6H), 0.84 (t, /=7 Hz, 3H);
3C NMR ([D¢]DMSO, 150 MHz): 6 =162.66, 161.15, 149.62, 148.93,
148.62, 146.39, 145.57, 145.50, 129.40, 129.05, 127.18, 126.88, 123.36,
122.80, 118.67, 117.44, 115.98, 115.29, 114.18, 114.17, 111.48, 70.77, 70.48,
70.13, 60.24, 55.98, 55.63, 55.38, 45.71, 37.40, 22.14, 22.06, 21.85, 13.48; MS:
m/z (%): 783 (3), 781 (3), 739 (12), 737 (11), 658 (100), 586 (23), 542 (11),
501 (6), 459 (5); HRMS: caled for C,H,NO,*'Br 783.2442, found
783.2462; elemental analysis (%): caled for C,H,NO,,Br (782.73) C
61.38, H 6.18, N 1.79; found C 61.13, H 6.21, N 1.77.

3-[2-(2-Bromo-5-isopropoxy-4-methoxyphenyl)ethyl]-7-isopropoxy-1-(3-

isopropoxy-4-methoxyphenyl)-8-methoxy-4-oxo-3H-[1]benzopyrano[3,4-b]-
pyrrole-2-carboxylic acid ethyl ester (12): Lead(iv) acetate (34 mg,
0.077 mmol) was added to a solution of 11 (55 mg, 0.07 mmol) in benzene
(2 mL). The mixture was refluxed at 90°C for 20 min. The color of the
mixture turned light yellow, and precipitation occurred. When TLC control
indicated incomplete conversion, more Pb(OAc), was added in portions of
0.1 equivalent. After cooling to room temperature, the reaction mixture
was filtered, diluted with ethyl acetate (10 mL), and washed with 2%
aqueous NaHCO; (1 x5 mL), water (2 x5mL), and brine (1 x5 mL).
Evaporation of the dried (Na,SO,) solution yielded 12 (53 mg, 97 %) as a
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light-yellow foam, which crystallized from methanol. M.p. 175°C; UV/Vis
(MeOH): Ay (€) =202 (33466), 257 nm (10618 M~'ecm™!); IR (KBr): 7=
3438 (w), 2977 (m), 2934 (m), 2836 (w), 1730 (s), 1620 (w), 1537 (m), 1507
(s), 1487 (m), 1467 (m), 1441 (m), 1406 (m), 1385 (m), 1352 (w), 1332 (w),
1305 (m), 1264 (s), 1216 (s), 1197 (m), 1177 (m), 1158 (s), 1138 (m), 1112 (s),
1019 (m), 968 (w), 939 (w), 856 (w), 811 (w), 794 (w), 769 (w), 643 (w), 623
(W), 449 cm™! (w); 'HNMR ([D¢]DMSO, 600 MHz): 6 =7.07 (d,J =2.5 Hz,
1H), 7.06 (d, /=6 Hz, 1H), 7.02 (s, 1 H), 6.81 (s, 1H), 6.80 (dd, 3/ =5.7 Hz,
4/=1.8 Hz, 1H), 6.56 (s, 1H), 6.43 (s, 1 H), 5.08 (t, /= 6.4 Hz, 2H), 4.63 (m,
J=6Hz, 1H), 448 (m, /=6 Hz, 1H), 421 (m, J=6 Hz, 1H), 3.84 (q, /=
7.1 Hz,2H), 3.78 (s, 3H), 3.69 (s, 3H), 3.28 (s, 3H), 3.07 (t,/ = 6.5 Hz, 2H),
124 (d,J=6 Hz,6H), 1.22 (d, /=6 Hz,3H), 1.21 (d, /=6 Hz,3H), 1.09 (d,
J=6Hz, 3H), 1.07 (d, J=6 Hz, 3H), 0.80 (t, /=71 Hz, 3H); *C NMR
([Ds]DMSO, 150 MHz): 6 =160.10, 154.37, 153.08, 150.02, 149.52, 147.20,
146.61, 146.39, 145.70, 130.33, 128.62, 126.61, 126.17, 123.71, 122.92, 118.11,
117.37, 117.06, 115.81, 114.31, 112.48, 109.19, 104.92, 103.39, 70.73, 70.70,
70.67, 60.70, 55.99, 55.97, 54.98, 46.05, 36.92, 21.93, 21.78, 13.45; MS: m/z
(%): 781 (100), 779 (93), 739 (6), 737 (5), 700 (83), 658 (56), 616 (45), 543
(18), 501 (13); HRMS: calced for CyH,sNO,,""Br 779.2306, found 779.2333;
elemental analysis (% ): caled for C,oH,xNO;(Br (780.71) C 61.54, H 5.94, N
1.79; found: C 61.39, H 5.90, N 1.76.

3-[2-(2-Bromo-5-isopropoxy-4-methoxyphenyl) ethyl]-7-isopropoxy-1-(3-
isopropoxy-4-methoxyphenyl)-8-methoxy-4-oxo-3H-[1]benzopyrano[3,4-b]-
pyrrole-2-carboxylic acid (13): Finely ground 12 (295 mg, 0.38 mmol) was
suspended in a freshly prepared, degassed solution of KOH (9.45 g,
168 mmol) in water (14 mL, 777 mmol). The mixture was heated for 3 h at
150°C and the ethanol was removed by distillation. The reaction mixture
was cooled to 0°C, acidified dropwise with 37 % HCI, and extracted with
ethyl acetate (3 x 20 mL). The combined organic layers were washed with
brine (1 x20mL), dried (Na,SO,), and concentrated to afford a deep-
yellow oil. The residue was lyophilized and dissolved in dry toluene
(50 mL). Toluene-p-sulfonic acid monohydrate (30 mg) and molecular
sieves (4 A, 0.4 g) were added, and the mixture was refluxed for 30 min.
After filtration and evaporation of the solvent, the residue was dissolved in
ethyl acetate (20 mL) and washed with aqueous KHSO, (1.1M, 1 x 10 mL)
and brine (1 x 10 mL). After drying (Na,SO,), the solvent was removed in
vacuo to afford 13 (0.23 g, 80 % ) as a light yellow solid. An analytically pure
sample was prepared by recrystallization from Et,O and methanol. M.p.
201°C; UV/Vis (MeOH): A, (£) =204 (89093), 288 (13598), 333 nm
(11019mtem™); IR (KBr): 7 = 3436 (s), 2977 (m), 2933 (m), 1730 (s), 1622
(m), 1537 (m), 1497 (m), 1466 (m), 1441 (m), 1385 (m), 1260 (s), 1214 (s),
1179 (m), 1158 (m), 1111 (m), 1018 (w), 967 (w), 930 (w), 856 (w), 773 (W),
448 cm~! (w); 'H NMR (CDCl;, 300 MHz): 6 =7.00 (d, J=8.5 Hz, 1H),
6.94 (d, J=2 Hz, 1H), 6.93 (s, 1H), 6.90 (d, J=8.5 Hz, 1H), 6.88 (s, 1H),
6.81 (s, 1H), 6.48 (s, 1H), 5.17 (t, /= 6.5 Hz, 2H), 4.53 (m, J=5.9 Hz, 2H),
4.40 (m,J=6.1 Hz, 1H), 3.92 (s, 3H), 3.77 (s, 3H), 3.40 (s, 3H), 3.21 (t,J =
6.5 Hz, 2H), 1.38 (d, J=6.1 Hz, 6H), 1.33 (dd, /=6 Hz, 1.7 Hz, 6H), 1.26
(dd,J=6Hz, 2.5 Hz, 6H); 3C NMR (CDCl;, 75 MHz): 6 =193.82, 164.62,
155.13, 150.27, 149.76, 147.55, 14723, 146.78, 145.83, 129.12, 128.17, 127.27,
126.06, 125.97, 122.87, 118.52, 117.83, 117.66, 116.05, 114.67, 111.89, 109.38,
104.90, 103.22, 71.57, 71.51, 71.32, 56.16, 56.08, 55.46, 47.11, 37.66, 22.00,
21.95,21.75; MS: m/z (%): 754 (21), 753 (59), 752 (21), 751 (54), 711 (6), 709
(4), 672 (17), 630 (17), 588 (22), 544 (11), 502 (15), 379 (44); HRMS: calcd
for C;sH,,NO,”Br 751.1992, found 751.1983; elemental analysis (% ): calcd
for C33,H,,NO (Br (752.66) C 60.64, H 5.62, N 1.86; found: C 60.75, H 5.50,
N 1.82.

8,9-Dihydro-3,11-diisopropoxy-14-(3-isopropoxy-4-methoxyphenyl)-2,12-
dimethoxy-6H-[1]benzopyrano[4’,3":4,5]pyrrolo[2,1-alisoquinolin-6-one
(14): Compound 13 (90 mg, 0.12 mmol), palladium(i) acetate (27 mg,
0.12 mmol), triphenylphosphane (63 mg, 0.24 mmol), and CH;CN (20 mL)
were stirred in an argon-flushed pressure tube to give a fine suspension.
After the addition of NEt; (7 mL), the tube was sealed and dipped in a hot
(150°C) oil bath. The resulting solution was heated for 80 min, then cooled
to ambient temperature, and filtered through Celite. The palladium
precipitate remained on the filter and was rinsed with ethyl acetate (3 x
10 mL). The combined solutions were adjusted to pH 5 with aqueous HCl
(2m). The organic layer was separated, and the aqueous layer reextracted
with ethyl acetate (3 x 20 mL). The combined organic phases were washed
with saturated aqueous Na,COj; (1 x 20 mL), water (1 x 20 mL), and brine
(1 x20mL). After drying (Na,SO,) and concentration, the residue was
subjected to flash chromatography on silica gel (CH,Cl,/acetone 50:1) to
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yield 14 (73 mg, 97 %) as a colorless solid. Compound 14 crystallizes with
one molecule of acetone. M.p. 174°C; UV/Vis (MeOH): A, (¢) =204
(60214), 277 (34101), 315nm (30997m 'cm!); IR (KBr): 7#=3436 (s),
2976 (m), 2934 (m), 1709 (s), 1620 (w), 1577 (w), 1542 (m), 1512 (m), 1483
(s), 1465 (m), 1439 (s), 1417 (s), 1384 (w), 1336 (w), 1270 (s), 1241 (s), 1211
(s), 1177 (s), 1163 (s), 1137 (m), 1111 (s), 1039 (m), 1020 (m), 968 (w), 939
(w), 855 (w), 763 (w); 'H NMR (CDCl;, 600 MHz): 6 =709 (dd, /=
8.1 Hz, ¥/ =1.7 Hz, 1H), 7.07 (d, J=8.1 Hz, 1H), 705 (d, /=14 Hz, 1H),
6.92 (s, 1H), 6.76 (s, 1H), 6.73 (s, 1 H), 6.66 (s, 1 H), 4.79 (m, 2H), 4.53 (m,
J=63Hz, 3x1H), 3.92 (s, 3H), 3.43 (s, 3H), 3.34 (s, 3H), 3.09 (t, /=
6.7 Hz, 2H), 1.38 (d, /=6.1 Hz, 6H), 1.37 (d, J=6.1 Hz, 6H), 1.34 (d, /=
6.3 Hz, 3H), 1.33 (d, J=6.3 Hz, 3H); *C NMR (CDCl;, 150 MHz): 6 =
155.68, 150.11, 148.74, 148.10, 147.35, 147.08, 146.58, 146.03, 136.01, 128.79,
128.30, 128.05, 126.38, 123.74, 120.29, 117.99, 114.85, 113.70, 112.73, 110.48,
109.23, 104.99, 103.57, 77.21, 71.45, 71.37, 56.35, 55.52, 55.14, 42.48, 28.66,
22.06, 21.93, 21.84; MS: m/z (%): 627 (100), 585 (26), 543 (54), 501 (22).
HRMS: caled for C3;H, NOg 627.2832, found 627.2818; elemental analysis
(%): calcd for C3;H,;NOg+C3H,O (685.81): C 70.10, H 6.91, N 2.04; found:
C 70.07, H 7.08, N 2.26.

Lamellarin L (1): Compound 14 (47 mg, 0.075 mmol) was dissolved in
CH,Cl, (20 mL), cooled to 0°C, and treated with AICl; (75 mg, 0.56 mmol).
After 10 min, the ice bath was removed and the mixture stirred at ambient
temperature for 4 h. Quenching with water (20 mL) was followed by
evaporation of the organic solvent under reduced pressure, extraction with
ethyl acetate (5x 10 mL), and removal of the aqueous layer. Aqueous
ammonia (1 mL) was added to the combined organic extracts, and after
shaking the mixture thoroughly, it was adjusted to pH 4 with HCI (2m). The
organic layer was separated, washed with brine (10 mL), and dried
(Na,SO,). Evaporation of the solvent yielded lamellarin L (1) (36 mg,
96 %) as a light-gray, amorphous solid. Subsequent trituration with Et,O
and CH,Cl, afforded a white powder. M.p. 301 °C (Lit.[11]: 285-287°C);
UV/Vis (MeOH): 4,,.x (€) =204 (56361), 276 (30059), 314 (26923), 332 nm
(25649~ 'ecm™'); IR (KBr): 7 = 3430 (s), 2938 (m), 2839 (m), 1689 (s), 1587
(m), 1552 (m), 1515 (m), 1485 (s), 1432 (s), 1407 (s), 1341 (m), 1326 (m),
1275 (s), 1248 (s), 1208 (s), 1159 (s), 1040 (m), 967 (w), 950 (w), 872 (w), 820
(w), 769 (w), 745 (w), 639 (W), 554 (w), 480 cm~! (w); 'TH NMR ([D¢]DMSO,
600 MHz): 6 =9.62 (s, 1H), 9.39 (s, 1H), 9.25 (s, 1H), 7.15 (d,/ =8 Hz, 1 H),
6.89 (dd, *J =8 Hz,*J=2 Hz, 1H), 6.88 (br., 1H), 6.78 (s, 1 H), 6.73 (s, 1 H),
6.67 (s, 1H), 6.66 (s, 1H), 4.63 (m, 1H), 4.54 (m, 1H), 3.82 (s, 3H), 3.37 (s,
3H), 327 (s, 3H), 3.00 (t, J=8.6Hz, 2H); *C NMR ([D¢]DMSO,
150 MHz): 6=154.43, 147.82, 14768, 14725, 146.99, 146.14, 145.82,
144.62, 135.94, 127.58, 127.55, 127.37, 121.81, 118.17, 118.04, 115.48, 114.09,
113.66, 112.51, 109.46, 108.86, 105.24, 103.77, 56.23, 55.23, 54.86, 42.12,
27.65; MS: m/z (%): 501 (100); HRMS: calcd for CxsH,;NOg 501.1424,
found 501.1434.111
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Synthesis and Trapping of Transient 1,2-Diselones To Yield 1,4-Diselenin
Derivatives: Calculated Structures of 1,2-Diselones, 1,2-Diselenetes and

Their Sulfur Analogues

Antony Chesney,®! Martin R. Bryce,*#! Shimon Yoshida,'*! and Igor F. Perepichka'™

Abstract: Two conceptually different
routes to transient 1,2-diselones are
reported: 1) via ring fragmentation of
the 1,4,2-diselenazine system 6, and 2)
by the tributylphosphane-induced depo-
lymerisation of the shelf-stable organo-
selenium polymer 15. Evidence for the
intermediacy of 1,2-diselone species 7

is efficient. Subsequent reactions of
adduct 17 afford [1,2-ethanediylbis(di-
phenylphosphane) |[5,6-bis(methoxycar-
bonyl)-1,4-diselenin-2,3-dithiolato]nick-
elv) (20). Theoretical calculations at
Hartree —Fock (HF) and Mgller—Ples-
set electron-correlated levels (MP2)
suggest that the cyclic 1,2-diselenete

structure 7¢ is significantly more stable
than the acyclic 1,2-diselone structure
7a. For the bicyclic system 16, the
difference in energy between the cyclic
and acyclic structures is considerably
reduced due to the conformational ri-
gidity imposed by the fused 1,3-dithiole
ring. In contrast, the acyclic structures of

and 16 is provided in both cases by in
situ trapping with dimethyl acetylenedi-
carboxylate (DMAD) to yield 1,4-dise-
lenin derivatives. The route via 15 is
especially expedient and trapping of 16

Introduction

The synthesis of unusual organoselenium heterocycles, espe-
cially by cycloaddition chemistry of reactive N=Sell and
C=Sel bonds, has recently attracted attention. However, in
contrast to the well-documented synthesis of 1,4-dithiins by
Diels— Alder reactions of 1,2-dithiones,?! prior to our inves-
tigations no examples of 1,2-diselones as 4 components in
Diels — Alder reactions had been reported.! This is primarily
due to the very limited number of methods which are
available for the synthesis of C=Se bonds. (The selenium
analogues of P,S,; and Lawesson’s reagent are very unstable
and/or difficult to handle).’! Moreover, R,C=Se units are less
stable than their R,C=S counterparts, although selenoketones
and selenoaldehydes are known to participate readily as 2m
components in Diels — Alder reactions.? >
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the 1,2-dithione analogues 13a and 25a
are computed to be more stable than
their corresponding cyclic 1,2-dithiete

1,4-disele-
structures 13¢ and 25¢.

rearrangements

Results and Discussion

Synthesis: In considering suitable precursors to 1,2-diselone
species, we drew on our recent experience of generating 1,2-
dithiones by thermally induced fragmentation of 1,4,2-dithia-
zine derivatives.>7) The unknown 1,42-diselenazine ring
system was, therefore, an attractive target.®! The stable 1,3-
diselenolium cation salt 1 was available as an appropriate
starting material.l’)y Dropwise addition of aqueous ammonia to
a mixture of cation salt 1 and an excess of iodine in
acetonitrile at room temperature, led to the formation of
the stable hydrazone derivative 3 (90% yield) (Scheme 1)
presumably resulting from nitrogen insertion into the exocy-
clic carbon—nitrogen bond in intermediate 2; none of the
desired ring-expanded product 6 was detected in the reaction
mixture. However, the reaction followed a different course
when the order of addition of iodine and ammonia was
reversed (i.e. iodine was added to a mixture of 1 and
ammonia): under these conditions, the major product was
the target 1,4,2-diselenazine derivative 6 (ca. 40% yield)
alongside the hydrazone derivative 3 (ca. 20% yield). When
ammonia and iodine were added simultaneously to a solution
of 1in acetonitrile, compound 6 was not observed: instead, the
product mixture contained hydrazone 3 (16 %), dimethylcya-
namide 8 (5%) and 2,3,5,6-tetramethyl-1,4-diselenin 9 (5% )
(Scheme 1).
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Scheme 1. Generation and trapping of intermediate 7. a) I,, then NH,OH (aq.), MeCN, 20°C; b) NH,OH (aq.) then I,, MeCN, 20 °C; ¢) NH,OH (aq.) and I,

added simultaneously, MeCN, 20°C; d) DMAD, 20°C.

It is clear, therefore, that, unlike the analogous reactions of
1,3-dithiolium salts,® the products obtained from reaction of 1
with the iodine/ammonia system are very sensitive to the
reaction conditions. A possible mechanism which accounts for
the formation of these various products is shown in Scheme 1.
The key step in the synthesis of the 1,4,2-diselenazine ring
system 6 is formation of the selenium-—nitrogen linkage,
which most likely occurs by nucleophilic displacement of
iodide ion from an intermediate adduct, such as 4, formed
from 1 and the NHy/I, reagent. Cation 5§ would then be
deprotonated to afford the product 6. The formation of
hydrazone derivative 3, which is favoured by the presence of
an excess of iodine in the initial reaction mixture, could
proceed via intermediate 2, where the nucleophilicity of the
selenium atoms has been reduced by a prior reaction of the
1,3-diselenole ring with iodine, for which there is precedent
with inorganic selenium-containing heterocycles.!'"]

The formation of products 8 and 9, albeit in very low yield,
was significant as it gave us the first indication that an
intermediate 1,2-diselone 7 may have been generated by in
situ fragmentation of the 1,4,2-diselenazine ring 6: compound
9 could be derived from 7 either by loss of one selenium atom
followed by dimerisation,['!) or, less likely, by initial dimerisa-
tion of 7 to yield an eight-membered ring structure,['”l which
could then lose two selenium atoms to afford 9. Strong
evidence to support the intermediacy of 7 was provided by a
subsequent trapping experiment using dimethyl acetylenedi-
carboxylate (DMAD) as the dienophile. Addition of DMAD
to a solution of 6 in acetonitrile at —5°C resulted in no
reaction; however, when the temperature of this mixture was
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raised to 20°C, the novel 14-diselenin derivative 10 was
isolated in 10 % yield, after chromatographic separation from
the unidentified decomposition products of 6. Compound 6 is
stable at —5°C for several weeks ('H NMR evidence)
although upon storage at 20°C it decomposes over a few
days to yield a complex mixture of unidentified products, and
this decomposition is greatly accelerated by addition of a
mixture of ammonia and iodine (i.e. the conditions of its
formation in Scheme 1).

The above route to 1,2-diselones has clear limitations: 1)
the synthesis of the starting diselenolium salt 1 is not
straightforward (it requires the use of hydrogen selenide)
and 2) the instability of the 1,4,2-diselenazine system 6 (which
contrasts markedly with the good shelf-stability of analogous
1,4,2-dithiazine derivatives)[® presents practical difficulties in
its purification and its controlled decomposition to 1,2-
diselones. We, therefore, sought an entirely different ap-
proach to 1,2-diselone intermediates, and hence 1,4-diselenin
derivatives, which would circumvent these problems.

The synthesis of a range of 1,4-dithiins by Diels— Alder
reactions of either the dimer 113 or the oligomer/polymer
1204 of the C;S; unit™ has been previously reported, with the
exocyclic 1,2,4-trithione 13 presumed to be the reactive

S s s
SJkS s)ks s)]\s
= T

—éS St S S S—S
11 n=2 13a 13c

12 n=>2
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Scheme 2. Generation and trapping of intermediate 16. a) Iodine (2.1 equiv), ethanol/acetone —50 to 20 °C; b) nBu;P (cat), DMAD (2 equiv), CH,Cl,,
20°C; ¢) Hg(OAc),, CHCIy/CH;COOH (3:1 v/v), 20°C; d) NaOMe (2 equiv), MeOH, 20°C; e) NiCl,(dppe), 20°C.

intermediate species. We therefore investigated the exocyclic
selenium-containing analogue of polymer 12 as a possible
precursor to a diselone. The starting material for this route
was the salt (NBuy),[Zn(dsit),] (dsit=1,3-dithiole-2-thione-
4 5-diselenolate) (145 Scheme 2)!!% which was easily prepared
on a multi-gram scale employing the more reactive red form
of selenium.l'*! Oxidation of 14 with iodine in ethanol/
acetone at —50°C smoothly afforded, in excellent yield, a
highly insoluble, air-stable compound, which analysed as
(C5S;Se,),, consistent with the oligomeric/polymeric structure
15. The analysis and reactivity of this material were un-
changed by storage in a sealed container at 20°C for at least
three months. The generation and reactivity of species 16 is
shown in Scheme 2.

Treatment of 15 with tributylphosphane in dichlorome-
thane at 20°C in the presence of excess DMAD afforded the
bicyclic 1,4-diselenin derivative 17 in 57 % yield, possibly via
the intermediacy of the highly reactive 1,2-diselone 16.
Alternatively, the reacting species could be a tributylphos-
phane complex of 16, or a selenide anion could attack DMAD
in a Michael fashion, to produce an intermediate carbanion,
and then 17. The use of tributylphosphane to depolymerise 15
was vastly preferable to the usual method employed for the
sulfur analogue (C;Ss), 12, which is heated in a solvent such as
benzene, toluene, dioxane or chlorobenzene:['¥ using these
thermal conditions with 15 led to poor yields of adduct 17,
which was contaminated with a variety of unidentified
products. The fused trithiocarbonate group of 17 is suitable
for further synthetic transformations: conversion of the thione
group into the oxo derivative 18 proceeded almost quantita-
tively on reaction with mercuric acetate in a mixture of
chloroform and acetic acid.['”l Subsequent ring opening of the
1,3-dithiol-2-one unit of 18 was achieved by reaction with
sodium methoxide in anhydrous methanol: the intermediate
disodium salt of 5,6-bis(methoxycarbonyl)-1,4-diselenin-2,3-
dithiolate (19) thereby formed was not isolated: it was
allowed to react in situ with [NiCl,(dppe)] (dppe=1,2-
(Ph,P),C,H,) to afford the dark green dithiolene complex 20
in 66 % yield, the structure of which followed from elemental
analysis and '"H NMR spectroscopy. The analogous complex-
ation of 1,4-dithiin-2,3-dithiolene units with nickel species has
been previously reported both by Rauchfuss et al.l3] and
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Bereman et al.l'®l but, to our knowledge, the 1,4-diselenin-2,3-
dithiolene system is new.['"]

Theoretical studies

Whether 1,2-diselones exist as the acyclic diselone structure or
as the cyclic 1,2-diselenete structure is a matter of interest
which has received very scant attention in the literature.
Electron diffraction experiments?” clearly revealed that the
cyclic 1,2-diselenete 21 ¢ is favoured over the acyclic diselone
structure 21a in the case of F;CC(Se)-C(Se)-CF;. In the
ground state the push —pull a-diselenoamide system 22 is best

L —

—_— |

FoCNge FoC™ o€
2la 21c

represented by the canonical structure 22’ (NMR and X-ray
evidence).?!l Similar considerations of the relative energies of
cyclic and acyclic structures stabilities pertain for certain
organosilicon species: benzodisilacyclobutene 23 is a rather
stable compound, which, however, can be involved in a

+
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number of reactions at >250°C producing o-quinodisilane 24
as a reactive intermediate species.”! We, therefore, performed
theoretical calculations on selenium compounds 7, 16 and 21
as well as their sulfur analogues 25, 13 and 26 by ab initio
methods (HF, MP2).

Hartree — Fock calculations (HF/6-311 4+ G**) show that
cyclic diselenete 21c¢ is more stable (by 29.43 kcalmol!;
Table 1) than the acyclic diselone 21a which is in agreement

Table 1. Total energies (E) for selenium-containing compounds 21, 7, 16 and their
sulfur analogues 26, 25, 13, and the differences in the energies for acyclic and cyclic
structures (AE,_.), from ab initio calculations at Hartree—Fock and electron-
correlated Mgller - Plesset (MP2) levels.

Method E (aeyiic) E (cyeiicy AE, .
[au] [au] [kcal mol~!]
21a 21c 21a-21c

HF/6-311 4+ G* —5547.84217 —5547.88907 +29.43

MP2/6-311 ++ G**//HF/6-311 ++ G** —5549.86462 —5549.89690 + 20.25
26a 26¢ 26a-26¢

HF/6-311 4+ G* —1543.33329 —1543.34847 +9.53

MP2/6-311 ++ G**//HF/6-311 ++ G** —1545.36696 — 154537213 +3.24
Ta Tc Ta-Tc

HF/6-311G** —4954.54519 —4954.56883 + 14.83

HF/6-311 4+ G** —4954.54696 —4954.57136 +15.31

MP2/6-311 ++ G**//HF/6-311 ++ G** —4955.38170 —4955.39942 +11.12

MP2/6-311 4+ G** —4955.38399 —4955.40258 +11.67
25a 25¢ 25a-25c¢

HF/6-31G* —949.95122 —949.94715 —2.55

HF/6-31 ++ G** —949.96433 —949.96103 —2.07

MP2/6-31++ G**//HF/6-31 ++ G**  —950.77707 —950.76895 —5.09

HF/6-311 4+ G** —950.03665 —950.03300 —2.29

MP2/6-311 4+ G**//HF/6-311 ++ G** —950.88269 —950.87436 —5.23
16a 16¢ 16a-16¢

HF/6-311G* —6105.74291 —6105.75611 +8.28

MP2/6 -311G*//HF/6 -311G* —6106.80035 — 6106.80067 + 0.20

HF/6-311 + G* —6105.74920 —6105.76316 +8.76

MP2/6-311+ G*//HF/6-311 + G* —6106.81378 — 6106.81439 + 0.38

MP2/6-311 4+ G* —6106.81573 —6106.81706 + 0.83
13a 13¢ 13a-13¢

HF/6-31G*1 —2101.09731 —2101.07661 —12.99

MP2/6 -31G*//HF/6-31G* —2102.18179 —2102.15268 —18.27

HF/6-311 4+ G* —2101.23641 —2101.21649 —12.50

MP2/6-311 4+ G* —102.31095 —2102.28340 —17.29

[a] Calculations were performed using HyperChem 5.02 (for Windows) software;
other calculations were performed with Gaussian 94 software (see Experimental
Section).

with previous experimental data.?! The calculated Sel—Se4
bond length in 21 ¢ (2.370 A; Figure 1) corresponds well to the
electron diffraction data (2.367 AR, whereas the calculated
C2—C3 distance (1.324 A) is shorter by 0.039 A than the
experimental value (1.363 A). The latter results from a
difference in the calculated and experimental Sel-C2-C3-
Se4 dihedral angles (0.0° and 11.3°, respectively). A more
accurate estimation of the total energies for 21a and 21c¢ at
the electron-correlated MP2 level (single point calculations
for HF-optimised geometries) decreases their difference
(AE, .= 20.25kcalmol™) but the cyclic structure is still
more stable. Similarly, for sulfur analogues 26a and 26 ¢ both
HF level calculations and the addition of MP2 energies (single
point) showed that cyclic structure 26¢ more stable than
acyclic structure 26a (by +9.53 and +3.24 kcal mol~', respec-

21a e

Figure 1. Geometry-optimised structures 21a, 21¢, 26a and 26¢ (HF/6—
311 + G*); small open circles are fluorine atoms, C—F 1.303-1.316 A.21a:
Sel-C2-C3-Se4 101.2°, Sel-C2-C3-C6 77.1°; 26a: S1-C2-C3-S4 102.0°, S1-
C2-C3-C6 76.1°.

tively; Table 1, Figure 1) although the difference in the
energies AE,_. (26) is smaller than for the selenium analogue
21.

For compound 7, the cyclic structure (7¢) is more stable
than the acyclic structure (7a), although the difference AE,_.
(7) is about half that of AE,_. (21) at the corresponding levels
of theory (HF or MP2; Table 1). The transformation of 6 into
10 almost certainly proceeds via 7a as an intermediate in the
[4+2] cycloaddition reaction with DMAD. However, forma-
tion of 9 could be interpreted in terms of a [442] hetero
Diels— Alder reaction®! between 7a and 7¢ followed by
extrusion of two selenium atoms. The calculated relatively
small difference in energies for 7a and 7¢ (AE,_(MP2) =
+11.67 kcal mol~') suggests this is a realistic possibility. For
compounds 7a and 7¢ full MP2 geometry optimisation was
also performed and the results show only minor changes in the
value of AE, . from MP2 single point energies for HF-
optimised geometries (by 0.55 kcalmol!) confirming the
adequate estimations of AE, . from MP2 (single point)
calculations for 21 and 26. HF calculations for the sulfur
analogue 25 show that in this case acyclic structure 25a
becomes somewhat more stable (—2 to —5kcal mol™!
depending on the level of calculation; Table 1) than cyclic
structure 25¢. Generally, a similarity of conformations for
cyclic structures (7¢, 21¢, 25¢, 26¢) and for acyclic structures
(7a,21a,25a, 26a) is observed (Figure 1 and 2), for example,
dihedral angles Se-C-C-Se (S-C-C-S) are about 0° and 100-
160° for cyclic and acyclic structures, respectively.

Structures 16a and 16 ¢ and their sulfur analogues 13a and
13 ¢ (Figure 3) are more rigid molecules due to the fused five-
membered 1,3-dithiole ring. Stabilisation of acyclic (16a, 13a)
versus cyclic (16¢, 13c¢) structures would, therefore, be
expected. Indeed, in the sequences 21—7—16, and
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25a and 25¢ (HF/6-311 ++ G**); small open circles are hydrogen atoms,
C—H 1.080-1.095 A. 7a: Se1-C2-C3-Se4 158.6°, Se1-C2-C3-C6 19.7°; 25a:
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13a 130

Figure 3. Geometry-optimised structures 16a, 16¢, 13a and 13¢ (MP2/6—
3114+ G*).

26 —25 —13, AE, . decreases (i.e., stabilisation of acyclic
structures) and for 16 the acyclic and cyclic structures are of
similar stability (the difference in energies AE, .=
+0.83 kcalmol~! at the MP2 level; Table1). So, from
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theoretical calculations (MP2) one can conclude that com-
pound 16 can exist either as the acyclic (16a) or the cyclic
(16 ¢) structure. Increasing the stability of the acyclic structure
for 16 as compared to 7 (AE, .(16)=-+0.83 kcalmol;
AE, (7)=+11.67 kcalmol~!; Table 1) may be a contributing
factor in the experimental observation of an increased yield in
the reaction with DMAD (10 % for 6 —[7a] —10 and 57 % for
15 —[16a] —17). The Se—Se distance in 16¢ (2.429 A) is
somewhat longer than in 7¢ (2.401 A) (experimental X-ray
Se—Se bond lengths vary from 2.315-2.361 A24), whereas the
C—Se bond lengths in 16¢ are lower than in 7¢ (1.907 and
1.921 A, respectively; Figure 2 and 3) (experimental X-ray
C(sp?)—Se bond lengths are 1.882—1.902 A*). Undoubtedly,
both these changes are due to the effect of the annelated
dithiole ring. For the sulfur analogue, computations show that
acyclic structure 13a is much more stable (by 17.29 kcal mol !
at MP2/6-311 4+ G*) than cyclic structure 13¢, which is
consistent with the results obtained by a number of research
groups considering 13a (and not 13¢) as a reactive inter-
mediate formed from 11 and 12.1'3 14

Conclusion

In this work we have established two very different routes to
1,2-diselones with evidence for the intermediacy of species 7
and 16 being provided in both cases by the first in situ trapping
reactions with DMAD to yield 1,4-diselenin derivatives. The
route via the shelf-stable oligomeric/polymeric precursor 15 is
especially expedient and trapping of 16 is efficient. We have
demonstrated a new approach to highly-functionalised deriv-
atives of the rare 1,4-diselenin ring system, and the products
obtained offer scope for subsequent organic and organo-
metallic reactivity. Theoretical calculations suggest that cyclic
1,2-diselenete structures are of lower energy than 1,2-diselone
tautomers, whereas the acyclic structures of dithione ana-
logues are of lower energy than the corresponding 1,2-dithiete
structures.

Experimental Section

General details: 'H NMR spectra were obtained on a Varian 400
spectrometer at 399.96 MHz; *C NMR spectra were obtained on a Varian
400 spectrometer at 100.58 MHz. Mass spectra were recorded on a
VG7070E spectrometer operating at 70 eV. Infra-red spectra were recorded
on a Perkin-Elmer 1615 FTIR operated from a Grams Analyst 1600.
Elemental analyses were performed on a Carlo-Erba Strumentazione
instrument. Melting points were obtained on a Kofler hot-stage microscope
apparatus and are uncorrected. All reagents were of commercial quality
and solvents were dried, where necessary, using standard procedures. All
reactions were performed under an inert atmosphere of argon which was
pre-dried by passing through phosphorus pentoxide.

Computational procedure: The computations were carried out using ab
initio methods with the Gaussian 94! program; in some cases the
HyperChem 5.02 package of programs®! was also employed. Berni and
Polak — Ribiere algorithms were used for geometry optimisations with
Gaussian 94 and HyperChem 5.02, respectively. The geometries of
compounds 7, 13, 16, 21, 25 and 26 were fully optimised at the Hartree —
Fock level of theory using the 6-311 basis set (for comparison, compounds
13 and 25 were also optimised using the 6-31 basis set) supplemented by d-
polarisation and diffuse functions on heavy atoms, as well as p-polarisation
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and diffuse functions on hydrogens (for 7). In addition, for more accurate
estimations of energies for acyclic versus cyclic structures the geometries of
compounds 7, 13 and 16 were fully optimised at the electron-correlated
second-order Mgller —Plesset level [MP2(full)]; for compounds 21, 25 and
26 single-point calculations of MP2 energies were carried out for HF-
optimised geometries. Spin-restricted formalism was used in all cases for
both HF and MP2 calculations.

4,5-Dimethyl-1,3-diselenol-2-one N,N-dimethylhydrazone (3): To a mix-
ture of cation salt 10 (50 mg, 0.12 mmol) and iodine (46 mg, 0.18 mmol) in
acetonitrile (100 mL) at 20°C was added aqueous ammonia (5 mL).
[Caution! Iodine/ammonia mixtures can be explosive]. The mixture slowly
decolourised from black to orange-yellow and was then left to stir for 2 h.
The mixture was poured into water (200 mL) and extracted with dichloro-
methane (2 x 50 mL). The organic extracts were dried (MgSO,) and the
solvent removed in vacuo to afford compound 3 (30 mg, 90 %) as a yellow
solid m.p. 71-74°C. '"H NMR (CDCl;): 6=2.30 (6H, s), 3.20 (6H, s);
BCNMR (CDCly): 6 = 20.39, 22.79, 41.58, 128.84, 135.84, 164.14; MS (EI):
m/z: 284 (°Se, 60%) 269, 268, 214 (100%) and 134; HRMS calcd. for
C,H,N,Se, 283.9331, found 283.9344; elemental analysis (%) calcd: C
29.80, H 4.29, N 9.93; found: C 29.50, H 4.40, N 10.34.

3-Dimethylamino-5,6-dimethyl-1,4,2-diselenazine (6): Salt 1 (150 mg,
0.36 mmol) was dissolved in acetonitrile (25 mL) containing aqueous
ammonia (2mL) at 20°C. Iodine (138 mg, 0.54 mmol) was added. After
stirring for 10 min, the mixture was poured into water (150 mL) and
extracted with dichloromethane (3 x 50 mL). The organic extracts were
combined, dried (MgSO,), and the solvent removed in vacuo to yield an
orange oil. Column chromatography on silica (eluent hexane:dichloro-
methane (2:1 v/v)) separated compound 6 as an unstable yellow oil (ca.
100 mg, 40 % ) from compound 3 (20 % ). Data for 6: 'H NMR (CDCL): 6 =
2.31 (3H,s),2.32 (3H,s),3.32 (6 H, s); ®C NMR (CDCl,): 6 =20.11, 22.78,
41.65, 128.87, 135.55, 164.01; MS (CI): m/z: 285 (*'Se, 25 %), 204 (100% );
HRMS caled. for C;H ,N,Se, 283.9331, found 283.9333.

2,3,5,6-Tetramethyl-1,4-diselenin (9): When ammonia (2 mL) and iodine
(138 mg, 0.54 mmol) were added simultaneously to a solution of 1 (150 mg,
0.36 mmol) in acetonitrile under conditions described for the preparation
of 6, the products isolated were: hydrazone 3 (16 % ), dimethylcyanamide 8
(5%), and 2,3,5,6-tetramethyl-1,4-diselenin (9) as a yellow oil (10 mg, 5% ).
Data for 9: 'H NMR (CDCl;): 0 =2.10 (6 H); HRMS calcd. for CgH,Se,
267.9286, found 267.9286.

Dimethyl 5,6-dimethyl-1,4-diselenin-2,3-dicarboxylate (10): To a solution
of 6 (50 mg, 0.12 mmol) in anhydrous acetonitrile (50 mL) at 20°C was
added dimethyl acetylenedicarboxylate (69 mg, 0.48 mmol). The mixture
was stirred for 16 h under argon, whereupon dichloromethane (20 mL) and
silica gel (5 g) were added and the solvent was removed in vacuo to afford a
slurry. Repeated column chromatography on silica gel using hexane:di-
chloromethane (3:1 v/v followed by 2:1 v/v) as the eluent furnished
compound 10 (4.5 mg, 10 %) as a white solid; m.p. 102-104°C; '"H NMR
(CDClL): 6=3.85 (6H, s) and 2.20 (6 H, s); MS (EI) m/z: 355 (*Se, 45%),
263 (100%), 214 (65%) and 160 (20%); HRMS calcd. for CH;,0,Se,
355.9065, found: 355.9071.

Poly[seleno(2-thioxo-1,3-dithiol-4,5-diyl)seleno] (15): To a solution of
zincate salt 141! (7.2 g, 6.37 mmol) in Analar acetone (30 mL) at —50°C
was added a solution of iodine (3.0 g, 13 mmol) in anhydrous ethanol
(100 mL) with vigorous stirring over 30 min. The temperature was
maintained at —50°C for a further 15 min before being allowed to warm
to 20°C where it was maintained for 30 min. On completion of the reaction,
the mixture was filtered and the solid obtained washed successively with
water (3 x 250 mL), ethanol (250 mL) and diethyl ether (2 x 200 mL). The
resultant brown solid was dried under high vacuum and afforded 3.25 g
(87 %) of 15 as a highly insoluble powder. (C;S;Se,), (%): caled: C 12.42;
found: C 12.75.

Dimethyl 2-thioxo[1,4]diselenino[2,3-d]-1,3-dithiole-5,6-dicarboxylate
(17): To a solution of polymer 15 (0.5 g) in anhydrous dichloromethane
(20 mL) was added tri-n-butylphosphane (0.01 mL, catalytic; freshly
distilled). The resultant suspension gradually changed to a brown solution
over 10 min, whereupon dimethyl acetylenedicarboxylate (0.48 g, 0.4 mL,
3.4 mmol) was added in one portion and the mixture stirred at 20°C for
16 h. Dichloromethane (200 mL) was added and the mixture was washed
with water (2 x 100 mL) and brine (100 mL). The organic phase was dried
(MgSO,) and the solvent removed in vacuo to afford a yellow-brown solid.
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Column chromatography on silica gel using hexane:dichloromethane (1:1
v/v) as eluent separated a fast-running yellow product, which was
recrystallised from methanol to give 17 (0.42 g, 57%) as a yellow solid,
m.p. 215-217°C; 'H NMR (CDCl;): 6 =3.86 (6 H, s); *C NMR (CDCL):
0=153.72,125.30, 136.15, 163.12, 216.32; MS (CI): m/z: 435 (*Se, 25%), 58
(100%); IR (KBr): #,.,=1723, 1703, 1574, 1248 and 1049 cm™';
CyH0,S;Se, (%): caled: C 25.00, H 1.40; found: C 25.28, H 1.45.
Dimethyl 2-oxo[1,4]diselenino[2,3-d]-1,3-dithiole-5,6-dicarboxylate (18):
To a solution of thione 17 (0.43 g, 1 mmol) in acetic acid:chloroform (1:3
v/v, 40 mL) was added mercury(11) acetate (1.5 g, 5 mmol). The resultant
suspension was stirred for 12 h at 20°C, thence it was filtered, diluted with
dichloromethane (100 mL), and washed successively with water (3 x
50mL), 10% aq. NaHCO; (2 x 50 mL) and brine (50 mL). The organic
phase was dried (MgSO,) and the solvent removed in vacuo to afford 18
(0.38 2,93 %) as a white solid, m.p. 192-194°C; '"H NMR (CDCl,): 6 =3.86
(6H, s); 3C NMR (CDCl): 6 =53.76, 116.30, 135.75, 163.38, 194.46; MS
(CI): m/z: 436 (*Se, MNH,*, 100%); IR (KBr): #,,,, =1732, 1704, 1652,
1572, 1438, 1254 cm™'; C4HyO5S,Se, (% ): caled. C 25.97, H 1.45; found C
26.03, H 1.41.

[1,2-Ethanediylbis(diphenylphosphane) ][ 5,6-bis(methoxycarbonyl)-1,4-
diselenin-2,3-dithiolatonickel@v) (20): To a solution of 18 (80 mg,
0.19 mmol) in anhydrous methanol (10 mL) was added sodium methoxide
(20 mg, 0.38 mmol). The resultant solution turned orange over about
30 min, indicating the formation of dithiolate species 19 whereupon
[NiCly(dppe)] (dppe =1,2-(Ph,P),C,H,) (100 mg, 0.19 mmol) was added
in one portion. The solution rapidly turned green and was stirred for 16 h at
20°C before the resultant solid was recovered by filtration. Recrystallisa-
tion of the solid from hot acetonitrile afforded 20 (105 mg, 66 %) as bright
green crystals, m.p. >250°C; 'TH NMR ([Dg]DMSO): 6 =3.56 (4H, t, J=
7.8 Hz), 3.66 (6H, s), 7.55 (12H, m), 7.69 (8H, m); IR (KBr): ¥, = 1721,
1566, 1434, 1242 cm™'; C3,H;,0,P,NiS,Se, (%): caled: C 48.31, H 3.58;
found: C 48.09, H 3.50.
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A Combined Electrochemical Quartz-Crystal Microbalance Probe Beam
Deflection (EQCM -PBD) Study of Solvent and Ion Transfers at a
Poly[Ni(saltMe) |-Modified Electrode During Redox Switching**

M. Vilas-Boas,'?! M. J. Henderson,! C. Freire,*?! A. R. Hillman,**! and E. Vieil'*!

Abstract: The oxidative polymerisation
of the complex2,3-dimethyl-N,N'-bis-
(salicylidene)butane-2,3-diaminatonick-
el(), [Ni(saltMe)], was monitored by
the electrochemical quartz microba-

redox process of the film exposed to a
monomer-free solution of 0.IM tetra-
ethylammonium perchlorate (TEAP) in
acetonitrile showed an electroneutrality
mechanism dominated by anion move-

ment accompanied by co-transfer of
solvent above 0.8 V. The individual con-
tributions of all the mobile species
involved in the redox switching of the
poly[Ni(saltMe)] film were determined

lance (EQCM) and crystal impedance
techniques. Polymerisation efficiency
was maintained throughout deposition
of a film, which behaved rigidly, on the
electrode. A combined EQCM-PBD
(probe beam deflection) study of the

microbalance -
solvent transfer

Introduction

Nickel(i1) complexes based on tetradentate ‘N,O,’ Schiff base
ligands derived from salicylaldeyde are known to undergo an
irreversible oxidation in solvents of low donor number, such
as acetonitrile, to form polymer films at the electrode
surface.['""2l This behaviour contrasts with that observed in
strong-donor solvents, such as DMF and (CH3;),SO, where the
complexes undergo a reversible diffusion-controlled Ni'—
Ni'" oxidation with formation of six-coordinate complexes
with two solvent molecules axially coordinated.['*10]

Several groups!'> 7 have characterised electrogenerated
[M(salen)]-based polymers (salen= N,N-bis(salicylidene)-
ethylenediamine dianion). Their efforts focused on the
electropolymerisation process, polymer structure, identifica-
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quantitatively by temporal convolution
analysis; the estimated solution-phase
diffusion coefficient of the exchanged
species was 1.24 x 107> cm?s~..

tion of the redox couples and the mechanism of electron
transport. We have characterised poly[Ni(salen)] spectroelec-
trochemically and have shown that the polymer, although
based on a bona fide coordination compound, behaves like a
polyphenylene, as no electrochemical activity was detected
for the bridging nickel centres.l'” Although the latter study
provided very important insights into the nature of the surface
redox couple and charge carriers, the kinetics of the charge
propagation could not be studied because of the limited
stability of poly[Ni(salen)]. Recently, we prepared the related
monomer [Ni(saltMe)], which has also been polymerised at a
platinum electrode in CH;CN/0.1m tetraecthylammonium
perchlorate (TEAP).I'Jl The polymer exhibited two reversible
electrochemical processes (E;,(I) =0.65 V; E;,(II) =0.91 V)
within the potential range 0.0—1.3 V. Compared with poly-
[Ni(salen)], this polymer exhibits very high conductivity and
much higher stability/durability when exposed to solutions of
CH;CN/0.1m tetraethylammonium perchlorate (TEAP).
These characteristics have enabled the kinetics of charge
propagation within a polymer based on a Ni'-salen-type
complex to be studied by cyclic voltammetry and chronoam-
perometry for the first time.l'” In situ UV/Vis, FTIR and ex
situ EPR spectra also show that polymerisation and redox
switching of poly[Ni(saltMe)] are ligand-based processes, as
have been found for poly[Ni(salen)].[']

The product of the diffusion coefficient D and the
concentration C of the electroactive species has been
estimated from cyclic voltammetry and chronoamperometry
datal'?l for the second electrochemical process in the redox
switching. From a comparison of the D2C values for the
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anodic and cathodic electrochemical reactions, and of their
dependence on film thickness, this process was interpreted as
passage of ClO,~ and CH;CN between the film and the
solution. Furthermore the in situ FTIR study!'! indicated that
the perchlorate band had two components: one band at
1100 cm™' that showed no change in intensity or position as
the film was oxidised, and a second feature starting at
approximately 1091 cm~! at 0.6V, the intensity of which
increased with increasing potential and the frequency de-
creased by approximately 11 cm~' over 0.6 V. We have
assigned the 1100 cm™! feature to ClO,” in solution in the
thin layer, and the potential-dependent band to ClO,~ drawn
into the film as the polymer is oxidised. The difference in the
chemical environments inside the polymer and in the electro-
lyte solution explains the difference in wavenumber of the
asymmetric stretching between the free anions in solution and
the anions within the film.

Qualitatively these results all suggest the participation of
ClO,~ and CH;CN in the charge transfer in poly[Ni(saltMe)].
We have exploited the power of the newly combined electro-
chemical quartz crystal microbalance and probe beam de-
flection methodology!® to study the redox dynamics of
this electroactive film based on a nickel(ir) - Schiff base
complex.

The nanogram sensivity of the electrochemical quartz
microbalance (EQCM) technique makes it possible to study
the overall reaction and mechanism of an electrochemically
driven process. It has been used extensively as a gravimetric
probe of population changes following an electrochemical
perturbation,['> 2% for example during electrodeposition,?!-24
polymer dissolution-2" and redox switching of metal oxide
films?®! and conducting polymers such as poly(aniline)?” or
poly(bithiophene).B”! Probe beam deflection (PBD) involves
the measurement of the deflection of a light beam, aligned
parallel to the electrode surface, as it crosses a refractive index
gradient generated by interfacial reactions. This in-situ
technique is a very convenient tool for the study of ion
transport and reaction mechanisms. It has been applied to
monitor ion transport in electroactive polymers!'® 336 and
polymer film formation.”! In contrast with the EQCM,
deflection is not significantly perturbed by solvent transfer
between the solution and surface film. As a result, the
deflectogram obtained is sensitive primarily to the flux of
ionic species moving in response to an electrogenerated
perturbation at the electrode surface. The complementary
responses of the two techniques are therefore exploited by the
EQCM-PBD combination, which allows access to the
individual solvent and ion flux contributions to the mass
transport dynamics, eliminating any question of film history
effects associated with the correlation of mass and deflection
from sequential experiments. Thus the ion contributions
during the redox switching of poly(o-toluidine) have been
detected qualitatively by EQCM - PBD.

More recently the relationship between responses from the
combined instrument was defined quantitatively for the first
time using the Ag*/Ag’ deposition/dissolution redox pro-
cess.'®] The analytical protocol, based on temporal convolu-
tion analysis, was then applied successfully to monitor
quantitatively the transfer of mobile species at the first and
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second redox steps of a poly(o-toluidine) film exposed to
perchloric acid solution.!

In the present work the combined EQCM-PBD instru-
ment is used to monitor the transfers of mobile species at
poly[Ni(saltMe)] films ([Ni(saltMe)]= 2,3-dimethyl-N,N'-
bis(salicylidene)butane-2,3-diaminatonickel(if)) exposed to
0.1m TEAP in acetonitrile. We apply the mathematical tool
of temporal convolution analysis to reveal the relationship
between the measured current i, the rate of mass change M
and the beam deflection 6. For the first time, we are able to
determine quantitatively the individual contributions of
tetracthylammonium (TEAT), ClO,~ and CH,;CN to the
dynamics in this novel conducting polymer based on a
metal —salen complex. Crystal impedance measurements on
poly[Ni(saltMe)] formation also demonstrate film rigidity,
thereby making it possible to apply the Sauerbrey equation to
interpret EQCM frequency responses gravimetrically.

Results and Discussion

Film deposition

Crystal impedance measurements: The Sauerbrey equation
requires that a thin film uniformly distributed over the quartz
crystal be considered an extension of the crystal. Consequent-
ly, a change in the rigidly attached mass AM gives rise to a
resonant frequency change described®! by Equation (1),

A= %)ﬁ% )

where p is the density of the quartz, v is the wave velocity in
quartz and A is the piezoactive area. Upon deposition of a
rigid film, the resonance frequency of the crystal will shift to a
lower value with no change in the peak admittance. The
deposition of a viscoelastic (non-rigid) film, or changes in the
viscoelastic properties of an existing film, will result in
decreases in both the resonance frequency and the magnitude
of the admittance. For an attached mass that is not rigid, the
frequency changes will be less than predicted by Equation (1).
In the present context mass variations associated with solvent
and ion exchange between the film and the bulk solution
would then be underestimated. However, if film viscoelastic
properties are not dominant, Equation (1) is still valid.% 4% To
monitor the viscoelastic properties of the poly[Ni(saltMe)]
films, we have performed impedance analysis during the film
deposition process (Figure 1), and also during redox switching
of the film in monomer-free solution (Figure 2). During the
deposition process and after each scan, an admittance versus
frequency (G, versus f) spectrum was collected (Figure 1b),
and the resonant admittance was checked in order to ensure
that decreases in admittance were not higher than 8§-10%.
The potential window employed in the polymerisation was
decreased from 0.0 V—13V to 0.0V~ 1.1V to facilitate
finer control over the film deposition process. The variation in
the maximum frequency during redox switching (Figure 2)
was also probed at 0.0-1.3 V to ensure that ingress of ions
and/or solvent did not change the viscoelastic properties
of the film significantly. The variation in the maximum
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Figure 1. Anodic polymerisation of 1mm [Ni(saltMe)] in 0.Im TEAP/
CH;CN at a platinum/quartz-crystal electrode, between 0.0 and 1.1 V at
0.1 Vs!:a) i versus E: 1) first, 2) second and 3) third cycle. b) G. versus f
spectra obtained at 0.0 V during the film deposition process: i) bare
electrode in 0.1M TEAP/CH,CN solution; and after ii) the first cycle, iii)
the second cycle and iv) the third cycle.
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Figure 2. Redox switching of the poly[Ni(saltMe)]-modified electrode in
0.1m TEAP/CH;CN between 0 and 1.3 V at 0.1 Vs~! (I'=11 nmol cm™2):
a) i versus E: 1) first, 2) second and 3)third cycle after polymerisation. b) G,
versus f spectra, collected after a), at: i) 0.0 Vand ii) 1.3 V.
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admittance between the reduced and oxidised states of the
polymer film was less than 1% (Figure 2b); we can therefore
interpret the EQCM responses in gravimetric terms.
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Gravimetric response: Similar deposition of a poly[Ni-
(saltMe) ] film was monitored by the EQCM; the admittance
of the film was checked separately at the beginning and end of
the polymerisation process. The data, summarised in Fig-
ure 3a, indicate a mass increase commencing at 0.95 V on the
first scan, continuing during the reverse scan to 0.9 V and

a) g
1 (iif)

-2
s

(i

AM/ug cm

3] [0}

R

T T T T T T 1

T T T T
00 02 04 06 08 10 12
E/V (vs SCE)

b)

-2

AM/ ug cm

T T T T
0.0 0.5 1.0 1.5 2.0 2.5
Q/mC cm?

Figure 3. Anodic polymerisation of 1mwm [Ni(saltMe)] in 0.1m TEAP/
CH;CN at a platinum/quartz-crystal electrode, between 0.0 and 1.1V at
0.1 Vs~ 1) first, ii) second and iii) third scan. a) AM(r) versus E; b) AM(r)
versus Q for the film deposition. Final film coverage I'=11 nmolcm~2.

thereafter followed by a small mass decrease. This pattern
corresponds to the deposition and oxidation of a surface film,
followed by film reduction in the last stage of the cathodic
half-cycle; this is in accordance with the UV/Vis character-
isation of poly[Ni(salen)] film deposition.'’) On the second
and third scans there is an earlier mass increase, starting at
0.4V, corresponding to the oxidation of previously deposited
film; this occurs at a potential below that of film formation.
The plot of mass change versus charge passed (Figure 3b)
reveals some other important features related to the deposi-
tion process. The mass increase starts at 0.95 V after some
charge has passed. This potential corresponds, in the cyclic
voltammetric experiment, to half of the peak current height,
indicating a faradaic process at the electrode surface. We may
attribute this charge, although not unequivocally, to the first
steps of oxidation: monomer oxidation to produce a radical
cation, its coupling with monomer and/or other radical cations
and supersaturation with polymer in the solution in the
vicinity of the electrode. Nucleation of polymer on the surface
would follow, leading to the initial abrupt increase in mass.

Linearity of the mass—charge plot observed after the first
500 pCcem~? of charge passed would imply that the film was
rigid, of constant composition (with respect to film thickness)
and produced by processes with a constant faradaic and
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deposition efficiency. The departure from linearity observed,
although it is not extreme, indicates that any one or more of
these special conditions is violated.

The quantity of charge passed and the mass variation during
polymer reduction both increase with the number of polymer-
isation scans, confirming that more film material is deposited
at the electrode surface with each successive scan.

Polymer redox switching

Electrochemical, gravimetric and optical responses: Simulta-
neous voltammetric, EQCM and PBD responses during the
first redox switching cycle of the polymer film were recorded
(Figure 4) and profiles were also obtained for a set of three

600 (a)
400 |

200} —

-200 F
-400

i/ pA cm?

-600

-2

151

1.0

os} /

300} )

AM/ ug cm

200

100 - /

o

¢/ urad

-100 |

-200 L 1 1 L L L ]
00 02 04 06 08 10 12 14

E/V (vsSCE)
Figure 4. Redox switching of poly[Ni(saltMe)]-modified electrode (I'=
17 nmolem—2), in 0.1m TEAP/CH;CN between 0 and 1.3V at 0.1 Vs~
a) i(r), b) AM(t) and c) 6. Distance of laser beam from the electrode x,=
106 pm (determined experimentally; see text).

scans, in each case after a 30 s hold time at 0.0 V, in order to
define the initial PBD and EQCM signals as zero. The quartz
crystal —laser beam were calculated by convolution analysis to
be 106 um apart (see below). The reversible electrochemical
response (Figure 4a) is typical of that observed previously:['?
a reproducible cyclic voltammogram with two couples, at
E,,(I)=0.65 and E,,(II)=0.91 V.

There is a monotonic mass gain from 0.4 to 1.1 V during the
anodic sweep of the polymer (Figure 4b), after which the mass
remains constant until 1.3 V; a similar pattern is evident
during the cathodic sweep. The AM — E curve does not show
significant hysteresis, in accordance with a reversible redox
process in which mobile species do not interact strongly with
the polymer film.
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© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

In the plot of AM versus Q for the second redox switching
cycle of poly[Ni(saltMe)] (Figure 5), two regions with differ-
ent slopes can be observed: regionI, from 0.4 to 0.8V
(0-0.5mCcm™?) and region I, from 0.8 to 1.3V (0.5-
1.1 mCcm~2). The slopes of mass—charge plots for several
EQCM experiments on a poly[Ni(saltMe)] film (that of
Figure 3; I' =11 nmol cm~2), performed at different scan rates
in TEAP/CH;CN and TEAPF(/CH;CN solutions, are ana-
lysed in Table 1.

« Region

\ _

0.0 T T T T T T )
00 02 04 06 08 10 1.2

Q' mC cm*
Figure 5. AM versus Q profile obtained during the redox switching of the
poly[Ni(saltMe) ]-modified electrode of Figure 3. v= 0.1 Vs~!. Region I:
0-0.9 V; region II: 0.9-1.3 V.

Table 1. Values of the effective molar mass, m, obtained from the slopes of
the AM versus Q plots for the oxidative redox switching of a poly-
[Ni(saltMe]-modified electrode at different scan rates in 0.1m TEAP/
CH;CN or in 0.1m TEAPF(/CH;CN solutions. Region I: 0-0.9 V; region
II: 0.9-13 V.

TEAP TEAPF,
v[VsT] m [gmol™!] m [gmol~']
11 1 II

0.5 73 189 107 232
0.2 80 174 127 214
0.1 70 176 125 224
0.05 60 159 147 241
0.02 63 147 135 229

The effective molar mass, m, of the species exchanged
during redox switching was estimated from the slopes; m is
defined as zZFAM/Q, where z is the ion valency, F the Faraday
constant and AM/Q the slope obtained from the measured
changes in mass M and charge Q.

These data are discussed in detail below, but we note here
that the two slopes for the oxidation process in regions I and II
do not correspond to Faraday’s Law values for pure anion
transfers (99.5 gmol~! for perchlorate and 145.0 gmol~' for
hexafluorophosphate). We therefore conclude that cation
and/or solvent transfers must accompany the anion transfer.

The separation of the ion and solvent contributions,
however, cannot be determined easily from the EQCM
response alone, because AM reflects simultaneous ion and
solvent exchange.

The probe beam deflection response, registered with the
current and mass variations, is shown in Figure 4c. During
oxidation of the film a positive deflection (towards the bulk
solution) was detected, a consequence of a decrease in ion
concentration at the electrode surface. The beam deviation
reaches a maximum at 1.13 V, after which it decreases to a
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maximum negative deflection at 0.66 V during reduction,
corresponding to an increase in ion concentration at the
electrode surface. The delay in the maximum optical signal
intensity is clearly evident from qualitative comparison of the
potential at which it occurs with those of the maximum
electrochemical and gravimetric responses. This delay is a
result of the diffusion of the exchanged species between the
modified electrode and the light beam located, in this
experiment, 106 um from the electrode.

Convolution analysis: The effect of the propagation delay
between the current and mass responses at the electrode
surface and the response from the PBD can be overcome by
convolution analysis.?* #1 Assuming semi-infinite diffusion of
an ion perpendicular to the electrode surface, the beam
profile can be predicted from a measured current response
and/or from the EQCM response, expressed as a rate of mass
change, M. The mathematical analysis considers that at any
time ¢ the flux J,(0, ¢) of an ion species A at the electrode can
be linked to the flux J,(x, f) where the beam is located, by
convolving the current or M response with the appropriate
convolution function F(x, ) [Eq. (2)].32-3438.42]

Ja(x, 1) = F(x, t) =JA(0, 1) 2)

The function F(x, t) allows a theoretical description of the
flux density as a function of time (Equation (3), where D
[cm?s~!] is the coupled diffusion coefficient of the transferred
species and its associated co-ion, and x [cm] is the distance
from the beam to the electrode surface). The only adjustable
parameter in the expression is the ratio x/(D)".

X

2VaDt

A measured current i(f) can be converted into a beam
deviation signal at x by Equation (4),['*] where A, is defined by
Equation (5) and k refers to exchanged TEA™ or ClO,"; k,

F(x, t)= L)W 3

0, ) = — L R, 2o @
X, = ZkFA X, * 1
B 1dn 1 (5)
T hde D,

represents the scaling factor that enables the measured i(¢)
response to be compared with a deflection. With this
expression the propagation delay caused by diffusion of ions
between the electrode and the laser beam is removed,
allowing a quantitative comparison of the electrochemical,
gravimetric and optical responses.

Figure 6a shows the PBD responses obtained at several
distances from the electrode surface. The delay increases as
the distance of the light beam from the electrode is increased,
and is seen as a progressive shift along the time axis of the
response. The good correlation obtained between the beam
deviation and the convolved current (Figure 6b), assuming
that the CIO, ions are the only transferred ions responsible
for the measured i(¢), confirms that perchlorate is the main
carrier species responsible for charge compensation during
the redox switching of the polymer film.
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t/'s

Figure 6. a) Beam deflection response 6 versus ¢; b) convolved current
i(x, f)hL/zFA versus t, obtained from the redox switching of the poly-
[Ni(saltMe) |-modified electrode of Figure 4 at: i) x,, the minimum distance
of approach; ii) x,+ 20 pm; iii) x,+ 40 um; iv) x,+ 80 pm.

Dgap and x,, the minimum approach distance between the
electrode and laser beam, were evaluated by plotting the
x/(D)"? parameter, obtained from the best fit between a
convolved current and the experimental beam deviation at
several distances from the electrode surface, against the
relative beam distance ;' a typical plot is shown in Figure 7.

5-
4

%2 3

Q

%21 -X,=106 yum
|

0-— T T T T T v |
-120 -90 -60 -30 O 30 60 90
x/pm

Figure 7. The parameter x/(D)"? as a function of the relative beam position
during redox switching of the poly[Ni(saltMe)]-modified electrode of
Figures 4 and 6.

Extrapolation to x/(D)"?=0 gives x,=106 ym. A diffusion
coefficient of 1.24 x 10~° cm?s~! is obtained from the slope.
We could not find a literature value of Drgp; however, an
approximate value for the coupled diffusion coefficient can be
obtained with the Stokes-Einstein equation (Equation (6),
where D is the diffusion coefficient, k& the Boltzmann

kT

D=
67trn

©

constant, 7 the temperature, 5 the solution viscosity and r the
radius of the diffusing species).®l The viscosity of the
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electrolyte solution at 25 °C was 0.3694 mPas.[* The crystallo-
graphic radii, 1. = 0.377 nm™*l and 7,6, = 0.234 nm!* seem
to be good approximations for r since the cation TEA™ is not
solvated in acetonitrile/*” and the anion ClO,~ has little or no
solvation sphere.[*” #8l Thus D ,p was determined to be 0.9 x
1075 cm?s7, in acceptable agreement with our experimental
result.

Figure 8 shows the beam deviation profile, convolved
current and convolved rate of mass change obtained for three
successive cycles at x=89 um. Except for a fairly small
deviation observed between 0 and 0.9V, the convolved

400 1% cycle

2" cycle
3009 (i)} i

3% cycle

'
'
'
v
'
'
'
'
'
'
'
'
'
'
'
V
)
¥
v
'
'
v
'
'
'
L

-200
-300 +—————————t
0 10 20 30 40 50 60 70 80
t/'s

Figure 8. Comparison of i) 6 (solid line), ii) convolved current i(x.t)
(dotted line) and iii) convolved mass variation AM(x,t) (broken line), for
three successive redox cycles of the poly[Ni(saltMe) ]-modified electrode of
Figures 1 and 2. The representation of time, rather than potential, allows a
better visualisation of all the profiles during a complete set of experiments.
Distance of laser beam from the electrode x, =89 pm.

current (dotted line) is superimposed on the experimental
deflection profile (solid line) throughout all the sweeps. This
small deviation can only be a result of an ionic species moving
in the opposite direction to the perchlorate ion, and must be
due to cation egress from the film during oxidation. The
expulsion may explain the lower effective mass calculated
from the slopes in region I of the mass—charge plots (see
Table 1). The higher effective molar mass observed in
region II of the plots of AM versus Q can be explained by
concomitant uptake of solvent with anion. This is in agree-
ment with the higher calculated deflection obtained from the
convolved M (broken line).

Comparison of the projected i(f) and M responses with the
experimentally determined PBD profile allows the evaluation
of the individual cation, anion and solvent contributions to the
overall mobile species transfer process. The protocol for
quantitative comparison of all the experimental responses
involves convolving i(f) and M with the same scaling factor,
h,.181 Use of the same A, value, however, takes account of only
the anion contribution. The analysis of the AM/Q slopes
(Table 1), however, indicates that the ClO, ion transfer is
accompanied by solvent movement, so to obtain a more
correct A, value, the ratio of the slope obtained in region II of
the plot of AM versus Q to the molar mass of the anion was
evaluated. A corrected scaling factor was then obtained by
matching the ratio (at maximum deflection) between the two
convolved signals, mass/current, with that obtained previous-
ly. The anion contribution is obtained directly from the
integral beam deflection response and the cation contribution
is obtained from the difference between the beam deflection
response and the convolved current by the protocol previ-
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ously described.l' 3! Then the solvent contribution can be
obtained by subtracting the anion contribution from the
convolved mass variation.

From the resolved contributions (Figure 9), as noted, at the
outset of polymer oxidation the electroneutrality of the film is
maintained predominantly by the insertion of ClO,™ into the
film. However, a small contribution from the egress of TEA™
is evident. The solvent swelling of the polymer occurs only for

300 q

2" cycle 3" cycle

200

1004

(il

T T T T T T

0 10 20 30 40 50 60 70 80
t/'s

(
(

) '
' ‘

; V '
' 1

) |

' h

-200 +—

Figure 9. Comparison of: i) cation (solid line), ii) anion (dotted line) and
iii) solvent (broken line) contributions to the transfer process at a
poly[Ni(saltMe) ]-modified electrode calculated as 6 versus ¢, for three
sucessive redox cycles between 0 and 1.3 V. Distance of light beam from the
electrode x, =89 pm. Data from Figure 8.

potentials above 0.8 V and reaches a maximum at 0.95 V on
the reverse scan. At that potential the anion and solvent start
to leave the film. The tracking of the anion by the solvent for
potentials above 0.8 V during film oxidation suggests anion
solvation. Perchlorate ion, however, is little solvated in
acetonitrile,” ! thus suggesting that the solvent transfer is a
result of either a concentration gradient or the entry/exit
resulting from simple physical opening/closing of the polymer
during redox switching. The polymer swelling above 0.8 V is
corroborated by chronoamperometric data in which the
values for C(D¢r)"? at 0.8 V are lower than that at 1.3 V,[2]
suggesting negligible solvent transfer below 0.8 V.

The resolved contributions of cation, anion and solvent
(Figure 9) allow the first-cycle effect to be studied. When a
30 s hold time at 0.0 V was applied to the polymer before the
set of three cycles, a higher ClO,~ contribution (dotted line)
was obtained for the first cycle than for subsequent ones. This
pattern for a set of three cycles was reproducible. These
results suggest that the film expels all of the C10,~ only when
a hold time is applied at the lower potential limit, that is, when
the film is completely reduced. At the end of the first and
second cycles there is no hold time and the film retains a small
amount of ClO,~. A break-in effect was also observed for
poly(o-toluidine),?>*! poly(aniline)?! and poly(vinylferro-
cene).l

The contributions of all the species involved in redox
switching can be also expressed in integral form; Figure 10
shows a plot of AM(x, t) versus E for the first cycle of
Figure 9. The overall contribution of the solvent corresponds
to approximately two solvent molecules per anion. This value
agrees with the slope obtained for region II of the plot of AM
versus Q in Figure 5.

To gain more information on the contribution of the anion
to the redox process, plots of AM versus Q were recorded for
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Figure 10. Comparison of: i) cation (solid line) ii) anion (dotted line) and
iii) solvent (broken line) contributions for the first oxidative redox
switching in Figure 9, calculated as AM(x, t) of i) convolved electro-
chemical charge QMyo, /zFA; ii) integral beam deflection [QMci,/
zZFARL; iii) convolved mass variation AM(x, t).

the same concentration of electrolyte but with an anion of
different molar mass. The slopes obtained for region II in
TEAPF; also indicate that approximately two solvent mole-
cules are co-transferred per anion (Table 1). The cation
contribution appears to be time-dependent, with the electro-
neutrality of the polymer in region II satisfied by the entry of
anion only at slow scan rates; the slopes reach the expected
molar mass of the PF;~ ion.

Concluding Remarks

Poly[Ni(saltMe)] films were deposited onto platinum/quartz-
crystal electrodes and the deposition process was studied by
microgravimetry. The rigidity of the films was monitored by
crystal impedance; the data show the absence of viscoelastic
effects that could prejudice the gravimetric interpretation of
EQCM frequency changes.

The complementarity of the responses from the combined
EQCM -PBD technique has made it possible for the first time
to describe the mobile species involved in the redox switching
of the novel conducting polymer based on a nickel — Schiff
base complex. The study confirmed the occurrence of polymer
swelling, and perchlorate ion as the predominant species
responsible for maintaining the electroneutrality of the film
during the redox switching. It was also possible to conclude
that co-ion is involved peripherally, which has not yet been
demonstrated by other techniques used to characterise the
p-doping of poly[Ni(saltMe)] films.

The individual contributions of cation, anion and solvent
were obtained by comparing the electrochemical, gravimetric
and optical signals using temporal convolution analysis. The
mechanism was found to involve simultaneous expulsion of
TEA™ and uptake of ClO,~ during the first oxidative step, up
to E;;;=0.65V in the cyclic voltammogram. During the
second process, anion uptake is still the major ion contribu-
tion, but there is significant solvent entry tracking the anion
uptake profile. The solvent appears to be associated with
conformational relaxation of the polymer rather than with
solvation of the ClO,~ ion. Quantitative evaluation of the
transferred species showed that approximately two molecules
of solvent were involved per anion transfer.
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Experimental Section

Chemicals: The complex 2,3-dimethyl-N,N'-bis(salicylidene)butane-2,3-
diaminatonickel(11), [Ni(saltMe)], was prepared by a literature proce-
dure,l'! then recrystallised from acetonitrile. TEAP (Fluka, puriss.) and
TEAPF, (Fluka, puriss.) were dried at 60°C before use. Acetonitrile
(Fisons, HPLC grade) was refluxed over CaH, and distilled under argon.
The acetonitrile - TEAP solutions used in EQCM - PBD experiments were
filtered with a 0.1 um PTFE membrane (Whatman) to remove microscopic
solid particles that could scatter the laser beam.

Instrumentation

Electrochemistry: Electrochemical measurements were performed on a
custom-built Scanning Ministat II potentiostat (Sycopel Scientific Ltd.).
The electrochemical cell was a 42 mm x 30 mm x 30 mm Teflon cuvette
with two quartz windows (diameter 20 mm) centred on two opposite sides
of the cell, and sealed with adhesive/sealant (Dow Corning 3145 RTV). The
working electrode was a 13 mm diameter 10 MHz AT-cut quartz crystal
plated with a platinum film (electrochemical area 0.25 cm?) and mounted
on the end of a 55 mm glass tube (0.d. 13 mm). A 15 mm diameter platinum
foil counter-electrode and a saturated calomel reference electrode (SCE)
were used. The three electrodes were fixed securely to the cuvette by a
Teflon lid.

Crystal impedance: Crystal impedance measurements were performed
with a Hewlett Packard HP 8512A network analyser in reflectance mode, as
described previously.’”) The admittance data acquisition was computer-
controlled by an HP BASIC program running on the network analyser
built-in computer.

EQCM -PBD: The home-built EQCM circuit was based on that described
previously.P!! The arrangement consisted of a 10 MHz platinum/quartz-
crystal working electrode, piezoelectric area 0.22 cm?, isolated from the
mains supply earth. For thin films rigidly coupled to the quartz crystal
oscillator, variation of the mass AM results in a proportional shift in the
oscillation frequency Af of the system, which is described by the Sauerbrey
equation.” The calibration experiment, involving Ag electrodeposition,!'®!
gave a coefficient of 9.1 x 10-* Hzg L

The probe beam deflection apparatus consisted of a 2 mW He—Ne laser
(A =632.8 nm, Uniphase Model 1122) with a 0.63 mm beam diameter. The
beam was focused to about 80 pm diameter and set parallel to the working
electrode, giving a 5 mm interaction length. The cell was mounted on a
computer-controlled three-axis translation table, allowing translation and
rotation to refine the alignment, distance and parallelism between the
working electrode and the laser beam. The absolute position of the probe
beam with respect to the electrode surface was obtained as previously
described."¥ The detector was a dual silicon-based photodiode (Optilas
Model 1243 bi-cell) set back 250 mm from the electrochemical cell, which
resulted in a position sensitivity of 0.26 pradmV~". The deviation angle of a
beam following a pathway with a variable refraction index can be
describedP! by Equation (7), where 6 denotes beam deviation, L the path

L dn dc
97

“h k@ ™

length over which the beam interacts with the concentration profile dc/dx,
and dn/dc the variation of the electrolyte concentration ¢ with the
refractive index n. The probe laser beam is deflected towards the region
of higher refractive index. For this arrangement a positive deflection
(towards the solution) indicates ion incorporation into the film, whereas a
negative deflection (towards the working electrode) indicates ion expulsion
from the film.

The electrochemical, gravimetric and optical signals were recorded
simultaneously by a computer fitted with a Datel PC412A data acquisition
card. The entire apparatus was mounted on a steel core breadboard
100 mm thick, isolated from the floor by four pneumatic vibration
dampeners.

Procedures: Poly[Ni(saltMe)] films were deposited by cycling the potential
of the working electrode, exposed to a CH;CN solution containing 1.0mm
[Ni(saltMe) | monomer and 0.1 TEAP, between 0.0 and 1.1 V versus SCE
at 0.1 Vs~'. The upper limit is lower than previously described!'? for the
deposition of these films in order to control the amount of polymer
deposited more effectively (see the Film deposition section, above).
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Electroactive polymer surface coverage I [nmol cm~2] was calculated from
the area under the voltammogram of the film at a slow scan rate, v=
0.02 Vs~!, assuming that one positive charge is delocalised over each
monomer unit.!"?!

After the electropolymerisation the modified electrode was rinsed
thoroughly with dry CH;CN and all the experiments were performed on
films immersed in 0.1m TEAP/CH;CN or 0.1m TEAPF/CH,;CN. Before
the EQCM-PBD experiment the polymer film was cycled (usually with
five sweeps) to obtain a reproducible cyclic voltammogram and to remove
monomer from within the film. The potential in the monomer-free
experiments was varied between the limits 0.0 and 1.3V, at 0.1 Vs~
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Hybrid Open-Framework Iron Phosphate — Oxalates Demonstrating
a Dual Role of the Oxalate Unit

Amitava Choudhury,®"! Srinivasan Natarajan,/*! and C.N.R. Rao** !

Abstract: New inorganic—organic hy-
brid open-framework materials of the
phosphate —oxalate family, [Fe,(H,O),-
(HPO,),(C,0,)]-H, O (I), [Fey(H,0)o-
(HPO4)2(C204)] -2H,0 (1I), [C3N2H12]‘
[Feo(HPO,)»(C,04)15]2 (1), and
[GN,OH,,][Fe,(HPO,),(G,04)15],  (IV)
have been synthesized hydrothermally
in the presence of structure-directing

are devoid of them. The oxalate units act
as a bridge between the layers in all the
compounds. The layers in I and II are
entirely inorganic, being formed by
FeOg and PO, units, whereas in III and
I'V oxalate units constitute the inorganic

Keywords: bridging ligands - crystal
growth - iron - phosphorus - X-ray

layers and act as the bridge between
these layers. Such a dual role of the
oxalate unit is unique and noteworthy.
The formation of two types of inorganic
layers in I and II consisting of four-, six-,
and eight-membered rings, indicates the
interconversions between the various
rings in the phosphate —oxalates to be
facile. All the phosphate — oxalates show

amines. The amine molecules are incor-

. scattering
porated in III and IV, whereas I and II

Introduction

Of the various inorganic open-framework materials discov-
ered in the last few years, the metal phosphates occupy a
prime position. The family of open-framework metal phos-
phates includes one-dimensional chains or ladders, two-
dimensional layers, and three-dimensional structures.!! An
interesting variant of the metal phosphate is that obtained by
incorporating the oxalate unit in the materials.’! A few metal
phosphate —oxalates, especially those of iron, constituting a
novel kind of inorganic—organic hybrid materials, have been
reported during the last year.>”] The important structural
features of these compounds is the presence of iron phosphate
sheets, crosslinked by the oxalate units giving rise to the three-
dimensional architecture. We have been investigating phos-
phate —oxalates not only with a view to producing new
materials but also to unravelling the structural features of
these novel hybrid material, and we have succeeded in
isolating iron phosphate —oxalates with a variety of structural
features. Two of the iron phosphate —oxalates discovered by
us possess iron phosphate layers that are crosslinked by
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antiferromagnetic ordering at low tem-
peratures.

oxalate bridges. The layers in these materials consist of
different ring systems reminiscent of the open-framework
metal phosphates. More importantly, we have obtained iron
phosphate —oxalates wherein the oxalate unit, besides acting
as a bridge between the metal phosphate layers, is part of the
layer system. The presence of oxalates performing two
functions in these hybrid materials is noteworthy. Such a dual
role of the oxalate unit has also been found by us in a metal
oxalate structure. Thus, the oxalate unit in iron phosphate —
oxalates acts like the phosphate unit in metal phosphates and
as the oxalate unit in metal oxalates.

Results and Discussion

[Fe,(H,0),(HPO,),(C,0,)]-H,O (I) and [Fe,(H,0),-
(HPO,),(C,0,)]1-2H,0 (II): The asymmetric units of I and
II are identical and each consist of 11 non-hydrogen atoms
(Figure 1). Both I and II, have three-dimensional structures
built from a networking of FeOy4 octahedra, PO, tetrahedra,
and oxalate units. The FeO, octahedra and PO, tetrahedra
form layers that are held together and apart by the cross-
linking oxalate groups. Of the six oxygen atoms of a Fe
octahedron, three belong to the phosphate groups and two to
the oxalate units, while the remaining oxygen atom is a
terminal water molecule.

In I, the FeO4 octahedra and PO, tetrahedra strictly
alternate along the b axis forming a layer possessing six-
membered apertures (made up of 6T atoms, T=Fe, P,
Figure 2). Layers exclusively possessing six-membered aper-
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Figure 1. ORTEP plot of the asymmetric unit in I and II. Thermal
ellipsoids are given at 50 % probability.
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Figure 2. Structure of I showing the layers made by the networking of

FeOg and PO, units. Note that the layers are made of six-membered rings.
Left: Ball-and-stick view; right: polyhedral view.

tures are rare, the only other example being a tin(u)
phosphate —oxalate.l?! The layers are connected through the
anionic oxalate bridges (out-of-plane oxalate units) complet-
ing the neutral three-dimensional architecture. Along the a
axis, the connectivity produces eight-membered one-dimen-
sional channels wherein the bonded water and the free water
molecules reside (Figure 3).

In II, the strictly alternating FeO4 and PO, moieties form
four- and eight-membered apertures (made up of 4 and 8 T
atoms, respectively) along the bc plane (Figure 4). The water
molecules attached to the iron centers project into the eight-
membered apertures. The oxalate units link these layers
completing the three-dimensional connectivity. Along the a
axis, the eight-membered apertures form one-dimensional
channels (Figure 5).

Selected bond lengths and angles of I and II are given in
Tables 1 and 2 respectively. The three different types of Fe—O
bonds (Fe—O—P; Fe—O—C; Fe—Oy,,) show the expected
differences in average bond lengths and angles. The phos-
phorus atoms are connected to three neighboring iron atoms
through the oxygens, and have a terminal OH group. Bond
valence sum calculations® indicate that one of the oxygen
atoms [O(4)] is a water molecule and that the one bound to
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Figure 3. Structure of I showing the channels. The out-of-plane oxalate
unit bridges the layers, and the water molecules are present in the channels.
Hydrogen atoms are omitted for clarity.

Figure 4. Structure of II along the bc plane showing the layers. The layers
are made by four- and eight-membered rings, and the bound water
molecule from the Fe center protrude into the eight-membered aperture.
Left: Ball-and-stick view; right: polyhedral view.

Figure 5. Structure of II along a axis, showing channels.

P [O(7)] is a terminal hydroxy group. The bonding of water
molecules directly to the iron center is not uncommon, and
similar bonding is known in open-framework iron phosphate
materials.’! The observed bond lengths and angles observed in
I and II are in general agreement with those reported in the
literature.
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Table 1. Selected bond lengths [A] and angles [°] for L.

Fe(1)-O(1) 1.893(3) Fe(1)-0(2) 1.936(3)
Fe(1)-0(3) 1.948(2)  Fe(1)-0(4) 2.082(3)
Fe(1)-O(5) 2.102(2) Fe(1)-0(6) 2.125(2)
P(1)-O(1)" 1.5083)  P(1)-0(2) 1.517(3)
P(1)-0(3)~ 1.5282)  P(1)-O(7) 1.564(3)
C(1)-0(5) 1.249(4) C(1)%-0(6) 1.255(4)
C(1)—-C(1)" 1.536(6)

O(3)-Fe(1)-0(4) 93.55(11)  O(1)-Fe(1)-0(5) 167.86(10)
0(2)-Fe(1)-0(5) 90.43(10)  O(3)-Fe(1)-0(5) 90.47(10)
O(4)-Fe(1)-0(5) 85.16(13) O(1)-Fe(1)-0(6) 92.27(11)
0(2)-Fe(1)-0(6) 86.58(10)  O(3)-Fe(1)-0(6) 168.20(9)
O(4)-Fe(1)-0(6) 8439(11)  O(5)-Fe(1)-0(6) 77.79(9)
O(1)"-P(1)-0(2) 111.9(2) O()M-P(1)-03)2  109.10(14)
0(2)-P(1)-0(3)" 113.08(14)  O(1)"-P(1)-0(7) 108.7(2)
O(1)-Fe(1)-0(2) 9598(11)  O(2)-P(1)-0(7) 107.7(2)
O(1)-Fe(1)-0(3) 99.24(11)  O(1)"-P(1)-O(7) 106.10(14)
0(2)-Fe(1)-0(3) 9477(11)  O(5)-C(1)-0(6)" 127.0(3)
O(1)-Fe(1)-0(4) 86.96(13)  O(5)-C(1)-C(1)" 116.9(4)
0(2)-Fe(1)-0(4) 17062(12)  O(6)”-C(1)-C(1)®  116.1(4)

Symmetry transformations used to generate equivalent atoms: #1: x, —y +
32, z+12;#2:x—1,y, z; #3: —x, —y+1, —z+ 1.

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

Fe(1)-O(1) 1.935(3)  Fe(1)-0(2) 1.935(3)
Fe(1)-0(3) 1.942(3)  Fe(1)-O(4) 2.088(4)
Fe(1)~O(5) 2.104(3)  Fe(1)-O(6) 2.110(3)
P(1)-0(2)" 1521(3)  P(1)-O(1)* 1.527(3)
P(1)-0(3) 15303)  P(1)-O(7) 1.578(3)
C(1)-0(5) 1244(5)  C(1)-O(6)" 1.259(5)
c(1)-c(1)” 1.535(8)

0(3)-Fe(1)-0(4) 83.03(13)  O(1)-Fe(1)-0(5) 87.69(12)
0(2)-Fe(1)-0(5) 94.42(13)  O(3)-Fe(1)-0(5) 167.84(13)
O(4)-Fe(1)-0(5) 8552(13)  O(1)-Fe(1)-0(6) 164.92(12)
0(2)-Fe(1)-0(6) 88.43(12)  O(3)-Fe(1)-0(6) 96.02(12)
O(4)-Fe(1)-0(6) 81.0(2) 0(5)-Fe(1)-0(6) 78.10(12)
0(2)"-P(1)-0(1)?  1125(2) 0(2)"-P(1)-0(3) 110.4(2)
O(1)?-P(1)-0(3) 111.7(2) 0(2)"-P(1)-0(7) 109.1(2)
0(1)-Fe(1)-0(2) 97.78(13)  O(1)"?-P(1)-0(7) 104.0(2)
0(1)-Fe(1)-0(3) 96.96(13)  O(3)-P(1)-O(7) 108.8(2)
0(2)-Fe(1)-0(3) 96.07(12)  O(5)-C(1)-0(6)" 126.9(4)
O(1)-Fe(1)-0(4) 93.0(2) 0(5)-C(1)-C(1)" 116.9(5)
0(2)-Fe(1)-0(4) 169.2(2) 0(6)-C(1)-C(1)*  1163(5)

Symmetry transformations used to generate equivalent atoms: #1: —x +1,
y+1/2, —z+312;#2: x, —y+ 172,z —1/2; #3: —x+2, —y, —z+2.

[C:N,H,,][Fe,(HPO,),(C,0,),51, () and [C;N,OHy,]-
[Fe,(HPO,),(C,04),5], (IV): The asymmetric units of III
and IV contain 24 and 25 non-hydrogen atoms, respectively,
with two crystallographically distinct iron and phosphorus
atoms (Figure 6). The final atomic coordinates for III are
presented in Table 3. The structure consists of layers of
formula [Fe,(HPO,),(C,0,)], linked through another oxalate
unit to complete the anionic framework. Charge neutrality is
achieved by the incorporation of organic amines in their
diprotonated form. Thus, there are 0.5[C;N,H,,]** molecules
in I and 0.5 [C;N,OH,]** molecules in IV, respectively, per
framework formula. The structure comprises a network of
FeOq, PO,, and C,0, moieties with each iron bound to six
oxygens, which are, in turn bound to carbon and phosphorus
atoms completing the network.

The structures of III and I'V are made from a networking of
FeOq, PO,, and C,0, forming layers. Of the two iron atoms in
the asymmetric unit, Fe(1) is connected to two oxalate and
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Figure 6. Top: ORTEP plot of III. Thermal ellipsoids are given at 50 %
probability. Bottom: ORTEP plot of IV. Thermal ellipsoids are given at
50% probability.

phosphate units, and Fe(2) is bonded with one oxalate and
four phosphate units. The FeO4 and PO, units are connected
to each other in such a way that they form zigzag one-
dimensional ladderlike chains that are linked through an
oxalate unit to form an oxalate —phosphate layer (Figure 7).
This is indeed a unique inorganic—organic hybrid layer
network. The hybrid layers are linked through another
oxalate unit acting like a bridge (Figure 8). Thus, two different
types of oxalate units occur in III and IV. One in-plane (with
respect to the layer) and the other out-of-plane. To our
knowledge, this is the first example of the existence of two
different types of oxalate moieties in such a material.

The linkages between the oxalates and the oxalate —phos-
phate layers in IIl and IV create channels of width 5.2 x 4.5 A
(shortest atom-—atom contact distance not including the
van der Waals radii) along a axis (Figure 8). Figure 9 shows
the connectivity along the ¢ axis. Thus, IIl and I'V are members
of three-dimensional solids possessing different channels. All
the iron atoms are hexacoordinated with respect to oxygen.
Of the two crystallographically independent iron atoms in III
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Table 3. Atomic coordinates [x 10*] and equivalent isotropic displacement
parameters [A2 x 10°] for L.

Atom x y z U(eq)®!
Fe(1) 6348(1) 1125(1) 6645(1) 24(1)
Fe(2) 12478(1) 619(1) 10020(1) 2(1)
P(1) 8945(2) 1073(2) 8908(2) 24(1)
PQ2) 15512(2) ~30(2) 11833(2) 23(1)
o(1) 5195(7) 829(4) 7747(5) 33(2)
0(2) 8243(6) 1005(4) 7643(5) 34(2)
0(3) 6001(7) 2432(4) 6906(5) 30(2)
0(4) 6675(6) —74(4) 5978(5) 28(2)
005) 7383(6) 1693(4) 5436(5) 28(2)
0(6) 4444(1) 1046(4) 5347(5) 29(2)
o(7) 11847(7) _51(4) 10366(5) 35(2)
0(8) 13183(6) 318(4) 8670(5) 35(2)
0(9) 14422(6) 532(4) 11019(5) 30(2)
0(10) 10540(6) 849(4) 8996(5) 40(2)
o(11) 12936(7) 1969(4) 9834(5) 3102)
0(12) 11571(6) 1214(4) 11337(5) 26(2)
o(13) 8828(8) 2041(4) 9319(6) 51(2)
0(14) 16170(7) 540(4) 12900(5) 39(2)
c() 4352(10) 324(6) 4817(8) 29(2)
Q) 12386(9) 2480(6) 10448(7) 25(2)
C(3) 6578(9) 2957(6) 6311(7) 24(2)
0(100) 15052(13) 2098(6) 12736(8) 114(4)
0(200) 6432(11) 2231(8) 10239(10) 128(4)
0(300) 13122(42) 2458(24) 7633(26) 738(42)
N(10)®! 10318(15) ~363(9) 7045(11) 109(4)
c(12) 10000 0 5000 107(8)
C(11A)M 9926(33) —744(10) 5874(12) 95(14)
canm 10521(35) 352(13) 6199(9) 110(15)

[a] U(eq) is defined as one third of the trace of the orthogonalized Uj;
tensor. [b] Refined isotropically.

Figure 7. Structure of III along the a axis, showing the ladder like chains
and the connecting oxalate unit (in-plane oxalate) forming a hybrid layer.

and IV, Fe(1) is coordinated with four oxygen atoms with
distances in the range 2.041-2.101 A (av 2.068 A, for III,
2.074 A for IV) and two oxygen atoms have distances in the
range 1.893-1.916 A (av 1.915 A for III, 1.90 A for IV). Fe(2),
on the other hand, is coordinated with two oxygen atoms in
the range 2.116-2.148 A (av 2.128 A for I, 2.133 A for IV)
and four oxygen atoms in the range 1.902-1.981 A (av
1.939 A for III, 1.946 A for IV). These are the oxygen atoms
linked to phosphorus and carbon atoms, respectively. Similar
bond lengths have been observed before. The O-Fe-O bond
angles are as expected. The P—O and C—-O distances and O-P-
O and O-C-O bond angles are in the range expected for this
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Figure 8. Structure of III showing channels along the a axis formed by the
bridging oxalates with the hybrid layer.

Figure 9. Structure of III showing channels along the ¢ axis. Note the two
different types of oxalate units (in-plane and out-of-plane).

type of bonding. Similar structural parameters have been
observed for other phosphate-oxalates. Bond valence sum
calculations® indicate that two of the oxygen atoms attached
to the phosphorus atom have a hydrogen atom attached to it
making it a terminal OH group. The selected bond lengths and
angles for III are presented in Table 4. We have not given the
various structural details of I'V since they are very similar to
those of IIIL.

The iron phosphate —oxalates I-IV are members of a new
family of inorganic —organic hybrid framework structures and
have been obtained as good quality single crystals by employ-
ing hydrothermal methods. Although all these materials
involve bonding between the iron atoms and the phosphate,
oxalate units, they exhibit interesting differences. While III
and IV are formed with the amine in the final framework
solid, I and II are formed devoid of them. Such elimination of
amines during the hydrothermal synthesis is known.> 1% It is
noteworthy that although I and II are formed under identical
conditions of composition and temperature with only a slight
difference in the duration of reaction, the resultant products
possess perceptible differences in structural features. In the
few known iron phosphate-oxalates, the iron phosphate
layers are neutral and the anionicity of the framework is

0947-6539/00/0607-1171 $ 17.50+.50/0 1171





C.N.R. Rao et al.

FULL PAPER

Table 4. Selected bond lengths [A] and angles [°] in IIL

Fe(1)-O(1) 1.916(6) Fe(2)-0O(7) 1.902(6)
Fe(1)-0(2) 1.914(6)  Fe(2)-O(8) 1.927(6)
Fe(1)-0(3) 2.046(6) Fe(2)-0(9) 1.945(6)
Fe(1)-O(4) 2.041(6)  Fe(2)-0O(10) 1.981(6)
Fe(1)-0(5) 2.085(6)  Fe(2)-O(11) 2.116(6)
Fe(1)-0(6) 2101(6)  Fe(2)-0(12) 2.140(6)
P(1)-0(10) 1491(6)  P(2)-0(9) 1.514(6)
P(1)-0(2) 1.531(6)  PQ2)-O(1)" 1.514(6)
P(1)-O(7)" 1.505(9)  P(2)-O(8)"” 1.519(6)
P(1)-0(13) 1.562(7) P(2)—0O(14) 1.565(6)
C(1)-0(4)" 1259(10)  CQ)-O(5)" 1.256(10)
C(3)-0(12)" 1260(10)  C(1)-C(1)» 1.54(2)
C(2)-C(3)" 1.548(12)  N(10)-C(11) 1.528(10)
N(10)-C(11A) 1499(10)  C(11)-C(12) 1.522(10)
C(11A)-C(12) 1.556(10)

0(2)-Fe(1)-0(1) 96.1(3) O(7)-Fe(2)-0(8) 98.0(3)
0(2)-Fe(1)-0(4) 88.4(2) O(7)-Fe(2)-0(9) 94.9(3)
O(1)-Fe(1)-0(4) 1022(2) O(8)-Fe(2)-0(9) 94.5(2)
0(2)-Fe(1)-0(3) 98.5(3) O(7)-Fe(2)-0(10) 91.2(3)
O(1)-Fe(1)-0(3) 89.7(3) O(8)-Fe(2)-0(10) 86.2(3)
O(4)-Fe(1)-0(3) 165.6(2) 0(9)-Fe(2)-0(10) 173.7(3)
0(2)-Fe(1)-0(5) 89.4(2) O(7)-Fe(2)-0(11) 169.7(2)
O(1)-Fe(1)-0(5) 168.3(2) O(8)-Fe(2)-0(11) 91.8(3)
O(4)-Fe(1)-0(5) 88.2(2) 0(9)-Fe(2)-0(11) 87.3(2)
0(3)-Fe(1)-0(5) 79.3(2) 0(10)-Fe(2)-O(11) 86.4(3)
0(2)-Fe(1)-0(6) 167.6(2) O(7)-Fe(2)-0(12) 922(2)
O(1)-Fe(1)-0(6) 90.2(3) 0(8)-Fe(2)-0(12) 167.8(2)
O(4)-Fe(1)-0(6) 79.9(2) 0(9)-Fe(2)-0(12) 91.2(2)
0(3)-Fe(1)-0(6) 92.1(2) 0(10)-Fe(2)-0(12) 87.0(2)
0(5)-F1(1)-0(6) 86.4(2) O(11)-Fe(2)-0(12) 77.7(2)
O(10)-P(1)-O(7)"  114.8(4) 0(10)-P(1)-0(2) 105.3(4)
O(N"-P(1)-0(2)  112.6(4) 0(10)-P(1)-O(13) 108.9(4)
O(7)"-P(1)-0(13)  105.5(4) 0(2)-P(1)-0(13) 109.7(4)
0(9)-PQ2)-0(1)"  1133(3) 0(9)-P(2)-O(8)" 1122(3)
O(1)"-P(2)-0(8)”  109.4(4) 0(9)-P(2)-O(14) 1082(3)
O(1)"-P(2)-0(14)  106.9(3) O(8)2-P(2)-O(14) 106.4(4)
O(@4)-C(1)-0(6)  127.4(8) O(11)-C(2)-0(5)" 128.0(8)
O(12)*-C(3)-0(3)  127.8(8) N(10)-C(11A)-C(12) ~ 108.7(11)
N(10)-C(11)-C(12)  109.0(11) C(11)*-C(12)-C(11)  109.7(10)

Symmetry transformations used to generate equivalent atoms: #1: —x+2,
-y, —2+2;#2: —x+3, —y, —z+2; #3: —x+1, —y, —z+1; #4: x+1/2,
—y+12, z—112; #5: x+1/2, —y+1/2, z+1/2; #6: —x+2, —y, —z+1.

derived from the oxalate bridges. In I and II, however,
cationic iron phosphate layers are neutralized by the oxalate
bridges to render the framework neutral.

The amine molecules in III and IV (1,3-diaminopropane
(1,3-DAP) and 1,3-diamino-2-hydroxy propane (1,3-DAHP),
respectively) are disordered along with the water molecules
within the channels. The disorder in the case of 1,3-DAP
occurs on the carbon atom attached to the nitrogen atom and
in 1,3-DAHP, it is the oxygen atom on the central carbon atom
that is disordered. Disorder of the amine molecules in open-
framework solids is not uncommon, and most of the earlier
observations relate to the terminal atoms!'l and only recently
disorder of the amine molecules involving nonterminal atoms
has been observed.[']

The coordination environment and connectivity of Fe
atoms in I-IV presents an interesting comparison. Though
all the Fe atoms are octahedrally coordinated, the manner
they link up with the phosphate and oxalates units show
distinct differences. In I and II the iron atoms do not show any
differences and in III and IV the iron atoms presents two
different coordination environments. In III and IV, Fe(1) is
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bonded to two oxalate and two phosphate units, and Fe(2) is
bonded to one oxalate and four phosphate units. This is
possibly due to the ambidendate coordinating ability of the
oxalate units requiring two phosphate units to make similar
connections as that of one oxalate unit.

The framework composition of I and II is similar, but there
are differences in the networking of the polyhedra. Com-
pound I forms layers made up of six-membered apertures
within the layers, II possess four- and eight-membered
apertures. It is proposed that the four-memberd rings can
readily transform to six-, eight-, and other higher membered
rings.[* In the case of I and II, ring conversions could occur as
shown in Scheme 1. The six-membered ring within the layers

Scheme 1. Schematic representation of a possible conversion between the
six-membered ring aperture of I into four- and eight-membered apertures
in II. Note that oxygen atoms are not shown and only bond shifting is
indicated. O and T represent octahedral (Fe) and tetrahedral (P) atoms
respectively.

of I can readily transformed to four- and eight-membered
rings of II by a simple shifting of bonds. In general, n-edge-
sharing four-membered rings can give rise to a ring with 4n —
2(n—1) atoms. Or, if we add n four-membered rings to a m-
membered ring, we get a ring with m+2n atoms (m and n
represent T atoms; T=Fe, P in the present case). The facile
transformations of these ring structures within the layers of I
and II suggests that one is dealing with structures of
comparable energies that render it difficult to exactly pin-
down the stepwise mechanism involved in these transforma-
tions.

The layers in III and IV are different from those in I and II.
Whereas the layers in I and II are formed by the linkages
between the FeOg4 octahedra and PO, tetrahedra, the layers in
IIT and IV are made by linkages involving the (in-plane) C,0,
units, in addition to the FeOy4 and PO,. The layers are
crosslinked by the (out-of-plane) oxalate units in all the
phosphate — oxalates. Such a dual role of the oxalate unit has
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not been observed previously. Significantly, we have just
discovered a zinc oxalate containing both the in-plane and
out-of-plane oxalate linkages with three-dimensional connec-
tivity.' In Figure 10, we show the structure of this material to
illustrate the presence of the oxalates within the layers as well
as a bridge between the layers. This dual functionality of the
oxalate units, in the Zn oxalate, gives rise to an elliptical
aperture made by the linkages between 10 Zn and 10 oxalate
units within the same plane, with the other oxalate unit
connecting the elliptical pores such that two such rings are
perpendicular to each other (Figure 10bottom).

Figure 10. Top: Structure showing the two types of oxalate units in a zinc
oxalate. Note that one of zinc atoms is coordinated to two oxalate units
going out of plane leading to three-dimensional connectivity. Bottom:
Three-dimensional zinc oxalate structure showing the channels formed by
the oxalate units. Note the presence of two types of oxalate units (in-plane
and out-of-plane).

The coordination environment of iron atoms in phosphates
and oxalates also presents an interesting comparison. While in
most of the phosphate-based open-framework structures iron
is essentially either five- or six-coordinate, forming a trigonal
bipyramidal FeOjs or octahedral FeOy as the building units, in
oxalates"™ and phosphate —oxalates*”! including the present
solids, iron is present exclusively in an octahedral environ-
ment. We believe that this is because the average charge per
oxygen atom on the oxalate (0.5) is less than that on the
phosphate (0.75), so that more oxalate oxygen atoms are
needed to satisfy the valence of iron.

Magnetic susceptibility measurements indicate strong anti-
ferromagnetic interactions in I-IV, with the Neel temper-
ature in the range 25-40K (Figure 11). The magnetic
behavior above the ordering temperature obeys Curie—
Weiss behavior. The various magnetic parameters are given
in Table 5. The p.; calculated from the Curie—Weiss law

Chem. Eur. J. 2000, 6, No. 7
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Figure 11. Temperature dependence of magnetic susceptibility for com-
pounds I-TV. Inset shows inverse of the susceptibility.

Table 5. Magnetic parameters for compounds I-IV.

Compound Op Ty [K] et

1 —63.1 30 5.73
I —90.9 40 6.15
I —88.8 25 6.13
v -923 25 6.01

shows that iron is present in the high-spin state in all the
compounds.

Thermogravimetric analysis (TGA) of I-IV was carried
out in flowing nitrogen in the range 30-700°C. Compounds I
and II showed three steps of decomposition. The first mass
loss occurring at 150°C (4% for I and 8.3% for II)
corresponds to the loss of free water molecule (caled 4.04 %
for I and 7.8 % for II), the second mass loss of about 23 % in
the range 220-290°C corresponds to the loss of bound water
and oxalate molecules (caled 24.3% for I and 23.3 % for II),
and the final mass loss of 4% in the region 300-350°C
corresponds to the loss of the OH group (caled 3.9 % for I and
3.88% for II). In III and IV, the mass loss occurs in two steps
with the second step having a large tail. For III, the mass loss
of 9.8% occurring at 170°C corresponds to the loss of free
water (calcd 10.2 %), and the second total mass loss including
the tail of 33.3% occurring in the temperature range 250—
550°C corresponds to the loss of oxalate and amine (calcd
31%). In the case of IV, the mass loss of 8.7% occurring at
140°C corresponds to the loss of free water (caled 10.1%),
and the second mass loss including the tail of 34.4% in the
temperature range 300-600°C corresponds to the loss of
oxalate and the amine (calcd 32.1 % ). In all the cases, the final
decomposed products were poorly crystalline and showed
broad X-ray diffraction lines that correspond to the con-
densed iron phosphate FePO, [JCPDS: 29-0715].

Conclusion

Four new iron phosphate —oxalates belonging to the hybrid
inorganic—organic family of open-framework structures have
been synthesized hydrothermally in the presence of structure-
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directing amines. Compounds III and IV are formed with the
amine molecules within the framework, but I and II are
devoid of the amines. All the compounds have the oxalate unit
acting as the bridge between the layers. The layers in I and II
are purely inorganic (formed only FeO4 and PO, units),
whereas III and IV have hybrid layers containing oxalate units
in addition to FeO4 and PO, moieties. Such a dual role of the
oxalate unit is noteworthy. The formation of two types of
inorganic layers in I and II suggest that the interconversions
between the various sizes are facilitated by small energy
changes. The observation of antiferromagnetic interactions in
all the compounds shows that superexchange is facilitated
through the phosphate and oxalate moieties. It would be
worthwhile exploring the possibility of introducing other
magnetic elements such as cobalt, and manganese as part of
the iron phosphate —oxalate framework, to obtain materials
with novel magnetic properties. Work on this theme is
currently in progress and our initial results indicate that one
can indeed form such hetero-substituted frameworks.

Table 6. Synthesis conditions and analysis for compounds I-IV.

Experimental Section

Synthesis and initial characterization: The iron oxalate — phosphates I-TV
were prepared under mild hydro/solvothermal conditions starting from a
mixture of FeCl;, H;PO,, and oxalic acid with an organic amine. The
synthetic conditions are presented in Table 6. The starting mixtures were
stirred to attain homogeneity and then sealed in 30 mL polypropylene
bottles. All the chemicals were purchased from Aldrich and were used
without any further purification. The initial pH of the mixture was 2.0 and
the fill-factor was ~40 %. The mixtures after the heat treatments did not
show any appreciable change in the pH (2.0). The reaction led to the
formation of large quantities of transparent colorless rodlike (I), pale pink
octahedral (II), and platelike (III and IV) crystals. The yields of the
products were 20 (I), 60 (II), 50 (III), and 45% (IV), respectively. These
crystals were used for all further studies. Initial characterization was carried
out by subjecting the materials to powder X-ray diffraction (XRD), as well
as to different forms of analysis, including thermogravimetric analysis
(TGA), energy dispersive X-ray analysis (EDAX), and IR spectroscopy.
XRD patterns on the powdered crystals indicated that the products were
new; the patterns were entirely consistent with the structures determined
by single-crystal X-ray diffraction. TGA studies revealed the content of
water and oxalate in I and IT and that of the oxalate and amine in IIT and IV.
EDAX analysis gave the metal:phosphorus ratios. Infrared spectra showed

Synthetic conditions Analysis Composition
EDAX TGA
Mole ratio Temp [°C] Time [h] Fe/P  Free Bound H,0,
H,O0[%] oxalate +
amine [% ]
FeCl;:2H,PO,:H,C,0,-2H,0:CHA:122H,0 110 120 1:1 4 27 [Fe,(H,0),(HPO,),(C,0,)] - H,O (I)
FeCl;:2H,PO,:H,C,0,-2H,0:CHA:122H,0 110 220 1:1 83 27 [Fe,(H,0),(HPO,),(C,0,)] - H,O (II)
FeCl;:6H,PO,:H,C,0,-2H,0:21,3-DAP:200H,0 110 96 1:1 9.8 333 [CsNLH ;] [Fe,(HPO,),(C,0,), 5],(IIT)
FeCl;:2H,PO,:H,C,0,-2H,0:1,3-DAHP:200H,0 110 144 1:1 8.7 344 [CN,OH,,][Fe,(HPO,),(C,0,), 5], (IV)

Table 7. Crystal data and structure refinement parameters for compounds I-IV.

I I I v
empirical formula Fe,P,0,5C,Hg Fe,P,0,,CH,, Fe,P,03,CoN,Hyg Fe,P,0;5CN,Hyg
crystal system monoclinic monoclinic monoclinic monoclinic
space group P2,/c P2,/c P2,/n P2,/n
crystal size [mm] 0.08 x 0.1 x0.16 0.08 x 0.12 x 0.16 0.08 x 0.12 x 0.16 0.08 x 0.12 x 0.16
a[A] 4.840(2) 7.211(1) 9.214(1) 9.266(1)
b [A] 17.571(6) 9.294(1) 15.201(2) 15.204(1)
c[A] 7.342(4) 9.567(1) 12.046(1) 11.984(1)
A 1°] 106.6(1) 103.4(1) 101.9(1) 102.2(1)
volume [A3] 598.5(4) 623.8(1) 1650.9(3) 1650.5(2)
V4 4 4 4 4
formula mass 445.7 463.7 527.7 5357
Peaiea [gem ™3] 1.930 1.852 2.152 2.152
A (Moy,) [A] 0.71073 0.71073 0.71073 0.71073
u [mm~1] 2.093 2.008 2.045 2.044
0 range [°] 2.32-2325 2.90-23.33 2.19-2331 2.19-23.29
total data collected 2410 2532 6765 6801
index ranges —5<h<5,-18<k<19, —8<h<7,-10<k<6, —-10<h<10, —16 <k <13, —10<h<9, —16<k<16,
—4<1<8 -10<1<10 —-11<1<13 —-7<1<13
unique data 857 894 2387 2370
observed data (o> 20([)) 781 747 1533 1617

refinement method

Rierg
R indexes [I>20()]

full-matrix
least-squares on |F? |

0.04

R=0.03,"1 wR,=0.06"!

full-matrix
least-squares on |F?|

0.03

R=0.03, wR,=0.08

full-matrix
least-squares on |F? |

0.08

R=0.06, wR,=0.14

full-matrix
least-squares on |F? |

0.08

R=0.08, wR,=0.18

goodness of fit (S) 1.11 1.13 1.04 1.14
no. of variables 118 117 232 236
largest difference map peak 0.455/ —0.402 0.360/ —0.422 1.408/ —0.711 1.547/ - 0.734

and hole [e A3

[a] R\ =Z||Fy| = | F.||/Z]| Fy|. [b] wR,={Z[w(F2 — F2)*JIZ[w(F2)* 1}'*, w=1/[0?(F,)* + (aP)* + bP], P=[max.(F2,0) +2(F.)*]/3, where a =0.0239 and b =1.1632
for I, a=0.049 and b=0.0 for II, a=0.9 and b=0.0 for III and a=0.0423 and b=233.461 for IV.
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the absence of the amine in I and II. The results of the analysis on the
synthesized products are presented in Table 6. The composition of the
various iron phosphate—oxalates were calculated to be as follows: I,
Fez(HzO)z(HPO4)z(C204)'HzO, II, Fez(Hzo)z(HPO4)z(Czo4)'2H207 I,
[CNH, [ (Feo(HPO,)(C04)15],  and IV, [GN,OH,,|[ (Fe,(HPO,),-
(C)O4)15),. These compositions exactly agree with those derived from
X-ray crystallography. Compositionally I and II are similar except for the
water of hydration. Structures of III and IV differ with respect to the
composition of the amine. Magnetic susceptibility measurements on all the
four compounds were carried out in the 30-300 K range using a Lewis coil
magnetometer.

Single-crystal structure determination: A suitable single crystal of each
compound was selected carefully under a polarizing microscope and
mounted at the tip of a glass fiber using cyanoacrylate (superglue) adhesive.
Crystal structure determination by X-ray diffraction was performed on a
Siemens Smart-CCD diffractometer equipped with a normal focus, 2.4 kW
sealed tube X-ray source (Moy, radiation, 1=0.71073 A) operating at
50 kV and 40 mA. A hemisphere of intensity data were collected at room
temperature in 1321 frames with w scans (width of 0.30° and exposure time
of 20 s per frame). The final unit cell constants were determined by a least-
squares fit of 1822 reflections for I, 1681 reflections for II, 2562 reflections
for III, and 2549 reflections for IV in the range 4 <26 <46.5 and are
presented in Table 7.

The structure was solved by direct methods using SHELXS-86'%1 and
difference Fourier syntheses. For compounds I and II, the hydrogen
positions were easily located in the difference Fourier maps and for the
final refinement the hydrogen atom on one of the oxygen atoms [O(7)] was
placed geometrically and held in the riding mode. In the case of III and IV,
both the amine and water molecules were disordered, and the location of
the hydrogen positions for these molecules was not possible. The hydrogen
atoms on the oxygen atoms [O(13), O(14)] were, however, located in the
difference Fourier maps and were placed geometrically and held in the
riding mode. The disorder of the amine molecules in III and IV made it
difficult to refine anisotropically. The last cycles of refinement included
atomic positions, anisotropic thermal parameters for all the non-hydrogen
framework atoms, and isotropic thermal parameters for all the hydrogen
atoms. Full-matrix least-squares structure refinement against |F?| was
carried out using the SHELXTL-PLUS!"” package of programs. Pertinent
refinement parameters are presented in Table 6. Further details of crystal
structure investigations may be obtained from the Fachinformationszen-
trum, Karlsruhe, D-76344, Eggenstein-Leopoldshagen, Germany (fax:
(449)7247-808-666; e-mail: crysdata@fiz-karlsruhe.de) on quoting the
depository numbers CSD-391074 (I), CSD-391075 (II), CSD-391076 (III),
and CSD-391077 (IV).
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Host — Guest Interactions at Self-Assembled Monolayers

of Cyclodextrins on Gold

Marcel W. J. Beulen,!?! Jiirgen Biigler,!” Menno R. de Jong,!*! Ben Lammerink,!?!
Jurriaan Huskens,!*! Holger Schonherr,™ G. Julius Vancso,™ Bernard A. Boukamp,'!
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Abstract: We have developed synthesis
routes for the introduction of short and
long dialkylsulfides onto the primary
side of a-, 3-, and y-cyclodextrins. Mon-
olayers of these cyclodextrin adsorbates
were characterized by electrochemistry,
wettability studies, X-ray photoelectron
spectroscopy (XPS), time-of-flight sec-
ondary ion mass spectrometry (TOF-
SIMS), and atomic force microscopy
(AFM). The differences in thickness
and polarity of the outerface of the
monolayers were measured by electro-
chemistry and wettability studies. On
average about 70 % of the sulfide moi-
eties were used for binding to the gold,

adsorbates adsorb without any bond
breakage. AFM measurements revealed
for f-cyclodextrin monolayers a quasi-
hexagonal lattice with a lattice constant
of 20.6 A, which matches the geomet-
rical size of the adsorbate. The a-cyclo-
dextrin and y-cyclodextrin monolayers
are less ordered. Interactions of the
anionic guests l-anilinonaphthalene-8-
sulfonic acid (1,8-ANS) and 2-(p-tolui-
dinyl)naphthalene-6-sulfonic acid (2,6-
TNS) and the highly ordered monolay-

Keywords: cyclodextrins - electro-
chemistry - host—guest chemistry -
monolayers - supramolecular chem-

ers of heptapodant S-cyclodextrin ad-
sorbates were studied by surface plas-
mon resonance (SPR) and electrochem-
ical impedance spectroscopy. The SPR
measurements clearly showed interac-
tions between a f(-cyclodextrin mono-
layer and 1,8-ANS. Electrochemical im-
pedance spectroscopy measurements
gave high responses even at low guest
concentrations (<5 pum). The association
constant for the binding of 1,8-ANS
(K=289000+13000m7") is considera-
bly higher than the corresponding value
in solution. (Partial) methylation of the
secondary side of the p-cyclodextrin
strongly decreases the binding.

as measured by XPS. Tof-SIMS meas-

. istry
urements showed that the cyclodextrin

Introduction

The use of self-assembled monolayers!! of receptor adsor-
bates in sensor applications requires a high degree of order
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and packing of the monolayer. The order renders the cavities
of the receptors more or less identical for complexation,
whereas the packing of the monolayer minimizes nonspecific
adsorption. Self-assembly on gold is attractive for a number of
reasons. First, clean gold is relatively easy to prepare, because
gold oxide is thermodynamically less stable than metallic
gold. Second, large, flat Au(111) surfaces can be easily
prepared. Third, the gold layer also serves as the working
electrode in electrochemical techniques, such as cyclic vol-
tammetry and impedance spectroscopy, is used in surface
plasmon resonance measurements, and is compatible with
quartz crystal microbalance and surface acoustic wave set-ups.
To obtain devices for the transduction of molecular recog-
nition into macroscopic properties, our group has previously
reported the self-assembly of receptor molecules such as
resorcin[4]arene® and crown ether derivatives® on gold.
Interactions of the resorcin[4]arene monolayer with volatile
gases like perchloroethylene were monitored by quartz crystal
microbalance (QCM)®! or surface plasmon resonance
(SPR).I Self-assembled monolayers (SAMs) of crown ether
adsorbates on gold bind metal ions reversibly from aqueous
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solution with a high selectivity, as was shown by electro-
chemical impedance spectroscopy measurements.l!
Cyclodextrins are cyclic oligosaccharides which are formed
by a degradation of starch by Bacillus Macerans.! Cyclo-
dextrins consist of a-D-glucose units and these molecules
contain a hydrophobic cavity. They are attractive host
molecules for sensing purposes, as they can accommodate a
variety of organic guest molecules.’! Sulfur-modified cyclo-
dextrin derivatives have been used previously for the prep-
aration of monolayers on gold by others!® 7 and our group.!!
Although there are some reports on a-cyclodextrin mono-
layers,”! most work has been performed on S-cyclodextrin
monolayers.” # So far there are to our knowledge no reports
of monolayers of higher cyclodextrins (y- or d-cyclodextrin).
For example, Kaifer et al. reported a per-6-deoxy-(6-thio)-£-
cyclodextrin monolayer which can use seven thiol moieties for
binding to the gold surface.? Galla et al. synthesized a 8-
cyclodextrin adsorbate with only one thiol moiety as attach-
ment point.”sl However, recent
molecular dynamic calculations

indicated that cyclodextrin Me OMe
monolayers with only one at-
tachment point are assembled H

into a random, quasi-two-layer 2\0
system rendering only half of o0
the S-cyclodextrins available as

hosts.”l Previously we have

shown that the use of sulfides

instead of thiols for attachment

to a gold surface was more

effective for the preparation of

self-assembled  S-cyclodextrin g
monolayers.®l XPS-S,, meas- 1-3

urements showed that for sul-
fide-based [-cyclodextrins on
average 4.5 out of 7 sulfur
moieties are used for binding
to the gold surface, whereas a
thiol-based f-cyclodextrin adsorbate only utilizes 3.2 out of 7
sulfur moieties. There are only a few reports on the complex-
ation behavior of such fS-cyclodextrin monolayers. Kaifer
et al. described the detection of ferrocene at a -cyclodextrin
monolayer by cyclic voltammetry.”? The complexation of
ferrocene in the f-cyclodextrin cavities was proven by the
linear scaling of the redox current with the scan rate,
characteristic of a surface-confined redox center. Galla et al.
reported the interaction of 1-adamantanecarboxylic acid (1-
ADC) and 2-(p-toluidinyl)naphthalene-6-sulfonic acid (2,6-
TNS) with a S-cyclodextrin monolayer monitored by electro-
chemical impedance spectroscopy measurements. The disor-
der in the monolayer resulted in a two-step adsorption process
which was attributed to the presence of two energetically
different binding sites at the surface.’]

Here we report the synthesis of several a-, §-, and y-
cyclodextrin adsorbates modified with sulfide moieties of
different lengths and with different substitution patterns at
the secondary side, in addition to the full characterization of
the monolayers by various techniques, and host-guest
interactions at these cyclodextrin monolayers monitored by

n =6: 1, --CD-L{OMe),,
n=7:2, B-CD-L-(OMe),,
n =8: 3, y-CD-L-(OMe),¢
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n = 6: 4, a-CD-S-(OMe),,
n=7:5, B-CD-S-(OMe),,
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SPR and electrochemistry. Our goal is to obtain highly
ordered self-assembled monolayers with recognition sites all
exposed to the outer interface.

Results and Discussion

Synthesis of the cyclodextrin adsorbates: Our strategy to
obtain dense, well-packed monolayers of receptor molecules
consists of filling the space underneath the headgroup by alkyl
chains using multiple attachment points.l”) For example, we
equipped a resorcin[4]arene with four sulfide['”) units (4 x
40 A?) to match the size of the cavity headgroup (160 A2).2
The calculated cross sections (A) of cyclodextrin molecules
are approximately 165, 185, and 240 A? for a, B, and y-
cyclodextrin respectively and therefore we have used six (a),
seven (f), and eight (y) dialkyl sulfide moieties for each
cyclodextrin to obtain highly ordered monolayers. Previously

QH OH QMe OH
¢ 3
HG H,C

H N
Yo

3
\H
OMe OMe o
X
n& -
2 \c{'
§O
\s S s
46 8

7

B-CD-L-(OH),4 B-CD-L«OH),(OMe);

n =8: 8, y-CD-S-(OMe)g

we have reported the synthesis and monolayer character-
ization of the S-cyclodextrins 2 and 5.8 It is known that the
complexation behavior of cyclodextrins strongly depends on
the substitution pattern and that permethylation, as in the j3-
cyclodextrins 2 and 5, prevents complexation.!'!l] Therefore, -
cyclodextrin adsorbates with free hydroxy groups at the 2- and
3-positions (7) and with a free hydroxy group at the
2-positions (8) have been synthesized. The dialkyl sulfide
moiety can be coupled to the cyclodextrin core in a very
efficient way by an amide linkage. The -cyclodextrins 7 and 8
were synthesized starting from the corresponding amino
derivatives!'” in a coupling reaction using N,N’-dicyclohex-
ylcarbodiimide (DCC) and N-ethylmorpholine (Scheme 1).
Furthermore, to study the effect of the size of the cyclodextrin
cavity on the properties of the monolayers, the a-cyclo-
dextrins 1 and 4 and y-cyclodextrins 3 and 6 were prepared.
They are equipped with multiple attachment points by a six-
(a) or eightfold (y) 1-(3-dimethylamino)-3-ethylcarbodiimide
hydrochloride (EDC) coupling of the permethylated cyclo-
dextrin with a dialkyl sulfide carboxylic acid. The cyclodextrin
adsorbates 1-8 were obtained in good yields after chromato-

0947-6539/00/0607-1177 $ 17.50+.50/0 1177





FULL PAPER

D. N. Reinhoudt et al.

{CH,),8(CH,),CH,

7 R=H
8 R=Me

9 R=H B-CD-L-(OH),,

10 R=Me B-CD-L-(OH),(OMe),
Scheme 1. Synthesis of cyclodextrin adsorbates. CH;(CH,),;S(CH,),,-
COOH (14), DCC, N-ethylmorpholine, DMF; a) Y=45% (7), b) Y=
54% (8).

graphic purification, and all compounds were fully charac-
terized. For example, the matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectrum of -
cyclodextrin 7 showed a clear peak for [M+Na]*.[®l In
contrast to compounds 2, 5, 7, and 8, for which fragments were
only detected by FAB mass spectrometry, this method gave
one peak for the other cyclodextrins with m/z matching the
[M+Na]* or [M]" ions.

Monolayer characterization: The monolayers of the cyclo-
dextrin adsorbates 1-8 were fully characterized by electro-
chemistry, wettability studies, X-ray photoelectron spectro-
scopy (XPS), time-of-flight secondary ion mass spectrometry
(TOF-SIMS), and atomic force microscopy (AFM). Typical
results are summarized in Table 1. The thickness and capaci-
tance of a monolayer have a reciprocal linear relationship.['"!
As expected, the capacitance measurements performed by
cyclic voltammetry show a large difference in thickness of the
monolayers with short (4-6) and long sulfide units (1-3,
7, 8). Furthermore, the long alkyl chains in the -cyclodextrin
monolayer 2, 7, and 8 result in a much higher charge-transfer
resistance (R¢r) towards the K;Fe(CN)y/K Fe(CN), external
redox couple in comparison with the short alkyl chain (-
cyclodextrin 5 monolayer, and this also reflects the differences
in thickness and in order between the monolayers. Wettability
studies can be used to study the outerface of a monolayer and
provide information on the polarity. The contact angles with
water for the methylated monolayers (1-6) are not very

Table 1. Properties of the self-assembled cyclodextrin monolayers.

different (Table 1), and indicate layers of moderate polarity.
The monolayers of the S-cyclodextrins with free hydroxy
groups at the interface (7 and 8) are hydrophilic and therefore
wetted by water (contact angles <20°). XPS measurements
were used to study the atomic composition of the monolayers
and showed the presence of all elements (C, S, N, O) in fairly
good ratios (Table 1 ). XPS can also be used to determine the
number of sulfur moieties actually used for binding to the gold
surface. For sulfur adsorbates (thiols and sulfides) it is known
that adsorption on gold results in a negative shift of about
1.5 eV for the XPS signal of the S,, electrons (bound sulfur,;,
161.9 eV, unbound sulfur,;, 163.4 eV).® 14 These monolayers
use 60-75 % of their sulfur moieties. The low value of bound
sulfur of 39% obtained for the y-CD-S-(OMe),; monolayer
may result from the rotational freedom of this large cyclo-
dextrin adsorbate. TOF-SIMS is a mass spectrometry techni-
que that uses mild ionization and therefore mainly detects
unfragmented species. As an example the positive SIMS
spectrum of a-CD-S-(OMe),, is shown in Figure 1. The
presence of clear peaks at 1945-1952 [M+Au]" and 1898 —
1903 [M+Au — SMe]" proves the surface confinement of this
adsorbate.[d]

[M+Au]"
600
counts
400
200 [M+Au-SMef
0 Asit, _}\4 L
1200 1400 1600 1800 2000

amu
Figure 1. Positive SIMS spectra for a-CD-S-(OMe),, monolayer.

The characterization of the cyclodextrin monolayers with
the techniques described above provides a wealth of informa-
tion about the structure and properties of these monolayers.
In addition, we investigated the monolayers at the level of
molecular resolution by AFM.[') AFM measurements can
provide information on the packing of the molecules.'” For
monolayers of the cyclodextrins 1-3, patterns which con-

sisted of parallel lines were
observed in the AFM images.
The spacing was found to be

175+12 A, 184+18A, and

SAM 0./6, Cur Rer XPS-C/S XPS-S,, ; T
[0, (WFem?)™ [k [found/caled]  [%S bound]t ?gl‘t/[ i)l-3 A, ; é‘l’)r . (‘)‘O;ID)L
€)2s -CD-L- €)1
a-CD-L-(OMe),, 1 87/62 41 n. d.a 34132 70 and y-CD-L-(OMe),q. respec-
B-CD-L-(OMe),, 2 81/58 25 48 34/32 66 elv (hi 16> E
»-CD-L-(OMe), 3 85/58 33 n.d 2432 60 tively (histograms, see Fig-
a-CD-$-(OMe),, 4 79/48 9.1 n. . 8/12 58 ure 2a—c). The parallel lines
B-CD-S-(OMe),, 5 78/55 9.6 5 14/12 64 are assigned to rows of unre-
7-CD-S-(OMe); 6 76/45 8.5 n.df 1712 39 solved adsorbate molecules.
B-CD-L-(OH),, 7 <20 2.6 49 30/30 67 -
B-CD-L-(OH),(OMe), 8 <20 27 67 1531 73 The values for the repeat dis

[a] Advancing (6,) and receding (6,) contact angles of the monolayer with water. [b] Capacitance of the
monolayer determined by cyclic voltammetry at a scan rate of 0.1 Vs~'. [c] Charge-transfer resistance of the
monolayer determined by fitting the impedance data to an equivalent circuit (see Experimental Section). [d] Not
determined. [e] Percentage of sulfurs used by the adsorbates for binding to the gold surface. The experimental
XPS-(S,,) curves were fitted to four peaks (both S,;, and S,,,, bound and unbound).
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tances are quantitatively in
accordance with the differen-
ces in size between the adsor-
bates. As an example, a friction
mode AFM image of the f-
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Figure 2. AFM data of cyclodextrin self-assembled monolayers. (a—c) Histograms of the distances of parallel
lines in the AFM images of a-CD-L-(OMe);,, f-CD-L-(OMe),,, and y-CD-L-(OMe),; monolayers. d) AFM
image of the -CD-L-(OMe),, monolayer in the contact mode. e) Autocorrelation-filtered AFM image of the j-
CD-L-(OMe),, monolayer, taken form an ordered area. f) Histogram of the repeat distances observed for the j-

CD-L-(OMe),, monolayer.

CD-L-(OMe),, monolayer is shown in Figure 2d. Parallel 210

lines are clearly resolved in the center of the image. Only for
SAMs of -CD-L-(OMe),, could the lattice be resolved. An
autocorrelation filtered AFM height image of a §-CD-L-
(OMe),;, monolayer reveals a quasihexagonal lattice (Fig-
ure 2e). A lattice constant of 20.6 +1.3 A was obtained by
averaging the constants in the three directions of symmetry
(Figure 2f). This distance matches the geometric size of the
adsorbate. In addition, the corresponding angle of this
hexagonal lattice is 60.6 £3.6°, in accordance with the
theoretical value of 60° for this lattice. For monolayers of a-
CD-L-(OMe),, and y-CD-L-(OMe); less order in the mono-
layer was observed by AFM (vide supra), and therefore no
lattice constants could be determined. However, the parallel
lines can be tentatively interpreted as rows of adsorbate
molecules.

The characterization of the cyclodextrin monolayers de-
scribed above shows that highly ordered monolayers were
formed which expose their cavities to the outerface of the
monolayer. In the next paragraph interactions of the f-
cyclodextrin cavities with guests from solution will be
described.

Interactions at self-assembled fS-cyclodextrin monolayers:
SPR and electrochemical impedance spectroscopy were
used to monitor host—guest interactions at self-assembled
monolayers of the S-cyclodextrin derivatives 2, 7, and 8.
The complexation at the $-cyclodextrin monolayers 2 and 7
of a guest 11 (1-anilinonaphthalene-8-sulfonic acid: 1,8-ANS;
see Figure 4 for chemical structures)'®! that is known to form
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3, p-C0-LA DM,

-—

a complex with S-cyclodextrin

B d=4ai13A was investigated by SPR. This is
E_-a a technique where changes in
"E : the refractive index and thick-
ness near an interface can read-

4 ily be detected. Experimentally,
the ‘plasmon resonance angle’

2 is determined, which is the
0 angle under which light, reflect-

ed at a prism/metal interface in
the so-called Kretschmann con-
figuration, exhibits a minimum
in the reflectance. The change
of the plasmon angle during a
surface binding experiment is
proportional to the amount of
material bound to the sur-
5 face.'”! The SPR-curve of the
p-CD-L-(OH),, monolayer is
shown in Figure 3a. After ad-
dition of 1,8-ANS (200 um) the
angle at the minimum in reflec-
tion shifted to a slightly higher
value (0,0 =>57.01°t0 0,5 ans =
57.08°; see Figure 3b), in corre-
spondence with a thicker mon-
olayer as a result of complex-
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Figure 3. SPR measurements on the [-CD-L-(OH);, (7) monolayer.
a) Total SPR curve. b) Shift in minimum of reflectance upon the addition
of 1,8-ANS (200 um). ¢) Change in reflectance at 6 =55.85° monitored by
kinetic SPR measurements by adding and washing away the guest 1,8-ANS.

ation. The addition of the guest 1,8-ANS (200 um) to the -
CD-L-(OMe),, monolayer resulted in no observable shift of
the plasmon angle. Kinetic SPR measurements were per-
formed at a fixed angle of 6 =55.85°. In this part of the SPR-
curve the reflectance changes linearly with the angle of
incidence (Figure 3a).?% The change in reflectance for the -
CD-L-(OH),, monolayer upon the addition of the guest 1,8-
ANS (200 um) is about 1.5-2 %, and reversible (Figure 3c). It
is obvious from Figure 3c that there was some baseline drift
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during the measurements. On the contrary, addition of the
guest 1,8-ANS to the 5-CD-L-(OEM),, monolayer resulted in
changes in reflectivity which are smaller than 0.5%. These
SPR measurements show that the guest 1,8-ANS interacts
with the [-CD-L-(OH),, monolayer, but the measured
changes are quite small. Therefore, we used electrochemical
impedance measurements (EIS) to monitor the complexation
more quantitatively.

The complexation at the S-cyclodextrin monolayers 2, 7,
and 8 of the guests 1-anilinonaphthalene-8-sulfonic acid (1,8-
ANS, 11) and 2-(p-toluidinyl)naphthalene-6-sulfonic acid
(2,6-TNS, 12)I'81 was studied by EIS with the negatively
charged Fe(CN)¢*~/Fe(CN)4*~ as the reporter redox couple.!]
The response curves of the $-CD-L-(OH),, monolayer for
these guests are shown in Figure 4. The initial value of the

11 12
1,8-ANS 2,6-TNS

350 2,6-TNS
300
250
2007 1,8-ANS

150
Rer (kQ2)
100

50 4

0 25 50 75 100 125

¢ (uM)
Figure 4. Dependence of the Rqpof the 5-CD-L-(OH),, monolayer on the
concentration of anionic guests obtained by electrochemical impedance
spectroscopy measurements. The solid line for 1,8-ANS is a fitted Langmuir
isotherm, whereas the solid line shown for 2,6-TNS is merely added to
guide the eye.

charge-transfer resistance (Rcy) of the 5-CD-L-(OH),, mono-
layer of 49.2 kQ is high, indicating a highly ordered mono-
layer, that blocks the redox current effectively.’” Binding of
the anionic guests to the -cyclodextrin monolayer results in
an increase of Rqr by electrostatic repulsion between the
sulfonic anions and the Fe(CN)g*~/Fe(CN)4*~ redox couple.
Even at very low concentrations of guests, for example
addition of 5um of 1,8-ANS or 2,6-TNS, the Rqr more than
doubled. Furthermore, the titration curve of 1,8-ANS levels
off at a concentration of about 120 um, as a result of saturation
of the monolayer. The cavities of the S-cyclodextrin mono-
layer can be modeled as a set of parallel resistances as shown
in Equation (1), in which R.r=measured charge-transfer
Rm=<170+ 0 )*‘ M
: R, R

max
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resistance; R, = charge-transfer resistance of a ‘bare’ -cyclo-
dextrin monolayer; R, = charge-transfer resistance of a f3-
cyclodextrin monolayer with all cavities filled by a guest and
6 =the fraction of the cavities which are filled with a guest
molecule.

The experimental R data of 1,8-ANS were fitted to a
Langmuir isotherm [Eq. (2)] using Equation (3).?> % Where
R, was experimentally determined as 49.2kQ, ¢ is the

(@]

RCT:(1<1 fK) <1f1<>)l )

+
Ry R

max

concentration of guest in solution (M), and parameters K,
(association constant) and R,,, are obtained from the non-
linear least squares fit.

This fitted Langmuir isotherm (Figure 4; > =0.9989, R,,,, =
246.3+3.0Q) gave for 1,8-ANS at the [-CD-L-(OH),
monolayer an association constant K of 289000 £ 13000M},
which corresponds to a complexation energy of — 74 kcal
mol~L This free energy of binding is considerably higher than
measured in solution for B-CD (—2.7 kcalmol!).'8! This
might be caused by a different microenvironment of the
receptor at the interface and a different diffusional freedom of
the cavities.

Studies on the complexation of 2,6-TNS at the -CD-L-
(OH),4 monolayer were obscured by the low solubility of this
guest in water. Therefore the measurements were performed
in the presence of small amounts of ethanol in the aqueous
electrolyte solution (e.g. 2% at 100 um 2,6-TNS). We exper-
imentally determined that ethanol already has a slight,
increasing effect on the Rqr of a S-cyclodextrin monolayer.
The association constant of the host —guest complex will also
be influenced, rendering the extraction of thermodynamic data
from the 2,6-TNS curve in Figure 4 virtually impossible.?*

Permethylation at the secondary side of f-cyclodextrin
breaks the hydrogen-bond arrays, reduces rigidity, and there-
fore leads to partial collapse of the cavity. Methylation at only
the 2-position significantly influences the complexation
properties of B-cyclodextrin.'l' The influence of partial
methylation and permethylation on the response towards
1,8-ANS was studied with the -cyclodextrin monolayers 2, 7,
and 8 (bar graph of Figure 5). For the partially methylated j-
CD-L-(OH),(OMe), monolayer a fairly high response with
1,8-ANS (5 um) was also measured. The permethylated 5-CD-
L-(OMe),, monolayer does not complex 1,8-ANS at all. These
impedance measurements show that the influence of methyl-
ation on complexation is the same on a monolayer as in
solution. A reference monolayer of 11-hydroxyundecanethiol
(13) has hardly any interactions with 1,8-ANS, which is a
strong indication that the guests complex in the -cyclodextrin
cavities.?!

The electrochemical measurements show that these S-
cyclodextrin monolayers can detect low concentrations of
guests and that there is a large influence of the substitution
pattern at the secondary side of the S-cyclodextrin adsorbates
on this complexation behavior.
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Figure 5. Relative change in Rqp for monolayers of 5-CD-L-(OMe),, (2),
p-CD-L-(OH),, (7), f-CD-L-(OH);(OMe); (8), and 11-hydroxy-undeca-
nethiol (13) upon the addition of 5um (2, 7, and 8) and 100 um (13) of 1,8-
ANS.

Conclusion

Highly ordered self-assembled monolayers with recognition
properties can be achieved by molecular design. Our strategy
uses adsorbates with multiple attachment points to fill the
space underneath the headgroup. This strategy resulted in
highly ordered a-, -, and y-cyclodextrin self-assembled
monolayers. This order minimizes nonspecific interactions
and leads to well-defined host—guest interactions, as shown
for 1,8-ANS with a very high binding constant.

Experimental Section

Materials: a-Cyclodextrin, (-cyclodextrin, and y-cyclodextrin were a
generous gift of Wacker-Chemie GmbH, Miinchen, Germany and were
dried prior to use. All other chemicals were used as received, unless
otherwise stated. Solvents were purified according to standard laboratory
methods.l All reactions were carried out in an inert atmosphere. NMR
spectra were taken on a 300 MHz spectrometer, using residual solvent
protons or TMS as internal standard. TLC was performed on aluminum
sheets precoated with silica gel 60 F,s, (E. Merck). The cyclodextrin spots
were visualized by dipping the sheets in 5% sulfuric acid in ethanol
followed by heating. Chromatographic separations were performed on
silica gel 60 (E. Merck, 0.040-0.063 mm, 230 -240 mesh). Melting points
were uncorrected. Matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectrometry was carried out using a perseptive
biosystems voyager-de-rp MALDI-TOF mass spectrometer. FAB mass
spectra were obtained with a Finnigan MAT 90 spectrometer. For MALDI-
TOF mass spectrometry a-cyano-4-hydroxycinnamic acid and for FAB
mass spectrometry m-nitrobenzyl alcohol were used as the matrix. We have
previously described the synthesis of heptakis{6-O-[12-(thiododecyl)dode-
canoyl]-2,3-di-O-methyl}-S-cyclodextrin (2) and heptakis{6-O-[3-(thiome-
thyl)propionyl]-2,3-di-O-methyl}-B-cyclodextrin (5).¥l Heptakis(6-deoxy-
6-amino)--cyclodextrin (9) and heptakis(2-O-methyl-6-deoxy-6-amino)-
B-cyclodextrin (10), were prepared according to literature procedures!'?!
and were vacuum-dried over P,Os at 80°C for 1 d before use. The dialkyl
sulfide carboxylic acid 14, CH;(CH,),;S(CH,),;COOH, was synthesized
according to literature procedures.?”!

The a-cyclodextrins 1 and 4, and y-cyclodextrins 3 and 6 were prepared
analogously to the synthesis described for the S-cyclodextrins 2 and 5.1
Selected spectral data:
Hexakis{6-0-[12-(thiododecyl)dodecanoyl]-2,3-di-O-methyl}-a-cyclodex-
trin (1): Yield=20%; 'H NMR (CDCl;): 6 =4.96 (s, 6H), 4.41-4.28 (m,
12H), 3.94-3.88 (m, 6 H), 3.63-3.49 (m, 48H), 3.14-3.09 (m, 6 H), 2.47 (t,
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3J(HH) =73 Hz, 24H), 2.31-2.26 (m, 12H), 1.58—1.49 (m, 42H), 1.35-
1.19 (m, 186 H), 0.86 (t, 3/(H,H) =6.6 Hz, 18H); *C NMR (CDCL): 6 =
173.0,99.8, 82.3, 82.0, 81.3, 70.0, 62.9, 61.8, 58.2, 34.1, 32.2, 31.9, 29.8-29.0,
25.0,22.7, 14.1; MS (FAB): m/z: 3458.6 ([M+Nal*, calcd: 3458.5).

Octakis{6-O-[12-(thiododecyl)dodecanoyl]-2,3-di-O-methyl}-y-cyclodex-
trin (3): Yield=66%; '"H NMR (CDCl;): 6 =5.15 (s, 8H), 4.41-4.25 (m,
16H), 3.85-3.83 (m, 8H), 3.64-3.52 (m, 64H), 3.17-3.14 (m, 8H), 2.48 (t,
3J(H,H) =7.3 Hz, 32H), 2.34-2.27 (m, 16H), 1.69-1.53 (m, 56 H), 1.35—
1.19 (m, 248H), 0.86 (t, *J(H,H) =6.6 Hz, 28 H); 3*C NMR (CDCl;): 6 =
172.9, 97.9, 82.0, 81.7, 78.7, 69.6, 62.7, 61.1, 59.0, 34.1, 32.2, 31.9, 29.8-29.0,
25.0,22.7, 14.1; MS (FAB): m/z: 4582.4 ([M]*, calcd: 4582.3).

Hexakis{6-O-[3-(thiomethyl)propionyl]-2,3-di-O-methyl}-a-cyclodextrin
(4): Yield=93%; 'H NMR (CDCL): 6=5.00 (d, 3/(H,H) =3.1 Hz, 6H),
4.44-4.32 (m, 12H), 3.94-3.93 (m, 6H), 3.63-3.50 (m, 48H), 3.17-3.11
(m, 6H), 2.74-2.65 (m, 24H), 2.10 (s, 18 H); *C NMR (CDCl;): 6 =171.4,
99.9, 82.4, 81.9, 81.2, 69.9, 63.5, 61.8, 58.2, 34.3, 29.0, 15.5; MS (FAB): m/z:
1775.8 ([M+Na]*, caled: 1775.6).

Octakis{6-O-[3-(thiomethyl)propionyl]-2,3-di-O-methyl}-y-cyclodextrin
(6): Yield=85%; 'H NMR (CDClL,): 6 =5.13 (d, 3J(H,H) =3.4 Hz, 8H),
4.46-4.27 (m, 16H), 3.87-3.85 (m, 8H), 3.64-3.52 (m, 64H), 3.19-3.14
(m, 8H), 2.75-2.66 (m, 32H), 2.10 (s, 24 H); *C NMR (CDCl;): 6 =171.4,
98.4,81.8,79.3,69.6,63.3,61.3,59.1, 34.4, 28.9, 15.5; MS (FAB): m/z:2337.9
([M]", caled: 2337.8); 2361.3 ([M+Na]*, calced: 2360.8).

Heptakis{6-deoxy-6-[12-(thiododecyl)undecanamido]}-f-cyclodextrin (7):
A solution of 12-(thiododecyl)undecanoic acid (14, 0.63 g, 1.56 mmol) and
1-hydroxybenzotriazol monohydrate (0.23 g, 1.67 mmol) in DMF (10 mL)
was cooled to 0°C and N,N'-dicyclohexylcarbodiimide (0.32 g, 1.57 mmol)
was added. Stirring was continued for 1h at 0°C and 1h at room
temperature. Subsequently, a slurry of heptakis(6-deoxy-6-amino)-{-cyclo-
dextrin (9, 0.25 g, 0.22 mmol) and N-ethylmorpholine (0.20 mL, 1.56 mmol)
in DMF (10 mL) was added and stirring was continued for two days at room
temperature. The solvent was removed in vacuo and the residue was
partitioned in water/brine (S0 mL; 1/1 v/v) and petroleum ether 60/80
(50 mL). The aqueous layer was extracted with petroleum ether 60/80 ((3 x
50 mL). After drying the combined organic layers (MgSO,) and filtration,
the solvent was evaporated to give an off-white powder. The crude product
was purified twice by flash chromatography (eluent: CH,Cl,/methanol,
gradient 0-5% v/v%) to give cyclodextrin 7 as a colorless solid (0.38 g,
0.10 mmol, 45%). TLC: R;=0.56 (CH,Cl,/MeOH 30% v/v); '"H NMR
(CDCL): 6 =709 (s, 7H), 6.57 (s, 7H), 5.13 (s, 7H), 4.80 (s, 7H), 3.92-3.11
(m, 42H), 2.42 (t, 3J(H,H) =7.5 Hz, 28 H), 2.13 (m, 14H), 1.52-1.47 (m,
42H), 1.41-1.11 (m, 224H), 0.81 (t, 3/(H,H)=6.5 Hz, 21H); C NMR
(CDCL): 6=1742, 102.5, 84.3, 73.4, 71.1, 54.3, 43.1, 372, 36.4, 32.2, 31.9,
29.7, 29.6, 29.5, 29.3, 29.0, 26.0, 22.7, 14.2; MS (MALDI-TOF) m/z: 3732
([M +Na]*, calcd: 3732); elemental analysis calcd. for C,y;HzgsN;,O035S5 -5
H,O (%): C 64.18, H10.48, N 2.58, S 5.91; found: C 64.54, H 10.23, N 2.67, S
5.70.

Heptakis{2-O-methyl-6-deoxy-6-[ 12-(thiododecyl)undecanamido]}-f3-cy-
clodextrin (8): Analogously to the preparation of S-cyclodextrin 7,
heptakis(2-O-methyl-6-deoxy-6-amino)-j-cyclodextrin (10, 0.25 g,
0.20 mmol), N-ethylmorpholine (0.18 mL, 1.41 mmol), N,N'-dicyclohexyl-
carbodiimide (0.30 g, 1.43 mmol), 12-(thiododecyl)undecanoic acid (14,
0.57 g, 1.41 mmol), and 1-hydroxybenzotriazol monohydrate (0.21 g,
1.52 mmol) yielded cyclodextrin 8 as a colorless solid (0.42 g, 0.11 mmol,
54%). TLC: R;=0.27 (CH,Cl,/MeOH 10% v/v); '"H NMR (CDCl;): 6 =
5.09-5.05 (m, 7H), 4.83 (m, 7H), 3.87-3.06 (m, 35H), 3.59 (s, 21H), 3.18
(d, 3/(H.H) =9.3 Hz, 7H), 2.42 (t, /(H,H) =72 Hz, 28 H), 2.11 (m, 14H),
1.90-1.87 (m, 14H), 1.69-1.45 (m, 56 H), 1.29-1.13 (m, 234H), 0.81 (t,
3J(H,H) =6.9 Hz, 21 H); “*CNMR (CDCl,;) 6 =173.5, 100.6, 81.5, 72.4, 60.0,
35.9,31,7,31.4,29.2,29.1, 28.8, 28.5, 25.4, 22.2, 13.6.

Monolayers: Gold substrates: Gold substrates were prepared by evaporat-
ing 200 nm gold on a glass slide of 25 mm diameter with a 2 nm chromium
layer for adhesion. Before use, the gold substrates were cleaned in an
oxygen plasma for 5 min. The resulting oxide layer was removed by leaving
the substrates in EtOH for 10 min.”® For AFM measurements, gold
substrates were purchased from Metallhandel Schréer GmbH, Lienen,
Germany (200 nm gold on 5nm chromium on glass substrates [11 x
11 mm?]). These samples were stored under nitrogen. Prior to use,
substrates were flame annealed with a H, flame (quality 6). The annealing
yielded reproducibly large Au(111) terraces of a few micrometers in size.
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After annealing, the substrates were allowed to cool to room temperature
and transferred with minimal delay to the adsorption solution. For SPR
measurements 50 nm thick gold-coated glass substrates were used.

Monolayer preparation: All glassware used to prepare monolayers was
immersed in piraria at 70°C for 1 h. Warning: piraria solution should be
handled with caution; it can detonate unexpectedly. Next, the glassware
was rinsed with large amounts of high purity water (Millipore). Cleaned
gold substrates were immersed with minimal delay into a 1 mwm adsorbate
solution in EtOH and CHCI; (1:2, v/v) for 16 h. The sulfide monolayers
were prepared at 60°C for 16 h. Subsequently, the substrates were removed
from the solution and rinsed with dichloromethane, ethanol, and water to
remove any physisorbed material.

Monolayer characterization: The advancing and receding contact angles
with water were measured on a Kriiss G10 Contact Angle Measuring
Instrument, equipped with a CCd camera. The contact angle measurements
were measured during the growth and shrinkage of a droplet. The time-of-
flight secondary ion mass spectrometry (TOF-SIMS) spectra were acquired
with a VG IX23LS time-of-flight instrument with a pulsed primary beam of
Ga* ions (30 keV) under ‘static’ conditions. For X-ray photoelectron
spectroscopy (XPS) a VG Escalab 220i-XL instrument was used with a
monochromatic Alg, X-ray source. XPS-data were collected from a surface
area of 150 mm x 150 mm with a pass energy window of 20 eV using 10, 20,
and 10 scans for carbon, sulfur, and oxygen, respectively.’) Electrochem-
ical measurements (cyclic voltammetry and impedance spectroscopy) were
performed on a Autolab PGSTAT10 (ECOCHEMIE, Utrecht, The
Netherlands) in a three electrode system consisting of a gold working
electrode (clamped to the bottom of the cell, exposing a geometric area of
0.44 cm? to the electrolyte solution), a platinum counter electrode, and a
mercurous sulfate reference electrode (+0.61 Viyyg). Cyclic voltammetric
capacitance measurements were conducted in K,SO, (0.1m) between
—0.4 Ve and — 0.3 Vg at scan rates ranging from 0.1 Vs=! to 2.0 Vs—L
Impedance spectroscopy measurements were performed in 1mm
K;Fe(CN)y/K,Fe(CN)g and 0.1m K,SO, at —0.2 Vg with an amplitude
of 5mV using a frequency range from 50 kHz to 0.1 Hz. The charge-
transfer resistance of the monolayer was obtained by fitting the exper-
imental data to an equivalent circuit consisting of the monolayer resistance
parallel with the monolayer capacitance, in series with the solution
resistance.® Good fits were obtained.?" The starting volume of the
electrolyte solution in the electrochemical cell was 60 mL. Guests were
titrated from stock solutions: 1,8-ANS (3.5mm) in an aqueous solution of
K,SO, (0.1m) and K;Fe(CN)¢/K,Fe(CN), (1 mm), and 2,6-TNS (3.0mm) in a
60% EtOH solution. The experimental titration curve of the -CD-L-
(OH),, monolayer was fitted with the program Table Curve V 1.0 by Jandel
Scientific. The AFM measurements were carried out with a Nanoscope I1
and a Nanoscope III AFM (Digital Instruments, Santa Barbara, California,
USA) in the contact mode. AFM scans were performed in water using a
liquid cell. Silicon nitride cantilevers with nominal spring constants of
0.38 Nm~' and 0.06 Nm~! were used. The system was allowed to equilibrate
prior to measurements until no drift was observed, which could last up to
24 hours. For a quantitative analysis of the lattices, ‘up’ and ‘down’ scans
were averaged in order to eliminate thermal drift. The images were
analyzed as reported previously.’!l After multiplication with a calibration
factor,® which takes into account the influence of the sample height on the
measured distances, the observed values were plotted in histograms, and
the average for each of the three directions was calculated. SPR measure-
ments were performed in a so-called Kretschmann configuration by
optically matching the gold substrate with the monolayer to the base of a
90° LaSFNO glass prism (n = 1.85 at A =632.8 nm) using an index matching
oil. The plasmon polaritons were excited at the metal/dielectric interface,
upon total internal reflection of the laser beam (HeNe, A = 632.8 nm, power
5 mW) at the prism base. By varying the angles of incidence of the laser
beam, a plot of reflected intensity as a function of the angle of incidence
was obtained.[”!
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Abstract: A series of polyoxomolyb-
date-incorporated organometallic com-
plexes has been obtained by reaction of
[MBr(CO);s] or solvated {M(CO);}* ions
(M =Mn or Br) with (nBu,N),[Mo,0;]
in methanol, sometimes in the presence
of triols of the type RC(CH,OH); (R=
Me or CH,OH). Their molecular struc-
tures are related to those of previously
described  polyoxoalkoxomolybdates
through the formal replacement of fac-

clusters
{Re(CO)s},]*~

oxometalates -

Introduction

Organometallic derivatives of polyoxometalates now form a
full class of compounds.! Klemperer,?l, Knoth,®] and
Finke*l have pioneered this field which has expanded
steadily since then, mainly due to contributions from the
groups of Klemperer?! and Finke,! and also those of Isobel”!
and Siedle.l¥) The conceptual difference between organo-
metallic compounds supported on and incorporated into a
polyoxometalate has been emphasized by Finke.*!l A third
group of compounds is composed of the organometallic cation
salts of polyoxometalates.’ %71 Polyoxometalate-supported
organometallic complexes provide discrete analogues of
solid-oxide-supported organometallic complexes.># In a
general way, organometallic derivatives of polyoxometalates
are of interest as potential polyoxometalate-based catalysts or
precatalysts. Representative examples include the synthesis of
C,.. carboxylic acids from C, olefins by sequential one-pot
hydroxylation and oxidation steps using [(Ph;P),Rh(CO)],-
[SiW,0,] as a bifunctional catalyst,® oxidation and reduc-
tion catalytic reactions of cyclohexene with [(1,5-cod)-
IrP,WsNb;Og, ¥~ (cod =1,5-cyclooctadiene),®! and selective
oxidation of propene to acetone with vanadate-supported
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{MoO,(OR)}* units by topologically and
equivalent fac-{M(CO);}* units. Repre-
sentative pairs of structurally related and
include
and [Mo,O,,(OMe)4J*-,
[Mo0,0,{MeC(CH,0);},{Mn(CO);}]

Keywords: manganese - molybde-
num - organometallic oxides - poly-
rhenium
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[Mo;04(OMe){MeC(CH,0)5},] ",
[Mo0,0,{HOCH,C(CH,0):,L{Mn(CO)5},]
[Mo,O5(OE),{MeC(CH,0)5},].
[M0s0,4(OMe),{MeC(CH,0);},-

{Mn(CO);L*> and  [MogOy(OMe),-
{MeC(CH,0);},]*~. Although the frame-
works of the majority of derivatives are
based on tetranuclear units which display
the common rhomb-like structure, the
alternative cubane-type arrangement is
observed in [M0,05(OMe)s{M(CO);},]".

[M0,04(OMe),-

rhodium catalysts.’) Although polyoxometalate-based orga-
nometallic compounds are merely a class of organometallic
oxides,') they have been generally reviewed separately
due to their rather specific structures. However as new
structural types are being discovered, the distinction be-
tween classical organometallic oxides and polyoxometalate-
based organometallic compounds is expected to vanish
progressively.

Our entrance in this field stemmed from the study of the
reactions of [MosO;5(OMe),(NO) - with [{Cp*RhCl(u-
Ch},] (Cp*=#%°-CsMes) and [MBr(CO)s] (M=Mn or Re).
The structurally related complexes [MosO3(OMe),(NO)-
(CP*RR(HL,O))] ™ and  [MosO;:(OMe),(NO){M(CO)s-
(H,0)}]>~ ™1 have been isolated and characterized as tetrabu-
tylammonium salts. In addition, it was found that
[Mos0,5(OMe),(NO)]*~ eventually dissociates into smaller
fragments that subsequently combine with organometallic
fragments to give novel aggregates. These observations led us
to investigate the reactivity of [MBr(CO)s] with simple
polyoxomolybdates such as (nBu,N),[M0,0]. As trisalkoxo
ligands of the type {RC(CH,O);}*~ are known to stabilize
trinuclear complexes that may further aggregate to form
higher nuclearity clusters,['* ¥l some reactions were carried
out in the presence of variable amounts of RC(CH,OH);. In
this way we have obtained a number of clusters with different
nuclearities. Their molecular structures have been determined
by single-crystal X-ray diffraction and compared to those of
their parent polyoxo(alkoxo)molybdates. Structural relation-
ships reveal some electronic connections between low-valent
and high-valent complex fragments.
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Results and Discussion

Syntheses: Discrete integrated organometallic oxides, that is
compounds where the organometallic component is incorpo-
rated in the polyoxometal framework, have been obtained in
several ways, including the incorporation of an organometallic
moiety into a lacunary polyoxometalate,? the oxidation of
carbonyl dimers [{Cp*M(CO),},] (M =Wl or Mol'¢*l) and
various aggregation processes triggered by protons and/or
Lewis acids in aqueous or non-aqueous media.>>!7) The
latter strategy has been used throughout this work.

Under nitrogen and in the dark, the reaction of (nBu,N),-
[Mo0,0;] with an equimolar amount of [MnBr(CO)s] in
MeOH yields a crystalline product mostly composed of green
cubic crystals of 1a with a minor amount of red octahedral
crystals of 2. When the reaction is carried out in non-
deoxygenated MeOH, 3 is obtained together with 1a.
[Re(CO);(MeCN);](BF,) also reacts with (nBu,N),[Mo0,05]
in MeOH to give several compounds, of which 1b and 4 have
been isolated.

(nBuyN)[Mo,05(OMe)s{M(CO);},] la: M=Mn, 1b: M=Re

[M0,0,(OMe)s{Mn(CO);},| 2
(nBuyN),[Mn(H,0),{M050,(OMe),Mn(CO);},] 3
(nBuyN),[M0,04(OMe),{Re(CO)s},] 4

Reaction of (nBu,N),[Mo,0;] with [MnBr(CO)s] in MeOH
has been further investigated in the presence of RC(CH,OH);
(R=Me, CH,0OH). The compounds 5, 6a, b, and 7 have been
obtained in this way.

(nBu,N)[Mo0,0,{MeC(CH,0);},{Mn(CO),}] 5

[M0,0,{RC(CH,0);},{Mn(CO);},]  6a: R=Me; 6b: R = CH,OH

(nBuyN),[MogO,,(OMe),{MeC(CH,0);},{Mn(CO)s},| 7

This paper deals with compounds 1, 2, 4, §, 6, and 7. The
anion of 3 contains two {MosO,,(OMe),}*~ moieties structur-
ally related to {MosO,5(OMe),(NO)}*-,['2 each bound to a
{Mn(CO);}* unit by three contiguous donor groups (the two
methoxo groups and one equatorial bridging oxo ligand) and
to a Mn?* center by two axial terminal oxygen atoms. An
improved synthesis and the detailed structure of 3 will be
reported elsewhere.

Oxomethoxo clusters: Compounds 1a and 1b are isostruc-
tural. The clusters [Mo,05(OMe)s{M(CO),},|~ display a
tetrahedral arrangement of the metal atoms (Figure 1). They
formally derive from the clusters [{M(CO);(u-OH)},] M =
Mn,[82 Rel'®*1) by substitution of two {MoO,(OMe)}* units
for {Mn(CO);}* units, one u;-oxo ligand for one u;-hydroxo
ligand, and u;-methoxo ligands for the three remaining us-
hydroxo ligands. The environments of the two molybdenum
atoms in 1 are similar and consist of three oxo ligands—two
terminal and one triply bridging—and three methoxo

Chem. Eur. J. 2000, 6, No. 7
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Figure 1. Structure of the anion of 1a.**l Thermal ellipsoids are shown at
the 12 % probability level.

ligands—one terminal and two triply bridging. Accordingly,
the Mo—O distances lie into four distinct ranges, 1.66 to 1.73 A
for Mo=0,, 1.97 to 2.01 A for Mo—(u;-O), 1.87 to 1.91 A for
Mo—OMe, and 2.26 to 2.38 A for Mo—(u;-OMe) (Table 1).
Given that the Mo—(u3-O) and Mo—OMe distances are not
very different, the molybdenum atoms practically display the
typical two short/two intermediate/two long Mo—O bond
pattern usually observed in polyoxomolybdates.'”] On the
other hand, the environments of the two heterometal centers
(M =Mn or Re) are different, although each of them displays
MO;C; coordination: one is ligated to three carbonyl ligands
and three triply bridging methoxo ligands, while the other is
ligated to three carbonyl ligands, two triply bridging methoxo
ligands, and one triply bridging oxo ligand. This difference
does not translate into significant variations within M—C or
M-O distances. However, as expected, the M—C distances are
longer in 1b (av Re—C 1.87 A) than in 1a (av Mn—C 1.79 A).
In the crystal, the anions [M0,05(OMe)s{M(CO);},]~ possess
an approximate symmetry plane which passes through the M
centers, the triply bridging oxo ligand, and one triply bridging
methoxo ligand. The 'H and *C NMR spectrum of 1a in
CD;COCD; shows that the C, symmetry of the anion is
retained in solution. At least these data indicate that only one
form of 1a is present in CD;COCD;. However it is note-
worthy that the methoxo signals could not be observed in
CD;OD, which could be indicative of exchange between the
complex and the solvent.

Unlike 1, and despite the close connection between the
compositions of these clusters, 2 and the anion of 4 adopt the
rhomb-like structure based on four edge-sharing octa-
hedra common to many tetramolybdates.”” The cluster
[Mo0,04(OMe),{Re(CO);},]*~ (anion of 4, Figure 2) formally
derives from [Mo,0;,(OMe)¢]*~ (anion of 8) [l by substitu-
tion of fac-{Re(CO);}" units for two fac-{MoO,(OR)}" units.

(PPh;Me),[M0,0,,(OMe)] 8

The anions [Mo0,04(OMe),{Re(CO);},]* in 4 (Figure 2) are
located at crystallographic inversion centers. The unique
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Table 1. Selected bond lengths [A] in 1a, 1b, 2, 4, 5, 6b, and 7.

la

Mol1-011 1.692(3) Mo1-012 1.691(3)
Mol-0124 1.978(3) Mo1-0134 2.285(3)
Mo2—-023 1.908(3) Mo2-0123 2.257(3)
Mn3—C31 1.793(5) Mn3—C32 1.777(5)
Mn3—0134 2.054(3) Mn3—0234 2.042(3)
Mn4—C43 1.796(6) Mn4—0124 2.047(3)
013—C13 1.376(7) 023—C23 1.381(7)
C33-033 1.144(6) C41-041 1.157(6)
0123—C123 1.453(5) 0134—C134 1.441(5)
1b

Mol1-011 1.68(2) Mol1-012 1.69(2)
Mol1-0124 2.01(1) Mol1-0134 2.38(1)
Mo2—-023 1.89(2) Mo2—-0123 2.34(1)
Re3—C31 1.84(3) Re3—C32 1.86(3)
Re3—0134 2.17(1) Re3—0234 2.17(1)
Re4—C43 1.91(3) Red—0124 2.10(1)
013—C13 1.43(3) 023—C23 1.41(3)
033—C33 1.16(3) 041-C41 1.15(3)
0123—C123 1.49(2) 0134—C134 1.48(2)
2

Mol-0112 2.252(5) Mol-0112' 2.260(5)
Mol-O111 1.693(5) Mol-011 1.690(5)
Mn2-012 2.046(5) Mn2-C23 1.81(1)
0112-C112 1.477(9) 0120-C120 1.444(9)
023-C23 1.13(1) 021-C21 1.14(1)
4

Rel-012 2.154(8) Rel-021 2.101(9)
Rel-C102 1.88(2) Rel-C103 1.81(2)
Mo2-012 2.247(8) Mo2-012’ 2.392(8)
012-C120 1.47(1) 0101-C101 1.17(2)
0104-C104 1.44(2)

5

Mo1-0123 227(1) Mo1-012 2.19(1)
Mo1-010 1.68(1) Mol-011 1.69(1)
Mo2-023 2.06(1) Mo2-022 1.88(1)
Mn3-0123 2.03(1) Mn3-023 2.05(1)
Mn3—C60 1.79(2) Mn3-C62 1.84(2)
023-C3 1.45(2) 031-C4 1.37(2)
061-C61 1.18(2) 060-C60 1.12(2)
C2-C9 1.52(3) C3-C9 1.56(3)
C6-C10 1.53(3) C7-C10 1.57(3)
6b

Mol-O11 1.967(7) Mol-012' 1.972(7)
Mol-041 1.680(7) Mol-042 1.669(7)
Mn1-015 2.073(6) Mn1-C1 1.83(1)
o1-C1 111(1) 02-C2 1.15(1)
012-C12 1.46(1) 015-C13’ 1.45(1)
C10-C13 1.56(1) C10-C14 1.50(1)
7

Mo1-010 1.799(6) Mol-011 1.684(6)
Mol-0123 2.305(6) Mol-0134 2.201(6)
Mo2-021 1.701(6) Mo2-022 1.706(6)
Mo3-023 1.902(6) Mo3-031 1.699(7)
Mo3—0123 2.269(5) Mo3—0134 2.301(6)
Mn1-0134 2.049(6) Mn1-C41 1.80(1)
014-C5 1.43(1) 034-C4 1.43(1)
043-C43 1.14(1) 0123-C2 1.45(1)
C2-C3 1.53(1) C3-C4 1.54(1)

Mo1-013 1.903(3) Mol-0123 2.285(3)
Mo2-021 1.681(4) Mo2-022 1.694(3)
Mo2-0124 1.969(3) Mo2-0234 2.329(3)
Mn3-C33 1.802(6) Mn3-0123 2.049(3)
Mn4—C41 1.781(6) Mnd—C42 1.787(6)
Mn4-0134 2.044(3) Mnd—0234 2.037(3)
C31-031 1.145(6) C32-032 1.155(6)
C42-042 1.162(7) C43-043 1.149(6)
0234-C234 1.427(6)

Mol-013 1.87(1) Mol-0123 2.29(1)
Mo2-021 1.73(2) Mo2-022 1.66(2)
Mo2-0124 2.00(1) Mo2-0234 2.32(1)
Re3-C33 1.91(2) Re3-0123 2.16(1)
Red—C4l 1.91(3) Red—C42 1.81(3)
Red-0134 2.16(1) Red—0234 2.15(1)
031-C31 1.203) 032-C32 1.17(3)
042-C42 1.213) 043-C43 1.15(3)
0234-C234 1.52(3)

Mol-0120 1.990(5) Mol-012 1.972(5)
Mn2-0112 2.069(5) Mn2-0120/ 2.043(5)
Mn2-C22 1.76(1) Mn2-C21 1.79(1)
012-C12 1.45(1) 022-C22 1.16(1)
Rel-0104 2.110(9) Rel-C101 1.88(2)
Mo2-01 1.705(9) Mo2-02 1.704(9)
Mo2—021 1.810(8) Mo2-0104 2.087(8)
0102-C102 1.17(2) 0103-C103 1.19(2)
Mol-031 2.11(1) Mol-013 1.91(1)
Mo2-0123 225(1) Mo2-012 2.15(1)
Mo02-020 1.69(1) Mo2-021 1.71(2)
Mn3-031 2.03(1) Mn3-C61 1.77(2)
0123-C1 1.44(2) 012-C2 1.44(2)
022-C5 1.41(2) 013-C6 1.39(2)
062-C62 1.14(2) C1-C10 1.57(3)
C4-C9 1.59(3) C5-C10 1.58(3)
C8-C9 1.58(3)

Mol-015 2.260(6) Mol-015' 2.247(6)
Mn1-011 2.053(7) Mn1-012 2.055(7)
Mn1-C2 1.78(1) Mn1-C3 1.79(1)
03-C3 1.16(1) 011-Cl1 1.45(1)
C10-C11 1.52(1) C10-C12 1.54(1)
Cl14-0141 1.39(2) C14-0142 1.20(3)
Mol-012 1.766(5) Mol-014 2.039(5)
Mo2-010’ 1.996(6) Mo2-012 2.215(6)
Mo2-023 1.930(6) Mo2-0123 2.298(5)
Mo3-032 1.699(7) Mo3-034 2.014(6)
Mn1-014 2.017(5) Mn1-034 2.042(7)
Mn1-C42 1.80(1) Mn1-C43 1.80(1)
041-C41 1.12(1) 042-C42 1.14(1)
0134-C134 1.45(1) C1-C3 1.56(1)
3-C5 1.52(1)

molybdenum atom displays the typical two short/two inter-
mediate/two long Mo—O bond pattern. The structural param-
eters of the {Re(CO);}" unit in 4 are similar to those for 1b. A
noteworthy feature of 4, also observed in 8, is the marked
dissymmetry in the Mo,(u;-OMe) bridges. The centro-
symmetrical complex 2 (Figure3) only differs from

1186 —
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[Mo0,04(OMe),{Re(CO);},]* in the substitution of Mn for
Re and that of methoxo ligands for two doubly bridging oxo
ligands. Again the molybdenum atom displays the typical two
short/two intermediate/two long Mo—O bond pattern. How-
ever, the Mo,(u;-OMe) bridges are nearly symmetrical in 2.
The structural parameters of the {Mn(CO);}* unit in 2 are
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Figure 2. Structure of the anion of 4.4 Thermal ellipsoids are shown at
the 12 % probability level.

Figure 3. Structure of 2.l Thermal ellipsoids are shown at the 12%
probability level.

similar to those for 1a. Given the compositions of 2 and
4, the formation of [Mo,0,(OMe)s{Re(CO);},] and
[Mo0,04(OMe){Mn(CO);},]*~ might be anticipated although
these complexes have not be isolated so far.

Oxotrisalkoxo clusters: The discrete trinuclear anion
[Mo0,0,{MeC(CH,0),},{Mn(CO),}]™ in 5 is shown in Figure 4.
Its formation provides a further illustration of the efficacy of
trisalkoxo ligands in stabilizing trinuclear clusters.'*
The structure of this cluster is related to that of
[Mo;04(OMe){MeC(CH,0);},]- (anion of 9)!'! through
the substitution of a fac-{Mn(CO);}* unit for a fac-
{MoO,(OMe)}" unit. Alternatively, this species can be viewed
as deriving from [Mo0,0,{MeC(CH,0)},]*>~ (anion of 10)!4!
by grafting a {Mn(CO);}* unit. The Mo—O distances in 5 get

(nBu,N)[Mo;04(OMe){MeC(CH,0);},] 9
(nBuyN),[M0,0,{MeC(CH,0);},] 10

into four ranges, 1.68 to 1.71 A for terminal oxo ligands, 1.88 to
1.91 A for terminal alkoxo groups, 2.06 to 2.19 A for doubly
bridging alkoxo groups, and 2.25 to 2.27 A for triply bridging
alkoxo groups. The equivalency of the trisalkoxo ligands in
the dinuclear precursor, where they display the wu-x'O:
k'O:k?0 coordination mode is lost in [Mo,0,4MeC(CH,0);},-
{Mn(CO);}]- where one ligand displays the u-x*0:x?0:x20
coordination mode while the second displays the u-x'O:x'O:
k*0 mode. The equivalency is restored on coordination of a

Chem. Eur. J. 2000, 6, No. 7
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Figure 4. Structure of the anion of 5.1 Thermal ellipsoids are shown at
the 12 % probability level.

second {Mn(CO);}" unit, which leads to 6a. The inequivalence
of the trisalkoxo ligands in 5 is clearly apparent in the 'H and
3C NMR spectrum of 5 in CD;CN. NMR data indicate C,
symmetry for the anion as far as the trisalkoxo ligands are
concerned. However the carbonyl ligands appear equivalent,
which could be indicative of some fluxionality.

Both clusters 6a and 6b have been prepared, but only 6b is
sufficiently soluble for recrystallization and characterization
in solution. Crystals with the composition 6b-2THF were
obtained from THF and were analyzed by X-ray diffraction.
The clusters are located at crystallographic inversion centers
(Figure 5). Their structure is similar to that of 11" and other

Figure 5. Structure of 6b.[**] Thermal ellipsoids are shown at the 20%
probability level.
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tetranuclear oxotrisalkoxo complexes of molybdenum and
vanadium, all of which display a rhomb-like structure.
In 6b, as in 11,2V [V,0,(OMe)s{MeC(CH,0)s},],?? and

[Mo,04(OEt),{MeC(CH,0);}] 1

[V.Mo,04(OMe),{HOCH,C(CH,0),},]>,»! the trisalkoxo
ligands cap opposite tetrahedral cavities of the oxometal
framework and thus display the u,-k*:k*:x* coordination
mode. This is the usual situation although the ligand
may also cap a metal octahedron, for example in
[M,0,,{MeC(CH,0);},]>*> (M=Mo or W).2 The 'H NMR
spectrum of 6b in CD;COCD; is consistent with the C
symmetry of the solid-state molecular structure.

In 7, the anions [MogO;4(OMe),{MeC(CH,0);},-
{Mn(CO);},]*~ (Figure 6) are located at crystallographic
inversion centers. The two equivalent halves of the anions
are connected by two nearly linear Mo-O-Mo bridges with an
angle of 162.5(10)°. The full anion is related to
[Mo3O,,(OMe),{MeC(CH,0);},]*~ (anion of 12)! through
the formal replacement of the fac-{MoO,(OMe)}* units by
fac-{Mn(CO);}* units. Both the anions of 7 and 12 are
formally related to the hypothetical cluster [MogO;,]'>~ which
can be derived from the -[MogOy]*~ ion by shearing of the
Mo, subunits parallel to one another." '] The anion of 7 may
also be viewed as the product of the condensation of two
rhombic anions [Mo;Os(OMe){MeC(CH,O);}{Mn(CO);}]*~
by the sharing of two corners. The discrete tetranuclear
subunit is not expected to be fairly stable because the
environment of Mo2 does not fulfill the Lipscomb restric-
tion.?l Dimerization prevents violation of this rule. However
the Mo1-O10-Mo2’ bridge and especially the Mo1-O12-Mo2
bridge are clearly dissymmetrical so that the geometrical
parameters of the Mol-O10-O11-O12 unit (Mol1—0O10
1.81(1), Mo1—011 1.70(2), Mo1—-012 1.73(1) A) are reminis-
cent of those of a unit containing three terminal oxo ligands. A
similar feature is noticeable in 12.%°! The structural parame-

ters for the {Mn(CO);}" unit are similar to those for 1a, 2, 5,
and 6b.

(nBuyN),[MogO,(OMe),{MeC(CH,0)s},] 12

Molecular topology: Clusters 1, 2,4, 5, 6, and 7 are properly
viewed as integrated complexes. However clusters 5 and 6 can
alternatively be viewed as adducts based on the dinuclear
complexes [Mo,0,{RC(CH,0);},]*~ which have been report-
ed for R=NO,." Thus, clusters 5 and 6 may be considered
as integrated complexes as well as polyoxomolybdate-sup-
ported organometallic complexes.

Clusters 1 provide the first examples of discrete mono-
cubane-type polyoxometalate derivatives. The cubane-type
geometry is the alternative to the rhombic geometry for
compact complexes based on four edge-sharing octahedra.*
The cubane-type core is relatively rare in polyoxometalate
structural chemistry although it is quite common for cyclo-
pentadienyl oxide clusters of Groups 5 and 6.['% Cubane-type
{Moy(u3-O),}*" cores may also be found in multiple cubane-
type organometallic oxide clusters,”! and in extended solids.??”)
Additionally, the hydrated lithium tungstate 7Li,WO,-4H,O
is presumed to contain tetrahedral [LiW,0,s]’~ ions?! and a
polyoxoanion-supported organometallic compound com-
posed of a cubane-type [W,O;4]*~ unit capped by six {Ir(1,5-
cod)}* groups has been reported.*] Neither the discrete
tetrahedral species [M040,,(u5-O),]*~ nor the rhomb-like
species [M0,0,,(u-0),(u5-O),]*~ are known, presumably in
part because of the high charge density in these species, and
also because the environments of the four molydenum atoms
in the former, and those of two molybdenum atoms in the
latter, would violate the Lipscomb rule. Derivatization by the
replacement of a terminal oxo ligand by an alkoxo ligand or
by replacement of a fac-{MoQs} group by an equivalent group,
for example fac-{M(CO),}*, prevents violation of the Lips-
comb rule and could lead to the stabilization of both the
cubane and the rhombic structures. The stabilization of the

Figure 6. Structure of the anion of 7.l Thermal ellipsoids are shown at the 20 % probability level.
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clusters 1, 2, 4—7 can be explained in this way. However, it is
not yet clear why 1a was obtained in higher yields than 2,
while the rhomb-like compound 4 was obtained much more
easily than the cubane-type cluster 1b. Structural effects due
to chelating ligands also need to be considered. For instance,
the incorporation of trisalkoxo ligands probably favours the
rhomb-like arrangement over the tetrahedral one in view of
the tendency of these ligands to cap tetrahedral cavities in the
polyoxometalate framework. Further work is needed to
consider the question of structural preferences from all angles.

Electronic connections: As already pointed out, the molec-
ular structures of clusters 2, 5, 6, and 7 are related to
those of [M0,0,,(OMe)4]>~, [M0;04(OMe){MeC(CH,0);},],
[Mo,O4(OE1),{MeC(CH,0);},], and [M03O5(OMe),-
{MeC(CH,O);},]*~, respectively, through the formal substitu-
tion of fac-{Mn(CO),}* units for fac-{MoO,(OR)}* units (R =
Me or Et). Further pairs of structurally related clusters can be
found in the literature. For example, the framework of the
cluster [MosO,,(OMe),(RhCp*),]>~, obtained by the reaction
of (nBu,N),[Mo,0,] with [{Cp*RhCl(u-Cl)},] in MeOH has
been connected with that of the y-[MogO,]*~ ion.’l However
comparison with the [MogO,,(OMe),]*~ ion®) is also appro-
priate, so that [MogO,,(OMe),(RhCp*),]*~ can be formally
derived from [MogO,,(OMe),]*~ by substitution of {RhCp*}**
units for two fac-{MoO,(OMe)}* units. Similarly, the species
[Mo;04(OMe)s(RhCp*)]~, a key intermediate in the forma-
tion of [MogO,)(OMe),(RhCp*),]>~,% can be derived from
[Mo0,0,,(OMe)¢]*~ by replacement of one fac-{MoO,(OMe)}*+
unit by one {RhCp*}** unit. As another example, the
similarity between the polyoxometalate-supported species
[{(OC);Mn}{MosO,4(TiCp)}*~ and [(MoO,C1){MosOs(TiCp)}J*-
(Cp=7°-CsH;) shows some connection between the frag-
ments {Mn(CO);}* and fac-{MoO,CI}*.BU A further example
is provided by the cluster [Mo,04(OMe) {Ru(7°(p-cymene),]
which can be formally derived from [Mo,O;,(OMe)s]*~ by
replacement of two fac-{MoO,(OR’)}* units by {Ru(z°-
(p-cymene)}?t units.’?) Altogether these examples are indi-
cative of an analogy between the fragments d’-fac-{MoO,X}
(X=0, OR, Cl) and d*-fac-{ML;} (M=Mn, Re, Ru, Rh),
where the charge have been omitted for convenience. It is
worth to point out that it has been shown that {Re(CO)} and
{ReO;} are isolobal.?¥l Thus {Re(CO),}* and {WQO,} should
also be isolobal. Electronic connections are not restricted to
conical d° and d® fragments. For instance, there are several
pairs of structurally related clusters where {MoO}**+ units are
replaced by {Mo(NO)}** units, eg. [MosOy]>~,B* and
[M0gO15(NO) P~ [M0330115(H,0) )", and  [Mo030 -
(NO),(H,0),]>~ P [M0,5,0.46,(H,0) 7o H, J¥ 1! and
[M0,5,0,4,0(NO),(OH),5(H,0);,]®*-.*1 The isolobal anal-
ogy between the fragments d’-{MoO}** and d*-{Mo(NO)}**
clearly emerge from the qualitative molecular orbital schemes
of these fragments.[“’]

Conclusion

The results reported here are noteworthy for several reasons.
These clusters provide the first examples of polyoxometalates

Chem. Eur. J. 2000, 6, No. 7

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

incorporating {Mn(CO),}* and {Re(CO);}* units. In addition,
they provide a family of organometallic complexes whose
structures led to the recognition of topological equivalent
organometallic and oxo(alkoxo)metal units. Clusters 1 repre-
sent the first observation of discrete mono-cubane-type
polyoxometalate derivatives, the alternative to the rhombic
structure for compact complexes based on four edge-sharing
octahedra. The latter might not be as favoured as often
assumed, at least when the derivatization of the parent
{M,O,4}% core prevents violation of the Lipscomb rule. The
structural versatility within the field of polyoxometalate
derivatives incorporating d®-{ML;} units is further illustrated
by the cluster [Mo,O4{Ru(p-cymene)},] obtained from
[{(p-cymene)RuCl,},] and sodium molybdate in aqueous
solution.?"!

The reactivity of these novel clusters is currently under
investigation. This work will be extended to assess the
generality of the synthetic approach described here and to
extend the concept of topological equivalent units.

Experimental Section

Materials: (nBu,N),[Mo0,0,],tY [MnBr(CO);],?l and [ReBr(CO)s] 1+
were prepared as described in the literature. [Re(CO);(MeCN);][BF,]
was prepared according the the procedure reported for the perchlorate
salt,>l using AgBF, instead of NaClO,. 1,1,1-Tris(hydroxymethyl)ethane,
pentaerythrytol, and tetrabutylammonium hydroxyde in methanol were
obtained from commercial sources and used as received. Extra dry
methanol was obtained by the standard method.[*!

Methods: IR spectra were recorded from KBr pellets on a Bio-Rad FT 165
spectrometer. The 'H and '*C NMR spectra were obtained on a Bruker AC
300 spectrometer. Electronic absorption spectra were recorded with a
Shimadzu UV-2101PC spectrometer. Elemental analyses were performed
either by the Analytical Service of University Pierre and Marie Curie or by
that of the CNRS (Vernaison, France).

Preparations of (nBu,N)[Mo,05(OMe)s{Mn(CO);},] (1a) and [Mo,0,-
(OMe)({Mn(CO)3},] (2): A mixture of (nBu,N),[Mo,0,] (0.4 g, 0.5 mmol)
and [MnBr(CO);] (0.27 g, 1 mmol) in MeOH (5 mL) was refluxed under N,
for 3 h. The resulting dark green solution was allowed to stand at —30°C
for one week. The green crystalline precipitate proved to be a mixture of
large green cubic crystals of 1a (major product) and a few small red
octahedral crystals of 2 (minor product) which were separated mechan-
ically. 1a: Yield 0.25 g (53%); IR (KBr): #=2037 (s), 2025 (s), 1925 (br),
1910 (br) (v(CO)), 1060 (sh), 1045 (m), 1018 (m) (v(O-CHs)), 940 (s), 920
(s), 900 cm™! (s) (v(Mo=0,)); 'H NMR (300.13 MHz, CD;COCDs, 22°C,
TMS): 6 =4.38 (s, 6H; OCH,), 4.40 (s, 3H; OCHs;) 4.54 (s, 6H; OCH,);
3C NMR (75.47 MHz, CD;COCD;, 22°C, TMS): 0 =64.2 (s, 2C; OCHj),
68.6 (s, 1C; OCH3), 69.7 (s, 2C; OCH3), 220.3 (s, 2C; CO), 221.5 (5, 2C; CO),
223.1 (s, 1C; CO), 223.9 (s, 1C; CO); UV/Vis (MeOH): 4, (¢) =390 nm
(2330); C,;H5;Mn,M0,NO,4 (947.5): caled C 34.23, H 5.43, Mn 11.60, Mo
20.25, N 1.48; found: C 34.19, H 5.38, Mn 11.36, Mo 20.45, N 1.52. 2: IR
(KBr): 7=2042 (s), 1940 (sh), 1925 (br) (v(CO)), 1017 (s), 977 (s) (v(O-
CHs)), 942 (s), 920 cm™! (s) (v(M0o=0))).

Preparation of (nBu/N)[Mo,05(OMe)s{Re(CO);},] (1b): (nBuyN),-
[Mo0,0,] (0.4 g, 0.5 mmol) and [Re(CO);(MeCN);][BF,] (0.24 g, 0.5 mmol)
were dissolved in MeOH (10 mL) and the solution was refluxed under N,
for 18 h. The resulting light yellow solution was evaporated to dryness
under a N, flux at room temperature, the crude product was redissolved in
MeOH (2 mL) and the solution was allowed to stand at —30°C. The light
yellow microcrystalline precipitate of 1b was filtered off after three days.
Yield 0.05 mg (8%); IR (KBr): #=2032 (s), 2020 (s), 1890 (br) (v(CO)),
1045 (s), 1000 (s) (v(O-CHs)), 940 (s), 920 (s), 900 cm~! (s) (v(Mo=0,));
C,;H5;Mo,NO¢Re, (1210): calcd: C26.80, H 4.25, Mo 15.86, N 1.16; found:
C27.36, H 4.29, Mo 16.03, N 1.31. A few crystals of 1b suitable for a crystal
structure determination were obtained as follows: a mixture of
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[ReBr(CO)s] (0.2 g, 0.5 mmol) and AgNO; (0.085 g, 0.5 mmol) in MeOH
(10 mL) was stirred for 2h. After filtration, (nBu,N),[Mo,0;] (0.2 g,
0.25 mmol) was added to the filtrate and the reaction mixture was refluxed
for 24 h. After filtration, the filtrate was cooled to —30°C whereupon a few
pale yellow crystals of 1b deposited overnight.

Preparation of (nBu,N),[Mo,0,(0OMe),{Re(CO);},] (4): (nBu,N),[Mo,0,]
(0.24 g, 0.31 mmol) and [Re(CO);(MeCN);][BF,] (0.296 g, 0.62 mmol)
were dissolved in MeOH (10 mL). One equivalent of (nBu,N)OH
(0.62 mL of a 1m solution in MeOH) per equivalent Re was added and
the mixture was stirred under N, for 18 h at room temperature. The light
yellow solution was then evaporated to dryness under a N, flux. The crude
solid was redissolved in MeOH (3 mL) and the solution was allowed to
stand at 20 °C. Crystallization was apparent after a few hours and large pale
yellow crystals of 4 were collected after a week. Yield 0.22 g (50%); IR
(KBr) 7=1995 (s), 1860 (br) (v(CO)), 1045 (sh), 1022 (m) (v(O-CH;)), 917
(s), 892 (s) (v(Mo=0,)), 780 cm™! (s) v(MoOMo)); 'H NMR (300.13 MHz,
CD;COCD;, 22°C, TMS): 6=4.30 (s; OCH;); C,HgMo,N,04Re,
(1437.4): caled: C 35.1, H 5.89, N 1.95; found: C 36.27, H 6.29, N 2.21.
Preparations of (nBu,N)[Mo,0,{MeC(CH,0);1,{Mn(CO);}] (5) and
[Mo,0,{RC(CH,0)3},{Mn(CO);},] (R=Me, 6a; R=CH,0OH, 6b): A
solution of (nBu,N),[Mo0,0,] (0.79 g, 1 mmol), [MnBr(CO)s] (0.27 g,
1 mmol), and MeC(CH,OH); (0.12 g, 1 mmol) was heated in MeOH
(15 mL) for 6 h. A yellow solid (6a) began to deposit after 15 min. After
separation of 6a (0.095 g), the filtrate was concentrated and layered with
diethyl ether. Dark yellow crystals of compound 5 (0.1 g) were obtained
within two days. Doubling the amounts of MeC(CH,OH); and of
[MnBr(CO);s] led to the precipitation of 6a in 70 % yield. Compound 6b
was similarly obtained in 55 % yield from pentaerythritol. Its recrystalliza-
tion from THF gave yellow-orange crystals of 6b-2THF. 5: IR (KBr): 7=
2031 (s), 1928 (s), 1905 (s) cm™! (v(CO)), 1122 (m), 1046 (s), 1002 (w) cm™~!
(v(O-CHy)), 925 (s), 902 (s) cm~' (v(Mo=0)); 'H NMR (300.13 MHz,
CD;COCD;,22°C, TMS): 6 =4.69 (s,2H; OCH,), 4.62 (s,2H; OCH,), 4.55
(d, 2J(HH) =9 Hz, 2H; OCH,), 4.26 (d, */(H,H) =9 Hz, 2H; OCH,), 4.16
(d, ”J(HH) =9 Hz, 2H; OCH,), 4.10 (d, */(H,H) =9 Hz, 2H; OCH,), 0.72
(s,3H; CH3;), 0.47 (s, 3H; CH;); *C NMR (75.47 MHz, CD;COCDs;, 22°C,
TMS) 0 =222 (s, 3C; CO), 88.2 (s, 2C; OCH,), 87.4 (s, 2C; OCH,), 83.3 (s,
1C; OCH,), 81.1, (s, 1C; OCH,); 41.9 (s, 1C; C(CHO);), 36.5 (s, 1C;
C(CH,0);), 16.9 (s, 1C; CHj;), 16.5 (s, 1C; CH;); UV/Vis (MeOH) 4,,,, (¢)
390 nm (1310). C,0Hs,MnMo,NO; (871.6): caled C 39.97, H 6.25, N 1.61;
found: C 39.95, H 6.35, N 1.55; 6a: IR (KBr): #=2047, 1943 (br) cm!
(v(CO)). C;sH sMn,M0,0,4 (768.1): caled: C 25.02, H 2.36; found: C 24.93,
H2.39;6b: IR (KBr): # =2048 (s), 1954 (s), 1931 (s) cm ™' (v(CO)); UV/Vis
(THF) A (¢)=393 nm (2680). '"H NMR (300.13 MHz, CD;COCD;,
22°C, TMS) 0=5.27 (s, 4H; OCH,), 4.94 (d, 4H; OCH,) 4.89 (d, 4H;
OCH,), 3.68 (s, 4H; CH,0H); C;¢H;sMn,Mo0,05 (800.1): calcd: C 24.02, H
2.27; found: C 24.52, H 2.39.

Preparation of (nBuyN),[Mo,0,,(OMe),{MeC(CH,0);},{Mn(CO);},] (7):
(nBu,N),[Mo,0,] (0.79 g, 1 mmol) and MeC(CH,OH); (0.24 g, 2 mmol)
and [MnBr(CO);s] (0.54 g, 2 mmol) were stirred in MeOH (15 mL) at room
temperature until all solids were dissolved (about two hours). The mixture
turned red while CO evolved. The clear red solution was cooled in an ice
bath and then was allowed to warm slowly to room temperature. Orange
needles of compound 7 deposited upon standing within one day. Yield
0.38 g (60 % yield, based on Mo); IR (KBr): #=2034 (s), 1930 (br), 1925
(sh) cm™! (v(CO)); UV/Vis (MeOH): A, (¢) =395 nm (2790); '"H NMR
(300.13 MHz, CD;CN, 22°C, TMS) 0=4.66 (dd, *J(HH)=10.5Hz,
4J(HH)=2.4Hz, 2H; OCH,), 4.57 (dd, 2J(HH)=10.6 Hz, “/(H,H) =
1.4 Hz, 2H; OCH,), 4.44 (dd, 2J(H,H) =117 Hz, */(H,H) =15 Hz, 2H;
OCH,), 4.41 (dd, 2/(H,H) =10.6 Hz, “J(H,H) = 1.9 Hz, 2H; OCH,), 4.39 (s,
6H, OCH,), 4.38 (dd, */(H,H) =10.5 Hz, “J(H,H) =2.0 Hz, 2H; OCH,),
4.10 (dd, 2J(H,H)=11.9 Hz, */(H,H) =2.4 Hz, 2H; OCH,), 0.51 (s, 6H;
CH,;); BC NMR (75.47 MHz, CD;CN, 22°C, TMS): 0 =222.3 (s, 4C; CO),
2074 (s, 2C; CO), 89.4 (s, 2C; OCH,), 84.7 (s, 2C; OCH,), 80.2 (s, 2C;
OCH,), 40.8 (s, 2C; C(CH,0)3), 16.8 (s, 2C; CH;); CssHosMn,MoN,O5,
(1890.8): caled: C 31.76, H 5.12, N 1.48; found: C 31.37, H 5.11, N 1.49.
Crystal structure analyses: Crystal structure data are summarized in
Table 1. Data were recorded at room temperature on an Enraf—Nonius
CADA4 diffractometer using graphite-monochromated Moy, radiation (1 =
0.71069 A). Crystals were mounted on glass fibers and sealed with an epoxy
cement except for 6b-2THF which was put in a Lindemann glass tube.
Lattice parameters and the orientation matrix were obtained from a least-
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squares fit of 25 atomatically centered reflections in the range 15-15.2° for
1a, 12-12.5° for 1b, 13-13.4° for 2, 14-14.5° for 4 and 6b-2THF, 14—
14.3° for 5 and 7. References were periodically monitored for intensity and
orientation control. No decay was observed except for the crystal of 7 which
had decayed by about 23 %. Intensities were corrected for Lorentz and
polarization effects and for absorption (empirical). Only those with 1>
30(I) were retained for calculations. Data processing was performed using
the program CRYSTALS.*l The structures were solved by direct
methods**! and subsequent electron density maps. All atoms were refined
anisotropically. Hydrogen atoms were not included in the refinements. The
asymmetric unit of 4 contains the ‘MoO;(OMe),{Re(CO);}~" half-anion
and one nBu,N" ion. The asymmetric unit of 6b contains the ‘MoO,-
{HOCH,C(CH,0);}{Mn(CO),}’ half-cluster and one THF molecule. The
pendant OH group of the cluster and the molecule of THF were
found to be disordered. The asymmetric unit of 7 contains the
‘Mo0;04(OMe){MeC(CH,0);}{Mn(CO),}~> half-anion and one nBu,N*
ion. Neutral-atom scattering factors were used, with anomalous dispersion
correction applied. Final residuals are given in Table 2.1 Despite rather
large standard deviations due to the poor quality of crystals, the
composition and the molecular structure of the cluster anion in 5 are
unequivocal. Molecular structures were drawn with the program CAMER-
ON.[44C]
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Table 2. Crystal structure data for compounds 1a, 1b, 2, 4, 5, 6b, and 7.
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Catalysis of the Addition of Benzenethiol to 2-Cyclohexen-1-ones by Uranyl -
Salophen Complexes: A Catalytic Metallocleft with High Substrate Specificity

Valeria van Axel Castelli,[?! Antonella Dalla Cort,*! Luigi Mandolini,*!*!

David N. Reinhoudt,*! and Luca Schiaffino!*!

Abstract: The base induced addition of benzenethiol to 2-cyclohexen-1-one and its
44-, 5,5- and 6,6-dimethyl derivatives is catalysed by a salophen—uranyl based
metallocleft 2 in chloroform solution with high turnover efficiency and low product

inhibition. Analysis of rate data coupled with equilibrium measurements for
complexation of the catalyst with the enone reactants and addition products shows
that the catalytic mechanism involves the three main steps typical of single-substrate
enzymatic processes, namely substrate binding and recognition, transformation of
the bound substrate, and release of the reaction product. Unlike the reference

Keywords: enzyme mimetics -
kinetics - Michael additions -
substrate specificity
supramolecular metallocatalysts

salophen —uranyl 1, catalyst 2 is endowed with a structured binding site responsible
for a high degree of substrate specificity among the investigated enones, due to

recognition of their shape and size.

Introduction

The design and synthesis of abiotic catalysts that mimic the
fundamental features of enzymatic catalysis is an important
area of current research in supramolecular chemistry.l!
Among the various features which are worth mimicking in
artificial systems, substrate specificity occupies a prominent
role. Specific binding to a substrate requires that the enzyme
binding site is complementary in structure to the structure of
the substrate.’) Hence a highly structured binding site is a
prerequisite for a high degree of substrate specificity in a
synthetic catalyst.

We have recently reportedl® that the robust salophen —ur-
anyl complexes 1 and 2 catalyse the addition of benzenethiol
to 2-cyclopenten-1-one [Equation (1)] with high turnover
efficiency and low product inhibition. The schematic picture
of the transition state given in Figure 1 illustrates the
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PhS—DH(\= NEt,
Figure 1. Schematic picture of the transition state of the rate-determining

step, showing concerted Bronsted base activation of the thiol nucleophile
and Lewis acid activation of the enone electrophile.

combination of two complementary catalytic actions. The
Bronsted base activates the thiol nucleophile, whereas the
metal centre provides the enone electrophile with Lewis acid
activation through coordination of the carbonyl oxygen to the
fifth equatorial coordination site.[

é +PhSH — N @
CHCH,

SPh

The fifth equatorial site of the uranyl unit in complex 2 is
available for coordination to a guest molecule only if the two
phenyl groups are parallel to one another and form the walls
of a narrow cleft.5! Thus, the reaction of a bound substrate is
forced to take place in the neighbourhood of the cleft walls.
Consequently this reaction should be very sensitive to steric
effects in general and, more specifically, to the shape of the
substrate.
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With this idea in mind, and in view of the importance of
Michael-type addition of thiols to activated olefins both in
biochemical processesl® and in synthesis,”! we have carried
out a thorough kinetic study of the catalytic properties of
metallocleft 2 in the addition of benzenethiol to 2-cyclohexen-
1-one (3a) and its dimethyl derivatives 4a—6a in the presence
of Et;N in chloroform at 25 °C. Enones 4a—6a form a series of
compounds with very similar electronic properties but quite
different geometrical features. Complex 1 has been inves-
tigated as a reference catalyst to probe the Lewis acid
properties of the metal centre. Competition experiments have
been carried out on selected pairs of substrates to illustrate
the high degree of substrate specificity experienced by
catalyst 2.

1 2
o} 0 o}
3a 4a 5a 6a
(0] (o] (o] (o]
PhS”~ ﬁ PhS” i PhS~ f \ PhS”~ f
3b 4b 5b 6b

Results and Discussion

Complexation equilibria: Since complexes with definite
stability of the enone reactants and ketone products with
the metal catalyst are involved in the catalytic processes,
preliminary to the kinetic investigation, we have determined
the relevant binding constants. A standard UV/Vis titration
technique was used in most cases. Since mixtures of metal
complex 2 and enone 3a turned out to be highly unstable upon
irradiation, as shown by irreproducible and time dependent
absorbance readings, this binding constant was determined by
a 'H-NMR titration technique. When applied to the corre-
sponding complex formed by 2 and 4a, the two techniques
afforded Kg values in good agreement with each other, as
shown in Table 1 where binding data are collected. Typical
titration curves are shown in Figures 2 and 3.

Structural information on the geometry of the complexes
formed with 2 is provided by the '"H-NMR data. The upfield
shifts observed upon addition of 2 for the hydrogens on Cs and
C; of 4a (Figure 3) clearly suggest that these hydrogens are
exposed to the shielding cones of the phenyl groups of 2.
Variations of the chemical shifts of the hydrogens on the
double bond are also upfield, but much smaller in magnitude,
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Table 1. Equilibrium constants (M ') for association of metal complexes 1
and 2 with enones 3a—6a (Kg) and the corresponding reaction products
3b-6b (Kjp) in chloroform at 25.0°C.

1 2
guest Kg Kp Kg Kp
3(aorb) 7.6+£0.6 <2 900 = 200! 104+ 16
4 (aorb) 17+£2 <2 820 £ 1501 244+ 16
S5(aorb) 4+1 <2 133+16 70+7
6 (aorb) ca.3 <2 64+14 <2

[a] From UV/Vis titrations, when otherwise stated. Error limits were
calculated as +20. [b] From '"H-NMR titration. [c] K¢ =760 + 100 from 'H-
NMR titration.

1.16—‘

1.14

/]\ 1.12

1.10 4
Ao
1.08 -

1.06

[ ]
1.04 T T T 1

0.00 0.02 0.04 0.06 0.08
[4a) ——=
Figure 2. UV/Vis titration of 2 with 4a (1=440 nm). The points are

experimental and the curve is calculated from a 1:1 binding isotherm
equation with Kz =820m~! and A_ =1.149.
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Figure 3. 'H-NMR titration of 4a with 2. Data points refer to chemical
shift variations of the signals of the protons on C, (m), C; (), CH; (@), C,
(), Cs (0). The curves are calculated with Kz =760m"".

probably because a deshielding effect due to electron with-
drawal from the complexed carbonyl group is superimposed
on the shielding effect of the aromatic cleft walls.’] The
modest upfield shift of the methyl hydrogens suggests a
marginal location of the gem-dimethyl group in the cleft.
Similar results were obtained for the complex of 2 with 3a.
The picture that emerges from the above observations is
clearly one in which the enone guest is bound via its carbonyl
group to the fifth coordination site of the uranium, and is
located in the inside of the cleft. Stabilising interactions are
established between the hosted substrates and the cleft walls,
as shown by the finding that host 2 is a much stronger binder
than its parent compound 1 of all of the investigated
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substrates. This indicates that the internuclear distances
between the cleft walls and the hosted substrates are for the
most part in the attractive regions of van der Waals inter-
actions. Host 2 is much more sensitive to the steric require-
ments of the guest than its parent compound 1. Both K and
K values with 2 markedly decrease in the order 4 > 5 > 6; this
shows that the steric hindrance in the complexation of the
bulky gem-dimethyl group increases when its distance from
the carbonyl group decreases. The a.f-unsaturated ketones
are stronger Lewis bases than the saturated ketones caused by
the strong conjugation of the double bond with the carbonyl
group. This finding has important consequences on the
catalytic properties of 1 and 2, in that the adverse influences
of product inhibition are significantly reduced.

Other effects of structure on complex stability are less
easily understood. For example, a gem-dimethyl group in
position 4 increases the stability of the complex (Kg) of 1 with
4a compared with 3a, and that of 2 with 4b compared with 3b,
but complexes of 2 with 4a and 3a show the same stability
within experimental errors. It seems likely that these effects
are due to a subtle interplay of electronic and steric effects,
with the possible involvement of solvation effects.

Kinetics: Rate measurements were carried out by 'H-NMR
spectroscopy both in the absence and presence of metal
catalyst. Typical time-concentration data are plotted in Fig-
ure 4. In all cases the disappearance of the enone reactant was

[4a] 0.06

0.04

0.02

A
0.00 T —T T T T

0 500 1000 1500 2000 2500

t/imn — =
Figure 4. '"H-NMR time-concentration data for the addition of 0.21m
benzenethiol to 0.11m enone 4a in the presence of 4.9mMm Et;N. (0) Et;N
alone, (m) EN plus 1.0mMm 1, (a) Et;N plus 1.0mwm 2. The curves are
calculated from the second-order rate equation for the reaction carried out
with Et;N alone, and from Equation (12) in the presence of metal catalyst.

complete and the formation of the equivalent amount of
addition product was observed. In no case extra peaks due to
reaction intermediates and/or side products were observed.
Since the amount of catalyst is 1 mol % of the initial enone
concentration, nearly one hundred turnovers are actually
observed when contributions from the uncatalysed reaction
are very small.

The generally accepted mechanism® of the Michael-type
addition of thiols to activated olefins in the presence of a
tertiary base B in solvents of low polarity involves rate-
limiting addition of the thiolate of a rapidly formed 1:1
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complex of thiol and base, to give a BH*—enolate ion pair
intermediate, followed by fast proton transfer from BH™ to
the enolate [Equations (2)—(4)]. It is uncertain whether the

PhSH + B ~=—=_ PhSH-B @

\/ko + PhSH--B ﬂ. Phs/\)\oe BH® &)
fast /\/k 4
Phs/\/Loe BH® — pns o*B @

thiol-base complex has the structure of a hydrogen-bonded
pair (Ph-SH -+ B) or of an ion pair (PhS™ HB*).¥ In any case,
because of the insignificant formation of the thiol-base
adduct, the above mechanism leads to clean third-order
kinetics [Equation (5)], first-order in the enone E, thiol T, and
base B. Since the concentration of the base catalyst is constant
in a given run, a second-order time dependence is actually
predicted [Equation (6) ] with k,, = k,[B]. Consistently, all of
the runs carried out in the absence of metal catalyst showed a
close adherence to second-order kinetics. A typical time-
concentration profile is shown in Figure 4.

vo = ko[E][T][B] ®)

Vo = ks [E][T] ()

In the presence of metal catalyst®! the reaction is conven-
iently described according to the Equation (7) as a third-order
reaction between T, B, and an enone-catalyst complex
(E-cat) as shown in Equation (8). When the fraction of

keat [TI(B]

E-cat ——————» P-cat =——== P + cat 7)
Kp

E + cat

Vear = Kear[E - cat] [T] [B] ®)

catalyst sequestered by the enone reactant and by the reaction
product P is taken into account, Equation (8) is easily
transformed into Equation (9), that holds whenever
[cat],,y < [E]. Integration of Equation (9) by standard meth-
ods leads to Equation (10) which applies when the initial
concentrations of the reactants are not equal and when the
rate of the uncatalysed reaction is negligible compared with
the catalysed one.

_ kcal KE [E] [T] [B] [cat]w(
T T Y Ko [E] + Ky [P

)

Ky [E], +1 [E],
keu K [B] [cat] ([T], — [E],)  [E]

((KF — Ke) (T, — [E],) - K [E], - 1>ln . _,

(10)

keu K [B] [cat] ([T], — [E],) (1]

When this is not the case, the overall reaction rate is given
by the sum of two contributions [Equation (11)]. Substitution
of Equations (5) and (9) into Equation (11), followed by
integration, leads to Equation (12), that again applies to the
case of different reactant concentrations, and where the
quantities a and b are defined in Equations (13) and (14),
respectively.
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Viot = VotVeat (11)
Ke[El, + 1 [E], (KE—K>4, Kp[E], + 1 ) O
a([T], - [E],) [E] a=b  (a=b)([T], - [E],); [T] (12)

(K — Kp) k, ([E], — [E]) ) B
+ k,Ke [E,)

(KE - KP) kcat KE [B] [cat]mt In (1

a(a—Db) ko + ke K [cat],,
a=k, [B] (KP [E]o + 1) + ket K [B] [Cat]lol (13)
b = ko [B]([T], — [E],) (K& — Kp) (14)

Equations (10) and (12) are rather complicated expressions.
However, since Kz and K, are independently known, and
since the composition of the mixture at any time is known
from 'H-NMR data, the left-hand terms contain k_, as the
only unknown quantity. For each catalytic experiment a ki,
value was selected using a computer programme such that the
left side of Equation (10) or, whenever appropriate, Equa-
tion (12) plots against time as a straight line with unit slope
and zero intercept. An example of such a plot is shown in
Figure 5. The time-concentration profiles recalculated with
the best fit k., values reproduce to a good precision the
experimental data (Figure 4).

10°Y /s — =

0.0 T T T T

0.0 1.0 2.0 3.0 4.0
10%t /s —=

Figure 5. Plot of the left side of Equation (12) Y against time for the
addition of benzenethiol to 4a catalysed by Et;N plus 2, showing good
adherence of data points to the straight line having slope 1 and intercept 0.

Kinetic data are collected in Table 2. The k_, is a third-
order rate constant that refers to the reaction of the catalyst—
substrate complex (high substrate concentration, saturating
conditions), whereas k., K¢ is a fourth-order rate constant that
refers to the reaction of the free substrate and free catalyst
(low substrate concentration, subsaturating conditions). Dis-
crimination between two or more competing substrates is
determined by the ratios of k. Kg at all concentrations of
substrates.

Table 2 shows that in the reference reaction (k,) reactivity
decreases in the order 3a>6a>5a>4a, which provides
clear evidence that the reaction is sensitive to the steric bulk
of the gem-dimethyl group, as well as to its distance from the
site of nucleophilic attack. Both k. and k.Kg values
obtained in the presence of catalyst 1 decrease in the same
order as the reference reaction, but span significantly wider
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Table 2. Kinetics data for the Et;N assisted addition of benzenethiol to
enones 3a—-6a in CDCl; at 25.0°C in the absence and presence of
salophen—uranyl complexes 1 and 2. The reactions of 4a were taken as
reference for the calculation of relative values given in parentheses.

Et,N Et;N+1 Et;N+2
k, kear kealky  keaKe keat kealky  keaKe
3a  0.66 1550 2300 11800 710 1100 640000
(27.5) (155) (69) (394) (430)
4a 0024 10 420 170 18 75 1500
(1.0) (1.0) (1.0) (1.0) (1.0)
5a  0.080 325 4100 1300 98 1200 13000
(33) (32.5) (7.6) (54) (8.7)
6a 014 480 3400 1400 2.6 19 17
(5.8) (48) (82) (1.4) (0.011)

[a] The various quantities are defined in Equations (5) and (8). Rate
constants k, and k., are given in (m~2s~'). Estimated uncertainties are in the
order of £4-10%.

ranges. This indicates that the catalysed reaction exhibits an
increased sensitivity to steric effects. Incidentally, we like to
emphasise that the reaction catalysed by 1 provides a violation
of the so-called reactivity —selectivity principle, in that the
higher substrate selectivity is displayed by the faster reac-
tion.

Even wider ranges are spanned by the k., and k_, Kg values
obtained in the presence of catalyst 2. Here the reactivity
order is significantly different from the “natural” order
exhibited by the reference reaction. The reactivity of 6a is
extremely low, particularly with reference to k. Kg, whose
magnitude is the result of unfavourable combination of a very
low affinity toward the catalyst, and a very low reactivity of
the catalyst —substrate complex.

From the data above it is apparent that substrate 6a ranks
next in reactivity to the most reactive 3a both in the reference
reaction and in the reaction catalysed by 1. However it is
definitely the substrate with the lowest k. Ky value in the
presence of catalyst 2. Since discrimination between two
competing substrates is determined by the relative magnitude
of k.,Kg, a number of competition experiments were
designed based on the data in Table 2 in order to illustrate
substrate specificity as a distinctive feature of catalyst 2 due to
its metallocleft structure.

In one experiment, a mixture of 0.099M 3a and 0.395M 6a
was combined with 0.098M benzenethiol in the presence of
4.9mm Et;N. As shown in Scheme 1 we found a nearly even
distribution of benzenethiol among reactants, in good agree-
ment with calculations based on the kinetics. However, on
addition of 1.3mm 2 the same reaction mixture gave, as

3b + 6b
exp 45% 55%
calcd 48% 52%

PhSH, 1.00 mol
Et3N, 0.050 mol

3a + 6a
1.01 mol  4.04 mol

2, 0.013 moi 3b + 6b

exp 98% <1%
calcd 98% <2%
Scheme 1. Competition experiment between 3a and 6a in the absence and
presence of metallocleft 2.
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predicted, adduct 3b as the sole detectable product in
virtually quantitative yield. Clearly, the reactivity difference
between enones 3a and 6a, which amounts to a factor 4 in
favour of the former, is magnified to such an extent by
metallocleft 2, that adduct 3b is the sole product. This is a
remarkable result if one considers that the 6a:3a mole ratio is
4:1 at time zero, but increases dramatically toward the end of
reaction.[']

In another experiment a mixture of 0.101m Sa and 0.100m
6a was reacted with 0.098M benzenethiol in the presence of
2.3mM EtN and in the presence of 2.3 mM Et;N plus 4.3 mwm 2
(Scheme 2). Again a profound change in the final composition
is caused by the presence of 2. A rather unselective reaction is
transformed into a very selective reaction, where benzene-
thiol is directed almost exclusively toward the formation of
adduct Sb. Unlike the previous example, here the good
substrate for the catalyst is the one with the lower intrinsic
reactivity. Since Sa and 6a are isomeric substrates, the
selection process is clearly based on recognition of their
different shapes.

5b + 6b
exp 43% 57%
caled 41% 59%

PhSH, 1.00 mol

5a + 6a
Et3N, 0.024 mol

1.03mol  1.02 mol

2, 0.044 mol

§bh + 6b
exp 97% 3%
calcd 93% 7%

Scheme 2. Competition experiment between Sa and 6a in the absence and
presence of metallocleft 2.

Conclusion

In conclusion, the salophen —uranyl metallocleft 2 provides a
remarkable example of a supramolecular catalyst. Fairly high
reaction rates, high turnover efficiency and low product
inhibition are accompanied by a high degree of substrate
specificity which is lacking in the reaction solely catalysed by
Et;N, or by a combination of Et;N and 1. Current work is
devoted at shaping the catalyst binding site in such a way as to
achieve enantioselective catalytic process.

Experimental Section

Instruments and methods: 'H- and *C-NMR spectra were recorded in
CDCl, with either a Bruker AC200 or a Bruker AC300 spectrometer. UV/
Vis spectra were recorded with a Perkin—Elmer Lambda 18 spectropho-
tometer. Nonlinear least-squares calculations were carried out using the
programme SigmaPlot for Windows, 1.02 (Jandel Scientific). Numerical
integrations of experimental data were carried out using the programme
Scientist for Windows, 2.0 (MicroMath Inc.).

Materials: Benzenethiol (Fluka) and 2-cyclohexen-1-one (3a) (Aldrich)
were distilled under reduced pressure before use. Triethylamine (Aldrich)
was distilled over sodium. Spectrophotometric grade chloroform (Aldrich)
and CDCl, (Merck) were dried over 4 A molecular sieves for at least 24 h
prior to use. 4,4-Dimethyl-2-cyclohexen-1-one (4a) (Aldrich) was used as
received. Salophen-—uranyl complexes 1 and 2 were available from a
previous work.P! 5 5-Dimethyl-2-cyclohexen-1-one (5a),!'!} 6,6-dimethyl-2-
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cyclohexen-1-one (6a),'?! 3-(phenylthio)cyclohexanone (3b),*! and 4,4-
dimethyl-3-(phenylthio)cyclohexanone (4b),!*l m.p. 61 -62°C, lit.: 62°Cl4l
were prepared according to literature procedures. These compounds
showed spectral data consistent with expected structures. 5,5-Dimethyl-3-
(phenylthio)cyclohexanone (5b) and 6,6-dimethyl-3-(phenylthio)cyclohex-
anone (6b) were prepared according to a general procedure.!"”)
5,5-Dimethyl-3-(phenylthio)cyclohexanone (5b): This compound was ob-
tained as an oil after flash chromatography on silica gel with petroleum
ether/diethyl ether 6:1 (61 % ). '"H NMR (300 MHz, CDCl;, 25.0°C, TMS):
0=726-742 (m, 5H), 3.36-3.47 (m, 1H), 2.59-2.66 (m, 1H), 2.06-2.29
(m, 3H), 1.91-1.92 (m, 1H), 1.60-1.69 (m, 1H), 1.07 (s, 3H), 0.89 (s, 3H);
13C NMR: 25.61, 31.76, 35.22, 42.40, 45.05, 47.65, 54.06, 127.80, 129.09,
132.89, 133.12, 208.87; elemental analysis for C,H;sSO (234.1): caled C
71.75, H, 7.74; found: C 71.6, H 7.7.

6,6-Dimethyl-3-(phenylthio)cyclohexanone (6b): This compound was ob-
tained as an oil after flash chromatography on silica gel with 3% ethyl
acetate in petroleum ether (61%). 'H NMR (300 MHz, CDCl;, 25.0°C,
TMS): 6=727-745 (m, 5H), 3.31-3.46 (m, 1H), 2.48-2.69 (m, 2H),
1.78-2.09 (m,3H), 1.54-1.64 (m, 1 H), 1.13 (s, 3H), 1.06 (s, 3H); B*C NMR:
24.82,24.96, 27.82, 38.29, 44.13, 44.40, 46.64, 127.63, 129.00, 133.00, 133.15,
212.81; elemental analysis for C;;H;sSO (234.1): caled C 71.75, H, 7.74;
found: C 72.0, H 7.8.

Equilibrium measurements: Solutions were prepared and handled under
argon to minimise contamination by atmospheric oxygen and water. UV/
Vis titrations were carried out at 25.0°C in CHCI; by adding increasing
amounts of the ketone to a 0.1mm solution of the salophen-uranyl
complex and following variations of absorbance at 430 nm with 1 and
440 nm with 2. "TH-NMR titrations were carried out at 25.0°C in CDCl; by
adding increasing amounts of the salophen—uranyl complex to a 1mm
solution of the ketone and by following variations of the chemical shift of
ketone signals. Titrations data were fitted to a standard binding isotherm
for 1:1 complexation.

Rate measurements: NMR tubes were dried in an oven at 130 °C for at least
24 h and then stored in a desiccator. All sample manipulations were carried
out under an argon atmosphere. Calculated amounts of triphenylmethane
(internal standard) and of all of the reactants except Et;N were introduced
into a NMR tube and a spectrum (either at 200 or 300 MHz, T=25.0°C)
was recorded at time zero. Then a given amount of Et;N was added, and
spectra were recorded at selected time intervals. The intensity of the signal
of the a proton of the double bond (0 ca. 6) of the enone was compared
with that of the signal of the internal standard. Time-concentration data
obtained in the absence of metal catalyst were fitted to the standard
second-order equation, and the obtained second-order rate constant was
translated into the third-order rate constant k,. Data obtained in the
presence of the metal catalyst were fitted to Equation (10) or (12). Because
of the mathematical form of these equations, the enone concentration was
taken as the independent variable in the curve-fitting procedure.

Competition experiments: Reaction mixtures were prepared according to
the same procedure used for rate measurements. After the addition of
Et;N, 'H-NMR spectra were recorded as a function of time until no further
changes were observed in repeated spectra and all benzenethiol had been
consumed. Final concentrations were measured by comparing initial and
final integrated intensities of the signals of the a proton of the two enones
with the signal of the internal standard.

Acknowledgement

Thanks are due to MURST for financial support of this work in the frame
of a research project on “Supramolecular Devices”.

[1] a) R. Breslow, Acc. Chem. Res. 1995, 28, 146-153; b) J.-M. Lehn,
Supramolecular Chemistry, VCH, Weinheim, 1995, Ch.5; c) A.J.
Kirby, Angew. Chem. 1996, 108, 770-790; Angew. Chem. Int. Ed.
Engl. 1996, 35, 707 -724; d) Y. Murakami, J. Kikuchi, Y. Hisaeda, O.
Hayashida, Chem. Rev. 1996, 96, 721-758; e) M. C. Feiters in
Comprehensive Supramolecular Chemistry, Vol. 10 (Eds.: J. L. At-
wood, J. E. D. Davies, D. D. MacNicol, F. Vogtle), Pergamon, Oxford,

0947-6539/00/0607-1197 $ 17.50+.50/0 — 1197





FULL PAPER

[5] A.R. vanDoorn, M. Bos, S. Harkema, J. van Eerden, W. Verboom, [11]
D. N. Reinhoudt, J. Org. Chem. 1991, 56, 2371 —2380. [12]

[6] a) A. L. Fluharty in The Chemistry of the Thiol Group, Part 2 (Ed.: S.
Patai), Wiley, New York, 1974, pp. 589-668; b) B. E. Thomas IV, P. A. [13]
Kollman, J. Org. Chem. 1995, 60, 83758381, and references therein.

[7] a) H. Wynberg, in Topics in Stereochemistry, Vol. 16 (Eds.: E. L. Eliel, [14]
S. H. Wilen, N. L. Allinger), Wiley, New York, 1986, pp. 87-129;b) E.
Emori, T. Arai, H. Sasai, M. Shibasaki, J. Am. Chem. Soc. 1998, 120, [15]
4043 —4044, and references therein.

1198 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

L. Mandolini, D. N. Reinhoudt et al.

1996, pp. 267-514; f) J. K. M. Sanders, Chem. Eur. J. 1998, 4, 1378 -
1383.

A. Fersht, Enzyme Structure and Mechanism, 2nd ed., Freeman, New
York, 1985, pp. 347 -368.

V. van Axel Castelli, A. Dalla Cort, L. Mandolini, D. N. Reinhoudt, J.
Am. Chem. Soc. 1998, 120, 12688 —12689.

V. van Axel Castelli, R. Cacciapaglia, G. Chiosis, F. C. J. M. van Veg-
gel, L. Mandolini, D. N. Reinhoudt, Inorg. Chim. Acta 1996, 246, 181 —
193.

(8]

]
(10]

a) B. Dmuchovsky, B. D. Vineyard, F. B. Zienty, J. Am. Chem. Soc.
1964, 86, 2874-2877; b) H. Hiemstra, H. Wynberg, J. Am. Chem. Soc.
1981, 103, 417 -430.

C. D. Johnson, Tetrahedron 1980, 36, 3641 —3680.

From the data in Table 2 it is easily calculated that 2 picks out and
delivers to benzenethiol one molecule of 3a mixed with 99 molecules
of 6a with a probability of 99.7%. The small (ca. 2 %) calculated yield
of 6b in the final reaction mixture is almost exclusively due to the
competing background reaction.

R. L. Frank, H. K. Hall, Jr., J. Am. Chem. Soc. 1950, 72, 1645—1648.
C. Freppel, M. A. Poirer, J. C. Richer, Y. Maroni, G. Manuel, Can. J.
Chem. 1974, 52, 4133 -4138.

P. Chamberlain, G. H. Whitham, J. Chem. Soc. Perkin Trans. II 1972,
130-135.

L. Angiolini, D. Caretti, C. Carlini, E. Salatelli, G. Sciacca, Gazz.
Chim. Ital. 1996, 126, 69-74.

P. Bakuzis, M. L. F. Bakuzis, J. Org. Chem. 1981, 46, 235 -239.

Received: May 17, 1999 [F1790]

0947-6539/00/0607-1198 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 7






FULL PAPER

nt Conjugation Across the Tetrathiafulvalene Core: Synthesis of Extended
Tetrathiafulvalene Derivatives and Theoretical Analysis of their Unusual
Electrochemical Properties
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Jesuis Orduna,® Javier Garin,**! Enrique Orti,*I! Rafael Viruela,!!
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and Amédée Riou!?

Abstract: A series of extended tetra-
thiafulvalene (TTF) derivatives bearing
one or two 1,4-dithiafulven-6-yl substitu-
ents has been prepared. The new com-
pounds present remarkable -electro-
chemical singularities compared with
other TTF derivatives, which are strong-
ly affected by the nature of the substi-
tution on the lateral heterocycle(s). This
unusual electrochemical behaviour fol-

oxidation of the m-donating molecules.
Digital simulations of the electrochem-
ical data have been used to reach the
values of the kinetic and thermodynamic
constants involved in the square scheme.
Theoretical calculations establish an

Keywords: ab initio calculations -
cyclic voltammetry - nonlinear op-
tics - tetravalent sulfur - tetrathia-

important contribution of a highly delo-
calised resonant form involving a tetra-
valent sulphur in oxidised species, which
could justify the occurrence of an elec-
trochemical behaviour distinct from that
of TTF. Finally, third-order susceptibil-
ities y* of two of these systems, for which
electron-donating and electron-with-
drawing substituents coexist and are
conjugated through the TTF m system,

lows a square-scheme sequence and is
attributed to structural changes upon

fulvalene

Introduction

A substantial amount of work is devoted in the field of organic
conductors and superconductors to the search of new t-donor
molecules prone to generate two-dimensional networks when
forming radical-cation salts. Such a dimensionality is a
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requirement to promote the stabilisation of the metallic state
down to low temperatures.!! In this respect, (electro)oxida-
tion of the sulphur-rich bis(ethylenedithio)tetrathiafulvalene
(BEDT-TTF) has generated a wide variety of two-dimen-
sional arrays, some of them displaying a superconducting
behaviour.!" 2]

We have recently shown that highly extended, sulphur-rich
tetrathiafulvalene (TTF) derivatives obtained from di- or
tetrasubstitution of the TTF core with 1,4-dithiafulven-6-yl
fragments (e.g., compound I) can lead to original two-
dimensional associations in the corresponding electrogener-
ated radical-cation salts.’] The most noticeable electrochem-
ical features of these m-systems are: i) their propensity to
substantially enhance the m-donating ability of TTF, which is
promoted by the electron-donating conjugated 1,4-dithiaful-

S/—|_—\S S/=\S
!
S S S S
' sl s [S> _<Sf_< TR " I
\—/ s s S\:/S

lla,b

a:R=C0OMe
b:R=CHjz
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ven-6-yl substituents, and ii) their capability to form stable
multicharged species, which are easily reached upon oxidation
thanks to the lowering of coulombic repulsions.!! Further-
more, their planar and highly extended molecular structure,
associated with the multiplication of S atoms, provide a
unique opportunity for efficient overlapping in the solid state.
These structural features are actually restored in the solid
state for the I'*ClO, radical-cation salt, and justify the high
room-temperature conductivity (0.38 Scm™!) though no
mixed valency is present in this salt.?’!

Moreover, a few papers have been recently devoted to the
use of the TTF unit as the donor part in (donor - —acceptor)
nonlinear optics (NLO) chromophores.”! The search for new
insights about m conjugation through the TTF core therefore
appears to be of prime interest.

This paper deals with the synthesis of new planar, highly
extended TTF derivatives incorporating one or two electron-
donating (D) 1,4-dithiafulven-6-yl substituents in non-vicinal
positions. The very unusual electrochemical behaviour of
some of these compounds is carefully investigated and is
discussed on the basis of theoretical calculations. Further-
more, introduction of electron-withdrawing groups (A) (CN,
CO,Et) on these extended TTF derivatives has also been
performed in order to further explore m conjugation across
the TTF core.

Results and Discussion

Synthesis: The general synthetic methodology used to reach
the target compounds 1-6 involves a Wittig olefination
between TTF derivatives 7—12 bearing one or two aldehyde
functionalities and the P reagents Wal® or Wb —d"! incorpo-
rating the 1,3-dithiol-2-ylidene moiety (Scheme 1). This
strategy therefore requires the preliminary synthesis of the
(poly)formyl-TTF derivatives 7—-12.

Abstract in French: Une famille de dérivés étendus du
tétrathiafulvaléne (TTF) porteurs d’un ou de deux groupe-
ments 1,4-dithiafulven-6-yl a été préparée. En fonction de la
nature de la substitution sur I’hétérocycle latéral, certains de ces
composés présentent des comportements électrochimiques
différents de ceux habituellement rencontrés pour les dérivés
du TTE Ce comportement inhabituel obéit a un schéma carré
et est attribué a des changements structuraux intervenant lors de
Poxydation du donneur-m. Les données électrochimiques ont
été exploitées par simulation afin d’atteindre les constantes
cinétiques et thermodynamiques mises en jeu dans le schéma
carré. Des calculs théoriques mettent en évidence la contribu-
tion importante d’une forme résonante impliquant un atome de
soufre tétravalent dans les espéces oxydées, qui pourrait
justifier le comportement électrochimique original de ces
composés. Enfin, on donne les susceptibilités de troisieme
ordre y° de deux de ces molécules dans lesquelles des
groupements électrodonneurs et électroattracteurs sont conju-
gués au travers du systeme-nt TTE
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10 R' =R*=H; R*=CHO
11 R'=R®=C0,Et; R? = CHO
12 R'=R*=CN; R?=CHO

Scheme 1. Reaction scheme for the preparation of compounds 1-6.

Wa (R'= rBu)
Wh-d (R’ = C¢Hs)

The monosubstituted derivatives 7 and 8 were synthesised
according to the standard methodology, involving lithiation
(LDA/THF/—78°C) and subsequent formylation (with
Ph(Me)NCHO) of TTF® and (ethylenedithio)tetrathiafulva-
lene (EDT-TTF),! respectively. By analogy with previous
reports on the corresponding dioxidation,' the synthetic
intermediate 9 was obtained in a 40% yield by partial
oxidation of 2,6(7)-bis(hydroxymethyl)TTF with one equiv-
alent of selenium dioxide in refluxing dioxane (Scheme 2).

CH,OH

s s
T 2 o
HOH,C1— | HOH,C~
2 ‘\s S dloxane 2

9

Scheme 2. Reaction scheme for the preparation of compound 9.

Various pathways to 2,6-bis(formylated)-TTF derivatives
10 have been described recently.l'”y! We propose here an
alternative route, through the formation of an iron-carbene
complex. Surprisingly, though this strategy has been explored
for the synthesis of various TTF derivatives twenty years
ago,l'l very few TTF synthesis that make use of this
straightforward methodology have been described.l'?l Elec-
trophilic alkynes (R!-C=C-R?) bearing at least one electron-
withdrawing R' or R? substituent are known to add readily to
the activated carbon disulphide ligand of the [Fe(*
CS,)(CO),(PPh;),] complex,[®! to afford stable (1,3-dithiol-
2-ylidene)-iron complexes (Scheme 3). The latter are then
converted in the corresponding TTF derivatives upon oxida-
tion with iodine or by thermolysis.

0947-6539/00/0607-1200 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 7





Tetrathialfulvalene

1199-1213

H

PPhy 8 PPh; H
ocC Id oc- S I or A
- 9= e [ 17—
oc”| 8 oc”l” g—~cHo
CHO PPh; PPhg

Scheme 3. Reaction scheme for the preparation of compound 10.

We have used this straightforward strategy to reach the
target dialdehyde 10, by starting from the readily available #*-
CS,-iron complex and propargylic aldehyde (R'=H, R>=
CHO). This aldehyde was generated through treatment of
the corresponding di(ethyl)acetall' with an excess of formic
acid (previously dried over CuSO,), the course of the
formolysis being monitored by 'H NMR spectroscopy.
Because of its propensity to explode,l'**! propargyl aldehyde
was not isolated in the pure state but in the presence of ethyl
formiate thanks to a direct distillation of the reaction mixture
(bp.9y=155-56°C). The distillate was then directly treated
with the #?-CS,-iron complex (Scheme 3) in toluene, to
instantaneously afford the intermediate black (1,3-dithiol-2-
ylidene)-iron complex. When immediately treated with io-
dine, this complex converted to the desired 2,6(7)-diformyl
TTF 10, isolated in a 18% overall yield from propargyl
aldehyde. It should be stressed that this route involves a one-
pot synthesis from propargyl aldehyde, instead of the long
three-step procedure usually carried out to get 10.l In this
respect, this strategy proves to be an efficient alternative
towards the synthesis of compound 10.

The still unknown diformyl TTF derivatives 11 and 12 were
synthesised according to the classical multistep procedure
involving isolation of the 1,3-dithiole-2-thione intermediates
16 and 17 (Scheme 4). Given their powerful synthetic applic-
ability, such new S-heterocycles are of interest in various fields
of organic chemistry, and especially as key intermediates to
reach TTF derivatives.['"] Thiones 16 and 17 are precursors of
TTF derivatives bearing both electron-attracting (CN or
CO,Et) and electron-donating groups (these are formed
through olefination of the CHO functionalisation with
electron-rich substituents). The occurrence of a two-dimen-
sional conjugation in such TTF derivatives bearing electron-
attracting and electron-donating groups should promote the
generation of large second- or third-order nonlinear optical
responses.['‘]

CH(OEt), (EtO)HC.__g
S i I =S
[ll + S%s AS
16 A= CO,Et
14 A= CO,Et -
144-C0, 17A=CN
OHC.__g
T
. A S
u 18 A= CO,Et OHC CHO
16,17 19A=CN o~ IS%SI
< AS ST
iii i
A_g g_A 11 A=CO,Et
I =t 12A=CN
(BtO),HC” S 57 “CH(OE),
20A=CN

Scheme 4. i) xylene; ii) HCO,H/CH,Cl,; iii) Co,(CO)g/toluene.
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Thiones 16 and 17 were pre-
pared through cycloaddition of
electrophilic alkynes 14 and 15
onto ethylenetrithiocarbonate
with ethylene evolution. Acet-
ylenic starting products were
synthesised by lithiation of
propargyl aldehyde diethylacetal and subsequent treatment
with ethylchloroformiate or phenyl cyanate, respectively.['’]
Compounds 16 and 17, obtained as oils, were purified by
chromatography over silicagel (yields: 54 and 78 %, respec-
tively). They undergo a formolysis reaction upon treatment
with pure formic acid, giving rise to the free aldehydes 18 and
19, obtained as yellow orange needles after chromatography
and recrystallization (yields: 88 and 50%, respectively)
(Scheme 4).

Desulphurizing coupling of 1,3-dithiol-2-thiones 16—19 to
functionalised TTF derivatives was achieved by using dico-
baltoctacarbonyl in refluxing toluene,!'®! instead of the more
classical phosphine- or phosphite-mediated self-coupling
procedure.l”l Indeed, aldehyde functionalised thiones have
been shown to react through their carbonyl carbon atom with
P reagents to undergo formation of undesirable side prod-
ucts.'¥] Hence, a mixture of the Z and E isomers of the
dicarboethoxy derivative 11 were obtained by self-coupling of
thione 18 in a 63 % yield; the progress of the reaction was
monitored by TLC with distinctive R; values for both blue
isomers. Starting from the cyano derivative 19, we were
unable to separate the sparingly soluble coupling product
from the organometallic residue. Therefore, the coupling step
was performed from the acetalised thione 17, affording the
more soluble TTF derivative 20 in a 21 % yield. The diformyl
dicyano compound 12 was then quantitatively obtained by
formolysis of acetal functions of 20.

The synthesis of the target extended analogues of TTF 1129
and 2-6 was carried out through Wittig mono- or diolefina-
tions of aldehydes 7—-12 with adequate 4,5-disubstituted-1,3-
dithiol-2-ylidene P reagents Wa-d® 71 (Scheme 1); yields were
good (53-90%) even in the case of twofold Wittig olefina-
tions. It has to be pointed out that a wide variety of R
substituents is available for W, so that one may easily increase
either the solubility or the m-donating ability (or both of
them) of the target molecules. Despite the low solubility of
some of these compounds, all of them were characterised by
means of usual techniques.

CHO

10

Electrochemistry: The t-donating ability of the new extended
donor molecules 1-6 has been first evaluated by cyclic
voltammetry under standard conditions (scan rate 100 mV
s71), oxidation (E,,) and reduction (E,.q) potential values are
given in Table 1.

All of the monosubstituted TTF systems 1-3 exhibit two
redox systems at potential values lower than 1.00 V versus
SCE with, in some cases, additional redox processes observed
at higher potentials.

Compounds 1a, 2a and 3a, whose external dithiafulvenyl
ring is substituted with electro-attracting carbomethoxy
groups, present the classical electrochemical features of TTF
derivatives, characterised by two reversible one-electron

1201

0947-6539/00/0607-1201 $ 17.50+.50/0





FULL PAPER

M. Sallé, E. Levillain, J. Garin, E. Orti et al.

Table 1. Oxidation (E%,) and reduction (E’.) potentials for compounds 1-6.1]

1a 1b 2a 3a 3b 3d 4a 4b 5a S5¢ 5d 6a 6¢ 6d®
El, 0.42 0.24 0.38 0.44 0.27 0.33 0.40 0.17 0.57 0.49 0.42 0.85 0.73 -
El, 0.32 —-0.31 0.31 0.37 —-0.28 —-0.28 0.33 —-0.27 0.49 0.41 0.36 0.79 0.67 -
E2, 0.88 0.95 0.82 0.85 0.92 0.96 0.81 0.27 0.93 0.83 0.53 1.13 0.95 -
E%y 0.77 0.77 0.76 0.77 0.78 0.68 0.72 0.20 0.87 0.77 0.47 1.07 - -
E3, 1.64 - - - 1.34 1.33 0.82 - 1.30 0.82 - - -

[a] ¢ =10"% molL"!; potentials vs. SCE in CH,Cl,; nBu,NPF;, (0.1 molL!); scan rate: 100 mV's~

oxidation waves (Figure 1) with, in the case of 1a, detection of
a third irreversible oxidation peak at higher anodic potential
(1.64 V vs. SCE). The potential values of the two reversible
oxidation steps are very close to those of parent TTF systems,
namely unsubstituted TTF, hydroxymethyl-TTF and ethyl-
enedisulfanyl-TTF. The first two reversible redox processes

a) [SPA /\
-0.50 0~/ +1.00

E (V vs SCE)

b) [ SpA

-O-SV 0  E(VvsSCE)

Figure 1. Cyclic voltammetry of a) compound 1a (3.8 x 10> molL!) and
b) compound 1b (4.8 x 102 molL") in a CH,CL/CH;CN (4:1, v/v)
mixture; Bu,NPF; (0.1 molL~!); 100 mVs~!; 20°C.

¥1.00

displayed by 1a, 2a and 3a can be therefore assigned to the
oxidation of the TTF core into radical-cation and dication
states, respectively (Scheme 5). The lack of enhancement of
the m-donating ability in 1a, 2a and 3a, relative to the parent

=1 G- ==

Scheme 5. R=CO,CH;.

systems, is an indication of the poor contribution of the lateral
dithiafulvenyl substituent and contrasts with the observations
made on vicinal bis-substituted dithiafulvenyl TTFs like
compounds I and TILE!

Voltammograms of compounds 1b, 3b and 3d display two
redox systems below 1.00 V in methylene chloride, and a third
irreversible process is detected around 1.3 V for 3b and 3d.
The electrochemical behaviour of these compounds, however,
presents remarkable singularities compared with their carbo-
methoxy analogues (see Table 1 and Figure 1). First, the x-
donating ability of 1b, 3b and 3d is markedly stronger than
for 1a and 3a, in accord with the strengthened electron-
donating character of the dithiafulvenyl substituent, bearing

1202
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L. [b] Insoluble compound.

in this case H atoms (3d) or electron-releasing methyl groups
(1b, 3b) (1b: El,=0.24V; 3b: 027 V; 3d: 0.33 V). This
finding suggests that the dithiafulvenyl substituent now
contributes to the oxidation process. Second, the first two
oxidation processes are separated by 0.6—0.7 V, a potential
difference (E2%, — E.,) significantly larger than that found for
1a,2aand 3a, and for TTF itself (~0.4 V). Third, though their
second redox system EZ/E?2, appears to be quasi reversible,
the reduction peak El, corresponding to the first redox
system (E./El4) is found at a far lower potential than
expected for an electrochemically reversible system (AE=
El, — El.;=550-610 mV). This electrochemical irreversibil-
ity is not detected for the a series under those experimental
conditions, and was neither observed for extended TTFs like I
and III, whatever the substituents on the lateral dithiafulvenyl
rings are.P!

Scanning voltammograms of 1b, 3b and 3d from 0.00 to
0.50 V allowed the observation of the first oxidation peak
(EL,=0.24/0.33 V vs. SCE) corresponding to formation of the
radical-cation state. When reversing the scan from +0.50 to
—0.50 V, areduction peak appears at a very negative potential
value (El.q=—0.31/—0.28 V). No detectable change in the
shape of the voltammograms is observed when a continuous
cycling between —0.50 and +0.50 V is performed. Moreover,
a negative sweeping from 0.00 V does not allow detection of
any electrochemical response, which indicates that the
electrochemical processes corresponding to El, and El, are
associated. Considering this behaviour, we may assume that
El.q corresponds to the reduction of the radical-cation to the

neutral state. This observation
is confirmed by a UV-visible
@/\( spectroelectrochemistry experi-
@_< \Z/ ment of compound 1b in thin-
layer conditions. Figure 2 shows
the evolution of the optical
spectrum of this compound dur-
ing the potential scan at low scan rate. The spectroelectro-
chemical curves clearly show the development of the charac-
teristic spectral features of a radical-cation TTF deriva-
tive'*<l in the visible region at 425 and 625 nm when the
potential reaches the first anodic peak (EL,). It is worth noting
that the spectroscopic signature of the radical-cation species is
maintained during the backward scan till the cathodic peak is
reached (El,), at which the spectral features of neutral 1b
appear.
Finally, it has also to be pointed out that:
1) The differences in the electrochemical features between
the a and b families are observed in various solvents
(CH,Cl,, THF and DMF) and without concentration
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Figure 2. UV-visible spectroelectrochemistry in thin-layer conditions (d ~
50 um) for 1b; ¢=3.1 x10*molL"! in 5x 10~! molL~! TBAHP/ACN/
CH,Cl,; scan rate 1 mV s7!; reference electrode Ag/AgCl.

dependence, which confirms the occurrence of an intrinsic
phenomenon directly associated to the m-donor structure.
The concentration independence of voltammetric signals
constitutes a good evidence that the charge transfer is
followed by a first-order reaction rather than a dimeriza-
tion process.?'l Moreover, the dimerization of TTF has
been discussed in the literature®*< and it is known that
the absorption band of TTF dimers appears around
800 nm. For compounds 1a and 1b, no absorption band
is observed in this region by spectroelectrochemical
experiments: the optical spectra show only absorption
bands unequivocally assigned to the radical cation.

2) m-donors IIa and IIb, bearing a methyl substituent on the
6-position of the lateral dithiafulven-6-yl group and
synthesised according to ref. [20], exhibit the same electro-
chemical behaviour as that of their non-methylated
analogues la and 1b, respectively, which excludes a
deprotonation process as observed during oxidation in
other families of zt-donor molecules.??!

In order to go further into the rationalisation of this unusual
electrochemical behaviour, we carefully studied 1b as a
representative compound of the series by performing a
voltammetry study versus scan rate. On the one hand, some
electrochemical reversibility of the first one-electron oxida-
tion (E.,) process of 1b begins to be observed at high scan
rates (>100 V1) (Figure 3). On the other hand, this process
appears fully irreversible at low scan rates (Figure 4, top).

Such features are typical of a square-scheme electrochem-
ical sequence as depicted in Scheme 6, and therefore a new
redox couple, denoted as (1b.*/1b,), has to be considered as
well as 1b**/1b. Though no firm evidence of the molecular
structure of 1b,* can be given, this species may be assigned to
a peculiar, highly delocalised, stabilised structural evolution
of 1b** (see theoretical part).

Chem. Eur. J. 2000, 6, No. 7
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Figure 3. Experimental cyclic voltammogram for 1b (3.1 x 1073 mol L),
300 Vs, at 293 K, in 5x 10! molL-! TBAHP/ACN/CH,Cl,, reference
electrode Ag/AgClL.
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Figure 4. Experimental (top) and simulated (bottom) cyclic voltammo-
grams of compound 1b. The simulated data (DIGISIM 2.1®) were fitted to
experimental results for 1b (3.1 x 10> molL~! and 3.1 x 10~*mol L) at
293 K according to Scheme 6. All simulations were carried out with the
same set of parameters, only the scan rate changed according to the
experimental voltammograms (10, 5,2, 1, 0.5, 0.2 and 0.1 Vs™'). For clarity
reasons, only three among seven scan rates are represented for ¢ =3.1 x
103 mol L~". Charge transfer parameters: E=0.268 V vs. Ag/AgCl, E.=
—0.348 V vs. Ag/AgCl, k,=0.1 cms™!, a=0. 5. Chemical reaction param-
eters: Ky=108 ko;=5x10*s"!and K, =4 x 10%, k;;=2 x 10?> s~ .. Diffusion
coefficient: D =8.7 x 107% cm?s~.

1b,

b (£, withE,>E)
Scheme 6. (E) and (E.): redox potentials of compounds 1b and 1b,,
respectively.

A quantitative analysis of the data over the scan-rate range
investigated was carried out with the aid of digital simulation
[DIGISIM 2.1® simulation program (BAS)]. The results of a
square-scheme simulation for compound 1b are shown in
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Figure 4 (bottom). The fit involves scan rate changes over two
decades (0.1-10Vs™') and uses one set of simulation
parameters. An excellent agreement between experiment
and simulation is found.

Very interestingly, when recorded at very low scan rates
(1 mVs™!) under thin-layer conditions, the electrochemical
behaviour of compound 1a (Figure 5) becomes similar to that

1.0
0.8
0.6

— 1mvs’ 1a —=1a*+¢

I(uA) 04
0.2
0.0

0.2 1a <——1a" +e

-0.4 [1a <13 +e

02 00 02 04 06
EW)

Figure 5. Experimental cyclic voltammogram in thin layer conditions (d ~
50 um) for 1a (3.1 x 103 molL"), at 293 K, in 5 x 10-! molL~' TBAHP/
ACN/CH,Cl,; reference electrode Ag/AgCl.

observed for 1b at 300 Vs~. A voltammetry study versus scan
rates, performed in semi-infinite diffusion conditions (Fig-
ure 6, top), validates this effect. Indeed, the electrochemical
reversibility of the first oxidation step of compound 1a is
progressively altered upon decreasing the scan rate; this

80
60

40

20
1 (uA V2872
0

"

04 -02 00 02 04 086

E (V vs Ag/AgCl)

Figure 6. Experimental (top) and simulated (bottom) cyclic voltammo-
grams of compound 1a. The simulated data (DIGISIM 2.1°) were fitted to
experimental results for 1a (3.1 x 103 molL~" and 3.1 x 10 mol L") at
293 K according to Scheme 6. All simulations were carried out with the
same set of parameters, only the scan rate changed according to the
experimental voltammograms. (10, 5,2, 1, 0.5, 0.2 and 0.1 Vs™"). For clarity
reasons, only three among seven scan rates are represented for ¢ =3.1 x
103 mol L. Charge transfer parameters: E=0.377V vs. Ag/AgCl, E =
—0.108 V vs. Ag/AgCl, k,=0.1 cms™!, =0.5. Chemical reaction param-
eters: K,=10%, ky;=5x10*s"! and K,=2.5, k;;=3 x 10~ s~1. Diffusion

coefficient: D =3.1 x 10~° cm?s~.

1204

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

phenomenon can be correlated to the appearance of a
reduction peak for a negative potential value during the
backward scan, as for 1b. A quantitative analysis of the data
over the scan-rate range investigated (Figure 6, bottom),
based on Scheme 6 and performed in the same conditions as
for 1b, confirms that compounds 1a and 1b actually present
the same electrochemical behaviour, but for shifted scan-rate
windows.

The ratio of the kinetic constants obtained by fitted
parameters for the forward reaction of compounds 1b
(ki ;=2 x10%> s7") and 1a (k=3 x10"'s™") is close to 700,
which explains the electrochemical irreversibility observed
upon oxidation of 1b. Thermodynamic equilibrium constants
(K;) confirm these conclusions, with a clear evidence of a
stronger stabilization of the 1b.* species (K;=4x 10%)
related to 1a, " (K;=2.5) in their respective equilibria with
the corresponding neutral donors.

The bis(2,6(7)-dithiafulvenyl)-TTF derivatives 4—6 were
also studied by means of cyclic voltammetry (Table 1). Here
again, the shape of the voltammograms is highly affected by
the nature of the R substituent grafted on the peripheral
dithiafulvenyl moieties. As for their monosubstituted ana-
logues, compounds 4a, Sa and 6a, which incorporate two
dithiafulvenyl fragments substituted with carbomethoxy
groups, exhibit two reversible redox systems under standard
conditions (100 mVs~!). The oxidation potentials of 1a and
4a are roughly similar, which constitutes an additional
evidence of the poor contribution of the lateral dithiafulvenyl
rings, when substituted with R=CO,Me, to the m-donating
ability of the molecule. These oxidation potentials are shifted
towards positive values when going from 4a to Sa and from 5a
to 6a, in accordance with the withdrawing effect of the
substituents directly grafted onto the electroactive TTF
framework (4a: H; 5a: CO,Et; 6a: CN).

The extended systems 4b, 5S¢, 5d and 6 ¢ display voltammo-
grams somewhat more difficult to interpret, since they involve
multiredox processes. Nevertheless, as in the case of its
monosubstituted analogue 1b, compound 4b, which is sub-
stituted with electron-donating Me groups, exhibits a negative
El.q value, leading to a AE=E! —E!,=0.44V, which
confirms the precedent observations made on monosubsti-
tuted TTF derivatives.

X-ray crystal structure of la: Single crystals of 1a were
obtained from slow evaporation of a chloroform/cyclohexane
solution. The molecular X-ray structure®! of 1a (Figure 7)
shows the lateral dithiafulvenyl moiety to roughly extend
along the long axis of the central TTF skeleton, in a
conformation close to that of conformation A depicted in
Figure 8, but with significant deviations from the molecular
plane. Thus, contrary to vicinal bis-substituted dithiafulvenyl
TTF systems of type LP! in which both outer S heterocycles
adopt conformation B (Figure 8), there is clearly no 1,5-S--- S
intramolecular bonding interaction in 1a. Moreover, the lack
of planarity of the donor molecule constitutes an additional
argument to explain the poor contribution of the adjacent
dithiafulvenyl ring to the m-donating ability of the donor
molecule.
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Figure 7. ORTEP view of 1a.
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Figure 8. Conformations A and B expected for compounds 1-3.

Theoretical calculations: The molecular structure and elec-
tronic properties of compounds la, 1b and 1d, on both
neutral and oxidised states, were theoretically investigated
within the density functional theory (DFT) by using the
B3P86 density functional and the 6 —-31G* polarised basis set.
Compared to standard ab initio Hartree-Fock (HF) methods,
DFT calculations have the advantage of including electron
correlation effects and have been shown to provide molecular
geometries in better agreement with X-ray structural data for
extended TTFs.?*l For the unsubstituted compound 1d,
calculations were also performed at the more accurate MP2
(second-order Mgller-Plesset perturbation theory) level to
check the reliability of DFT results.

Neutral compounds: The molecular structures of 1a, 1b and
1d were optimised by considering the two conformations
depicted in Figure 8. Conformation A places the lateral
dithiafulvenyl substituent along the long axis of the TTF
skeleton as experimentally observed in the X-ray structure of
1a. In conformation B the dithiafulvenyl moiety “faces” the
TTF core and gives rise to an intramolecular 1,5-S---S
interaction. This interaction is present in vicinal-disubstituted
dithiafulvenyl TTFs like IP¥] and in a variety of TTF analogues
and derivatives.”> > For compound 1d, conformations A and
B were optimised both assuming a C, planar structure and
without imposing any symmetry restriction.

B3P86/6—31G* calculations predict that conformation A is
slightly more stable than conformation B by 0.36 (1a), 0.34
(1b) and 0.54 kcalmol~' (1d). MP2/6-31G* calculations lead
to the same conclusion for 1d and increase the energy
difference to 1.00 kcalmol~!. These results agree with the
X-ray structure observed for 1a and show that the substitu-
ents attached to the external dithiafulvenyl ring only have a
small influence on the relative stability of conformers A and
B. The 1,5-S-- S interaction that takes place in conformation
B is usually invoked as a stabilising bonding interaction and is
calculated to occur at an optimised distance of 3.19 A
independently of the substituent. Although this distance is
significantly shorter than the sum of the van der Waals radii
(3.60 A), 21 it is slightly longer than the distance observed for
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o systems like 2,5-bis(1,4-dithia-
<Y fulven-6-yl)thiophene for which
both dithiafulvenyl groups pre-
fer to orientate in a B confor-
mation and give rise to two
simultaneous 1,5-S---S interac-
tions at 3.12 A.?%l The main
difference between this system
and the compounds studied
here is that for the former the 1,5-S---S interaction takes
place between thiophene and 1,3-dithiole rings, while for the
latter the interaction occurs between dithiole rings. This
difference is the only apparent reason of the lower stability of
conformation B for compounds 1.

As depicted in Figure 9a, the minimum-energy conforma-
tion calculated for compounds 1 is distorted from planarity.
For unsubstituted 1d, this conformation is calculated to be
more stable than the fully planar structure by 0.67 kcal mol !
at the B3P86 level (2.42 kcalmol~! at the MP2 level). The
small energy gap that separates the folded structure from the

b) S_1.746
1.355 /1.770
1.337
1.753 g g 1781 1.768
1.773 S
1336 1.349 /1.765 1 354 1.751
1.773 1.770 |
1753 S $71.748

c)
1753 g s
1336 E.773> 1.349 <
S S
Figure 9. a) Minimum-energy conformation calculated for 1d. Optimised

bond lengths (in A) for b) 1d and ¢) TTE. All the structural data were
obtained at the B3P86/6-31G* level.

planar form agrees with the high flexibility recently suggested
both experimentally?’? and theoretically??”! for the TTF core.
In going from left to right in Figure 9a, the dithiole rings are
folded along the S-S axes by 13.7°, 18.6° and 7.0° (17.3°, 24.0°
and 11.7° at the MP2 level). These values slightly change in
passing to 1a (13.7°, 14.6° and 12.5°) and 1b (14.0°, 14.1° and
7.1°) and overestimate the average values obtained for 1a
from X-ray data (4.9°, 8.4° and 12.5°), since crystal packing
tend to planarise the molecule. Moreover, the dithiafulvenyl
substituent is rotated around the C6—C7 single bond, partially
breaking the conjugation with the TTF core. The rota-
tional angle C5-C6-C7-C8 calculated at the B3P86 level is
28.2° for 1a,20.9° for 1b and 25.7° (35.2° at the MP2 level) for
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1d in good agreement with the X-ray value observed for 1a
(28.2°).

The average deviations between the X-ray data and the
theoretical parameters calculated for 1a are 0.017 A for the
bond lengths and 0.9° for the bond angles, showing the
agreement between theory and experiment. Figure 9b indi-
cates the optimised bond lengths computed for the minimum-
energy conformation of 1d at the B3P86 level. The geometries
of the three dithiole rings are very similar and their bond
lengths closely correspond to those of parent TTF (cf.
Figure 9b and 9c). It is, however, important to note the
asymmetry observed for the central dithiole ring, for which
the S4—C6 and S3—C5 bonds have lengths of 1.781 and
1.748 A, respectively. These slightly different values indicate
some degree of conjugation of the dithiafulvenyl ring with the
TTF core through the C6—C5 and C5—S3 bonds, which are
respectively longer and shorter than in TTF. This trend is
confirmed at the MP2 level for 1d and is also found for 1a and
1b.

Figure 10 shows the atomic orbital (AO) composition of the
highest occupied molecular orbital (HOMO) of 1d. Similar
topologies are found for 1a and 1b. The fact that the HOMO
resides mostly on the TTF moiety suggests that the first

Figure 10. Electronic density contours calculated for the HOMO of 1d at
the B3P86/6-31G* level.

electron in the oxidation process is extracted mainly from the
TTF backbone and that the substituents of the dithiafulvenyl
group should not affect the first oxidation potential. None of
these suggestions is completely true. On the one hand, the
external dithiole ring actively participates in the oxidation
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process as discussed below. On the other hand, the energy of
the HOMO depends on the electron-attracting or electron-
releasing character of the substituent and increases along the
series: 1a (—5.16 eV), 1d (—5.08 eV), 1b (—5.00 eV). Since
less positive oxidation potentials are to be expected for
compounds with higher energy HOMOs, this trend justifies
the cathodic shift of 0.18 V experimentally observed in passing
from to 1a to 1b (see Table 1).

Oxidised compounds: To get a deeper understanding of the
oxidation process, the molecular geometries of the radical
cation and dication of 1a, 1b and 1d were optimised at the
B3P86/6-31G* level. In contrast with that obtained for the
neutral molecules, conformation B is calculated to be more
stable for both the cation and the dication. For the cation, the
energy differences between the fully optimised conformations
A and B are 1.03 (1a), 1.28 (1b) and 1.07 kcalmol~! (1d). For
the dication, these energies increase to 3.51, 3.45 and
3.11 kcalmol™!, respectively. The dication of 1d was also
calculated at the MP2 level and an energy difference of
4.06 kcalmol~! was obtained.”®! Besides the modification of
the conformational preferences of the molecule, the oxidation
process induces the planarisation of the molecular structure
for both the cation and dication. The maximum deviations
from planarity are of 0.4° for the folding of the dithiole rings
and 2.2° for the rotation around the C6—C7 bond of the
external dithiafulvenyl group.

The bond lengths calculated for 1d°* and 1d?* are displayed
in Figure 11 to be compared with those given in Figure 9b for
neutral 1d. They clearly show that the oxidation process
affects both the TTF moiety and the dithiafulvenyl group. For
both the cation and the dication, the outer dithiole rings are
structurally identical, their bond lengths differing by less than
0.005 A. In passing to the dication, the S—C bonds shorten to
1.72-1.73 A and the C=C bonds lengthen to 1.350 A. Relative
to the parent TTF, these lengths are intermediate between
those of the radical cation (Figure 11c) and those of the
dication (Figure 11d); this suggests that each of the outer rings
in 1d** holds a positive charge between 0.5 and 1.0 e.

The central dithiole ring in 1d* and 1d** presents a
completely different structure and is highly asymmetric. In
passing from 1d to the dication, the S3—C4 and S3—CS5 bond

c)
1.350
1.727 1.721 1.730
S 1345| 1.736\ 1.396
1.729
1.397 S
1.412 /1.743
1709 |1-402
S~ 1.671
d)
1.708

(@)

\ 1_%ZEW 1.452 j
7 s
\/

5

©

Figure 11. B3P86/6—31G*-optimised bond lengths (in A) for a) 1d*+, b) 1d>*, ¢) TTF* and d) TTF?*. Resonance structures are included for 1d** and 1d>*.

1206 —

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

0947-6539/00/0607-1206 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 7





Tetrathialfulvalene

1199-1213

lengths reduce drastically from 1.770 to 1.709 A and from
1.748 to 1.671 A, respectively. In contrast, the S4—C4 and
$4—C6 bonds are only slightly shortened from 1.765 to 1.743 A
and from 1.781 to 1.760 A, respectively. It is also worth noting
that the C5—C6, C6—C7 and C7—C8 bond lengths are equal
upon oxidation (cf. Figures 9b, 11a and 11b). The values
obtained for 1d** (1.402, 1.400 and 1.397 A, respectively) are
typical of fully delocalised Cg,—C, bonds as in benzene
(1.40 A). These structural trends are confirmed at the MP2
level and indicate that a conjugation path is established
between the outer dithiole rings through the lower part of the
central ring (i.e., through the S3—C4, S3—CS5 and C5—C6
bonds), in which the S4—C4 and S4—C6 bonds do not
participate. The bond lengths calculated for S3—C4 and
S3—CS5 in the dication are in fact intermediate between those
computed for thiophene (1.724 A)?* and that of a purely
localised C=S double bond as in H,C=S=CH, (1.642 A).l
This suggests that resonance forms involving tetravalent
sulfur, such as those depicted in Figures 11a and 11b (bottom),
contribute to the molecular structure of the radical cation and
dication of 1d. This type of resonance structure has been
invoked by different authors to explain the higher aromaticity
of thiophene and related compounds when compared with
furan and pyrrole derivatives,?'l and has been intensively
investigated for the thieno[3,4-c]thiophene series.l* 3

The Mulliken net atomic-charge distributions calculated for
1d, 1d* and 1d?>* (Table 2) support the structural trends
discussed above. On the one hand, electrons are removed in a
similar proportion from the three dithiole rings, thus support-
ing the participation of the three rings in the oxidation
process. For the radical cation, 0.37 e are taken from the
unsubstituted ring of TTF, 0.32 ¢ from the central ring and
0.31 e from the dithiafulvenyl group. For the dication, the
charges extracted increase to 0.72, 0.60 and 0.68 e, respec-

Table 2. B3P86/6-31G* net atomic charges [e] calculated for 1d and its
radical cation and dication by using Mulliken population analysis.

atoml?! 14" 14+t 1d%+ll
C1 -0.33 -0.33 -0.32
H1 0.22 0.27 0.32
c2 —0.33 -0.33 -0.33
H2 0.22 0.27 0.32
S1 0.28 0.42 0.54
S2 0.28 0.41 0.53
C3 —-0.34 —-0.34 —-0.34
C4 —-0.33 -0.37 -0.39
S3 0.28 0.45 0.60
S4 0.27 0.42 0.49
G5 —0.39 —0.39 —-0.35
HS5 0.23 0.26 0.32
C6 —0.09 —0.10 —-0.12
C7 —-0.20 -0.17 —-0.15
H7 0.19 0.22 0.26
C8 —-0.32 —-0.35 —0.36
S5 0.30 0.40 0.49
S6 0.29 0.40 0.53
C9 —-0.33 —-0.33 —-0.32
H9 0.22 0.27 0.31
C12 —0.34 —0.35 —-0.34
Hi12 0.22 0.26 0.31

[a] See Figure 7 for atom numbering. [b] A conformation. [c] B conforma-
tion.
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tively. On the other hand, the extra charge is distributed in a
different way in the three dithiole rings. For the outer rings, it
is almost equally shared by both sulphur environments. For
the central ring, the extra charge is mainly accumulated on the
S3-C5-H5 atoms, from which 0.45 e are removed in 1d°*, thus
showing the asymmetry of this ring.

Identical structural trends to those discussed above for
unsubstituted 1d are obtained for 1a and 1b upon oxidation.
The bond lengths calculated for the radical cations and
dications of 1a and 1b differ by less than 0.001 A from those
given in Figure 11 for 1d** and 1d?**. Substituents only have a
small effect on the adjacent S6—C9, S5—C12 and C9—C12
bonds, which lengthen by 0.01 A for both 1a%* and 1b**. As
for 1d, electrons are removed from the whole molecule and
the charges extracted from each dithiole environment have
similar values (1a?*: 0.71, 0.57 and 0.72 e; 1b**: 0.67, 0.53 and
0.80 e).

The evolution upon oxidation of the molecular structure
and the distribution of the extra charge found for compounds
1 thus suggest that these extended TTF derivatives should not
be visualised as conventional substituted TTFs. Theoretical
results show that the central dithiole moiety actually acts as a
conjugate spacer between the outer dithiole rings. The
conjugation path is established through the C3=C4-S3-
C5=C6-C7=C8 chain, which, in principle, does not offer a
fully conjugated pathway in contrast to the polyene spacers
present in TTF vinylogues.

We believe that these particular structural features are the
reason for the unconventional electrochemical behaviour
presented by the TTF derivatives synthesised here whatever
the electronic character of their substituents (a, b and d series)
is. Upon oxidation, the external dithiole rings are aromatised
and the conjugation path becomes fully delocalised with C—C
bonds of 1.40 A and rather short S—C bonds, which involve
partial tetravalent character for S3. Once the molecule is
oxidised and the dication obtained, the reduction of the
dication to the radical cation is reversible because the
molecular structure remains highly delocalised (see resonance
forms in Figure 11). Therefore, this highly delocalized radical
cation may correspond to the peculiar stabilised structure
considered in the electrochemical part, denoted as 1b."* (in
the case of donor 1b). In contrast, when passing from the
radical cation to the neutral molecule, the structure loses the
stability provided by the tetravalent resonance forms and, as a
consequence, the effective conjugation between the external
rings; it therefore becomes a substituted TTF, that is, a less
conjugated system. This loss of conjugation could explain the
cathodic shift of the reduction of the cation, thus determining
the electrochemical irreversibility of the first oxidation wave.

In order to learn more about the relationship between the
chemical structure of these extended TTFs and their electro-
chemical behaviour, the molecular structure of the bis(dithia-
fulvenyl)-TTF derivative III¥) was investigated at the B3P86/
6-31G* level (see Figure 12). The neutral molecule is slightly
distorted from planarity with the dithiafulvenyl groups
twisted by 21° and shows approximately C, symmetry. The
dication is fully planar and has C,, symmetry; it exhibits two
short 1,5-S -+ S contacts at 3.07 A. The bond lengths displayed
in Figure 12 (middle) for III are typical of a neutral TTF and
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Figure 12. B3P86/6—31G*-optimised bond lengths (in A) for a) III (C, symmetry) and b) I+ (C,, symmetry).

are similar to those given in Figure 9b for 1d. It is however to
be noted that the C5—C6 bond (1.372 A) is 0.04 A longer than
the C1—C2 bond, which has a length identical to that
calculated for neutral TTF (1.336 A). The length of the
C5—C6 bond suggests that a conjugation path is established
between the two dithiafulvenyl groups through the C5—C6
bond. This suggestion is confirmed by the geometry obtained
for III**, for which the C5—C6 bond lengthens to 1.456 A,
while the equivalent C1—C2 bond on the other side of TTF
remains almost unaffected. Molecule III actually behaves as a
mixed system with properties resulting from the TTF vi-
nylogue formed by the two dithiafulvenyl substituents and the
C5—C6 bond and from the TTF backbone. On going from III
to III>*, 1.16 e are extracted from the dithiafulvenyl groups
and 0.84 e from the TTF backbone, in accord with the well-
known fact that TTFs vinylogues are slightly better donors
than TTF itself.® These structural and electronic features
justify the electrochemical properties of III, for which two
reversible redox processes, almost coalesced in most solvents,
are found at potentials slightly lower than in TTE.!

The results obtained for III indicate a clear difference
between this vicinal-disubstituted system and the monosub-
stituted compounds 1. For III, the TTF backbone acts as a
bridge between the dithiafulvenyl substituents forming a TTF
vinylogue and preserves, at the same time, the structure and
properties of the TTF core. For 1, the TTF backbone loses its
identity upon oxidation, since a special connection is estab-
lished between the dithiafulvenyl substituent and the TTF
ring opposite to it. These structural differences determine the
completely different electrochemical behaviour found for III
and 1.

It should be mentioned that both neutral and oxidised
states of compound 4d were also calculated, as an example of
a bis(dithiafulvenyl)-TTF for which substitution is performed
on both dithiole rings of TTF. Compound 4d behaves
similarly to compounds 1. For the dication, a conjugation
path involving two sulfur atoms with partial tetravalent
character is established between the external dithiafulvenyl
groups. The whole TTF core now acts as a spacer and the
existence of two equivalent dithiafulvenyl moieties facilitates
the extraction of two electrons at similar oxidation potentials
(see Table 1).

Solvent effects: The theoretical calculations discussed until
now give no argument to justify the different electrochemical
behaviour found for compounds bearing electron-attracting
carbomethoxy groups (a) or electron-releasing methyl groups
(b). The structural (preferred conformation, evolution of the
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molecular structure upon oxidation) and electronic (charge
distribution) trends are the same for 1a and 1b and for
unsubstituted 1d; this suggests that the nature of the
substituents attached to the dithiafulvenyl groups has a
negligible effect. It should, however, be pointed out that
calculations were performed for isolated molecules (in
vacuum) and that the electrochemical properties are meas-
ured in solution. To investigate the influence of the solvent,
the molecular structures of 1a and 1b were recalculated at the
PM3 semiempirical level by using the COSMO model for the
solvent. Prior to these calculations, the applicability of the
PM3 approach was tested by optimising the molecular
structures of neutral and oxidised 1a and 1b in vacuum. The
geometries provided by the PM3 method are very similar to
those obtained at the B3P86/6 —31G* level and reproduce all
the structural trends discussed above.

The solvent has no relevant effect on the molecular and
electronic structures of the neutral compounds, but drastically
affects the charged species. As shown in Figure 13, the
minimum-energy conformation calculated for 1a’* in CH,Cl,
(dielectric constant € =9.08) is non-planar due to the rotation
of the TTF rings around the C3—C4 bond. The optimised bond
lengths clearly show that the molecular structure of 1a?*
corresponds to a doubly charged TTF core substituted with

1.353

1.674 S 1.658

Figure 13. Minimun-energy conformation and optimised bond lengths
(in A) calculated for 1a** in solution (CH,CL,) at the PM3 level.
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a neutral dithiafulvenyl ring. This picture is supported by the
net atomic-charge distribution, since a total of 1.85e are
extracted from the TTF core, with the remaining 0.15 e being
removed from the dithiafulvenyl moiety.

The solvent therefore favours the localisation of the extra
charge on the TTF core. This is in contrast with the
delocalised structure found in vacuum, in which charge is
extracted almost equally from the three dithiole moieties. The
stabilisation of the localised structure versus the delocalised
one can be understood as resulting from the interaction of the
molecular dipole moment with the solvent. For 1a?*, the
dipole moment increases from an already high value of 16.9 D
for the delocalised structure found in vacuum to a very large
value of 35.4 D for the localised structure calculated in the
solvent. The huge increase of the dipole moment is due to the
accumulation of the positive charge on the TTF backbone.

Theoretical calculations therefore suggest that, in the
presence of the solvent, electrons are removed from the
TTF core and compound 1a behaves as a substituted TTF.
This result explains the experimental finding that 1a has two
reversible oxidation processes at nearly the same potential
values as TTF. The third oxidation process observed at 1.6 V
then corresponds to the oxidation of the dithiafulvenyl ring.

PM3 calculations predict the same behaviour for the
methyl-substituted compound 1b in CH,Cl,. Though com-
pounds 1a and 1b follow the same electrochemical square
scheme, kinetic and thermodynamic constants involved in
Scheme 6 are clearly distinct between the two families, as
shown by electrochemical experiments. There are, however,
some reasons to support the idea that solvent effects are more
intense for the cations of 1a than for the cations of 1b. On the
one hand, 1b is a less polar molecule. The dipole moment of
1b?* increases from 3.2 D (delocalised form in vacuum) to
21.0 D (localised form in CH,Cl,) compared with the values of
16.9 and 354D found for 1a*". On the other hand, the
localised structure is perfectly preserved in 1a>* for values of
the dielectric constant as low as 2.0. This is not the case for
1b**, for which the localised structure evolves to the
delocalised one as the dielectric constant diminishes and a
fully planar delocalised structure identical to that found in
vacuum is obtained for low values of e. This means that
localised structures with the charge accumulated on the TTF
core are energetically less favoured for 1b than for 1a owing
to solvent effects or, in other words, that delocalised
structures are more easily achieved for the cations of 1b. If,
as suggested above, the 1b." species used in Scheme 6 is
identified with the delocalised structure, the theoretical
results then support the higher values obtained for the ki,
and K, constants of 1b relative to 1a, since these constants
would imply the formation of delocalised forms that are more
readily accessible for 1b than for 1a.

It can be therefore concluded that substituents in com-
pounds 1 play an important role in the electrochemical
properties owing to the interactions with the solvent. Carbo-
methoxy groups give rise to more polar cations than methyl-
substituted compounds and form localised structures in which
the charge accumulates on the TTF core more easily. The
stabilisation of these structures determines an electrochem-
ical behavior similar to TTF.

Chem. Eur. J. 2000, 6, No. 7
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It should be mentioned that more elaborated solvent
models and more accurate quantum-chemistry methods
would be required to provide a quantitative description of
the influence of the solvent that allows theoretical calcula-
tions to make an unambiguous distinction between carbo-
methoxy- and methyl-substituted derivatives. The size and
asymmetry of the molecules studied in this work makes it
especially difficult to perform a more precise study.

Nonlinear optical properties: The structural originality of
compounds 5 and 6 lies in the coexistence of electron-
donating (dithiafulvenyl) and electron-withdrawing (carbo-
methoxy or cyano) substituents on the electroactive TTF
framework. This association provides multiple potential
donor—acceptor conjugation paths through the TTF core,
and should fulfill requisite criteria to reach active third-order
nonlinear optical structures.'l

Third-order susceptibilities ¥* of compounds 5 and 6 were
measured?! by the degenerate four-wave mixing method. The
excitation is provided by 30ps light pulses at 532 nm.
Compounds 5 and 6 reveal large second-order nonlinear
optical hyperpolarisability y, the best result being obtained
for 5a with a value of yelectronic 24 % 10* times greater than that
for CS,; this constitutes an important improvement relative to
other conjugated TTF derivatives studied so far.5’!

Considering these promising results attempts of grafting
other electron-donating and electron-withdrawing substitu-
ents onto the TTF core are in progress in order to establish the
relationship between the hyperpolarisability y and the most
significant structural and electronic parameters.

Conclusion

Novel, highly extended TTF derivatives bearing electron-
donating groups (as well as electron-withdrawing groups in
some cases) have been prepared thanks to various synthetic
methodologies. The electrochemical study of these com-
pounds (1-6) reveals that the shape of the voltammogram
strongly depends on the nature of the R substitution.
Compounds of the a series, which incorporate dithiafulvenyl
moieties substituted with electron-withdrawing carbometh-
oxy groups, present an electrochemical behaviour typical of a
TTF derivative with two reversible one-electron redox
systems below 1.00 V. Surprisingly, a new reduction wave
corresponding to the radical-cation/neutral donor redox
process appears for very low scan rates. In the case of
compounds of the b (R = CH;) and d (R = H) series, the same
unusual electrochemical behaviour is observed, but under
standard CV conditions (i.e., scan rate: 100 mVs™'). Digital
simulation of the electrochemical data has allowed the
description of the square scheme involved on cycling. These
unusual electrochemical properties have been investigated by
means of theoretical calculations in order to get structural
insights about the oxidised species generated. In the gas
phase, no relevant difference is detected as a function of the
substitution patterns. Neutral molecules are predicted to be in
an A conformation (Figure 8), which is slightly distorted from
planarity and in accord with X-ray crystal structure data. The
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oxidised compounds (cations and dications) prefer to adopt a
B conformation (Figure 8) and delocalise the extra charge
over the whole molecule. The resulting structures do not
correspond to an oxidised TTF and are stabilised by resonant
forms that involve tetravalent sulphur atoms, which form part
of the fully delocalised pathway established between the outer
dithiole moieties. These structural features explain the
unconventional electrochemical properties observed for those
derivatives. When effects of the solvent are taken into
account, calculations predict localised structures for oxidised
compounds, in which the charge is extracted from the TTF
backbone and the dithiafulvenyl rings remain neutral. These
localised structures are more easily obtained for compounds
of the a series owing to their higher polarity and justify the
fact that they electrochemically behave as substituted TTFs
under standard CV conditions.

Experimental Section

Melting points were obtained from a Rechert-Jung hot-stage microscope
apparatus and are uncorrected. IR spectra were recorded on a Perkin—
Elmer model 841 spectrophotometer, samples being either nujol mulls,
embedded in KBr discs, or thin films between NaCl plates. 'H NMR and
BC NMR spectra were recorded on a Jeol GSX270WB spectrometer,
operating at 270 and 67.5 MHz, respectively; 0 are given in ppm (relative to
TMS) and coupling constants (J) in Hz. Mass spectra were recorded under
EI or FAB mode on a VG Autospec mass spectrometer. UV/Vis spectra
were recorded on a Perkin-—Elmer Lambda 2 spectrometer. Elemental
analyses were performed by the Service central d’analyses du CNRS
(Vernaison, France). Column chromatography separations and purifica-
tions were carried out on Merck silica-gel 60 (0.040-0.0063 nm).

Electrochemistry: Cyclic voltammetric experiments have been carried out
at 20+ 0.1°C with an EGG PAR 273 electrochemical analyzer, in a three-
electrode cell (SCE or Ag/AgCl reference). The working electrode was a
platinum disk (2 mm diameter) polished to a mirror finish. Platinum wires
were used as auxiliary and pseudo-reference electrodes. An ohmic drop
compensation was applied when necessary. The experimental setup for the
spectroelectrochemistry experiments has been previously described.?** The
cell used can be operated either under semi-infinite diffusion or thin-layer
conditions.

X-ray diffraction: Data collection was carried out on an Enraf-Nonius
CAD4 diffractometer.’! Crystallographic data (excluding structure fac-
tors) for the structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication no.
CCDC-128517. 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).

Computational methods: Calculations were performed on IBM RS/6000
workstations and on a SGI-ORIGIN 2000 computer at the Departamento
de Quimica Fisica of the University of Valencia. Geometry optimisations
were carried out at the density functional theory (DFT) level using the
hybrid, gradient-corrected B3P86 density functional® and the split-
valence, double-g, polarised 6—31G* basis set.*] Additional optimisations
were done at the second-order Mgller-Plesset (MP2) perturbation theory
level with the same basis set. The geometries of neutral molecules and
dications were computed within the restricted Hartree—Fock (RHF)
formalism, while the spin-unrestricted Hartree —Fock (UHF)®! approx-
imation, in which electrons with different spins occupy different sets of
orbitals, was used for singly charged cations. The Berny analytical
method* was employed for the optimisations, and the threshold values
for the maximum force and the maximum displacement were 0.00045 and
0.0018 au, respectively. All DFT and MP2 calculations were performed with
the Gaussian 94 suite of programs.*!l Geometry optimisations including
solvent effects were carried out at the PM3 semiempirical level* using the
conductor-like screening model (COSMO) approach!*’l as implemented in
the MOPAC93 package program.*! The COSMO model, as other
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continuum models,* assimilates the solvent to a continuos medium
characterised by a dielectric constant ¢ and which surrounds a molecular-
shaped cavity in which the solute is placed. It generates a conducting
polygonal surface around the molecule at the van der Waal’s distance and
replaces the dielectric outside the cavity with a conductor.

Wittig mono- and diolefinations

General procedure: Wittig polyolefinations were achieved by reaction
between (poly)formyl compounds 7-12 and phosphorous ylides Wa-d.
Ylides Wb—d were generated at low temperature with nBuLi as a base,
from the corresponding phosphonium salts, which were prepared in situ by
interaction between equimolar amounts of triphenylphoshine and the
corresponding 1,3-dithiolium salts!”) (method A). In the case of R = CO,Me,
Wa was prepared according to the literaturel® (method B), except for the
synthesis of 3a (see below).

Method A (R=CH;, SCH;, H): The appropriate R-substituted phospho-
nium salt” was generated in dry acetonitrile under nitrogen. After 15 min
of stirring at RT, the reaction mixture was diluted with dry THF, cooled to
—75°C and finally treated dropwise with 1 equivalent of n-butyl-lithium
(1.6 M in n-hexane). The yellow solution of Wb —d was stirred for 10 min,
and 0.91 equivalents of the monoformyl TTF derivative 7-9 or 0.45 equiv-
alents of the diformyl TTF derivative 11 or 12 (a different method was used
with compound 10, see below) diluted in dry THF were introduced
dropwise; the temperature was kept at —75°C. At this stage, the colour of
the solution invariably turned deep red. The reaction mixture was then
allowed to warm to RT over a three hour period and was concentrated in
vacuo. The crude material thus obtained was treated with methanol to
allow precipitation of the olefination product. This was filtered on a
sintered glass funnel and was thoroughly washed with hot methanol,
acetonitrile and diethyl ether. Depending on their respective solubility and
stability, the dark-red powders or microcrystals were recrystallised (see
solvents hereafter) or purified by chromatography over silicagel.

Method B (R= CO,Me): A solution of (4,5-dicarbomethoxy-1,3-dithiolyl)-
tributylphosphonium tetrafluoroboratel® and a formyl TTF derivative 7—
12 (0.91 and 0.45 equivalents for single and twofold Wittig olefinations,
respectively) in dry THF was stirred at RT under nitrogen. This solution
was treated dropwise with a large excess of triethylamine and immmedi-
ately turned dark red. The reaction mixture was stirred at RT for 3 h and
was concentrated in vacuo. Precipitation of the olefinated compound
occured during the reaction or by adding methanol. The crude product was
then filtered and thoroughly washed with various solvents or purified either
by recrystallisation or silicagel chromatography, depending on its own
stability and solubility.
2-(2,3-Bis(methoxycarbonyl)-1,4-dithiafulven-6-yl)-TTF (1a): Compound
1a (method B) was synthesised by mixing the formyl-TTF 7 (232 mg,
1 mmol) and (4,5-dicarbomethoxy-1,3-dithiolyl)tributylphosphonium tet-
rafluoroboratel® (1.1 equivalents) in dry THF (15 mL) and triethylamine
(1 mL). After subsequent work-up, the crude product was recrystallised
from toluene/petroleum ether to produce bright orange needles (280 mg,
65%). M.p. 161-62°C; UV/Vis (CH,Cl,): A,,x =411 nm; "H NMR (C¢Dy):
0=5.37 (s, 2H), 5.32 (s, 1H), 5.28 (s, 1 H), 3.25 (s, 3H), 3.18 (s, 3H); MS
(EI): m/z (%): 434 (100) [M]"; elemental analysis calcd (% ) for C,,H,,0,S:
C38.09, H2.32, O 14.72, S 44.27; found C 38.95, H 2.31, O 14.64, S 44.04.
2-(2,3-Dimethyl-1,4-dithiafulven-6-yl)-TTF (1b): Compound 1b1?) (meth-
od A) was synthesised by starting from the formyl-TTF 7 (232 mg, 1 mmol).
After subsequent work-up, it was recrystallised from dichloromethane/
petroleum ether to produce dark orange crystals (210 mg, 61 %). M.p. 173 -
75°C; UV/Vis (CH,CL): Ao =413 nm; 'H NMR (CDCl3): 6 = 6.31 (s, 2H),
5.98 (s, 1H), 5.89 (s, 1H), 1.96 (s, 3H), 1.93 (s, 3H); MS (EI): m/z (%): 346
(75) [M]*; elemental analysis calcd (%) for C;,H,Sq: C 41.58, H 2.91, S
55.51; found C 41.50, H 2.91, S 55.44.
2-(2,3-Bis(methoxycarbonyl)-1,4-dithiafulven-6-yl)-6(7)-hydroxymethyl-
TTF (2a): Compound 2a (method B) was synthesised by mixing the TTF
derivative 9 (100 mg, 0.38 mmol) and (4,5-dicarbomethoxy-1,3-dithiolyl)-
tributylphosphonium tetrafluoroborate (1.1 equivalents) in dry THF
(15 mL) and triethylamine (0.3 mL). After subsequent work-up, the crude
product was purified by silicagel column chromatography (ethyl acetate/
hexane, 1:1) and recrystallised from ethyl acetate/pentane, to afford 2a as a
brownish powder (130 mg, 74 % ). M.p. 142°C; IR: #,,,, = 1726 cm~! (C=0);
'"H NMR ([D¢]DMSO): 6 =6.55 (s, 1H), 6.58 (s, 1H); 6.50 (s, 1H); 5.51
(brs, 1H), 4.20 (s, 2H); 3.77 (s, 6 H); *C NMR ([Dg]DMSO): 6 =159.48,
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158.96, 138.51, 131.72, 131.11, 130.72, 128.67, 117.65, 114.39, 111.75, 108.19,
107.39, 58.92, 53.80, 53.70; MS (EI): m/z (%): 464 (100) [M]*; MS (HRMS,
EI): m/z: 463.9000; C,sH;,05S4 calcd 463.9009.
2-(2,3-Bis(methoxycarbonyl)-1,4-dithiafulven-6-yl)-6,7-(ethane-1,2-diyldi-
sulfanyl)-TTF (3a):*) Dry THF (25mL) was added to a solution of
(4,5-dicarbomethoxy-1,3-dithiolyl)tributylphosphonium tetrafluoroborate
(140 mg, 0.275 mmol) in dry acetonitrile (8 mL), and the mixture was
cooled at —80°C under nitrogen. nBuLi (1.6M in hexanes, 0.21 mL,
0.33 mmol) was added followed by a solution of compound 8 (80.5 mg,
0.25 mmol) in dry THF (15 mL) which was added dropwise. The reaction
mixture was then allowed to warm to room temperature and was
concentrated in vacuo. The crude reaction mixture was purified by silicagel
column chromatography (methylene chloride/petroleum ether 1:1), to
produce 3a as a dark brown powder (53 mg, 40%). M.p. 138-142°C;
'"H NMR (CDCl;): 6 =6.03 (s, 1H), 6.02 (s, 1H), 3.86 (s, 3H), 3.85 (s, 3H),
3.30 (s, 4H); MS (EI): m/z (%): 524 (45) [M]"; MS (HRMS, EIl): m/z:
523.8494; C;sH;,0,S; caled 523.8501.
2-(2,3-Dimethyl-1,4-dithiafulven-6-yl)-6,7-(ethane-1,2-diyldisulfanyl)-TTF
(3b): Compound 3b (method A) was synthesised by starting from the
formyl-ethylenedithio-TTF 8 (80.5 mg, 0.25 mmol). The precipitate formed
during the olefination reaction was filtered and thoroughly washed with
methanol, acetonitrile and diethyl ether to afford 3b as a brown powder
(65 mg, 60%). M.p. 164°C; 'H NMR (CDCl): 6=5.98 (s, 1H), 5.89 (s,
1H), 3.29 (s, 4H), 1.96 (s, 3H), 1.93 (s, 3H); MS (EI): m/z (%): 436 (35)
[M]+; MS (HRMS, EI): m/z: 435.8697; C,,H,,S; caled 435.8705.
2-(1,4-Dithiafulven-6-yl)-6,7-(ethane-1,2-diyldisulfanyl)-TTF (3d): Com-
pound 3d (method A) was synthesised by starting from the formyl-EDT-
TTF 8 (150 mg, 0.47 mmol). The precipitate formed during the olefination
reaction was filtered and thoroughly washed with methanol, acetonitrile
and diethyl ether to afford 3d as a brown powder (124 mg, 65%). M.p.
190°C (decomp); 'H NMR (CS,/DCl; 10:1): 6 =6.37 (dd, J=6.6, 0.5 Hz,
1H; SCH=CHS), 6.33 (dd, J=6.6, 1.4 Hz, 1H; SCH=CHS), 6.04 (m, 1H;
S,C=CH), 5.92 (d, J=0.9 Hz, 1H; SCH=C(S)CH), 3.32 (s, 4H); MS (EI):
miz (%): 408 (60) [M]".
2,6(7)-Bis(2,3-bis(methoxycarbonyl)-1,4-dithiafulven-6-yl)-TTF (4a):
Compound 4a (method B) was synthesised by mixing the TTF derivative
10 (100 mg, 0.39 mmol) and (4,5-dicarbomethoxy-1,3-dithiolyl)tributyl-
phosphonium tetrafluoroborate (2.2 equivalents) in dry THF (15 mL)
and triethylamine (0.6 mL). After subsequent work-up, the crude product
was purified by silicagel column chromatography (methylene chloride) to
afford (Z and E) 4a as a dark red powder (152 mg, 60 % ). M.p. 201 -203°C;
IR: 7, =1714 cm™! (C=0); 'H NMR (CDCL): 6=5.99 (s, 4H) 3.83 (s,
12H); C NMR ([D4]DMSO): 6 =159.41, 158.90, 130.64, 131.69, 131.36,
128.67, 117.33, 109.36, 107.89, 53.76, 53.13; MS (FAB +): m/z: 664 [M]*.
2,6(7)-Bis(2,3-dimethyl-1,4-dithiafulven-6-yl)-TTF (4b): A solution of 4,5-
dimethyl-1,3-dithiolium hexafluorophosphate (255 mg, 0.924 mmol), tri-
phenylphosphine (244 mg, 0.924 mmol), and compound 10 (100 mg,
0.385 mmol) in a mixture of acetonitrile (8 mL) and THF (15 mL) was
cooled at —80°C under a nitrogen atmosphere. n-BuLi (1.6M in hexanes,
0.53 mL, 0.847 mmol) was added dropwise and the resulting mixture was
stirred at this temperature for 30 min. The mixture was then allowed to
warm to RT and the precipitate thus formed was filtered and thoroughly
washed with methanol, acetonitrile and diethyl ether to afford (Z and E) 4b
as a brown powder (112 mg, 60 % ). M.p. 182-185°C; 'H NMR (CDCl,):
0=5.95 (s, 2H), 5.87 (s, 2H), 1.91 (s, 12H); MS (EI): m/z (%): 488 (35)
[M]+; MS (HRMS, EI): m/z: 487.8995; CsH,S; calcd 487.9018.
2,6(7)-Bis(2,3-bis(methoxycarbonyl)-1,4-dithiafulven-6-yl)-3,7(6)-bis(eth-
oxycarbonyl)-TTF (5a): Compound 5a (method B) was synthesised by
mixing the diformyl-TTF derivative 11 (63 mg, 0.16 mmol) and (4,5-
dicarbomethoxy-1,3-dithiolyl)tributyl ~ phosphonium tetrafluoroborate
(2.2 equivalents) in THF (10mL) and triethylamine (0.5 mL). The
precipitate formed during the olefination reaction was filtered and
thoroughly washed with methanol, acetonitrile and diethyl ether to afford
(Z and E) 5a as a very dark powder (red in solution) (113 mg, 90%). IR:
Tmax = 1711, 1692 cm™! (C=0); UV/Vis (CH,ClL,): A0 =525 nm; 'H NMR
(CDCL/CS,): 6 =7.63 (s, 2H), 4.24 (q, 4H), 3.81 (s, 12H), 1.27 (t, 6H); MS
(FAB +): m/z: 808 [M]*; elemental analysis calcd (%) for C,sH,,0,,Ss: C
41.57, H 2.99, O 23.75, S 31.71; found C 41.01, H 3.05, O 23.48, S 30.98.
2,6(7)-(2,3-Dimethylsulfanyl-1,4-dithiafulven-6-yl)-3,7(6)-bis(ethoxycar-
bonyl)-TTF (5¢): Compound 5S¢ (method A) was synthesised by starting
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from the diformyl-TTF derivative 11 (70 mg, 0.17 mmol). The precipitate
formed during the olefination reaction was filtered and thoroughly washed
with methanol, acetonitrile and diethyl ether to afford (Z and E) 5c as a
very dark powder (red in solution) (116 mg, 89%). IR: #,,,,=1680 cm™!
(C=0); UV/Vis (CH,CL): Ay =524 nm; '"H NMR (CDCL): 6 =766 (s,
2H), 4.23 (q, 4H), 2.45 (brs, 12H), 1.30 (t, 6H); MS (FAB +): m/z: 760
[M]*; elemental analysis caled (%) for C,,H,,0,S,,: C 37.86, H 3.18, S
50.55; found C 37.47, H 3.16, S 49.49.

2,6(7)-(1,4-Dithiafulven-6-yl)-3,7(6)-bis(ethoxycarbonyl)-TTF (5d): Com-
pound 5d (method A) was synthesised by starting from the diformyl-TTF
derivative 11 (150 mg, 0.37 mmol). The precipitate formed during the
olefination reaction was filtered and thoroughly washed with methanol,
acetonitrile and diethyl ether to afford (Z and E) 5d as a very dark powder
(120 mg, 56 %), sparingly soluble in most solvents. IR: 7, =1681 cm™!
(C=0); UV/Vis (CH,Cl,): Aoy =513 nm; MS (EI): m/z (%): 576 (28) [M]*;
elemental analysis caled (%) for C,)H;s0,Ss: C 41.64, H 2.80, O 11.09;
found: C 41.45, H 3.02, O 10.83.

2,6(7)-Bis(2,3-bis(methoxycarbonyl)-1,4-dithiafulven-6-yl)-3,7(6)-dicyano-
TTF (6a): Compound 6a (method B) was synthesised by mixing the
diformyl-TTF derivative 12 (60 mg, 0.19 mmol) and (4,5-dicarbomethoxy-
1,3-dithiolyl)tributyl phosphonium tetrafluoroborate (2.2 equivalents) in
THF (10mL) and triethylamine (0.5 mL). Evaporation of the solvent
under reduced pressure and addition of methanol resulted in precipitation
of the product, which was filtered and thoroughly washed with methanol,
acetonitrile and diethyl ether. Recrystallization from dichloromethane/
methanol afforded (Z and E) 6a as a very dark powder (97 mg, 70 %). IR:
Vmax = 2204 (CN), 1714 cm~! (C=0); UV/Vis (CH,CL,): Ay =493 nm; MS
(EX): mlz (%): 714 (51) [M]*; elemental analysis caled (%) for
C, H ,N,O4Sg: € 40.32, H 1.97, N 3.92, O 17.90, S 35.88; found C 40.18, H
2.00, N 3.96, O 17.82, S 35.07.

2,6(7)-(2,3-Dimethylsulfanyl-1,4-dithiafulven-6-yl)-3,7(6)-dicyano-TTF
(6¢): Compound 6¢ (method A) was synthesised by starting from the
diformyl-TTF derivative 12 (100 mg, 0.32 mmol). The precipitate formed
during the olefination reaction was filtered and thoroughly washed with
methanol, acetonitrile and diethyl ether, to afford (Z and E) 6¢ as a very
dark powder (149 mg, 70 % ); IR: 7., = 2198 cm~! (CN); UV/Vis (CH,Cl,):
Amax =503 nm; '"H NMR (CDClL;): 6 =6.59 (s, 2H), 2.48 (s, 12H); MS (EI):
mlz (%): 666 (84) [M]*; elemental analysis calcd (%) for C,oH 4N,S;,: C
36.01, H 2.11, N 4.19; found C 36.33, H 2.35, N 4.12.

2,6(7)-(1,4-Dithiafulven-6-yl)-3,7(6)-dicyano-TTF (6d): Compound 6d
(method A) was synthesised by starting from the diformyl-TTF derivative
12 (60 mg, 0.19 mmol). The precipitate formed during the olefination
reaction was filtered and thoroughly washed with methanol, acetonitrile
and diethyl ether to afford (Z and E) 6d as a very dark powder (83 mg,
89%). IR: 7,,,=2193 cm™' (CN); UV/Vis (CH,CL): 4., =480 nm; MS
(EX): m/z (%):482 (21) [M]*; elemental analysis calcd (% ) for C;sHsN,Ss: C
39.81, H 1.25, N 5.80; found C 39.20, H 1.55, N 5.62.

Formyl-TTF (7) and 2-formyl-6,7-(ethane-1,2-diyldisulfanyl)-TTF (8):
These compounds were prepared following the described procedure,
through lithiation (LDA/THF/—78°C) and subsequent formylation of
tetrathiafulvalene and (ethylenedithio)tetrathiafulvalene respectively, with
Ph(Me)NCHO.[® I

2-Formyl-6(7)-hydroxymethyl-TTF (9): A solution of equimolar amounts
of 2,6(7)-bis(hydroxymethyl)-TTF!'% (200 mg, 0.75 mmol) and selenium
dioxide (83 mg) was heated under reflux for 2 h in dry dioxane (20 mL); the
solution turned from yellow to dark red. Cooling of the solution resulted in
the formation of a black precipitate of elemental selenium, which was
filtered and washed thoroughly with dichloromethane. The solvent mixture
was then evaporated under reduced pressure to produce a dark red oil,
which was purified by SiO, column chromatography (eluent: dichloro-
methane) to afford a first fraction, which corresponded to the 2,6(7)-
diformyl TTF 10 (30 mg, 15 %), and then as a second fraction the 2-formyl-
6(7)-hydroxymethyl TTF 9 (CH,CL/Et,0, 9:1) (80 mg, 40 % ). M.p. 162°C;
IR: 7, =3418 (O—H), 1621 cm~' (C=0); '"H NMR ([D¢]DMSO): 6 =9.51
(s,1H),8.24 (s, 1H, CH=CCHO), 6.58 (s, 1H), 5.55 (t, /=52 Hz, 1H), 4.21
(d, J=52Hz, 2H); *C NMR ([D¢]DMSO): 6 =182.01 (CHO), 143.59
(C=CCHO), 139.69 (C—CHO), 13858 (C—CH,), 114.75, 114.54
(C=C—CH,OH), 105.23 (S,C=CS,), 58.90; MS (EI): m/z (%): 262 (100)
[M]*; MS (HRMS, EI): m/z: 261.9254; CgHO,S, calcd 261.9251.
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2,6(7)-Diformyl-TTF (10): Propynal (CAUTION!*) was generated by
formolysis of propargylic diethylacetal synthesised according to ref. [13].
Treatment of propargylic diethylacetal (7.36 g, 160 mmol) with a large
excess of formic acid previously dried over CuSO, for 3 h at RT resulted in
the formation of propynal; the course of the reaction was monitored by
'H NMR spectroscopy. The reaction mixture was then distilled under a very
moderate vacuum; the condenser was connected to a —30°C cooling
stream. The fraction corresponding to bp, = 55-56 °C was collected and
analyzed by '"H NMR. The mixture (3.10 g) was consisted of a 1:2 binary
mixture of propynal/ethyl formiate and showed no presence of residual
formic acid. A part of this mixture (0.30 g) was then directly added under
nitrogen to a freshly distilled solution of [Fe(37?-CS,)(CO),(PPh;),]!"]
(2.13 g, 3mmol) in toluene (60 mL). The red solution immmediately
turned black. After stirring the solution for 0.2 h at RT, a solution of iodine
(0.59 g) in toluene (20 mL) was added. After 4 h of stirring, the solvent was
evaporated and the dark residue filtered over silicagel to discard
undesirable inorganic salts. Purification by SiO, column chromatography
(CH,CL,) gave diformyl-TTF 10 as a purple powder (72 mg; 18% from
propargylic aldehyde), for which all spectroscopic data were in accordance
with literature.['%)

2,6(7)-Bis(ethoxycarbonyl)-3,7(6)-diformyl-TTF (11): A solution of dico-
baltoctacarbonyl (1.09 g, 3.2 mmol) in toluene (15 mL) was added dropwise
over 0.5 h (CO evolution), under nitrogen atmosphere, to a stirred solution
of thione 18 (1.12 g, 4.8 mmol) in toluene (10 mL) at RT. The temperature
was then raised to 40°C for 0.5 h, and to was heated to reflux for 2 h. After
cooling to RT, the reaction mixture was filtered over silicagel and elution
was completed with dichloromethane in order to discard the black
pyrophoric material. The solvent was then evaporated under reduced
pressure, and the crude product thus obtained was recrystallised from
dichloromethane/petroleum ether to afford a compound (Z and E) 11 as a
deep blue powder (0.61 g, 63%). IR: 7,,,=1716 (C=O ester), 1659 cm™!
(C=0 aldehyde); UV/Vis (CH,Cl,): Ao =581 nm; 'H NMR (CDCL;): 6 =
10.29 (s, 2H), 4.38 (q, 4H), 1.38 (t, 6H); C NMR (CDCl;): 6 =181.83,
181.75, 158.2, 147.18, 146.95, 138.92, 138.86, 63.4, 14.03; MS (EI): m/z (%):
404 (100) [M]*.

2,6(7)-Dicyano-3,7(6)-diformyl-TTF (12): A solution of the TTF derivative
20 (0.50 g, 1.1 mmol) in dichloromethane (20 mL) is treated at RT by
formic acid (40mL) for 0.20h, the colour of the solution turning
immediatly purple. Water (20 mL) was then added, and the resulting
solution was extracted with dichloromethane. The organic layer was then
washed with sodium carbonate (0.3M) and water, dried (MgSO,) and
evaporated under reduced pressure, to produce a (Z and E) mixture of 12
as a black powder (0.32 g, 95%); IR: 7,,,, =2223 (CN), 1672 cm~! (C=0);
UV/Vis (CH,CL): Ayex 557 nm; 'H NMR (CDCly): 6=9.79 (s, 2H); MS
(ED): m/z (%): 310 (95) [M]*.

4-Ethoxycarbonyl-5-diethoxymethyl-1,3-dithiole-2-thione (16): A solution
of equimolar amounts of 1407 (2.0 g, 10 mmol) and ethylenetrithiocar-
bonate (1.36 g) in freshly distilled xylene (10 mL) was heated under reflux
for 24 h, after which solvent was removed under reduced pressure and the
residue purified by chromatography over a silica column (toluene/hexane,
5:1). Thione 16 was isolated as a yellow oil which crystallised in the fridge
(1.68 g,54%). IR: ¥, = 1717 (C=0), 1073 cm~! (C=S); UV/Vis (CH,Cl,):
Amax =361 nm; 'H NMR (CDCly): 0 =6.14 (s, 1H), 4.33 (q, 2H), 3.70 (brq,
4H), 1.36 (t, 3H), 1.26 (t, 6H); ES (EI): m/z (%): 308 (13) [M]*, 263 (14),
218 (7), 103 (100).

4-Cyano-5-diethoxymethyl-1,3-dithiole-2-thione (17): A solution of equi-
molar amounts of 1571 (4.0 g, 26 mmol) and ethylenetrithiocarbonate
(3.53 g) in freshly distilled xylene (20 mL) was heated under reflux for 8 h,
after which solvent was removed under reduced pressure and the residue
was purified by chromatography over a silica column (AcOEt/petroleum
ether, 1:10). Thione 17 was isolated as a brownish oil, which crystallised in
the fridge (5.31 g, 78%). IR: #,,,=2220 (CN), 1080 cm~' (C=S); UV/Vis
(CH,CL,): Apex =360 nm; 'H NMR (CDCl;): 6 =5.56 (s, 1H), 3.72 (brgq,
4H), 1.26 (t, 6H); MS (EI): m/z (%): 261 (23) [M]*, 216 (15), 103 (100).

4-Ethoxycarbonyl-5-formyl-1,3-dithiole-2-thione (18): A stirred solution of
thione 16 (1.68 g, 5.45 mmol) in dichloromethane (30 mL) was treated by
formic acid (100 mL) for 1 h. Water (100 mL) was then added, and the
resulting solution was extracted with dichloromethane. The organic layer
was then washed with sodium carbonate (0.3 molL~!) and water, dried
(MgSO,) and evaporated under reduced pressure. The residue was then

1212 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

purified by chromatography on a silica column (toluene), and recrystallised
from dichloromethane/pentane to afford thin yellow needles of 18 (1.12 g,
88%). M.p. 30°C; IR: ¥, =1728 (C=O ester), 1675 (C=0O aldehyde),
1085 cm™~! (C=S); UV/Vis (CH,CL): Ay 350 nm; '"H NMR (CDCly): 6 =
10.34 (s, 1H), 3.93 (q, 2H), 1.41 (t, 3H); MS (EI): m/z (%): 234 (100) [M]*.
4-Cyano-5-formyl-1,3-dithiole-2-thione (19): A stirred solution of thione 17
(0.50 g, 15.4 mmol) in dichloromethane (60 mL) was treated by formic acid
(50 mL) for 2 h. Water (100 mL) was then added, and the resulting solution
was extracted with dichloromethane. The organic layer was then washed
with sodium carbonate (0.3 molL™') and water, dried (MgSO,) and
evaporated under reduced pressure. The residue was then purified by
chromatography on a silica column (dichloromethane/petroleum ether,
2:1) to afford thione 19 as an orange powder (0.18 g, 50% ). M.p. 92-94°C;
IR: 7,,,, = 2224 (CN), 1665 (C=0), 1083 cm~! (C=S); UV/Vis (CH,Cl,): Aax
348 nm; '"H NMR (CDCl;): 6 =9.81 (s, 1H).
2,6(7)-Dicyano-3,7(6)-bis(diethoxymethyl)-TTF (20): A solution of dico-
baltoctacarbonyl (2.5 g, 7.4 mmol) in toluene (20 mL) was added dropwise
over 0.5 h (CO evolution), under nitrogen atmosphere, to a stirred solution
of thione 17 (2.93 g, 11 mmol) in toluene (20 mL) at RT. The temperature
was then raised to 40°C for 0.5 h, and heated to reflux for 1.5 h. After
cooling to RT, the reaction mixture was filtered over silicagel and elution
was completed with dichloromethane in order to discard the black
pyrophoric material. The solvent was then evaporated under reduced
pressure, and the crude product was purified by silicagel column
chromatography (dichloromethane/petroleum ether, 1:1), to afford (Z
and E) 20 as an orange powder (0.54 g,21%). IR: 7,,,,=2215 cm™! (CN);
UV/Vis (CH,CL,): A, 432 nm; '"H NMR (CDCl,): 6 =5.37 (s,2H), 3.69 (m,
8H), 1.28 (m, 12H); *C NMR (CDCl;): 6 =154.5, 110.4, 102.0, 974, 63.1,
14.9; MS (EI): m/z (%): 458 (26) [M]*, 413 (17), 356 (19), 103 (100).
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A Highly Enantiopure Biconcave Porphyrin with Effective D,-Structure

Reinhold Schwenninger, ¢! Yvan Ramondenc,!® ¢! Klaus Wurst,** Johann Schlogl,'?!

and Bernhard Krautler*l

Abstract: A first representative of an
effectively D,-symmetric biconcave por-
phyrin (1) was prepared from a tetrame-
rizing condensation of a C,-symmetric
pyrrole (2). The chiral pyrrole 2 was
synthesized in a six-step reaction se-
quence starting from the C,,-symmetric
2,6-di-tert-butylanthracene. The relevant
stereochemistry was introduced in a
highly diastereo-discriminating Diels—
Alder reaction with fumaric acid di-
(—)menthyl ester, catalyzed by alumi-

the dimenthyl esters prepared unambig-
uously secured their tentatively assigned
absolute configuration and that of the
pyrrole 2 (as the S,S isomer). The
enantiomeric purity of the pyrrole 2
was determined as 99 % ee, using the
Co! complex of the porphyrin 1 as a
chiral shift reagent. The pyrrole 2 lent

Keywords: asymmetric synthesis -
cage compounds - chirality - por-
phyrinoids - structure elucidation

itself to a stereochemically nearly uni-
form preparation of the chiral, bicon-
cave porphyrin 1. Applying Horeau’s
principle, 1 was calculated to be present
in an enantiomeric excess of about 10°:1.
The validity of the statistical consider-
ations relevant for this estimate were
verified by examination of the results
from preparative tetramerization ex-
periments in which the enantiomeric
purity of the pyrrole 2 was deliberately
lowered.

num chloride. X-ray analyses of two of

Introduction

Pioneered with great success with Collman’s “picket-fence”
porphyrins,['! metalloporphyrins with a three-dimensionally
structured skeleton have attracted considerable attention as
model compounds for oxygen-binding and oxygen-activating
haem proteins!' and as catalysts in a range of organic
transformations. 3] Three-dimensionally structured, chiral
porphyrins have been developed as enantioselective cata-
lysts™7 and as host molecules for stereoselective recogni-
tion.® % As a rule,'”) aromatic meso substituents have served
as the basis for the build-up of the three-dimensional
architecture in these porphyrins.
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We recently opened a synthetic route to biconcave por-
phyrins with a rigid framework.["! In such porphyrins well-
defined and rather rigid cavities are built-up, which aid the
shape-selective incorporation of guest molecules.'l For
biconcave porphyrins,[''l a construction principle complemen-
tary to the one used earlier!'*] has been explored: it relied on
pyrrolic building blocks with a rigid periphery fixed to the
B,B'-positions as provided by annelated 9,10-dihydroanthra-
cene units. The pyrrolic building blocks were prepared by a
new and convenient two-step method. A Diels— Alder
reaction of the potent dienophilel'3"] acetylenedicarbonitrile
and anthracene (derivatives)!®d first gave rigidly structured
maleinic dinitrile derivatives (I) (Scheme 1). The reduction of
these cycloadducts led to the corresponding pyrroles (IT).[1]
Biconcave porphyrins III-(CHj;),s were efficiently assembled
by tetramerizing condensations of the three-dimensionally
structured pyrroles II-(CH;), with formaldehyde["! fol-
lowing classic procedures for the synthesis of porphyrins
bearing substituents only at the B-positions of the pyrrole
rings'.

In this report, we describe the effectively D,-symmetric
biconcave porphyrin 1, obtained in a highly enantiomerically
pure form (calculated to be >99.999999 % ee) from the rigidly
structured, chiral pyrrole 2, by exploiting a fourth-order
Horeau amplification.'”] A diastereo-selective Diels— Alder
reaction' was used as the key step for the synthesis of the C,-
symmetric pyrrole 2, obtained with 99 % ee. The stereochem-
ical purity of the pyrrole 2 was determined by 'H NMR
spectroscopy with the help of the Co" complex 9 as chiral shift

0947-6539/00/0607-1214 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 7
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Scheme 1. General synthetic outline.

reagent. A series of further transition metal complexes of the
porphyrin 1 were prepared, providing a variety of excellent
and broadly functioning chiral shift reagents in 'H NMR
spectroscopy.l'”]
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Results

Preparation of the chiral pyrrole 2

Preparation of the racemic form rac-2 (Scheme2): The
crystalline racemic dinitrile rac-3 was first obtained in 89 %
yield from the cycloaddition of acetylenedicarbonitrile and
2,6-di-tert-butylanthracene in benzene at reflux.'! Reduction
of the dinitrile rac-3 with diisobutylaluminum hydride (DI-
BAH) at —20°C gave the racemic pyrrole rac-2 in 30-35%
yield.

YOO AN

Scheme 2. Synthesis of racemic pyrrole rac-2: a) benzene, reflux, 15 h;
b) DIBAH, CH,Cl,, —20°C, 3.5 h.

Preparation of 2 (see Schemes 3 and 4): A highly diastereo-
selective AlCly-catalyzed Diels—Alder reaction™ of di-
(—)menthylfumarate and 2,6-di-fert-butylanthracene at

90® +

a)

, COOMen(-)
Men(-)OOC ~

99 % el 1%

COOMen(-)

Men(-)JOOC

Z

A

6 R = COO(-)-Menthyl is0-6 R = COO(-)-Menthyl
c) I:
E ent-7 R = COOCH3

Scheme 3. Synthesis of dimethylesters 7 and ent-7: a) AICl;, toluene,
—40°C, 3 h, then 0°C, 12 h; b) 1) Ph-Se-Se-Ph, pottasium fert-butoxide,

7R=COOCH,

THEF, toluene; 2)HCI, isopropyl alcohol, room temperature, 12h;
¢) MeOH, methanesulfonic acid, reflux, 96 h.
0947-6539/00/0607-1215 $ 17.50+.50/0 1215
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—40°C gave the two crystalline products 4 and 5 in a ratio of
about 99:1. The cycloadducts 4 and 5 were separated by
column chromatography to give 94 % of 4 and about 1 % of S.
Based on NOE correlations between the signals of hydrogens
at the succinate bridge and of unambiguously assigned signals
of aromatic protons, the structural differences between the
cycloadducts 4 and 5 could be attributed to the relative
positions of the ester functionalities and the tert-butyl groups.
Accordingly, the major isomer (4) was indicated to have these
groups in a mutual anti arrangement; the minor isomer (5) in a
syn arrangement (Scheme 3). Following the empirical rules
for C,-symmetric chiral molecules? broadly applied to
anthracene-9,10-cycloadducts and by correlating the sign of
the optical rotation and CD spectra and the absolute
configuration at the bridgehead (9,10)-positions,?t?? the
major diastereoisomer 4 ([a]® =—53) was tentatively as-
signed as the (9S,108,115,12S) isomer. The minor isomer 5
([a]f =+4) was correspondingly assigned as the
(9R,10R,115,12S) isomer. The identical stereochemical assign-
ment at the 11- and 12-positions of 4 and 5 was consistent with
the known high face selectivity at the dienophile dimenthyl-
fumarate in its AlCl;-catalyzed Diels — Alder reactions.'”) The
relative configuration of the stereocenters in 5 was directly
confirmed by X-ray structure analysis, as was its absolute
configuration, based on the known structure of (—)menthol
(= (1R)-menthol)?! (Figure 1).

Oxidation of the major cycloadduct 4 with diphenyldisele-
nide and slow addition of potassium tert-butoxide, followed by
chromatography of the reaction mixture, gave the crystalline
maleic acid dimenthyl ester 6 in 92 % yield ([a]f = —91). The
structure of 6 was tentatively assigned as that of a (9S,10S)-
9,10-dihydro-9,10-ethenoanthracene, which was confirmed by
X-ray structure analysis (Figure 1). The chiral auxiliary
groups of 6 were removed by acid-catalyzed transesterifica-
tion in methanol, which gave the crystalline dimethyl ester 7
([a]® = —72), whose crystal structure was also determined.
Analogous transformations of the syn isomer 5 (oxidation
with diphenyldiselenide, transesterification) resulted in ent-7
(the enantiomer of 7) with identical spectroscopic data as for
7, except for the sign of the optical rotation ([a]E = +73).

Treatment of the dimethyl ester 7 with ammonia-saturated
methanol at 40°C and sodium cyanide as a catalyst provided
the corresponding crystalline diamide 8 (77 % yield, [a]® =
—79; Scheme 4). Dehydration of 8 with thionyl chloride was

COOCH, CONH,
H3COOC H2NOC

k a) k b)
N 2N\

7 8

N

I H

N
\f\\ c
<

\\

Scheme 4. Synthesis of chiral pyrrole 2: a) NH;, NaCN, MeOH, 40°C, 5 d;
b) thionyl chloride, DMF, room temperature, 48 h; c¢) DIBAH, CH,Cl,,
—20°C, 3.5h.

performed at room temperature and gave the crystalline
dinitrile 3 in 89% yield ([a]f =—69). The enantiomeric
purity of 3 was determined by '"H NMR spectroscopy to be
99 +0.2% ee, using the Co' complex of the porphyrin 1 as
chiral shift reagent (see below). Reduction of 3 with DIBAH
at —20°Cl'l according to the procedure worked out earlier for
rac-3, provided the chiral pyrrole 2 ([a]3 = —41) in 39 % yield
(Scheme 4). Aside from the sign of the optical rotation, the
spectroscopic data of the pyrrole 2 were identical to those of
the racemate rac-2 (‘H NMR, *C NMR, FAB-MS, FT-IR).

Preparation of the symmetric biconcave porphyrin 1
(Scheme 5): Acid-catalyzed condensation of formaldehyde
and the chiral pyrrole 2 at room temperature in a degassed
solution (seven days) produced a slightly reddish reaction

Figure 1. Structures of the syn-cycloadduct 5 of di-(—)menthyl fumarate and 2,6-di-tert-butylanthracene and of 6, the oxidation product of the anti-
cycloadduct 4 (ORTEP plots; thermal ellipsoids at 30 % probability level are shown).
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(5,5.8,5)-1 (98.0 %, calc.)

(RSS9 (1.97 %, calc.)

Scheme 5. Synthesis of biconcave porphyrin using 2 (99.0 % ee); 1) aque-
ous formaldehyde, HOAc, MeOH/CH,Cl,, room temperature, 7d;
2) DDQ, room temperature, 2 h.

mixture that was oxidized with 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) at room temperature (one hour). The
crystalline chiral porphyrin 1 was isolated in 70 % yield after
chromatographic separation of the reaction mixture and
crystallization from acetone/water.

The constitution and the high symmetry of the porphyrin 1
was established from UV/Vis, CD, 'H NMR, 3C NMR, and
FT IR spectra and FAB-MS data. The NMR spectra, recorded
at ambient temperature (‘H NMR: 7signals, *C NMR:
12 signals), indicated a highly uniform structure and were
consistent with a specific effective D,-symmetric structure of 1
in solution (Figure2). The UV/Vis spectrum showed the
characteristic bands of a metal-free porphyrin (Figure 3,
bottom), while the CD spectrum revealed positive molar
ellipticities for all bands at wavelengths longer than about
300 nm (Figure 3, top).

Chem. Eur. J. 2000, 6, No. 7
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Figure 2. 300 MHz 'H NMR spectrum of the porphyrin 1 (in CDCL).
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Figure 3. Top: CD spectra of porphyrin 1 (CH,Cl,, ¢ =6.1 x 10-%M; inset:

¢=77x107°m); bottom: UV/Vis absorbance spectrum of porphyrin 1

(CH,Cl,, c=6.1 x 10-°m).

Preparation of the asymmetric biconcave porphyrin
((R,S,S,9)-1, Scheme 6): In an experiment analogous to that
described for the preparation of 1, but using a mixture of the
pyrroles 2 (S enantiomer, 99 % ee)* and of rac-2 in a ratio of
75.6:24.4 (i.e. having the S enantiomer in an enantiomeric
excess of 74.8 % ee only), resulted in 71 % of a raw mixture of
stereoisomeric porphyrins. A 'H NMR spectrum of this
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&O—O

(855,51 (58 %)

2 (75.6 %) (s) (s)
+ —_—
rac-2 (24.4 %)

(RS,5,5)-1 (33 %)

Scheme 6. Synthesis of biconcave porphyrin using a mixture of 2 and rac-2
(=74.8% ee); 1) aqueous formaldehyde, HOAc, MeOH/CH,Cl,, room
temperature, 7 d; 2) DDQ, room temperature, 2 h.

mixture was consistent with the two main components, the
symmetric porphyrin 1 (58 %) and the asymmetric porphyrin
(R,S,S,5)-1 (33 %). Rechromatography of part of the mixture
of stereoisomeric porphyrins afforded from the second band a
pure sample of the slightly more polar (R,S,S,S)-1, which was
subjected to a 'H NMR spectroscopic analysis.

Preparation of the Co! porphyrinate 9: Treatment of a
solution of the porphyrin 1 in THF with dry CoBr, in the
presence of dry sodium acetate at room temperaturel'!l led to
practically quantitative complexation. The red Co" porphyri-
nate 9 was crystallized from acetone/water and isolated in
99 % yield.

The constitution and the effective molecular symmetry of
the Co" porphyrinate 9 were established from UV/Vis,
'H NMR, and FT-IR spectra and FAB MS data. The UV/
Vis spectra exhibited the typically intense Soret band
(402.5 nm) and two weaker bands at 514.5 and 546 nm. The
'H NMR spectrum of the paramagnetic Co" porphyrinate 9,
recorded at ambient temperature in benzene exhibited
6 signals, consistent with D,-symmetry, as well as the low-
field shifts (A0~ 20 for meso-hydrogens, Ad~7 for bridge-
head-hydrogens, but only Ad =~ 0.2 for the signals of the tert-
butyl groups), characteristic of symmetric, biconcave and
other Co'" porphyrins.[']

Analysis of the enantiomeric purity of the dinitrile 3: The D,-
symmetric Co porphyrinate 9 was used as a chiral shift
reagent for analysis of stereoisomers in "H NMR spectra. The
enantiopurity of the dinitrile 3 was determined by analyzing
the effect of the Co!! porphyrinate 9 on the signal of the
bridgehead proton of 3. In the 'TH NMR spectrum of a solution
of 3 and rac-3 in benzene, this signal was observed at  =4.78.
In the presence of 9 the corresponding signal for rac-3 is split
into two singlets, both shifted to a higher field. At a 11.6 mm
concentration of 9 and at 30°C the two signals of the
bridgehead protons of rac-3 occurred at 6=4.71 (Ad=
—0.069) and at 0=4.53 (A6=-0.250). The 500 MHz
'H NMR spectrum of a solution of the dinitrile 3 and of 9 in
benzene (10.2 mm) showed a major signal at d =4.73, the *C
satellites at 0 =4.87 and 0 =4.58 and a further small signal at
0 =4.55 (Figure 4). The last signal is attributed to the bridge-
head protons of the minor (R)-stereoisomer ((R)-3)?* of the
dinitrile 3. Based on the natural occurrence of '*C isotopes
(1.1% )1 and on the integrals of the three signals, the minor
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Figure 4. Section of the 500 MHz '"H NMR spectrum of a solution in C¢Dy
of the dinitrile 3 and of the Co" porphyrinate 9 (¢ =10.2 mm) and structure
of 9.

isomer (R)-3 was estimated to be present in our preparation of
3atalevel of 0.5+ 0.1 %. The enantiomeric purity of 3 (and of
its reduction product 2) accordingly amounts to 99 +0.2%.

Stereochemical analysis of the porphyrins resulting from
nonracemic mixtures of the pyrroles (S)-2 and (R)-2.4
Further experiments analogous to those described for the
preparation of 1 (=98 % of (S,S,S,5)-1 and 2% of (R,S,S,S)-1)
were carried out using varying mixtures of the pyrrole 2 (S
enantiomer, 99 % ee) and of rac-2 (Table 1). The pyrroles 2
and rac-2 were used in ratios of 75.6:24.4 (i.e. having 74.8 % ee
of the S enantiomer), of 84.3:15.7 (i.e. having 83.4 % ee of the
S isomer), and of 92.5:75 (i.e. having 91.6% ee of the S
isomer). The crude mixtures of stereoisomeric porphyrins
(64-72% yield) were analyzed by 'H NMR spectroscopy to
determine the relative amounts of the two main components
(i.e. the symmetric porphyrin 1 and the asymmetric porphyrin
(R,S,S,5)-1), as given in Table 1.
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Table 1. Distribution of stereoisomeric porphyrins from tetramerizing
condensation of pyrrole mixtures (§5)-2/(R)-2 with different enantiomeric
purities. Calculated distributions were compared with corresponding values
from experiments with (S)-2: 1) 91 % ee;2) 83.4% ee; 3) 74.8 % ee (see text
for further details).

Stereoisomeric composition of porphyrins from

Porphyrin rac-2 (5)-2/(R)-2 mixtures (5)-2 (99 % ee)
stereo experiments 1)-3)
isomers calcd®l  calcdl?! obs. "] calcdl®!
1)84.2 7
(5.5,5.5)-1 6.25 2)70.7 98.0
3)58.4 1) 84
2)70
1) 0.0003 3)58 s
(R,R,R,R)-1 6.25 2)0.0047 6.2x10™
3)0.025 _
® 1)14.8 .
(R,S,S,5)-1 25.0 2)25.6 ¢ 1.97
® 3)33.6 |
5.0x107

—0 1)0.028
(S.RRR)-1 250 2021 !
®—O© HOT2 ¢ gy 1588 | qy16

i 2)203 2)30
Does | D4L6 3)42

(S.S,R.R)-1 250 223 | 0.01
349
e—O 1032 |
(S,R,S.R)-1 12.5 12 0.005
&—® 3H24

[a] Calculated distribution of porphyrin stereoisomers based on statistical
combination of stereoisomeric pyrroles (in %). [b] Yield of porphyrin
diastereomers from integration of 'H NMR signals (in %, +5%).

Discussion

In the earlier work on achiral biconcave porphyrins,"!) the
required pyrroles were built-up by Diels— Alder reactions of
highly symmetric anthracene derivatives. The use of C,,- and
less symmetric anthracenes would lead to chiral and often
asymmetric pyrroles, whose tetramerization product, in gen-
eral, led to a complex mixture of stereoisomeric porphyrins.
The racemic C,-symmetric pyrrole rac-2 was likewise expect-
ed to give rise to a mixture of the four porphyrin diaster-
eoisomers by statistical incorporation of each enantiomer.>!
The preparation of the C,-symmetric pyrrole 2 in a highly
enantiopure form was therefore firstly required. An asym-
metric Diels— Alder reaction[’! promised to be a convenient
synthetic entry to the pyrrole 2, from which the biconcave
porphyrin 1 could be assembled efficiently.

Furuta et al.l! reported the [4+2] cycloaddition of anthra-
cene and (—)-dimenthyl fumarate with a diastereomeric
selectivity of 99 %. In this work the absolute configuration
of the cycloadduct was assigned by its conversion to the
corresponding diol as reference compound, for which an
absolute configuration had been assigned?” (tentatively)
based on the older stereochemical correlations.?”) The
Et,AlCl-catalyzed Diels—Alder reaction of di-(+)menthyl
fumarate and 2,6-bis-(tert-butyldimethylsiloxy)anthracene at
0°C was reported by Petti et al. to yield two of the four
possible diastereomers, one anti adduct and one syn adduc-
t.214 The syn/anti assignment was achieved by NOE-corre-
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lated NMR spectroscopy; the diastereomeric excess of the
anti adduct over the syn adduct was found to be only about
40%, but with an apparent high facial selectivity at the
dienophile.?' The absolute configuration of the Diels— Alder
cycloadducts and of the subsequent products was determined
by the comparison of the sign of the optical rotation ([a])
with those of related compounds,?! as similarly and consis-
tently done in other studies on 9,10-ethano-9,10-dihydroan-
thracenes.'> 2271 The lack of the absolute reliability of the CD
spectral analysis for the assignment of the absolute config-
uration of chiral 9,10-ethano-9,10-dihydroanthracenes and a
specific discrepancy between the deductions of the absolute
stereochemistries of some 9,10-ethano-9,10-dihydroanthra-
cenes by CD analysis and by unambiguous X-ray crystallo-
graphic methods was pointed out by Tanaka etal., who
determined the structure of (—)-1,5-diamino-9,10-ethano-
9,10-dihydroanthracene by the Bijvoet method.?®! To finally
put the stereochemical assignment of our products of Diels—
Alder reactions (at the 9,10-positions) of a 2,6-disubstituted
anthracene derivative on solid ground, therefore, we also
sought unambiguous information from crystal structure
analyses. The X-ray crystal structures reported here provide
solid and internally consistent information on the absolute
configuration of the crucial C,-symmetric (9,10)-cycloadducts
5 and 6 of 2,6-di-tert-butylanthracene, based only on the
known stereochemistry of (—)-menthol.?)l Our X-ray crystal
structure analyses appear to provide experimental confirma-
tion for the first time of the earlier stereochemical assign-
ments from work[" 212227 based on correlations of the signs
of optical rotations and of CD spectra with theoretical
models.[?%

For the five-step conversion of the cycloadduct 4 to the
chiral pyrrole 2 (see Schemes 3 and 4) care was taken to avoid
conditions that would allow noticeable occurrence of retro-
Diels— Alder reactions. The enantiomeric purity of the
dinitrile 3, the direct precursor for the pyrrole 2, was analyzed
with the help of the D,-symmetric Co" complex 9 of the
porphyrin 1 as a chiral shift reagent. The analysis was based on
a comparison of the main signal of the minor enantiomer (R)-
3141 with the signals of the *C satellites of the major isomer
(5)-3 and indicated the dinitrile 3 to consist of 99.5+0.1 % of
(5)-3 (i.e. to have 99.0 % ee, see Figure 4). As stereochemical
scrambling is highly unlikely under the conditions used for the
reduction of 3 (with diisobutylaluminum hydride, at —20°C)
to the pyrrole 2, the enantiomeric purity of the dinitrile 3 was
set equal to that of the chiral pyrrole 2.

The pyrrole 2 (i.e. (S)-22 with 99.0 % ee) was subjected to
an acid-catalyzed tetramerizing condensation with formalde-
hyde, followed by oxidation with DDQ, to give the symmetric,
chiral porphyrin 1 in about 70% yield as the only NMR-
detectable stereoisomer. As previously found in the prepara-
tion of an achiral biconcave porphyrin,l'l it can be inferred
that the tetrameroidization reaction produces the porphyrin
precursor (porphyrinogen) gratifyingly selectively.

In 1 eight stereochemical centers of identical absolute
configuration are assembled. Quantitative information on the
stereochemical integrity of 1 could only be obtained indi-
rectly. Under conditions of (practically) statistical incorpo-
ration of both enantiomeric pyrrolic building blocks (i.e. of
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either (S)-2 (major) or (R)-2 (minor isomer present in 2)) the
stereochemical purity of the porphyrin 1 could be calculated
by applying the Horeau principle.'’! Accordingly, from an
nth-fold stereo-nondiscriminating oligomerization of a com-
pound with an enantiomeric ratio g (¢ =S/R) the resulting
enantiomeric ratio of the oligomer can be calculated as g":1.
In the case of the assembly of porphyrins from pyrroles (a
tetramerization, i.e. n=4) that conforms to the boundary
conditions relevant to Horeau’s principle,[S! the homochiral
tetramer is highly enantiomerically enriched compared to the
monomer. Based on an enantiopurity of 99 % ee of the pyrrole
2, the enantiomeric ratio of (homo)chiral porphyrin 1 can be
calculated to be 1.57 x10°:1 (ratio of (S,S,S,5)-1 versus
(R.R,R,R)-1).4

The basic requirement for the “nth-order Horeau amplifi-
cation”! in the assembly of chiral n-mers is the absence of
stereochemical discrimination in the oligomerization steps.
The stereochemically statistical nature of the tetramerization
steps towards the porphyrin 1 was therefore examined. For
this purpose, the porphyrins resulting from enantiomerically
nonuniform mixtures of pyrroles were stereochemically
analyzed. By subjecting mixtures of the pyrroles (§)-2 and
(R)-2 of known enantiomeric purity (prepared from the
racemic pyrrole rac-2 and 2) to the standard conditions of the
tetramerization reaction, the resulting mixtures of porphyrin
isomers were investigated by NMR spectroscopy (Table 1).
Within experimental errors the measured isomer distributions
(Table 1, column 4) were undistinguishable from those calcu-
lated (Table 1, column3) in the case of stereochemical
nondiscrimination in the oligomerization steps. Based on
these investigations, the tetramerizing condensation of the
pyrrole 2 (=(S5)-2, 99.0% ee) can be safely regarded as
occurring without noticeable stereochemical discrimination
in the oligomerization steps and to produce 1 with about 98 %
of (S8,5,5,5)-1 and less than 107% of the enantiomer
(R,R,R,R)-1 (Table 1, column 5). The enantiomeric purity of
1 was thus calculated to amount to the extraordinary value of
about 10°:1!

There have been several reports lately on high enantio-
meric enrichments during repetitive synthetic transformations
that exploit Horeau’s principle,!™™ such as in the course of the
polydihydroxylation (according to Sharpless) of squalenel?
and in the assembly of a polycyclopropane antibiotic from
chiral cyclopropane building blocks.®” Clearly, high enantio-
meric purity is of a particularly decisive advantage for
compounds of possible use as chiral shift reagents!'”3! and
as catalysts.’l Nature’s polymeric catalysts are the best
example for the latter group.

In the chiral porphyrin 1 the concave framework provides
an effectively D,-symmetric structure (although the instanta-
neous position of the N-bound hydrogen atoms breaks the
symmetry). The dissymmetry results from substituents bound
to all of the S-positions of the four pyrrolic units. Earlier, two
other effectively D,-symmetric porphyrins were prepared, in
which four chiral substituents were bound to the four meso
positions of the porphyrin ligand.’»"] These chiral porphyrins
served as the ligands of chiral metal complexes that were
tested as catalysts for enantioselective epoxidation and cyclo-
propanation reactions.2®l The highly enantiopure porphyrin
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1 and its transition metal complexes have turned out, so far, to
be very useful chiral shift reagents for a broad range of chiral
organic compounds!'”! and seemingly of advantage compared
to most established chiral shift reagents.?!

Conclusion

We have introduced an efficient route to the chiral biconcave
porphyrin 1 with the remarkably high enantiomeric purity of
about 10°:1 and with an unambiguously assigned absolute
configuration. In the metal-free porphyrin 1 an unusual and
effectively highly symmetric chiral structure (D,-symmetry)
has become available. In 1, the eight stereogenic centers are
bound through f-substituents at the periphery of the pyrrole
rings. In contrast to the two other cases of effectively D,-
symmetric porphyrins, in which four meso substituents are
stereogenic, the porphyrin 1 has the same basic substituent
pattern as most naturally occurring porphyrins.
Incorporation of a Co™ ion into 1 gave the D,-symmetric
biconcave Co™' porphyrinate 9, used as chiral shift reagent.
This paramagnetic cobalt — porphyrin and other (diamagnetic)
biconcave metalloporphyrins based on 1 are versatile chiral
NMR shift reagents.'”? In addition, the readily available
biconcave porphyrin 1 may provide a basis for the develop-
ment of chiral metal complexes as enantioselective catalysts.

Experimental Section

General: All reactions were carried out in oven-dried glassware under a dry
argon atmosphere. 'H and *C NMR spectra were recorded on a Bruker
AM 300 or Varian Unity 500 spectrometer. Chemical shifts are reported in
o0 units (ppm) using the residual '"H/"*C signals of the deuterated solvents as
areference; 0(CHCl;) =724, 6(CDCl;) =77.0, 6(CsDsH) =715, 6(C¢Dg) =
128. Infrared spectra were performed on a Mattson FTIR 3000 instrument.
UV/Vis spectra were recorded on a Hitachi U 3000. CD spectra were
measured on a JASCO J-715; optical rotations on a Perkin-Elmer 141
Polarimeter. A Finnigan MAT-95 instrument was used for all MS experi-
ments. X-ray: Siemens P4 diffractometer; refinement: SHELXS-86,1%]
SHELXL-93.331 Reagents: Anthracene, diphenyldiselenide, CF;COOH,
diisobutylaluminum hydride (DIBAH, 1M in hexane), all Fluka purum;
AICl;, thionyl chloride, methanesulfonic acid, all Fluka puriss.; (—)-
menthol, Fluka puriss. (—):(+)>99:1 (GC); tert-butyl alcohol, Fluka
puriss. p.a.; potassium fert-butoxide, Fluka pract.; CoBr,, anhydrous,
Johnson, Matthey & Alfa. Solvents: Acetonitrile, hexane, benzene,
toluene, CH,Cl,, isopropyl alcohol, DMF, acetone, THF, methanol, all
Fluka puriss. p. a.; dichloromethane, diethyl ether, and petroleum ether for
column chromatography, all Fluka purum; TLC: Polygram SIL G/UV254
from Macherey-Nagel. Column chromatography: Silica gel 60 (0.040-
0.063 mm) from Merck.

Racemic dinitrile rac-3 ((+)-2,6-di-tert-butyl-9,10-dihydro-9,10-ethenoan-
thracene-11,12-dicarbonitrile): To a boiling suspension of 2,6-di-tert-
butylanthracene"® (3.00 g, 10.3 mmol) in benzene (35 mL) freshly sub-
limed acetylenedicarbonitrile (1.55 g, 20.4 mmol)!** in benzene (10 mL)
was added over a period of 4 h. The reaction mixture was heated under
reflux overnight under an argon atmosphere. The organic solvent was
distilled off and the residue was purified by column chromatography (silica
gel, petroleum ether/CH,Cl, 1:1) and recrystallized from acetonitrile to
give rac-3 (3.38 g; 89 % yield); optically inactive, other spectroscopic data
identical with those of the enantiopure dinitrile 3.

Racemic pyrrole rac-2: ((£)-2,6-di-tert-butyl-9,10-dihydro-9,10-[3,4]-epi-
pyrroloanthracene): Reduction of racemic dinitrile rac-3 (1.50 g,
4.09 mmol) was performed with DIBAH (25mL, 1M in hexane) as
analogously described for the preparation of the enantiopure pyrrole 2;
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yield: 435 mg (30 %) of rac-2; optically inactive, other spectroscopic data
identical with those of the enantiopure pyrrole 2.

Isomeric cycloadducts 4, 5 (di[ (LR)-menthyl] (9S,10S,118,125)- and
di[ (1R)-menthyl]  (9R,10R,115,12S)-2,6-di-tert-butyl-9,10-dihydro-9,10-
ethanoanthracene-11,12-dicarboxylate): To a solution of di-(—)menthyl
fumarate (9.51 g, 24.2 mmol) in toluene (25 mL) AlCl; (6.45 g, 48.4 mmol)
was added at —40°C and the mixture was stirred for 20 min. A suspension
of 2,6-di-tert-butylanthracenel'® (7.00 g, 24.1 mmol) in toluene (80 mL) was
slowly added while the temperature was kept below —30°C. After 3 h at
—40°C the reaction mixture was stirred overnight at 0°C. The yellow
suspension was poured into a 0.5N HCl/ice mixture. The organic layer and
two further toluene extractions of the aqueous layer were combined,
washed with a saturated NaHCOj solution, and dried over Na,SO,. The
organic solvent was distilled off and the pure product was purified by
column chromatography on silica (petroleum ether/ diethyl ether 97:3,
R{(4) =0.16, R(5) =0.13). Recrystallization from methanol gave 4 (15.5 g;
94 %) and syn isomer 5 (0.15 g; ca. 1% ). The anti isomer 4 isolated in this
way was >99.9 % isomerically pure according to HPLC (on RP-18, MeOH
as eluent, detection at 215 nm). Colorless crystals of 4: M.p. 96-98°C;
[a]y) =—53 (¢=0.42 in CHCl;); 'H NMR (300 MHz, CDCl;, 23°C): 6 =
733 (d, J=1.7Hz, 2H), 710 (d, /=76 Hz, 2H), 705 (dd, J=17Hz, J =
7.6 Hz,2H), 4.60 (s,2H), 4.55 (td, / =10.6 Hz,J=4.2 Hz,2H), 3.33 (5, 2H),
1.95-1.83 (m, 2H), 1.76-1.58 (m, 6 H), 1.45-1.28 (m, 4H), 1.25 (s, 18H),
1.15-0.75 (m, 6H), 0.92 (d, J=72 Hz, 6H), 0.82 (d, J=6.8 Hz, 6H), 0.70
(d, /=72 Hz, 6H); *C NMR (75 MHz, CDCl;): d =172.00, 149.14, 142.34,
137.36, 124.28, 122.62, 120.64, 74.81, 48.56, 47.03, 46.99, 40.76, 34.59, 34.26,
31.55, 31.32, 26.02, 23.16, 21.96, 20.99, 16.12; IR (KBr): #=1726 cm~!; MS
(ED): m/z (%): 682.5 (2) [M], 290.2 (100), 275.2 (18). Colorless crystals of
5: M.p. 178°C; [a]® =4 (c=1.71 in CHCl;); 'H NMR (300 MHz, CDCL):
0=724(d,/=78Hz,2H),721(d,/J=19 Hz,2H),710(dd,/=19Hz,J =
7.8 Hz,2H),4.60 (s,2H), 4.53 (td, /=10.8 Hz,J = 4.4 Hz,2H), 3.30 (s, 2H),
1.95-1.85 (m, 2H), 1.76-1.55 (m, 6 H), 1.45-1.25 (m, 4H), 1.24 (s, 18H),
1.15-0.75 (m, 6H), 0.90 (d, J=6.8 Hz, 6H), 0.80 (d, /=6.8 Hz, 6 H), 0.72
(d,/=6.8 Hz, 6H); *C NMR (75 MHz, CDCl,): 6 =171.83, 148.92, 140.14,
139.81, 122.90, 122.80, 121.75, 74.84, 48.32, 47.15, 46.72, 40.52, 34.48, 34.18,
31.53, 31.28, 26.14, 23.13, 21.95, 20.94, 16.22; IR (KBr): #=1736 cm~'; MS
(EX): miz (%): 682.4 (2) [M*], 290.2 (100), 275.2 (17).

Crystallographic data of 5: C,HgO4, M,=683.03, crystallized from
MeOH, monoclinic, space group P2, (no.4), a=1331.6(4), b =1102.4(4),
¢=1616.5(5) pm, f=114.06(2)°, V=2.1668(12) nm? (least-squares method
for 0 range 2.3 <6 <21.0°), T=223(2) K, with graphite-monochromated
Moy, radiation, 4 =71.073 pm, pcucq = 1.047 Mgm~—3, F(000) = 748, colorless
crystal 0.75 x 0.25 x 0.1 mm, u(Mog,) = 0.065 mm~!, no absorption correc-
tion, @ scan, limiting indices: —1<h<13, —1<k<1l,-16<I<15,
3160 reflections collected, 2716 independent reflections (R;, =0.0250),
data/parameters = 2570/452, refinement: full-matrix least-squares on F?,
GOF(F2)=1.045, R1=0.0705 and wR2=0.1210 (all data), R1=0.0470
and WR2=0.1068 I>20(I), w=1/[c*(F2)+ (0.0612P)*+0.0P] and P=
(F2 +2F?)/3, largest difference peak and hole 164/ — 141 enm 3. 1%

Di-(-)menthyl ester 6: (di[ (1R)-menthyl] (95,105)-2,6-di-tert-butyl-9,10-
dihydro-9,10-ethenoanthracene-11,12-dicarboxylate): anti Isomer 4 (15.0 g,
22.0 mmol) and diphenyldiselenide (10.7 g, 34.2 mmol) were dissolved in
toluene (260 mL). Potassium rert-butoxide (7.39 g, 65.9 mmol) in THF was
added dropwise at room temperature. The yellow suspension was diluted
with isopropyl alcohol (530 mL) and concentrated HCI (110 mL). Stirring
was continued for 12 h at room temperature, then ethyl acetate (700 mL)
was added and the solution was neutralized with saturated sodium
bicarbonate solution. The organic layer was treated with phosphate buffer
(pH7). The solvent was removed under vacuum and the resultant crude
product was purified by column chromatography (silica, petroleum ether/
deithyl ether 95:5). Recrystallization from methanol gave 6 (13.7 g; 92 %
colorless crystals). M.p. 187-188°C; [a]f=-91 (c=0.65 in CHCL);
'"H NMR (300 MHz, CDCLy): 6=7.34 (d, /=19 Hz, 2H), 725 (d, J=
78 Hz, 2H), 6.99 (dd, /=19 Hz, /=78 Hz, 2H), 5.30 (s, 2H), 4.75 (td,
J=112Hz,J=4.4Hz, 2H),2.15-2.06 (m, 2H), 1.72-1.59 (m, 4H), 2.00 -
1.88 (m, 2H), 1.55-1.30 (m, 4H), 1.25 (s, 18 H), 1.15-0.75 (m, 6 H), 0.89 (d,
J=6.8 Hz,6H),0.88 (d, /=6.8 Hz, 6H), 0.79 (d, /= 6.8 Hz, 6 H); *C NMR
(75 MHz, CDCl,): 6 =165.38, 148.25, 146.16, 144.13, 141.30, 123.11, 121.75,
120.94, 75.67, 52.65, 46.75, 40.83, 34.54, 34.26, 31.50, 31.41, 25.88, 23.25,
22.05,20.88, 16.22; IR (KBr): #=1736 cm™'; MS (EI): m/z (%): 681.4 (2),
680.4 (4) [M*], 360.2 (24), 235.1 (18), 234.1 (100).
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Crystallographic data of 6: C,sHg,O,, M, = 681.01, crystallized from MeOH,
orthorhombic, space group P2,2;2, (no.19), a=1171.3(3), b =1722.0(3),
¢=2179.9(8) pm, V=4.397(2) nm* (least-squares method for 6 range
2.10 < 0 <20.99°), T=213(2) K, with graphite-monochromated Moy, radi-
ation, 1 =71.073 pm, pcyca=1.029 Mgm=, F(000) = 1488, colorless prism
0.55 x 0.22 x 0.14 mm, #(Mog,) = 0.064 mm~!, no absorption correction, w
scan, limiting indices: —1 <h <8, —1 <k <17, —1 <1< 21,3152 reflections
collected, 2961 independent reflections (R;, =0.0183), data/parameters =
2746/452, refinement: full-matrix least-squares on F2, GOF(F;?) =1.064,
R1=0.0886 and wR2 =0.1278 (all data), R1 =0.0517 and wR2 =0.1056 I >
20(1), w=1/[c*(F2) + (0.0467 P)*+1.0002 P] and P = (F?+2F?)/3, largest
difference peak and hole 169/ — 148 enm 3.4

Di-(—)menthyl ester iso-6: (di[ (1R)-menthyl] (9R,10R)-2,6-di-tert-butyl-
9,10-dihydro-9,10-etheno-anthracene-11,12-dicarboxylate): syn Isomer 5
(29.3 mg, 0.043 mmol), diphenyldiselenide (23.1 mg, 0.074 mmol), potassi-
um tert-butoxide (15 mg, 0.13 mmol). For general procedure see synthesis
of 6. Recrystallization from methanol gave iso-6 (23.2mg; 79%).
M.p. 172°C; [a]E = —36 (¢=0.50 in CHCl;); 'H NMR (300 MHz, CDCl,):
0=1734 (d, J=18 Hz, 2H), 721 (d, /=76 Hz, 2H), 6.98 (dd, J=1.8 Hz,
J=76Hz, 2H), 5.30 (s, 2H), 4.76 (td, J=10.9 Hz, J=4.5 Hz, 2H), 2.14-
2.03 (m, 2H), 1.72-1.62 (m, 4H), 2.01 -1.88 (m, 2H), 1.56-1.35 (m, 4H),
1.25 (s, 18 H), 1.15-0.80 (m, 6 H), 0.90 (d, / = 6.8 Hz, 6 H), 0.88, 0.79 (d, / =
5.6 Hz, 6H, d, J=6.8 Hz, 6H); *C NMR (75 MHz, CDCl,;): 6 =165.17,
148.28, 146.70, 146.16, 141.31, 122.96, 121.74, 121.08, 75.59, 52.74, 46.90,
40.80, 34.57, 34.30, 31.53, 31.46, 26.14, 23.50, 22.03, 20.79, 16.46; IR (KBr):
7=1734 cm~'; MS (FAB): m/z (%): 681.9 (25, [M* +1]), 406.3 (28), 405.3
(94), 388.2 (37), 3872 (100), 361.4 (23), 360.4 (88), 359.4 (89), 358.4 (25),
304.3 (33), 303.3 (23).

Dimethyl ester 7: (Dimethyl (9S,105)-2,6-di-ters-butyl-9,10-dihydro-9,10-
ethenoanthracene-11,12-dicarboxylate): A solution of 6 (12.6 g, 18.5 mmol)
and methanesulfonic acid (27 mL) in methanol (500 mL) was boiled under
reflux for 96 h. The solvent was evaporated and the product was extracted
with ethyl acetate. The organic layer was washed with a buffer solution
(pH7). After evaporation in vacuo the residue was chromatographed
(silica, petroleum ether/diethyl ether 90:10) and recrystallized from
methanol to give the dimethyl ester 7 (7.5 g; 94%; colorless crystals).
M.p. 168-169°C; [a]¥=—72 (c=1.1 in CHCL); 'H NMR (200 MHz,
CDCly): =738 (d, J=1.8 Hz, 2H), 728 (d, J=7.7 Hz, 2H), 7.00 (dd, J =
1.8 Hz, J=7.7 Hz, 2H), 5.39 (s, 2H), 3.77 (s, 6H), 1.25 (s, 18 H); *C NMR
(50 MHz, CDCl,): 0 =166.12, 148.46, 147.32, 143.83, 140.96, 123.12, 121.91,
121.06, 52.43, 52.29, 34.58, 31.49; IR (KBr): 7=1713 cm™!; MS (EI): m/z
(%): 433.2 (27), 432.2 (100) [M*], 4172 (23), 404.2 (18), 374.2 (20), 373.2
(88), 372.2 (89), 357.2 (10).

Crystallographic data of 7: C,gH;,0,, M,=432.56, isothermic crystalliza-
tion CHCly/hexane, monoclinic, space group C2 (no. 5), a=1920.2(5), b=
947.0(3), ¢ =1358.3(2) pm, 5 =95.47(2)°, V=2.4587(11) nm® (least-squares
method for 6 range 3.01 < 6 <23.01°), T=213(2) K, with graphite-mono-
chromated Moy, radiation, A =71.073 pm, p.,.q = 1.168 Mgm=3, F(000) =
928, colorless prism 0.6 x 0.5 x 0.3 mm, x(Mog,) =0.077 mm~!, no absorp-
tion correction, w-scan, limiting indices: —20<h <21, -1 <k <10, —14<
[ <14, 4138 reflections collected, 2492 independent reflections (R, =
0.0179), data/parameters = 2491/290, refinement: full-matrix least-squares
on F?, GOF(F?2)=1.057, R1=0.0409 and wR2=0.0947 (all data), R1=
0.0357 and wR2=0.0903 I>20(I), w=1/[0*(F?) + (0.0513 P)*>+0.9359 P]
and P = (F? +2 F?)/3, largest difference peak and hole 149/ — 132 e nm 3.3

Dimethyl ester ent-7: (Dimethyl (9R,10R)-2,6-di-tert-butyl-9,10-dihydro-
9,10-ethenoanthracene-11,12-dicarboxylate): (9R,10R)-Cycloadduct di-
menthylester iso-6 (19 mg, 0.028 mmol) and methanesulfonic acid (0.44 g,
4.6 mmol) in methanol (5 mL) were used (see synthesis of 7). Recrystal-
lization from methanol gave ent-7 (7.9 mg, 65%). M.p. 169-170°C; [a]} =
+73 (¢=0.48 in CHCL;); the other spectroscopic data were identical to 7.

Diamide 8: ((95,105)-2,6-Di-tert-butyl-9,10-dihydro-9,10-ethenoanthra-
cene-11,12-dicarboxylic acid diamide): A stream of NH; was passed
through a suspension of 7 (7.3 g, 16.9 mmol) and NaCN (35mg) in
methanol (50 mL) at room temperature. The mixture was heated for 3 d in
a high-pressure vessel at 40 °C. After a second saturation of methanol with
NH; the reaction mixture was stirred for further two days at 40°C. The
solvent was removed by distillation and the organic material was absorbed
on silica gel and chromatographed (CH,Cl,/methanol 98:2) to give 522 g
(77%) of the diamide 8 as colorless crystals. M.p.253°C (decomp);
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[a]® =-79 (¢=0.80 in CHCL;); 'H NMR (300 MHz, CDCl,): 6 =741 (d,
J=1.7Hz, 2H), 729 (d, /=76 Hz, 2H), 7.00 (dd, /=17 Hz, /=76 Hz,
2H), 6.79 (s, b, 2H), 5.96 (s, b, 2H), 5.53 (s, 2H), 1.24 (s, 18H); *C NMR
(75 MHz, CDCl;): 0 =168.48, 148.66, 147.34, 143.93, 140.96, 123.01, 122.02,
120.96, 53.47, 34.60, 31.49; IR (KBr): #=1672 cm~!; MS (FAB): m/z (%):
404.3 (29),403.3 (100) [M+ +1],387.2 (24), 386.2 (64), 359.4 (30), 358.4 (26),
307.2 (47).

Dinitrile 3: ((95,105)-2,6-Di-tert-butyl-9,10-dihydro-9,10-ethenoanthra-
cene-11,12-dicarbonitrile): To a solution of diamide 8 (3.73 g, 9.27 mmol)
in DMF (30 mL) at —15°C thionyl chloride (2.43 g) in DMF (30 mL) was
added dropwise. The solution was stirred for 48h under an argon
atmosphere at room temperature. The reaction mixture was poured onto
crushed ice and the precipitate was filtered and washed repeatedly with
water. The crude product was recrystallized from acetonitrile. The mother
liquor was purified by column chromatography (silica gel, petroleum ether/
CH,Cl, 1:1) to give the dinitrile 3 (3.03 g; 89%; colorless crystals);
m.p. 252-253°C; [a]f =—69 (¢=0.70 in CHCL); 'H NMR (300 MHz,
C¢Dg): =711 (d, /=19 Hz, 2H), 6.85 (d, /=78 Hz, 2H), 6.81 (dd, J=
1.9 Hz, J=78 Hz, 2H), 4.77 (s, 2H), 1.09 (s, 18H); C NMR (50 MHz,
CDCly): 6=150.02, 141.17, 138.21, 137.33, 123.83, 123.09, 121.70, 113.95
(CN), 54.08, 34.76, 31.37; IR (KBr): #=2218 cm~!; MS (FAB): m/z (%):
367.1 (60), 366.2 (100) [M*], 351.1 (32), 290.1 (9).

Pyrrole 2: ((95,108)-2,6-Di-tert-butyl-9,10-dihydro-9,10-[3,4]-epipyrro-
loanthracene): A 1M solution of DIBAH in hexane (26 mL) was placed
in three-necked flask with an efficient mechanical stirrer under argon at
—20°C. The dinitrile 3 (1.65 g, 4.50 mmol) in CH,Cl, (50 mL) was added
slowly. The temperature had to be kept below — 15 °C. Stirring of the yellow
solution was continued for additional 2 h at —20°C. The reaction mixture
was diluted with CH,Cl, (50 mL) and a 0.5M aqueous solution of citric acid
(50 mL) was added slowly at 0°C. The organic layer was washed with a
phosphate buffer (pH7) and dried over MgSO,. Evaporation of the solvent
and column chromatography (silica gel, petroleum ether/CH,Cl, 2.5:1)
afforded the pure pyrrole (620 mg, 39 % ). Recrystallization from methanol
gave colorless crystals of the pyrrole 2; m.p. 273-274°C; [a]} = —41 (c=
0.67 in CHCl;); '"H NMR (300 MHz, CDCl,): =733 (d, /=19 Hz, 2H,
H"%),721 (d,/=78 Hz,2H, H*#), 717 (s,b, 1H, NH), 6.95 (dd, /= 1.9 Hz,
J=178Hz, 2H, H>7), 6.53 (d, J=2.4 Hz, 2H, a-pyrrole-H), 5.23 (s, 2H,
H*19), 1.25 (s, 18 H, CH;); C NMR (75 MHz, CDCl,): 6 =147.54, 147.07,
144.36 (Comat), 131.56 (C'12), 122.56, 121.26, 120.64 (CH*™), 109.32
(CHPyole), 4717 (C*19), 34.48 (C(CHs,);), 31.55 (C(CH,)3); IR (KBr): 7=
3393 cm~!'; MS (FAB): m/z (%): 356.2 (52), 355.2 (100) [M*], 340.1 (31),
300.1 (18), 298.0 (31).

Porphyrin 1 (S,5,5,5-1): A Schlenk tube was charged with pyrrole 2
(335 mg, 0.94 mmol), aqueous formaldehyde (0.40 mL, 30 %), and acetic
acid (0.28 mL). The reaction mixture was dissolved in dichloromethane/
methanol (5 mL, 2:3). After degassing, the solution was stirred for seven
days at room temperature under an argon atmosphere. The solvents were
removed by distillation and DDQ (150 mg, 0.66 mmol) in benzene (8 mL)
was added to the porphyrinogen. After an hour at room temperature the
dark red mixture was diluted with CH,Cl, (50 mL). The organic solvent was
washed with water and then dried over MgSO,. Evaporation of the solvent
mixture and column chromatography (silica gel, hexane/CH,Cl, 3:1) gave
the crude porphyrin. Recrystallization from acetone/water afforded the
porphyrin 1 (240 mg; 70%; red-brown needles). 'H NMR (300 MHz,
CDCly): 6 =10.66 (s, 4H, H™*°), 797 (d, J=1.5 Hz, 8H, H"?), 7.87 (d, J =
8.0 Hz, 8H, H*?%), 7.17 (s, 8H, H> 1), 711 (dd, J=1.5Hz, /=8.0 Hz, 8H,
H*7),1.34 (s, 72H, CH3;), —4.80 (s, 2H, NH); *C NMR (75 MHz, CDCL):
0=154.01 (Crvole), 148.01, 147.94, 145.14 (Cwomat), 138.90 (br., CPyole),
123.55, 121.60, 121.40 (CH@omat), 98.71 (Cme?), 50.19 (C*19), 34.65
(C(CH,)3), 31.57 (C(CH,)5); IR (KBr): #=3318, 2959, 2905, 2868, 1479,
1462, 1412, 1364, 1262, 1233, 1208, 1074 cm~'; UV/Vis (CH,CL): Ay
(Ige) =397 (5.36), 500.5 (4.28), 532 (3.84), 570 (3.84), 639 nm (3.29); CD
(CH,CL): e (Mol. Ellip.) =571 nm (2200), 532 (5400), 506 (6100), 396
(44000), 302 (14000), 285 (—33000), 250 (131000); MS (FAB): m/z (%):
1464.2 (100), 1463.2 (65) [M* +1].

Porphyrin (R,S,S,S)-1: A mixture of enantiopure pyrrole 2 (23.0 mg, ee =
99.0%) and racemic pyrrole rac-2 (7.4 mg) was used for tetramerization
reaction analogous to that described for preparation of porphyrin 1 (i.e.
(8)-2: 74.8% ee). A stereoisomeric mixture of porphyrins was obtained
(22.3 mg) Analysis of this mixture by '"H NMR spectroscopy revealed that
it contained about 58 % of (S,S,S,S)-1 and 42 % of the other stereoisomers,
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mainly (R,S,S,S)-1. This mixture (15 mg) was rechromatographed on silica
(petroleum ether/CH,Cl, 9:1) to give chromatographically pure (R,S,S,S)-1
(ca. 2 mg) from the second, more polar band. 'H NMR (200 MHz, C,Dy):
0=10.82,10.79 (s, 4H); 7.98,7.97,7.90, 7.89 (8 H); 7.72, 7.69, 7.62, 7.58 (8 H) ;
717 (16H); 7.02, 701, 6.99, 6.98 (8H); 1.20, 1.19, 1.18, 1.17 (72H); —4.20
(2H).

Two further experiments analoguous to the ones described for the
preparation of 1 and (R,S,S,S)-1 using mixtures of isomeric pyrroles were
carried out to confirm the statistical tetramerization: Mixture 1: Pyrrole 2
(40.7 mg; S enantiomer, 99 % ee) and rac-2 (3.3 mg; i.e. (S)-2: 91.6 % ee);
mixture 2: 2 (25.4mg) and rac-2 (4.7mg; i.e. (S)-2: 83.4%ee). The
obtained raw mixtures of stereoisomeric porphyrins were purified from
polar compounds by column chromatography (silica, petroleum ether/
CH,(], 3:1). The solvent was distilled off and the porphyrin mixtures were
analyzed by 'H NMR spectroscopy, as described. The relative amounts of
the two main components ((S,S,S,5)-1 and (R,S,S,5)-1) were determined by
integration of their proton signals (Table 1); total yield of porphyrins:
29.2 mg (64 %) for mixture 1, 22.2 mg (72 %) from mixture 2.

Co" porphyrinate 9: A mixture of porphyrin 1 (20.0 mg, 13.7 pmol),
anhydrous sodium acetate (15 mg), and CoBr, (90 mg, anhydrous) was
dissolved in dry THF (5 mL) under argon. After stirring the solution for 1 h
at room temperature, it was diluted with CH,Cl, (20 mL). The organic
solvent was washed twice with water. Further purification of the product
was performed by column chromatography on basic aluminum oxide
(CH,Cly/petroleum ether 1:1) and recrystallization from acetone/water to
give red needles of the Co!" porphyrinate 9 (20.5 mg; 99%). '"H NMR
(300 MHz, C4Dy): 6 =30.81 (s, br.,4H), 14.43 (s, br., 8H), 10.74 (s, br., 8H),
10.35 (d,J=5.1 Hz, 8H), 7.83 (d, /=5.1 Hz, 8H), 1.46 (s, 72H); IR (KBr):
7=12959,2905, 2868, 1479, 1460, 1259, 1090 cm~'; UV/Vis (CH,CL,): 4., (Ig
£) =402.5 (5.49), 514.5 (4.19), 546 nm (4.21); MS (FAB): m/z (%): 1523.2
(33), 1522.2 (69), 1521.2 (100) [M* +1], 1520.2 (78).
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Abstract: Coarctate reactions form a separate class of elementary closed-shell
processes in addition to polar and pericyclic reactions. Hence, they also follow a
different homology principle. Whereas vinylogous polar and pericyclic reactions

differ in the length of the reacting system by a double bond, coarctate reactions can
be homologized (ethynylogized) by extending a known system by a triple bond. The
prediction, which is based on theoretical considerations, is confirmed experimentally

Keywords: carbenes - coarctate
reactions - matrix spectroscopy -

by the fragmentation of cyclopropylethynyl nitrene to cyano acetylene and ethylene,
areaction that is “ethynyloguous” to the known fragmentation of cyclopropyl nitrene

to ethylene and HCN.

Introduction

Coarctatell reactions are reactions that involve atoms at
which two bonds are made and broken simultaneously. 24
The linear (coarctate) subsystem of making and breaking of
two bonds is bound by terminators at both ends. Terminators
are either atoms with a lone pair of electrons (e. g. carbene or
nitrene centers) or two or more atoms, which complement the
electron shift formally to a cyclic topology. Similar to polar
reactions (e. g. Sy2, Sy2') and pericyclic reactions (e. g. 1,3-,
1,5-sigmatropic shift) there are also homology principles for
coarctate reactions. In analogy to the pericyclic reactions, the
ring size of the terminators in coarctate reactions can be
varied by two atoms. Scheme 1 shows examples of three
known coarctate reactions (a—c) with a coarctate center and a
nitrene terminator combined with a three-®! five-° and
seven-membered ring terminator.’! The reactions are not
cheletropic. According to the original definition of pericyclic
reactions, bond making and breaking has to take place in a
cyclic array. This is not the case in coarctate reactions.?
Reaction (a) is experimentally well investigated because of
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Scheme 1. Homology principle of coarctate reactions. Coarctate centers in
the delocalized system of the transition state in the left column are marked
with @ and terminator atoms are identified with o. Reactions a) —c) differ in
the ring size of the terminator, a) and d) differ in the length of the linear
(coarctate) subsystem.

the biological importance of the formation of ethylene from
the 1-amino-cyclopropane-1-carboxylic acid!®l. The reaction is
known in the parent systeml® as well as in a number of
substituted systems.’*™ If the nitrene is generated by
irradiation or thermolysis of the corresponding azide,l5*<¢
oxaziridine,™" or isocyanate,[! the reaction is highly stereo-
selective.’l Calculations also support a concerted mecha-
nism.[1%]

In principle it should be possible to form a homologue of a
coarctate reaction by extending the linear subsystem by two
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atoms. The most simple way to prove this hypothesis is to
insert an ethynyl unit which allows the breakage of two =&
bonds.

Reaction (d) in Scheme 1 would be homologous (ethynyl-
ogous) to reaction (a). It is expected that in reaction (d) cyano
acetylene should be eliminated instead of HCN, which is
formed in reaction (a). To test this simple principle, we
synthesized the nitrene precursor cyclopropyl-prop-2-ynoyl-
azide (5b) and phenyl-prop-2-ynoyl-azide (5a) (which cannot
undergo a coarctate reaction) as a reference compound from
the corresponding alkyne and phenyl propyolic acid
(Scheme 2). The nitrenes were generated from the azides
photochemically as well as thermochemically by Curtius
rearrangement and elimination of carbon monoxide.

1. Buli NaOH

R——H ____ R——COMe —>» R—=—-COzH
2.CICOOR

ta,b 2a,b 3a,b

PCl; NaN;

—» R-—-COCt —>» R——CONj
4a, b 5a,b

a: R =phenyl

b: R = cyclopropyl

Scheme 2. Synthesis of the nitrene precursors.

Results and Discussion

Photolysis of azides Sa and Sb in an argon matrix with light of
the wavelength 335 and 305 nm generated the isocyanates 6a
and 6b, which are identified by their typical IR absorptions at
2307.1, 2269.0 cm™! (6a) and 2329.6, 2268.6 cm~! (6b) (Fig-
ure 1). The same bands, in the case of 6a shifted by about 11
and — 5.6 cm™, are found upon flash vacuum pyrolysis of 5a
and Sb at 400°C followed by isolation of the products in an

gCN 7a 7a
7a

CO

HO 7a

5a

6a

6a

T T T T T T T T T T T T T T T T T T T T 1

2500 2000 1500 1000 500

+«— 9[ecm-1]

Figure 1. Matrix IR spectrum (Ar, 10 K): Difference spectrum of the
reaction of the isocyanate 6a to the carbene 7a upon irradiation (90 min,
208 nm). The bands of the products which are formed during the photolysis
point upwards, the bands of the isocyanate 6a and of the azide Sa point
downwards.
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argon matrix (6a: 23182, 2263.4 cm™!). According to a
calculation (B3LYP/6-31G*), the two bands are the two
coupling modes of the isocyanate stretch with the triple bond.
The calculated wave numbers are in agreement with the
experimental absorption bands within the error limits of the
method (6a: 2375.5, 2260.3, 6b: 2390.3, 2271.8 cm~!, B3LYP/
6-31G*, scaled).'!l The discrepancy between the spectra of
the isocyanate 6a generated by photolysis and pyrolysis is
attributed to a matrix effect. If the matrix with photochemi-
cally generated 6a is warmed up to 38 K the bands shift and
are in agreement with those of the pyrolytically generated
species.'”) Ethynyl isocyanates have been postulated as
intermediates formed upon thermolysis!®! and photolysis!'4l
of phenyl propyolyl azide. Chen etal. recently obtained
isocyanates in solution by thermal decomposition of propyolyl
azides.["”]

Upon prolonged irradiation or photolysis at shorter wave-
lengths (>305 nm, 5a and > 280 nm, 5b), carbon monoxide is
eliminated (Scheme 3). The phenylethynyl isocyanate 6a
yields a species that is stable under matrix conditions and

O hv, Ar matrix 15 K hv
—<— —_——————3» R—-N=C=0 —»
R——=— or -cO
5a b N3 flash pyrolysis 400 °C 6a, b
+ O'O hv 0-0

Ph——ZN <> Ph— =N —» Tea0 )&
N N Ph \\N A=530n0m N

7a 8a 9a

—N

~12%  7p  ~88% 10 1

Scheme 3. Matrix photolysis and flash pyrolysis of nitrene precursors.

which according to the IR spectrum (experimental 746.2,
672.6 cm~!, B3LYP/6-31+G*, 759.1, 684.0cm™) is the
triplet cyanophenyl carbene 7a (Figure 1). This assignment
is confirmed by trapping experiments with oxygen. Upon
irradiation of 5a (305 nm) in an oxygen-containing (0.5%)
matrix and subsequent warming to 40 K, the IR bands of 7a
disappear and the typical absorptions of carbonyl oxide 8a
appear at 1373.0, 1353.2, 1213.9, 1059.7, 947.1, 944.5, 769.1,
680.8, and 678.0 cm~L. The band at 947.1 cm~! is shifted to
899.1 cm™! upon isotopic labeling with O, showing that this
intense absorption is likely to be assigned to vy o of the
carbonyl oxide. Additional irradiation of the carbonyl oxide
8a at 530 nm leads to the dioxirane 9a (1332.4, 1298.7, 759.1,
691.4 cm™"). Benzoyl cyanide was identified by its known IR
spectrum as an additional product. Cyanophenyl carbene 7a
was characterized for the first time in matrix. Up to now it had
only been generated from different precursors and was
trapped with alkenes under formation of cyclopropanes.!'6-¢]
A triplet ground state was postulated because of the non-
stereospecific reaction with 2-butenes.'®'] The carbene
structure (Scheme 3, 7a left) does not accurately represent
the true electronic structure. The high spin density value (0.85,
B3LYP/6-31+ G*) at the terminal nitrogen atom indicates
that the diradical allene structure contributes substantially to
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the overall wave function. The calcuated C-C-C angle at the
carbene center (160.1°) is considerably larger than in the
parent cyano carbene (140°).20 21

Contrary to 7a, the cyclopropyl derivative 7b is not stable
under matrix conditions. As expected, it fragments in a
coarctate reaction to form ethylene® and cyano acetylene.!
A carbene species could not be trapped with oxygen. A ring
enlargement to 1-cyano cyclobutene analogous to the reaction
of cyclopropyl carbenes®! also was not observed.” The
bands in the spectrum of the product after irradation (4h,
280 nm) of 5b could be assigned to ethylene and cyano
acetylene (Figure 2). According to calculations, the singlet —
triplet splitting of 7b is relatively small. Only after a system-
atic investigation with an increasing size of basis sets and an

CO
= + =-CN
10 1
11 Co,
1" "
10
H,0
10
AM |
3500 3000 2500 2000 1500 1000

+«——¥[em-1]
Figure 2. Matrix IR spectrum of the products after irradiation of the azide
5b (16 h, 335 nm).

increasing level of correlation treatment was an unambiguous
preference of the singlet state of about 3 kcalmol~! estab-
lished.l?°l The electronic structure of the singlet ground state is
well represented by a pair of resonance structures of the
cyclopropylethynyl nitrene and cyanocyclopropyl carbene.
The nitrene structure contributes about 12 % and the carbene
structure 88 % to the overall wave function.?” There are two
possible conformations of 7b because of the bent geometry at
the carbene center. The carbene lone pair can be located endo
or exo with respect to the three-membered ring. According to
a calculation (B3LYP/6-31+ G*) the endo conformation is
1.44 kcalmol~! more stable (Table 1).

Both conformations can undergo a coarctate fragmentation
to ethylene and cyano acetylene via two different transition
states. Calculations predict an activation barrier of
11.1 kcalmol~! for the energetically most favorable fragmen-

Table 1. Calculated (B3LYP/6-31+ G* +ZPE) relative energies of the
stationary points on the reaction hypersurface of the fragmentation of exo-
and endo-Tb in kcalmol™! relative to endo-7b.

7b [7b—10+11]* 10+11
endo 0.0 16.6 —-212
exo 1.4 11.1 -212
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tation process, namely the conformational change from endo-
to exo-7b and a subsequent concerted coarctate fragmenta-
tion via the exo transition state. Provided that during the
photochemical generation 7b is formed in a vibrationally
excited state, the calculated value is in agreement with the
experimentally observed fragmentation in matrix. An alter-
native explanation would be that 7b is indeed formed in
matrix, but under the conditions of the irradiation (4>
280 nm) it might react with a higher quantum yield than it is
formed. Compound 7b therefore could be present in a
photostationary concentration too low for spectroscopic
detection.

Conclusion

We have demonstrated a new homology principle in coarctate
reactions by experimental verification of the predicted
reaction of 7b to give ethylene and cyano acetylene. In polar
and pericyclic reactions the next higher homologue (vinylo-
gue) is defined by extending the reacting system by a double
bond. The next higher homologue (ethynylogue) of coarctate
reactions, however, is formally generated by introducing a
triple bond which reacts with both 7 bonds.

Experimental Section

2b: A solution of 1.6M n-butyllithium in hexane (13.9 mL, 22.3 mmol) was
slowly added to a solution of cyclopropyl acetylene (1b)?® (1.47 g,
22.3 mmol) in dry THF at —80°C. After an hour methyl chloroformate
(5.27 g, 55.7 mmol) was added at —80° C. The reaction mixture was slowly
allowed to warm up and lithium chloride precipitated. Additional lithium
chloride precipitated by addition of diethyl ether. The product was
obtained by distillation (88°C, 23 mbar), yield 226 g (82%); 'H NMR
(200 MHz, CDCl;): 6 =0.88-1.00 (m, 4H; CH,CH,), 1.32-1.48 (m, 1H),
3.74 (s,3H; OCHj;); ®C NMR (50 MHz, CDCl;): 6 =-0.8 (cyclopr. CH), 9.1
(CH,CH,), 52.3 (OCH3;), 68.1 (C=C-CO), 93.4 (C=C-CO), 154.1 (C=0).
3b: Sodium hydroxide (4.27 g, 106.4 mmol) in water (450 mL) was added to
a solution of 2b (11.9 g, 95.9 mmol) in ethanol (800 mL) over a period of
45 min. After the mixture had been stirred for an additional 90 min, water
(600 mL) was added. The solution was extracted with dichloromethane
(2x300mL). The organic phase was discarded, the water phase was
treated with hydrochloric acid (50 mL) and immediately extracted with
dichloromethane (4 x 300 mL). The combined extracts were concentrated
and dried under high vacuum. Yield: 9.10 g (86 %), m.p. 55° C. 'H NMR
(200 MHz, CDCl;): 6 =0.88-1.08 (m, 4H, CH,CH,), 1.31-1.51 (m, 1H),
11.55 (s, 1H, CO,H); *3C NMR (50 MHz, CDCl,): 6 = —0.5 (cyclopr. CH),
9.5 (CH,CH,), 68.0 (C=C-CO), 96.7 (C=C-CO), 158.6 (C=0); IR (KBr):
7=3020 cm™" (br.), 2350 (w), 2225 (s), 1685 (s), 1413 (m), 1285 (m), 1186
(m), 1135 (w), 1000 (w), 863 (m), 605 (w); MS (EI, 70 eV): m/z (%): 110
(100) [M*], 93 (40) [M* —OH], 92 (18), 82 (21), 81 (22), 66 (62) [M* —
CO,], 65 (84) [M*— CO,H], 63 (20), 53 (36).

4b: Under an atmosphere of nitrogen, phosphorus pentachloride (6.25 g,
30 mmol) was added to a solution of 3b (3.3g, 30 mmol) in dry
tetrachloromethane (95 mL). The mixture was stirred until the gas
evolution stopped and the phosphorous pentachloride was consumed.
The product was obtained by distillation in vacuo (b.p. 56.5°C, 9.2 mbar);
yield 2.92 g (76 %). The product is thermolabile, therefore the temperature
should not rise above 70°C. '"H NMR (200 MHz, CDCl;): 6 =1.02—-1.16 (m,
4H, CH,CH,), 1.51 (tt, J=8.3 and 5 Hz, 1H; cyclopr. CH); 3C NMR
(50 MHz, CDCl;): 6 =0.0 (cyclopr. CH), 10.7 (CH,CH,), 72.7 (C=C-CO),
103.5 (C=C-CO), 148.7 (C=0); IR (KBr): # =3020 cm™' (w), 2261 (w), 2222
(s), 2202 (s), 1744 (s), 1454 (w), 1356 (w), 1211 (m), 1166 (m), 1052 (m), 880
(s), 804 (m), 758 (m), 648 (m); MS (EI, 70 eV): m/z (%): 129 (17) [M*+H],
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128 (3) [M ], 102 (8), 100 (20), 93 (100) [M* —Cl], 89 (10), 76 (84) [M* —
cocl].

5b: Sodium azide (0.52 g, 8.0 mmol) was suspended in a mixture of dry
diethyl ether (10 mL) and dry acetonitrile (10 mL). The mixture was cooled
to —10°C and 4b (0.77 g, 6.0 mmol) dissolved in acetonitrile (2 mL) was
added over a preiod of about 30 min. After stirring for 2 h at —10°C, the
reaction mixture was allowed to warm up to 20°C and stirred for an
additional 3 h. For workup diethyl ether (20 mL) was added and the organic
phase was subsequently washed with water, a solution of sodium
bicarbonate, and water again. The organic phase was dried over sodium
sulfate and concentrated in vacuo at about 35°C. The prdoduct was
obtained by vacuum distillation at 50°C (4.6 x 10~2 mbar); yield: 0.53 g
(65 % ). Compound 5b starts to decompose at a temperature of about 70 °C.
Above 100°C violent explosions are observed. 'H NMR (200 MHz,
CDCl;): 6=0.90-1.08 (m, 4H, CH,CH,), 1.35-1.51 (m, 1H; cyclopr.
CH); ®C NMR (50 MHz, CDCl;):  =—0.3 (cyclopr. CH), 9.8 (CH,CH,),
70.0 (C=C-CO), 99.6 (C=C-CO), 158.0 (C=0); IR (KBr): #=3020 cm™!
(w), 2305 (w), 2228 (s), 2145 (azide, s), 1676 (s), 1455 (w), 1429 (w), 1359
(m), 1235 (s), 1178 (s), 1125 (m), 1084 (m), 1035 (w), 945 (s), 882 (m), 813
(w), 713 (m); MS (EL 70 eV): m/z (%): 135 (14) [M*],107 (3) [M* —N,], 93
(100) [M*™—N3],65 (28) [M™— CON;], 63 (5),53(9),52(8),51 (10%); HR-
MS: caled C4HsN;0O: 135.0433; found 135.0432 (0.0003)

5a: At —10°C a solution of propyolyl chloride 4a*"! (3.54 g, 21.5 mmol) in
dry acetonitrile (7 mL) was added to a suspension of sodium azide (1.87 g,
28.7 mmol) in a mixture of dry diethyl ether (35 mL) and dry acetonitrile
(35 mL). After 2 h the mixture was allowed to warm to room temperature
and the solution was stirred for an additional 3 h. After addition of diethyl
ether (70 mL) the organic phase was washed with water and aqueous
sodium bicarbonate and dried over sodium sulfate. The solvent was
removed in vacuo at about 35°C and the solid residue was purified by
chromatography over silica gel using a 1:1 mixture of diethyl ether and
hexane; yield: 2.94 g (80%); m.p. 51-52°C, b.p. 65°C (1.5 x 102 mbar),
the decomposition starts at about 80°C, above about 100°C vigorous
decomposition is observed. 'H NMR (200 MHz, CDCl;): 6 =7.30-7.68 (m,
5H, phenyl); ¥C NMR (50 MHz, CDCl,): 6 =81.9 (C=C-CO), 91.5 (C=C-
CO), 118.9 (ipso) 128.7 (meta), 131.3 (para), 133.3 (ortho), 158.4 (C=0); IR
(KBr): 7=2927 cm™! (w), 2854 (w), 2222 (s), 2160 (m), 2137 (azide, m) 1668
(), 1488 (w), 1444 (w), 1281 (s), 1180 (m), 1164 (s), 1154 (s), 1117 (m), 1076
(m), 1071 (m), 996 (w), 904 (w), 792 (w), 776 (m).

Matrix investigations: At a sample temperature of 20°C (5a) and —5°C
(5b) the azides were sublimed onto the spectroscopic window (CsI). The
deposition was performed at a temperature of 30 K, the subsequent
irradiations were carried out at a temperature of 10 K. During the pyrolysis
experiments the deposition temperature was maintained at 10 K. The setup
for matrix isolation has been described previously.?! The irradiations were
performed using a 500-W Hg high-pressure lamp, whose light was filtered
using dichroitic mirrors or cut-off filters to select the appropriate wave-
length range.
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X-ray Structure of a Trimeric 5,5'-Biaryl/erythro-f-0-4-ether Lignin Model:
Evidence for Through-Space Weak Interactions

Jean-Philippe Roblin,?! Hubert Duran,?! Elisabeth Duran,!?! Liliane Gorrichon,*!?! and

Bruno Donnadieu

Abstract: The crystal structure of a trimeric lignin model 1 presenting the character-
istic pattern of biphenyl (5,5') and aryl-alkyl-ether (5-O-4) linkages has been
determined. The crystal system is triclinic and the crystallographic unit cell consists of

two monomeric molecules. These results are compared with crystal data from the
literature of simple models of the 5,5" and -O-4 structure type. The availability of a
terminal aldehyde function on the model affords some interesting intermolecular

Keywords: aryl-alkyl-ether - biaryls
- conformational analysis - lignin
model - X-ray absorption spectros-

interactions by weak hydrogen bonding which controls the conformation of the copy
molecule and the aromatic ring orientation in particular; an unexpected cisoid
conformation of the biaryl unit is observed based on the 64.4° value found for the

torsion angle between the two 5,5 aromatic rings.

Introduction

Lignins, complex polyphenolic polymers found in all plants
which have developed vascular systems, are the second most
abundant polymers in the biomass after cellulose, and promise
to be an interesting renewable material.l'! The complexity of
these polymers lies in the diversity of the intermonomeric
linkages, which mainly occur during the biosynthesis, from the
random radical coupling of three different p-hydroxycinnamyl
alcohols (Figure 1). It has also been postulated from recent

@04 R'=R%*=H: p-hydroxyphenyl
B-0-4 R' = OCHj, R? = H: guaiacyl
4-0-5' R'=R?= OCHj: p-syringyl

Figure 1. Momomeric units and principal linkages found in lignin poly-
mers.
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NMR studies that some other phenylpropane units, such as
coumaroyl or feruloyl-esters, participate to the radical proc-
esses.l The mechanisms and the roles of different peroxidase
enzyme classes in radical initiation and polymerization/
depolymerization are under extensive study.’] Due to their
complexity, lignin polymers are considered to be an amor-
phous three dimensional network.l However, this concept
has been discussedl® and appears to be too simple to explain
some recent scientific results. Monolignol coupling and lignin
formation has just been proposed to operate under the control
of a “dirigent” protein which offers specific lignol radical
binding sites.’*l Some years ago it was also pointed out in
Raman micro-spectrophotometric experiments by Atalla
et al.t® that hydrophobic interactions between aromatic rings
give rise to a certain organizational level in lignins. Therefore,
the structural investigation of models by means of X-ray
diffraction studies gives pertinent information concerning the
orientation of the different substituents and the weak
interactions which may be involved in the through-space
organization of lignin monomer units.

To provide a better understanding of lignin structure and
reactivity many mimics have been developed of the different
substructures units of lignins.[! Aryl-alkyl-ether bonds (3-O-
4) are the commonest linkages found in lignins no matter what
the nature of the lignified plant tissues. When compared with
other linkages, 5,5'-diaryl bonds appeared to be responsible
for lignin increased stabilities towards pulping conditions; the
content in biaryl units was estimated to be in the range 9 to
17 % in softwoods and only 4.5 % in hardwoods!' while it was
proposed by Pew!”! to represent 25% in coniferous lignins;
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these results were obtained from an early determination
based on an UV comparison between lignin models and
spruce lignin. Recently, new results were obtained by
Brunow’s group.®! They announced the discovery of dibenzo-
dioxocins, a 5,5'-biaryl type structure covalently linked on the
phenolic functions by a C(6)-C(3) unit, as being a substantial
part of the lignin building blocks. When submitted to pulping
degradation conditions, dibenzodioxocins give 5,5'-bicreosol
moieties.’! Argyropoulos et al.'”] have also shown that milled
wood lignin subjected to Kraft pulping conditions liberated
large amounts of stable 5,5'-bicreosol moieties, which indi-
cates that dibenzodioxocins are an integral part of the native
lignins and their degradation products (5,5-bicreosol type
moieties) an integral part of residual Kraft lignin structure. As
such the significance of these biaryl moieties in understanding
native and industrially produced lignins becomes apparent.
In order to study the chemical behaviour, the reactivity and
the possible template or anchor effects of biaryl units in both
solution and on polymer-supported state, we synthesized
several oligolignols. We were interested by an unsymmetrical
new trilignol 1 (Figure 2) composed of 5-O-4, an 5,5 biaryl

c1,2..
OorH: O.@

OTBDMS
@

1
TBDMSO
@

Figure 2. Trimeric lignin model 1.

intermonomeric bonds and an aldehyde function. In a model
of spruce lignin, Adler™ assumed the presence of carbonyl
moieties in the polymer. The presence of this function has also
been postulated in *C-NMR studies on native lignin extrac-
ts.24 In this paper we would like to report its crystal structure
which is the first one to exhibit this particularly important
bonding pattern.

Abstract in French: La structure cristalline d’un modele
trimerique de lignine 1 presentant le motif caracteristique de
liaisons biphenyle (5,5') et aryl-alkyl-ether a ete determine. Le
cristal est triclinique et la maille cristalline possede deux
molécules monomeres. Ce resultat est compare avec les
données de la litterature de modeles simples 5,5 et f-O-4. La
disponibilité de la fonction aldehyde terminale dans ce modele
donne a ce motif quelques interactions intermoleculaires
interessantes par liaison hydrogene faible qui controle la
conformation de la molecule et l'orientation des noyaux
aromatiques, en particulier, une conformation cisoide inatten-
due des unites biaryle est observee, une valeur de 64,4° est
trouvée pour langle de torsion entre les deux noyaux
aromatiques 5-5'.
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Results and Discussion

Working on a recurrent synthetic pathway to obtain -O-4
oligolignols'l we were interested in the synthesis of mixed
oligolignols containing both 5,5 and S-O-4 linkages. We
decided to synthesize the biaryl unit prior to the condensation
step based on the Nakatsubo procedure with some modifica-
tions.'2l The key step in the synthesis of compound 1 is an
aldol condensation between the bis-vanillin 2 with protected
phenolic functionalities and the lithium enolate of the a-
phenoxy ester 3 (Scheme 1). The aldehyde functionality in 3

H O 0 H Ar
f*—}%
o)
CH30
+ T 3Tc=CH-0
LiO o
CH,0 OCH, cho
OR OR 3 HMDS
BuLi
2a R=H
2b R = SitBuMe, 1 3
ArQ OAr ArO

OH HO OH O_ y
CH300C COOCH; CH400C
SES T gug
CH;0 OCH, CH;0 OCHj
OTBDMS OTBDMS OTBDMS OTBDMS
4 52% 5 22%

2) oxalic acid

‘ 1) DIBAH, 0°C
THF/MeOH/H,0O

1
Scheme 1. Synthesis of the biaryl lignin model 1.

was masked and can be further unmasked if necessary thereby
allowing the recurrent synthesis to oligolignols to continue;
these models can also be grafted onto a solid support for
further studies. Some improvements to the methodology have
been made concerning the choice of the base to generate the
enolate moiety and the choice of protective groups.

When lithium bis-(trimethylsilyl)amide, which lacks a
proton in a-position to the nitrogen, was used as a base
instead of lithium diisopropylamide, reduction of the pro-
tected bis-vanillin to the corresponding benzyl alcohol, as
observed in previous studies, was avoided. The aldehyde from
the a-phenoxy ester 3 was protected as a cyclic six-membered
acetal with 2,2-dimethylpropanediol. Although three diaster-
eoisomers can be expected in the condensation step, only two
compounds were obtained: Bis-3-hydroxyester 4 (52 %) was
isolated as a mixture of the erythro-erythro and erythro-threo
diastereoisomers in a 4:1 ratio, and monoadduct 5 (22%)
which was further reduced and deprotected to give compound
1; the erythro isomer was the only one observed. When a tert-
butyldimethylsilyl group was used instead of the classical
benzyl group for the protection of the phenolic functions,
compound 1 was isolated as a crystalline solid (Figure 3).

Tables 1 to 3 list the crystal and experimental data, the
interatomic distances and bond angles for compound 1. Study
of the aryl-alkyl-ether part of the molecule confirms the
erythro configuration first determined by 'H-NMR spectros-
copy.l”3!
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Figure 3. Crystal structure of 1.

Weak hydrogen bonds are given in Table 3. The crystal system
is triclinic and the unit cell consists of two monomeric mo-
lecules of 1-[3-methoxy-4-tert-butyldimethylsilyloxy-5-(2-tert-
butyldimethylsilyloxy-3-methoxy-5-hydroxymethylphenyl)-
phenyl]-2-(4-formyl-2-methoxyphenoxy)-1,3-propanediol, held
together by weak hydrogen bonds (OH(6)--- CH;0(9)) as
depicted in Figure 4. Interactions with other trimeric units in
the adjacent cell occur through m stacking and also weak
hydrogen bonds (OH(7) --- C=0(10’)). This latter interaction
is dependent on the erythro configuration of the diaster-
eoisomer studied, since the primary hydroxyl function
(OH(7)) involved in the hydrogen bonding will be oriented
different on the carbon-f5-(C14) in the threo isomer. The three
rings are planar (the maximum deviation of the aromatic
carbon atoms from their respective least squares plane is
0.013 A). The angles between mean planes of the aromatic
rings are 37.8° for rings (1), (3) of the 5-O-4 part, 65.1° for
rings (1), (2) of the biphenyl part and 87.0° for rings (2), (3)
(Table 4).

It is interesting to compare the crystal data for compound 1
with the crystal parameters of simple erythro $-O-4-714 and
5,5-8[1% structure models, which have already been published
(Figure 5).

In the case of compound 7, Stomberg and Lundquist!!4l
described two conformational orientations due to the disor-
dered CH,OH group; in our study the use of low temperature
X-ray determination afforded only one conformation. The
torsion angle between C(4)-C(13)-C(14)-C(15) (169.92°) is
close to the value found for 7 (175.35°). The main difference
between structures 7 and 1 arises from the relative plane
orientation of the aromatic rings (the angle between rings A
and B is 87.5°). In the case of compound 1, aromatic rings (1)
and (3) present a much smaller angle value (37.8°) in such a
way that interactions between m orbitals of C(16)-C(4) and
C(17)-C(3) of the aromatic rings could occur (C(16)--- C(4) =

Chem. Eur. J. 2000, 6, No. 7

Table 1. Crystal data, data collection and refinement parameters.

Crystal data
unit asymetric

C38H5bOIUSiZ

molecular weight 729.03
Peated [gem ™) 1.19

u [em™] 1.33
F(000) 784.51
crystal system triclinic
space group P1

a[A] 9.8999(2)
b [A] 11.399(2)
c[A] 18.309(4)
al’] 92.17(2)
BI] 95.84(2)
v [] 97.63(2)
v [A3] 2034.1(9)
V4 2

crystal size [mm] 0.5%x05x%x0.2
crystal shape block
crystal color colourless
data collection

radiation type Moy,
wavelength [A] 0.71073
tube power [kW] 1.50
collimator size [mm] 0.5
temperature [K] 160
detector distance [mm] 80.0

26 range [°] 2.9-48.4
¢ movement mode rotation
¢ start [°] 0.0

¢ end [] 200

¢ incr [°] 1.5
exposures 167
measurement duration [h] 19
irradiation/exposures [min] 2.5

used reflections for 5000

cell post-refinement

measured reflections 15958
independent reflections 5967
merging R value 0.034
completeness of data set [% ] 92
refinement parameters

Refinement on Faps

R 0.038
R 0.041
APrmaxs Dowmin [€ A%] 0.46, —0.37
G.O.F (S)t 0.6
weighting schemeld] Chebyshev
using parameters 1.82, —1.38, 0.648, —0.826
abs corr None
reflections used [/ > o(/)] 4316
parameters used 492

(a] R=2(||Fy| — |FIN/E(| Fol)-

[b] Ry = [Zw([|Fo| — [Fel [/ Zw(| Fol ).

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

[c] Goodness of fit = [2(| F,| — [Fe[)(Nobs — Nparameters) "2 [d] W= [weight] -
[1— AF/66F)’]* where weight is calculated from following expression
weight =1/Z(r=1,n) ArTr(X), where Ar are the coefficients for the Cheby-
shev polyniomal Tr(X) with X = F/F (max) according to J. R. Carruthers,
D. J. Watkin (Chebychev Weighting) Acta Crystallogr. Sect. A351979, 698 —
699.

320 A, C(17)--C(3)=3.39 A). This particular difference
may be induced by favourable intermolecular s;t stacking
and/or weak hydrogen bonding.

In the case of the biphenyl moiety, the length of the bond
connecting the two aromatic rings is the same for both
compounds 1 and 8 (1.491(3) A and 1.491(2) A). However, the
main difference between these two structures lies in the
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Table 2. Selected interatomic distances [A] and angles [°] for 1 with
standard deviations in parentheses.

Table 3. Full list of distances and angles() for O-H:--H bonded (with
e.s.d.’s in parentheses)

Si(1)-0(1) 1.654(2) C(13)-0(5)-H(5) 1102)
Si(2)-0(2) 1.651(2) C(23)-0(6)-H(6) 107(3)
0o(1)-C(1) 1.358(3) C(15)-0(7)-H(7) 110(3)
0(2)-C(12) 1.360(3) C(14)-O(8)-C(16) 121.9(2)
0(3)-C(2) 1.371(3) C(3)-C(4)-C(13) 121.8(2)
0(3)-C(22) 1.418(3) C(5)-C(4)-C(13) 119.3(2)
0O(4)—-C(11) 1372(3) C(1)-C(6)-C(7) 121.2(2)
C(4)-C(13) 1.514(3) C(5)-C(6)-C(7) 119.3(2)
0O(4)-C(24) 1.406(3) C(6)-C(7)-C(8) 119.9(2)
0(5)-C(13) 1.429(3) C(5)-C(6)-C(7) 119.3(2)
0O(5)-H(5) 0.95(3) C(6)-C(7)-C(12) 120.8(2)
C(6)-C(7) 1.491(3) 0(5)-C(13)-C(4) 113.9(2)
0(6)—C(23) 1.421(3) C(4)-C(13)-C(14) 112.9(2)
0(6)—H(6) 0.91(5) 0(8)-C(14)-C(13) 112(2)
O(7)-H(7) 0.84(4) 0(8)-C(14)-C(15) 104.3(2)
O(7)—C(15) 1.417(3) 0(5)-C(13)-C(14) 107.2(2)
0(8)—C(16) 1.360(3) 0(8)-C(14)-C(15) 1053(2)
0(8)—C(14) 1.447(3) 0(8)-C(14)-H(141) 108(2)
0(9)-C(21) 1.362(3) C(13)-C(14)-H(141) 112(2)
C(9)-C(23) 1.502(3) O(7)-C(15)-C(14) 112.8(2)
0(9)—C(25) 1.431(3) 0(8)-C(16)-C(17) 126.4(2)
0(10)—C(26) 1.220(3) 0(8)-C(16)-C(21) 113.4(2)
C(13)-C(14) 1.541(3) C(18)-C(19)-C(26) 1183(2)
C(14)—-C(15) 1.514(3) C(20)-C(19)-C(26) 122.1(2)
C(19)—C(26) 1.443(4) 0(9)-C(21)-C(16) 114.7(2)
0(9)-C(21)-C(20) 1252(2)
C(16)-C(21)-C(20) 1202(2)
0(6)-C(23)-C(9) 112.7(2)
0(10)-C(26)-C(19) 126.7(3)
0(10)-C(26)-H(261) 119(2)
C(19)-C(26)-H(261) 1152)

relative orientation of the aro-
matic rings. Despite the fact
that angle values of the aromat-
ic mean planes are rather sim-
ilar (59.8° for 8 and 65.1° for 1)
and agree with what is usually
found for o,0’-substituted bi-
phenyls, the torsion angle be-
tween  C(1)-C(6)-C(7)-C(12)
for 11is about 64.4°, correspond-

0(9) -+ H(6i) 2.20(6) 0(9) -+ H(6i)-O(6i) 160.0(2)
0(10) -+ H(7j) 2.10(4) 0(10) --- H(7j)~O(7j) 145.7(2)
0(9) -+ O(6i) 3.076(3)
0(10) - O(7)) 2.840(3)

Table 4. Equation of the planes, angles between mean planes

Plane 1: C(1)-C(2)-C(3)-C(4)-C(5)-C(6):
6.109x — 8.734y+6.3727 —3.517=0.0
Plane 2: C(7)-C(8)-C(9)-C(10)-C(11)-C(12):
4.744x — 6.981y — 12.754242.563 = 0.0
Plane 3: C(16)-C(17)-C(18)-C(19)-C(20)-C(21):
0.528x — 8.167y+13.2427 — 5.451 =0.0
Angles between mean planes: 1 and 2: 65.1°
1 and 3: 37.8°
2 and 3: 87.0°

acetylation in 8, contribute to an increase in the apparent size
of the phenolic function. The steric factors probably play a
role in the conformational change observed. This point is not
disconnected from the well known ability of the lignin
phenolic functions to bind to other molecules such as
carbohydrates' or ions (silicates, calcium)!'®l; if a chain
elongation based on a 5,5"-diphenolic unit occurs during lignin
formation, a conformational change in the relative orientation

ing to a cisoid conformation
(compared with 120.7° for the
corresponding angle for 8 which

fits with a transoid conforma-
tion).I'> 11 Nevertheless, cisoid
conformations are not unprece-
dented in biaryl compounds;["”!
the angle values for bridged
biphenyl cyclooctadienes,!'7%] in
which the biaryl unit is included
in an eight-membered ring in
the same way as in dibenzo-
dioxocins,®! were found equal
to 56.5° and 62.0° (depending

on the stereoisomer consid-
ered) and they can be com-
pared to the 64° torsion angle

determined for compound 1.
Silylation in 1, compared with
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Figure 4. Unit cell and weak hydrogen bonding.
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Figure 5. Simple dimeric lignin models for which X-ray data are available.

of the aromatic rings will induce a modified spatial organ-
ization for branches and further regions on the lignin network.

An important feature which has also to be pointed out is the
role of weak hydrogen bonding and “z” stacking in the inter-
and intramolecular organization of compound 1. These
interactions contribute to give a parallel orientation of the
aromatic rings in the mixed 3-O-4 ether and 5,5'-biaryl model;
a result in excellent agreement with the conclusions of Atalla
et al." who predicted that at the molecular level the lignin
will be more highly organized than has been previously
recognized.

Conclusion

It is still generally agreed upon that lignins cannot be
crystalline because of their great complexity compared with
other vegetable biopolymers.?) However, some studies have
shown there can be a certain organizational level between the
different monomeric units of lignin polymers.l't 5 1 Weak
hydrogen bondingl as well as hydrophobic interactions may
play an important role in this organization and also in the
biodegradation process. We were interested in a trilignol
model 1 which presents a 5-O-4 ether structure and a biaryl
unit. The importance of biaryl units in lignin chemistry is well
documented and recently implemented by the discovery of
new biaryl moieties like dibenzodioxocins® in native lignin or
5,5'-bicreosol type units in residual Kraft lignins. As shown in
the crystal structure of the trimeric lignin model 1 the biaryl
unit presents the same preferential cisoid conformation on
that bridged biaryl compound, and not the transoid previously
observed for some other 5,5-biaryl lignin models. Intra-
molecular interactions by weak hydrogen bonding also play
an important role in the orientation of the aromatic ring
planes and could therefore influence the lignification process
and possible organization of lignin polymers.

Experimental Section

Materials: Commercially available chemicals were used as received. The
solvents were distilled prior to use: THF was distilled from sodium,
dichloromethane from calcium hydride; acetone when distilled, was stored
over molecular sieves 4 A. All purifications were made on silica gel 6—
35um with a Jobin—Yvon Miniprep apparatus. 'H- and *C-NMR
spectroscopy spectra were recorded on a Bruker AC250 (250 MHz for
proton, 63 MHz for carbon); all spectra were carried out in CDCl;. IR
spectra were recorded on a Perkin — Elmer 833 instrument; all spectra were
realized in KBr plates.

5,5'-Bis(4-tert-butyldimethylsilyloxy-3-methoxybenzaldehyde) (2b): tert-
Butyldimethylsilyl chloride (11.9 mmol) was added to a suspension of bis-
vanillin®! (5 mmol) in DMF (15 mL), under nitrogen atmosphere. Then,
imidazole (24.8 mmol) was added to the reaction mixture under stirring at
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the room temperature. After 3 h, the reaction mixture was neutralized with
aqueous NaHCO; (5 %) and extracted with EtOAc. The combined organic
extracts were dried (MgSO,) and concentrated in vacuo. The crude product
was recrystallized from Et,0 (1.9¢g, 72%). IR: v =1691 (CHO), 1586
(C=C)em™!'; 'H NMR: 0=0.02 (s, 2 x 6H, Si(CHj3),), 0.61 (s, 2 x9H,
C(CHa)3), 3.89 (s, 2 x 3H, CH;0), 740 (d, 2 x 1 H, J;,., = 1.94 Hz, ArH),
745 (d, 2 x 1H, Jyo=1.94 Hz, ArH), 9.84 (s, 1H, CHO); *C NMR: 6 =
—4.28 (Si(CHs;),), 18.33 (CSi), 25.17 ((CHj;);), 55.19 (OCH,), 108.69 (CH),
129.39 (CH), 129.46 (C), 129.66 (C), 149.11 (C), 151.06 (C), 190.96 (CHO);
CyH 0681, (580.8): caled C 63.41, H 7.99; found C 63.36, H 7.98.

5,5-Dimethyl-2(4-hydroxy-3-methoxyphenyl)-1,3-dioxane (3a): Vanillin
(9 g, 59 mmol) and 2,2-dimethylpropan-1,3-diol (18,5 g, 178 mmol) were
dissolved in toluene (300 mL) containing p-toluene sulfonic acid (687 mg,
3 mmol). The mixture was refluxed with a Dean —Stark apparatus for 4 h.
The reaction mixture was neutralized with NaHCOj;, washed with water
and dried over Na,SO, and evaporated in vacuo. The yellow oil was
recrystallized from diisopropyl ether (76 % yield). IR: v=23390, 3300 (OH),
1282 (C-O-C) cm™!; 'H NMR: 6 =0.80, 1.30 (s, 6H, 2 CH; dioxane), 3.70
(AB syst, 4H, J,5 = 11.1 Hz, 20CH, dioxane), 3.91 (s, 3H, OCH,), 5.32 (s,
1H, CH dioxane), 5.67 (s, 1 H, OH), 6.88—-7.06 (m, 3H, CHar); *C NMR:
0 =21.89, 23.12 (2CH; dioxane), 30.20 (C,y dioxane), 55.92 (OCHs;), 77.68
(20CH, dioxane), 101.79 (CH dioxane), 108.44 (CHar), 114.04 (CHar),
119.5 (CHar), 130.79 (Cyy), 146.13 (Cyy), 146.43 (Cyy).

Methyl-[4-(4,4-dimethyl-2,6-dioxacyclohexyl)-3-methoxyphenoxy]etha-
noate (3): Compound 3a (9 g, 37.6 mmol), methylchloroacetate (12.2 g,
112.9 mmol), potassium iodide (8.1 g, 48.9 mmol) were stirred in acetone
(300 mL), and was refluxed for 5 h. Inorganic salts were filtered over Celite.
The combined filtrate was washed with water. The organic layer was dried
over Na,SO, and evaporated in vacuo. A viscous oily substance was
recrystallized from diisopropyl ether (97 %). IR: v=1767 (COO), 1443,
1391 (C-O-C); '"H NMR: 6 =0.79, 1.27 (s, 6H, 2CHj dioxane), 3.69 (AB
syst, 4H, J,5 = 10.8 Hz, 2 OCH, dioxane), 3.76 (s, 3H, COOH3), 3.90 (s, 3H,
OCH,); 4.68 (s, 2H, OCH,), 5.33 (s, 1 H, CH dioxane), 6.80-7.09 (m, 3H,
CHar); BC NMR: 6 =21.89, 23.12 (2CH; dioxane); 30.20 (C;y dioxane),
52.25 (COOCH;), 55.89 (OCHs), 66.49 (OCH,), 77.68 (20CH, dioxane),
101.45 (CH dioxane), 109.74 (CHar), 113.79 (CHar), 118.61 (CHar), 133.08
(Crv), 14749 (Cyy), 149.53 (Cyy), 169.41 (COO); C;sH,, 05 (310.34): caled C
61.48, H 7.08; found C 61.92, H 7.15.

Procedure for the synthesis of f-hydroxyesters 4 and 5: BuLi (2 mL,
3.1 mmol, 1.6M in hexane) was slowly added at —10°C under nitrogen
atmosphere to HMDS (hexamethyldisilazane) (3.1 mmol, 0.5 mL). The
reaction mixture was cooled at —78°C, then a solution of 3 (4.56 mmol) in
THF (9 mL) was added dropwise at the same temperature. After 15 min, a
solution of 2b (2.07 mmol) in THF (10 mL) was slowly added at the same
temperature. The reaction was stirred for 15 min at —78 °C and hydrolyzed
by addition of CH;COOH (1.0 mL, 3.1 mmol) at —78°C, washed with
saturated NH,Cl and allowed to warm up to room temperature. The
combined organic extracts were washed with water, dried over Na,SO,
and concentrated in vacuo. The crude material was purified by column
chromatography HPLC (silica gel 15-40 um, petroleum ether/CH,Cl,/
EtOAc 2:6.4:1.6) to give erythro-erythrolerythro-threo (80:20) (52 % ); only
the erythro-erythro isomer of 4 was isolated (40%); and 5 (22%).

erythro 5,5'-Bis{methyl-3-(3-methoxy-4-tert-butyldimethylsilyloxyphenyl)-2-
[4-(4,4-dimethyl-2,6-dioxacyclohexyl)-2-methoxyphenoxy]-3-hydroxypropa-
noate} (4): IR: v=1756 (CHO); 1606 (C=C) cm~!; '"H NMR: 6 = —0.20,
—0.15, - 0.14, - 0.10, — 0.09, — 0.05, — 0.04, — 0.007 (s, 12H, Si(CHs;),), 0.64,
0.66, 0.67 (s, 18H, (CHs;);), 0.78 (s, 6H, CH; dioxane), 1.27 (s, 6H, CH;
dioxane), 3.61 (s, 3H, COOCH;), 3.61-3.74 (AB syst., 2x2H, Jyz=
11.11 Hz, CH, dioxane), 3.78 (s, 6H, OCHj;), 3.83, 3.84 (s, 2 x3H,
OCH;), 470 (d, 1H, J,4=510Hz, CsH), 5.10 (d, 1H, J,4=5.10 Hz,
C,H), 5.31 (s, 1H, CH dioxane), 6.79-7.05 (m, 10H, ArH); *C NMR: d =
—4.66, —4.48, —4.36 (Si(CH,),), 18.33 (CSi), 21.87, 23.09 (CHj; dioxane),
25.44 ((CH,)3), 30.20 (C,y dioxane), 52.02 (CH;0CO), 55.15 (CH;0); 55.84
(CH;0), 73.92 (C4H), 77.63 (OCH, dioxane), 83.45 (C,H), 101.35 (CH
dioxane), 108.83-122.59 (CH), 130.15-150.37 (C), 169.82 (COO).

erythro Methyl-3-[3-methoxy-4-tert-butyldimethylsilyloxy-5-(2-zert-butyldi-
methylsilyl-oxy-3-methoxy-5-formylphenyl) phenyl]-2-[4-(4,4-dimethyl-2,6-
dioxacyclohexyl)-2-methoxyphenoxy]-3-hydroxypropanoate (5): IR: v=
3432 (OH), 1756 (C=0O)cm™!; 'H NMR: 6=-0.10-0.00 (m, 12H,
Si(CHj),), 0.59, 0.61, 0.62 (s, 18H, (CH,);), 0.79 (s, 6H, CH; dioxane),
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1.26 (s, 6H, CH; dioxane), 3.65 (s, 3H), 3.59-3.90 (16H, CH, dioxane,
COOCH;, OCH3;), 4.70 (brs, 1H, CgH), 5.12 (d, 1H, J,;=5.10 Hz, C H),
5.31 (s, 1H, CH dioxane), 6.79-7.05 (m, 10H, ArH); 3*C NMR: § = —4.48,
—4.36, —4.19 (Si(CH,),), 18.29 (CSi), 21.87, 23.09 (CH, dioxane), 25.32
((CH3);), 3021 (Cy dioxane), 52.04 (CH;0OCO), 55.15, 55.80, 55.89
(CH;0), 73.85 (C;H), 77.65 (OCH, dioxane), 8345 (C,H), 101.31 (CH
dioxane), 107.91-122.21 (CH), 129.27—151.13 (C), 169.82 (COO), 191.30
(CHO).

1-[3-Methoxy-4-rtert-butyldimethylsilyloxy-5-(2-tert-butyldimethylsilyloxy-3-
methoxy-5-hydroxymethylphenyl)phenyl]-2-[4-(4,4-dimethyl-2,6-dioxacy-
clohexyl)-2-methoxyphenoxy]-1,3-propanediol (6): Procedure for the re-
duction: DIBAH (1M in toluene, 3 mL, 2.93 mmol) was added dropwise at
0°C under argon to a solution of 5 (0.44 mmol) in dry CH,Cl, (6 mL).
Methanol, water and aqueous 10% HCI were successively added to the
resulting mixture. The reaction mixture was filtered, washed and dried over
Na,SO,. The crude product was purified by column chromatography HPLC
(silica gel 1540 um; EtOAc/CH,CI, 5:5) to furnish 6 (72 %). IR: 7 =3601,
3495 (OH), 1597 (C=C) cm~!; 'TH NMR: 6 = —0.12, —0.06, —0.05, —0.10,
—0.03, 0.00 (s, 12H, Si(CHj3),), 0.61, 0.64 (s, 18 H, (CH3)5), 0.80 (s, 6H, CH;
dioxane), 1.29 (s, 2x3H, CH,), 3.64-3.76 (AB syst., 2x2H, Jyg=
10.94 Hz, CH, dioxane), 3.80 (s, 2 x 3H, OCH,), 3.87 (m, 2H, CH,y0),
3.89 (s, 3H, OCHj), 4.12 (brs, 1H, C4H), 4.56 (s, 2H, CH,OH), 4.96 (brs,
1H, C,H), 5.35 (s, 1H, CH dioxane), 6.69-7.11 (m, 7H, ArH); *C NMR: §
= —4.49, —4.24 (Si(CH,),), 18.36 (CSi), 20.91, 23.12 (CH; dioxane), 25.40
((CHa);), 30.25 (Cyy dioxane), 55.15 (CH;0), 55.22 (CH;0), 55.92 (CH;0),
60.60 (CH,,), 72.85 (C,H), 77.69 (OCH, dioxane), 87.32 (C,H); 101.34 (CH
dioxane), 107.85-122.98 (CH), 130.53-151.43 (C).

1-[3-Methoxy-4-tert-butyldimethylsilyloxy-5-(2-tert-butyldimethylsilyloxy-3-
methoxy-5-hydroxymethylphenyl) phenyl]-2-(4-formyl-2-methoxyphenoxy)-
1,3-propanediol (1): Oxalic acid (0.38 g, 4.23 mmol) was added to a solution
of 6 (0.07 mmol) in THF/MeOH/H,0 (5:3:2, 6 mL). After 3 h, 30 min at
room temperature, the reaction mixture was neutralized with aqueous
NaHCO; (5 %), washed with water, dried over Na,SO, and concentrated to
furnish pure 1 (97%). IR: v=3598, 3452 (OH), 1695 (CHO)cm™;
'H NMR: 6 = —0.10, —0.06 (s, 26 H, Si(CH,),), 0.63 (s, 2 x 9H, (CHs);),
3.80 (s, 3 x 3H, OCHj;), 3.87 (m, 2H, CH,y0), 443 (m, 1H, CHp); 4.57 (s,
2H, CH,0H), 4.9 (d, 1H, J,;=5.48 Hz, CH,), 6.74-737 (m, 7TH, ArH),
9.83 (s, 1H, CHO); 3C NMR: 0 =—4.49, —4.24 (Si(CH,),), 18.36 (CSi),
20.91, 23.12 (CH; dioxane), 25.40 ((CH;);), 30.25 (C,y dioxane), 55.15
(CH;0), 55.22 (CH;0), 55.92 (CH;0), 60.60 (CH,y), 72.85(CzH), 77.69
(OCH, dioxane), 87.32 (C,H), 101.34 (CH dioxane), 107.85-122.98 (CH),
130.53-151.43 (C).

X-ray determination: X-ray diffraction analyses on Ci;sHs4040Si, (MW=
729.03) were carried out on a STOE LP.D.S. (Imaging Plate Diffraction
System) equipped with an Oxford Cryosystems Cooler Device. The crystal-
to-detector distance was 80 mm. 125 exposures were obtained with 0 < ¢ <
200° with the crystal oscillating through 1.5° in ¢. Coverage of the unique
set was >92 % complete to at least 26 = 48.4°. Crystal decay was monitored
by measuring 200 reflections per image. The final unit cell was obtained by
least-squares refinement of 5000 reflections using Moy, radiation (1=
0.71073 A). Only statistical fluctuations were observed in the intensity
monitors over the course of the data collection. No absorption corrections
were applied to the data.

The structure was determined from a triclinic crystal of dimensions: 0.5 x
0.5x0.17mm® (space group PI, with unit cell; a=9.8999(2) A, b=
11.399(2) A, ¢=18309(2) A, a=92.17(2)°, B=95.84(2)°, y=9763(2)",
V'=2034.1(9) A3, It has two molecules per cell, P =1.19 gem=3, u=
1.33 cm~!, F(000) =784.51. A total of 15958 reflections was measured
(5967 independent) with R,erae = 0.034.

The structure was solved by direct methods (SIR92)1?? and refined by least-
square procedures on F,,. Hydrogen atoms were located on various
Fourier maps, but were introduced into calculation in idealized positions
(d(C—H)=0.96 A) and their atomic coordinates were recalculated after
each cycle of refinement. They were given isotropic thermal parameters
20% higher than those of the carbon atom to which they were attached,
except for the specific hydrogens able to form a O-H---H bonds. Least-
squares refinements were carried out by minimizing the function 2Zw(| | F, |
—| F.]|)? where F, and F, were the observed and calculated structures. A
weighting scheme was used.’ The calculations were carried out with the
aid of the CRYSTALS package programs?! running on the PC. The
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drawing of the molecule was achieved with CAMERON, ! with thermal
ellipsoids at the 50 % probability level. The atomic scattering factors were
taken from the international tables for X-ray crystallography.?l

Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-127301.
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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A Mass Spectrometry Study of XCO*, X =Si, Ge: Is SiCO" a Main Group
Carbonyl? Comments on the Bonding in Ground State SiCO and the
[Si,C,O]" Potential Energy Surface

Phillip Jackson,!*! Ragampeta Srinivas,™ Stephen J. Blanksby,!*! Detlef Schroder,'*! and

Helmut Schwarz*?

Dedicated to Professor Heindirk tom Dieck on the occasion of his 60th birthday

Abstract: The cation [Si,C,0]" has been
generated by 1) the electron ionisation
(EI) of tetramethoxysilane and 2) chem-
ical ionisation (CI) of a mixture of silane
and carbon monoxide. Collisional acti-
vation (CA) experiments performed for
mass-selected [Si,C,0]", generated by
using both methods, indicate that the
structure is not inserted OSiC*; how-
ever, a definitive structural assignment
as Sit—CO, SiT—OC or some cyclic
variant is impossible based on these
results alone. Neutralisation —reionisa-
tion (TNR*) experiments for El-gener-
ated [Si,C,O]" reveal a small peak

SiO* signal, and thus establishes the
existence of the Si*-CO isomer.
CCSD(T)//B3LYP calculations employ-
ing a triple-zeta basis set have been used
to explore the doublet and quartet
potential-energy surfaces of the cation,
as well as some important neutral states.
The results suggest that both Sit—CO
and Sit - OC isomers are feasible; how-
ever, the global minimum is 2T SiCO™*.

Keywords: ab initio calculations -
carbonyl complexes - germanium -
interstellar molecules - mass spec-
trometry - silicon

Isomeric 21 SiOC* is 12.1 kcal mol~! less
stable than 2I1 SiCO*, and all quartet
isomers are much higher in energy. The
corresponding neutrals Si—CO and Si-—
OC are also feasible, but the lowest
energy Si—OC isomer (*A") is bound by
only 1.5 kcal mol~1. We attribute most, if
not all, of the recovery signal in the
*NR* experiment to SiCO* survivor
ions. The nature of the bonding in the
lowest energy isomers of Sit—(CO,0C)
is interpreted with the aid of natural
bond order analyses, and the ground
state bonding of SiCO* is discussed in
relation to classical analogues such as

corresponding to SiC™, but no detectable

Introduction

Metal carbonyls represent a class of coordination complexes
which are confined to the d-block elements of the periodic
table. High coordination numbers and low oxidation states are
characteristic of these species, which have been prepared for
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metal carbonyls and ketenes.

all but the early (Group 13) and late (Group 11/12) metals. In
some cases, additional ligands are required for M-CO
stabilisation. The unique metal-carbonyl bonding interaction
is best represented by a 6 M« CO donation and M —CO
back donation into the empty m*-orbital, so that overall there
is no net change in the metal oxidation state. An important
requirement for stability is undoubtedly the presence of
suitably diffuse, occupied orbitals of the correct symmetry for
the m-back donation. To the best of our knowledge, analogues
of these species have not been prepared for any of the heavy
main group elements under typical laboratory conditions,
although recently there has been a proliferation of low
temperature matrix studies in which carbonyl analogues have
been synthesised.l') Some examples of cationic alkali metal
carbonyls have also been synthesised by Armentrout et al. )
but these species remain uncharacterised. The bonding is
presumably electrostatic.

Herein, we report experimental results which confirm that
[Si,C,O]" can be synthesised in the gas phase, and that the CO
moiety is present in these ions as an intact ligand. We note in
passing that the corresponding neutral, trapped in cryogenic
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matrices, has been thoroughly analysed,®7” and has also
formed the subject of several high-level theoretical investiga-
tions.® ¥l The focus of these previous theoretical studies has
clearly been the reproduction of measured spectroscopic
values, and as such these studies were restricted to isomers
with Si— CO connectivity. In this context, the recent observa-
tion of a 2-silaketene-like complex (H,Si-CO) M at low
temperatures is noteworthy. We have also undertaken all-
electron CCSD(T)(TZDP)//B3LYP(TZDP) calculations for
doublet and quartet states of SiCO™ and SiOC™, and selected
points on the neutral spin surfaces, in order to correctly assess
the structure(s) of the ion(s) we have generated. The results
suggest that a mixture of the isomers Sit—OC and Sit-CO
might be generated in the gas phase under typical ionisation
conditions.

Experimental Section

For a description of the experiment and the instrument used, the reader is
directed to the recent review by Schalley et al.l'”] In brief, the experiments
were performed by using a four-sector modified HF-ZAB/AMD 604 mass
spectrometer with BEBE configuration, where B and E represent magnetic
and electric sectors respectively. [%Si,C,0]* was generated by chemical
ionisation (CI) of a mixture of SiH, (conc. sulfuric acid + solid Mg,Si) and
CO, with p(CO) >4 x p(SiH,). Previous tandem-MS experiments have
established that SiH,* reacts efficiently with CO to produce [*Si,C,0]" in
an addition—elimination reaction that evolves dihydrogen.''! Another
route to the formation of this ion, albeit inefficient, is via the adduct!'?! and
this may be important under the higher pressure conditions maintained for
CI if Sit is generated during SiH, decomposition processes. In addition,
[?Si,C,0]* can be generated by the 100 eV electron ionisation (EI) of
Si(OCHj;), (Gelest). No isobaric interferences, other than from ¥Si-
containing hydrocarbons, are expected to complicate the collisional
activation (CA) spectra of El-generated [*Si,C,O]*. Due to a preponder-
ance of H-atom losses from these species, it is relatively simple to correct
for their presence. On the other hand, several potential isobaric contam-
inants in the CA spectrum of CI-generated [**Si,C,O]*, such as ?*Si,* and
C,0,", could lead to erroneous deductions concerning the ion structure.
The CA spectra of the Cl-generated contaminants, and the conditions
under which they predominate, have been examined separately.!!> 14l
Measures taken to eliminate or reduce their interference are discussed in
the Results and Discussion. To further substantiate our claim that the
observed fragmentations result from [*Si,C,0]*, we have also examined
the CA spectrum of CI-generated [°Ge,C,0]*, which was synthesised from
a mixture of GeH, (Union Carbide) and CO.

Typical CI source conditions are as follows: source temperature 200°C;
repeller voltage 0.0-0.5 V; ion extraction voltage 8 kV; mass resolution
m/Am >1500; source pressure <10-*3mbar. Typical EI source conditions
are as follows: source temperature 200°C; trap current 100 pA; repeller
voltage 15V; ion extraction voltage 8 kV; m/Am >1500. Collisional
activation of B(1)/E(1)-mass selected [*Si,C,0]* was effected in collision
cells, positioned between E(1) and B(2), using He as a target gas. The
collision cell pressure (ca. 10-° mbar) was maintained such that 80 % of the
parent ion beam was recovered after passing through this cell. This
corresponds to an average of 1.1-1.2 collisions per ion.'”] CA products
were recorded by scanning the second magnetic sector B(2).
Neutralisation —reionisation (*NR*) experiments were performed for
B(1)/E(1)-mass selected [*Si,C,O]*, utilising the dual collision cells
between sectors E(1) and B(2). Cation neutralisation was achieved by
collision with Xe at 80% transmittance, while reionisation to cations was
achieved by collision of the neutrals with O,, again at 80 % transmittance.
Any ions remaining after the first collision event were deflected from the
primary neutral beam using an electrode maintained at a high voltage (1.5
kV) positioned before the second collision cell. In order to detect a
reionisation signal, the neutral species must be stable for approximately
one microsecond. "NR™* spectra were averaged over 50—100 acquisitions in
order to obtain sufficient S/N ratios, while CA spectra were averaged over
20-50 acquisitions.

Chem. Eur. J. 2000, 6, No. 7
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Computational Methods

The theoretical calculations for [Si,C,0]"° were performed using the
Gaussian 94 softwarel'! on IBM RS/6000 computers running AIX 4.2.1.
The all-electron 6 —311G basis sets of McLean and Chandler!' '8 were used
throughout. The respective basis sets were supplemented with single s, p
and d functions for each element.'”?! Geometry optimisations were
performed using the 3-parameter hybrid density functional method of
Becke (B3LYP).?'’l The nature of each stationary point located at this
level of theory was then established via subsequent frequency analysis.
Single point energy calculations at the all-electron CCSD(T) level, which
includes a perturbative estimation of the triples contribution, were then
performed at the optimised B3LYP geometries. These energies are denoted
CCSD(T)/TZDP)//B3LYP/TZDP in the ensuing sections. Finally, to ensure
that basis set deficiencies do not present a misleading picture, all-electron
single point CCSD(T) energies were calculated for the lowest energy exit
channel (°Si*+'CO) and the two lowest energy isomers of Si*—(C,0),
using the correlation-consistent quadruple zeta basis sets of Dunning.?* 23
Zero-point vibrational energy corrections to the potential-energy surfaces
and reaction energies were calculated using the B3LYP/TZDP frequencies
and scaled according to Wong.*l The natural bond orbital analyses were
performed at the optimised B3LYP geometries using version 3.0 of the
NBO of Weinhold and co-workers.?? These results establish both the
bonding and Si-hybridisation in the ground states of the connectivity
isomers.

Results and Discussion

The CA spectrum of [%Si,C,0]", synthesised in a CI source
from a mixture of SiH, and CO, is presented in Figure 1. The
fragmentations in the spectra obtained from the CA of EI-
generated [®Si,C,0]* (tetramethoxysilane) are essentially
identical, so we assume that either the same isomer or
isomeric mixture is generated using both methods. To

28
Si'

s
SiC 350"

\
s

miz

Figure 1. Collisional activation (CA) spectrum of [*#Si,C,0]* generated
from a mixture of SiH, and CO using chemical ionisation. '*' denotes an
artefact of the signal acquisition process.

eliminate any doubt regarding isobaric interferences from
C,0," and %Si,*, we first analysed peak at m/z 56 for SiH, in
the absence of CO. We noted that no cluster corresponding to
Si,* was formed, but a distribution of hydrogenated clusters
including Si,H, ", n=1-5, were present with varying abun-
dances at m/z >57. Moreover, the CA spectra of species
corresponding to SiC,H,* and ?SiC,H;* would invariably
give rise to losses of hydrogen. Inspection of Figure 1 reveals
that peaks attributable to losses of hydrogen are entirely
absent for the mass-selected ion. This leaves only one other,
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potentially interfering ion, C,0O,*. Fortunately, this ion has
also been comprehensively studied using CA and *NR*.[4
Inter alia, the CA spectrum of C,0," exhibits a characteristic
C," peak, which is not evident in Figure 1. Inspection of our
CA spectrum reveals only three peaks, the most intense of
which corresponds to loss of CO to yield #Si*. We attribute
this peak to Si* due to the lower ionisation energy of this
species with respect to CO (IE(Si)=8.152¢eV; IE(CO)=
14.014 eV PY). Minor fragments correspond to loss of carbon
(m/z 44) and loss of oxygen (m/z 40). The sharp peak between
mlz 4243, denoted '*' in Figure 1, is due to a minor electrical
discharge from the source. If fragments corresponding to C*
and O™ are formed at all, their abundance is below the limit of
detection for the yields of the parent ion formed in the source.
To summarise, while we can unequivocally state that the ion
possesses a CO ligand from the CA spectrum, no firm
conclusions can be drawn from the results regarding the ion
connectivity without recourse to computational results.

Owing to potential isobaric interferences in the various
[Si,C,0O]" spectra we have acquired, we have also studied the
analogous [Ge,C,0]" system to establish that [Si,C,O]" is
indeed synthesised. The CA spectrum of [°Ge,C,O]* is
presented in Figure 2. Unlike the CA spectrum of the %Si
analogue, loss of oxygen is notably more intense than loss of
carbon. Taking into consideration the base peak, which also
corresponds to loss of CO from ionisation energy consider-
ations, we can state that Ge*— CO connectivity prevails in this
case.

Ge'

70Gec ‘ 70, +
GeO

m/z'

Figure 2. Collisional activation (CA) spectrum of [’Ge,C,0]* generated
from a mixture of GeH, and CO using chemical ionisation.

We have also undertaken *NRT* studies of [**Si,C,O]*
synthesised by the EI of Si(OCHj;), vapour. It is pertinent
that the CA spectra of the [?Si,C,O]* generated from CI and
EI were essentially identical; however, the larger yields of the
ion of interest from EI facilitated, whereas the lower yields
from the CI mixture precluded, "NR* studies. The *NR*
spectrum of this ion is presented in Figure 3. An intense
recovery signal, and another large signal corresponding to Si*
and/or CO* are evident in the spectrum.P!l A signal corre-
sponding to loss of oxygen (cf. CA spectrum, Figure 1), and
the absence of loss of carbon, are also noteworthy. Overall, we
have confirmed with our "NR™* experiments that the neutral
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jlelen

N

Figure 3. Neutralisation —reionisation (*NR*) spectrum of [*Si,C,O]*
generated by the electron ionisation of Si(OCH,),.

mlz

[Si,C,0] is stable on a microsecond time scale, and that
vertical transitions from the cation to the neutral, and back to
the cation, do not result in gross geometric distortions. That is,
due to favourable Franck—Condon factors, the transitions
involve low vibrational levels of the neutral and cation,
respectively.

The results for the various minima located using B3LYP/
TZDP are presented in Table 1. Salient features of the
respective potential-energy surfaces are presented in Figure 4.
In the following discussions, relative energies refer to the
zero-point corrected values calculated by using the CCSD(T)/
TZDP//B3LYP/TZDP energies, unless stated otherwise. The
ground state of the cation possesses Si-C-O connectivity (C-
silicon carbonyl) and is 12.1 kcalmol~! more stable than the
lowest energy isomer with Si-O-C connectivity (O-silicon
carbonyl). Single point all-electron CCSD(T) calculations at
the optimised B3LYP/TZDP geometry, using the correlation-
consistent quadruple-zeta basis sets, resulted in a calculated
energy difference of 12.1 kcalmol~! between the SiCO* and
SiOC* ground states, which is in fair agreement with the
previous value obtained by using the triple-zeta basis sets.[*?]

The ground states of C- and O-silicon carbonyl ions are
both linear 2IT states. Bent isomers for both connectivities
were also located, and the lowest of these is bent 2ZA” SiCO*,
which lies only 0.5 kcal mol~!' above ground state SiCO*.
Similarly, 2A” SiOC* lies only 0.9 kcal mol~! above ground
state SiOC*. In accordance with these small energy differ-
ences, the m-bending modes of the ground states are very soft
(CIT SiCO™, Vpena (1) =225, 251 cm™!; 2IT SIOCH, Vienq () =
140, 148 cm™'). Indeed, some of the minima located may be
artefacts arising from a very flat PES.

Efforts were undertaken to locate cyclic minima on the
doublet surface, but all cyclic starting geometries collapsed to
either linear or low-lying bent structures. Though not
unequivocal, we therefore rule out the existence of low-
energy cyclic structures on this surface. Inspection of the
relative energies of the quartet and doublet isomers suggests
the high-spin states are relatively unstable with respect to
their low-spin congeners, and it is presumed this is a
manifestation of the inert pair effect for silicon.’'!l Inserted
isomers O-Si-C, or oxo silicon carbide cations were found to
be high in energy with respect to isomers with intact CO
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Table 1. Results for isomers and transition structures for [Si,C,0]* located by using density functional theory. Relative energetics (AE) have also been
calculated by using the coupled cluster theory, and are zero-point energy corrected.

Escr(Ha) Bond lengths [A] Angle [] AE
B3LYP CCSD(T) Tsic Isio reo 6 [kcalmol~!]

1 SiCO* —402.487777 —401.917030 2.030 1.124 180.0 0.0
2A” SiCO* —402.487256 —401.916308 2.016 1.124 169.6 0.2
2A” SiCO* —402.486531 —401.915399 2.004 1.124 164.2 0.7
*A” SiCO* —402.395782 —401.829568 1.754 1.136 173.7 55.1(5)
42 SiCOo* —402.396333 —401.830270 1.760 1.137 180.0 55.2(4)
23 SiCo* —402.346702 —401.770248 1.742 1.147 180.0 93.8
*A” SiCO* —402.317479 —401.746225 1.838 2.064 1.209 62.0 107.5
2A" (’TS) —402.393900 —401.820853 1.637 1.365 126.6 58.6
‘A" (“TS) —402.289519 —401.733899 1.930 1.170 109.2 114.9
1 SiOC* —402.462917 —401.896703 2.255 1.146 180.0 12.1
2A” SiOC! —402.461586 —401.895040 2212 1.146 156.1 13.0

43 SioCt —402.317479 —401.741292 1.636 1.274 180.0 109.9

43 SiOC* (TS) —402.266648 - 2.070 1.217 180.0 137.50
4SiOC* (TS) —402.189107 - 2.304 1.482 180.0 184.90l
2A" OSiC* —402.292531 - 2.065 1.507 176.3 120.9%

[a] BBLYP/TZDP relative energies, including zero-point corrections.

3Si'+3co 28§ +3C0
160.2 160.2
109.9 *T Si0C
4A" SICO™
55.2 553
’TS 37.9
i+ 1co T si0c Isit+co
0.0 86 77 A" sioc

-20.0 |

207\ )
18ico” 2arsicor  REsyl o REge
‘ Si+3C0o
-40.1
RE,

RE, 'S $i0C —
si+!co 1526 Si+ CO
-154.3 Ly Si0c 1543
3si+!co ASIOC -I75.1 \/;s:#co
1795 3A" Si0C v

181.3 -181.0 3z SioC
A SiCO wel '
-188.0
3% sico
22045

Figure 4. Important features of the potential-energy surfaces of [Si,C,0]*"°
derived from CCSD(T)/TZDP//B3LYP/TZDP calculations.

ligands, and were not investigated further. As expected, the
lowest lying dissociation asymptote corresponds to 2P Sit +
12 CO, and according to our calculations, the ground state of
the cation is bound by 20.7 kcal mol~%

We have also calculated the ground state for the neutral
(= SiCO), and a comparison of our calculated results with
those from other theoretical studies are presented in Table 2.
We calculate the neutral is bound by 25.0 kcal mol~! with
respect to the P Si and 'S CO asymptote, which is larger than
the binding energy of the cation even though there is no ion-
dipole bonding stabilisation in the neutral. This suggests that
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the extra binding energy contributed by the & back-bonding,
as is evident in the C—O bond elongation in the neutral,
compensates for the additional electrostatic bonding contri-
bution in the cation. Further evidence for m-stabilisation in
the neutral is the much shorter Si—C bond length compared
with the cation. The bonding schemes for both these species
are discussed further below.

The interactions of R;Sit (R=H, CH;) with CO have
previously been studied using Mgller—Plesset perturbation
theory, in conjunction with double and triple zeta basis sets,
and using the G2 method.* 3 For these systems, the barriers
for the interconversions of C- and O-silylated carbon mon-
oxide are predicted to be very close in energy to the respective
'R;Sit + CO’ entrance channels, and it was argued that a non-
interconverting mixture of these isomers might be formed
upon chemical ionisation.*! For the [Si,C,O]* system, the
transition state (TS) on the doublet surface for the endother-
mic SiCO*—SiOC* interconversion lies 58.6 kcalmol™!
above ground state SiCO™. The TS is a first order saddle
point, that is, it exhibits one imaginary frequency (a’, bend,
2022i cm™!). The unusually large magnitude of the imaginary
frequency is due to the involvement of C—O stretching. In
order to examine the relationship between the TS and the two
connecting minima, the imaginary mode was followed down-
hill from the TS towards the SiCO™ structure. Dissociation
was observed, which is not an unreasonable outcome consid-
ering the height of the barrier with respect to the 'Sit + CO’
asymptote. On the other hand, downhill searching in the
reverse direction linked the TS with the two lowest SiOC*
states. It is, however, doubtful that unimolecular interconver-
sion is possible on the doublet surface due to the barrier
height with respect to the 2Si* + CO’ channel. This does not
preclude formation of either or both of the silicon carbonyl
cation isomers upon ionisation because both are stable
minima accessible from this asymptote.

A much lower imaginary frequency is associated with the
TS on the quartet surface (307i cm™'), and thus involves less
CO bond stretching and more concerted CO rotation. Over-
all, the quartet surface is quite similar to the doublet surface,
aside from the position of the TS with respect to the exit
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channels. The most striking difference is that both *[Si,C,O]
isomers are strongly bound with respect to the lowest energy
spin-allowed dissociation asymptote "“Sit + 'CO’ (D(*Si*-
CO)=82.6 kcalmol~!, D(*Si*-0OC)=28.3 kcalmol~' cf.
D(*Sit—CO)=20.7kcal mol™!, D(Si*-—OC)=8.6 kcal
mol'). The TS for the interconversion lies 59.7 kcalmol~!
above the most stable *A”SiCO* isomer, but only
5.0 kcalmol! above the most stable X SiOC* isomer, which
is 54.7 kcalmol~! less stable than the aforementioned
4A” SiCO™*. The contrast between our results for the inter-
conversion barriers for Sit —(C,0) and the previous results for
the R;Sit—(C,0) probably belies fundamental differences
between the interactions of CO with R;Si*, which represents
high-valent Si'V, and Si*, which represents low-valent Si'. The
interaction in the high-valent species can be classified as
predominantly electrostatic with some ¢ donation from CO,
particularly as the Si'V centre has no electrons remaining for
further bonding interactions. In contrast, Sit is a low-valent Si!
cation capable of o-bond formation and some m-bonding.

We have also investigated SiOC structures to examine the
feasibility of this neutral, and in particular to see if the
analogous cation can be expected to survive a "NR™ event.
Interestingly, the ground state of the neutral, A" SiOC,
resides in a very shallow well, 1.5 kcalmol~!, with respect to
the 3Si + !CO asymptote, at the CCSD(T)/TZDP//B3LYP/
TZDP +ZPE level of theory, and might be detectable in
matrix experiments at extremely low temperatures. Given
that the ground state triplet is bound by only 1.5 kcalmol !
and that rotational barriers to dissociation are usually small,
vertical recombination onto the triplet surface should invar-
iably lead to dissociation, particularly if the neutral is
hyperthermal.

Vertical recombination of Z2ISiOC* to 'ASiOC
(147.0 kcal mol~!) imparts more than 20 kcal mol~! rovibra-
tional energy to the neutral. Our results indicate that this
energy is sufficient to cause dissociation via the spin-allowed
1Si 4+ 1CO exit channel. Even if !A SiOC remains bound with

the additional rovibrational energy imparted by recombina-
tion, there is still the possibility of internal conversion to the
shallow triplet minimum prior to the followup collision event.
In view of the shallowness of the ground state SiOC minima,
and the weak binding of 2IT SiOC, it is unlikely that any state
of neutral SiOC would survive the "NR* process. Details and
energies of the various neutral structures are presented in
Table 2, together with vertical and adiabatic energies for
selected ionisation and recombination events. These last
values were used to estimate rovibrational excitation energies
for the transition products, which are also compiled in Table 3,
and are expressed as the difference between the adiabatic and

vertical transition values.
Calculation of the low-lying neutral states also permits

determination of the adiabatic recombination energy of

Table 3. Adiabatic and vertical one-electron transition energies for [Si,C,O]*.
‘RE’ and 'IE’ represent recombination (neutralisation) and ionisation events,
respectively. Those transitions highlighted are incorporated in Figure 4. 'E;,/" is the
zero-point corrected rovibrational energy imparted to the product after the

transition.
Transition Transition Adiabatic energy Vertical Energy E,
type [kcalmol ']

1 SiCO* —32 SiCO RE, 185.4 180.2 55
1 SiCO* —!'A SiCO RE, 168.7 161.3 7.7
2A” SiCO* —’ZSiCO  RE 186.1 186.70 5.7
2A” SiCO*—!'ASiICO  RE 168.7 162.4 7.7
1 SiOC* —*2 SiOC RE, 1742 169.4 4.7
TISiOCH —!'A SiOC RE; 168.1 143.4 245
TISiOCH —»'Z SiOC RE, 145.5 1434 1.9
2A” SiOCH—'ESiOC  RE; 146.4 1432 32
2A” SiOCH —!'ASiOC  RE; 169.0 143.2 25.8
2A” SiOCH —3A” SiOC  RE, 174.7 169.0 5.7
32 SiCO —™1 SiCO™* 1IE 185.4 192.1 6.5
A SiCO —?I1 SiCO+ 1IE 168.7 171.1 2.0
1A SiOC —1 SiOC* IE 168.1 169.6 1.7
3% SiOC —2I1 SiOC* IE 174.2 176.0 1.9
3A” SiIOC —2A” SiOC+  IE 174.8 176.0 1.3

[a] A vertical value slightly larger than the adiabatic value is a manifestation of the
neglect of zero-point energies for both the ion and neutral structures.

Table 2. Comparison of computational results from this work (CCSD(T)/TZDP//B3LYP/TZDP) with experimentally derived values and previous
theoretical results for some states of neutral SiCO, plus results for some neutral states of SiOC.

Method Escr o, Bond lengths [A] Angle [°] D(Si—CO)

[Ha] [em~!] Fsic Tco 0 [kcalmol~!]
B3LYP/TZDP — 402.80148 1955, 572, 322 () 1.818 1.160 180.0
CCSD/TZ2P//B3LYP/TZDPl —402.21036 25.0
CISD/TZ2P ! —402.01373 2058, 541, 342 () 1.876 1.127 180.0 11.28
CASSCF/DZP! — 401.70966 1.886 1.145 180.0
MRSDCI/DZP 4! —401.99399 873, 2105 1.835 1.167 180.0
Expt. [l 1899, 803
1A SiCO, B3LYP/TZDP! —402.77241 266(m,), 374(m,), 576, 1958 1.824 1.162 180.0
CCSD/TZ2P//B3LYP/TZDP Il —402.18415 3371

SioC
Tsio rco 6 D(Si-CO)

3% Si0C —402.17175 2.837 1.130 180.0 18
3A” SiOC —402.17111 2.763 1.130 1512 15
IA SiOC 8] —402.16213 2.798 1.130 180.0 20.8
13 SiOC [l — 402.12638 2392 1.139 180.0 1125

[a] This work. [b] From reference [8]. [c] Calculated at the SCF/TZ2P level. [d] From reference [9]. [e] From reference [6]. [f] Spin-allowed dissociation can
only occur to !Si+!CO, or 3Si +3CO. The first of these asymptotes is lowest in energy according to CCSD(T)/TZDP//B3LYP/TZDP. Binding energy (zero-
point corrected) value is with respect to the spin-allowed 'Si+ 'CO asymptote. [f] Binding energy (zero-point corrected) value with respect to the spin-
allowed 'Si + !CO asymptote, [g] Binding energy (zero-point corrected) value with respect to the spin-allowed 3Si + 3CO asymptote.
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°T1 SiCO™, which is 185.4 kcalmol~'. The vertical recombina-
tion energy is calculated to be 180.2 kcalmol™, so the first
collision in the *TNR™ sequence deposits 5.5 kcalmol~! rovi-
brational energy into the triplet neutral that is formed,
assuming vertical transitions from the cation ground state.
The reionisation of this neutral, which according to our
calculations deposits 6.5 kcalmol~! internal energy into the
resulting cation, should be survived by at least a fraction of the
parent beam even if these ions are hyperthermal, as 2T SiCO*
is bound by 20.7 kcalmol~'. To summarise, a fraction of the
SiCO* ions that are in the ground vibrational state are
expected to survive "NR* experiments. In order to detect a
recovery signal for SIOC™, population of low vibrational states
of the !X SiOC surface is required, say v' =0,1. Even if under
exceptional circumstances some 'X SiOC is formed, it is likely
to be formed in a higher vibrational state and thus possess the
requisite energy to dissociate via the !Si+!CO exit channel.
Consideration of the experimental data in view of the
theoretical findings thus suggest that the CA results are
therefore representative of a mixture of SiCO* and SiOC*
isomers, whereas the "NR* survivor ion signal is very likely to
be exclusively indicative for the SiCO* isomer.

The MO diagrams for the ground states of SiCO* and
SiOC* are presented in Scheme 1. High energy virtual orbitals
and core orbitals are omitted for simplicity, and the energy
separations between the MOs are approximately to scale. A
discussion of the bonding in *Z SiCO appears in reference [8].

SiCO"(TI) SiOC"CTI)

Scheme 1.

Inspection of the character of the MOs for the ground states
of both C- and O-silicon carbonyl ions reveals firstly, that the
Si 3p orbitals with the correct symmetry for the m-interaction
do not mix with the m-o bonding states; and secondly, apart
from the destabilising effect of the og" lone-pair MO on the
Oco” lone-pair MO, the bonding in the CO ligand remains

Chem. Eur. J. 2000, 6, No. 7
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largely unperturbed in [T SiOC*. The distinguishing feature
of the 2IT SiCO* MO scheme is the introduction of a og,c MO,
which is a mixture of the 0" orbital and an empty 3p orbital of
Si. g bonding in either isomer is negligible, and probably
non-existent, as the single 3p Si electron resides in localised
non-bonding orbitals.’*) We conclude that the bonding in the
ground state of SiOC™ is exclusively electrostatic; in the case
of 2IT SiCO*, the electrostatic contribution is also important.
However, in addition to the electrostatic component, stabili-
sation is also gained through the formation of the previously
described donor —acceptor bond. An interesting question now
arises: on the basis of the B3LYP wavefunctions, is it suitable
to classify the ground state of SiCO™ as a silicon carbonyl, as
we have arbitrarily chosen, or does the bonding situation
more closely resemble what could be expected in a silake-
tene? The evidence from the NBO analysis, outlined below,
suggests the Sit—CO interaction in the ground state of this
isomer is a mixture of ‘electrostatic 4 carbonyl-like’, and that
formation of silaketene-like species appears to be energeti-
cally unfavourable.

First, Si possesses a large, polarisable core, in contrast to C,
for which the core is small and tight (1s? electrons). This has
several implications for the formation of multiple bonds
involving Si. For efficient np orbital overlap (in a n-MO
sense) between bonding partners, a short Si—X bond (X =
heteroatom) is necessary. As a first step towards s-bond
formation between 2P Si* and a ligand, reduction of the core
repulsions from the closed 3s shell is required. This can be
achieved by either promotion of one of these electrons into an
empty 3p orbital, or alternatively, addition of strong electron-
withdrawing groups, such as halogens, to the silicon centre.
The former approach can be formally considered as
P Sit —*P Si*, for which the energy requirement at the all-
electron CCSD(T) level is 5.05 eV. If we now compare the
Sit—C bond lengths in the various SiCO* minima that were
located, it is apparent that formation of higher order Si—C
bonds is energy demanding (the lowest energy isomer with a
Si*—C bond of higher order is 2.37 eV less stable than the
ground state). Furthermore, reduction of the C—bond order
accompanies formation of higher order Si*—C bonds, so that
donation into the mc,* orbital increases as the Si*—C bond
length decreases. For comparison, the bond length in free 'CO
is 1.128 A.

As an additional indicator of the character of the bonding in
1 SiCO™, we have analysed the B3LYP/TZDP C-O stretch-
ing frequencies of this ion and the ground states of the
neutrals !CO, 3CCO,’"! and 3SiCO. The value for !CO is
2212 cm~!, which can be used as a reference to gauge the
weakening of the CO bond in XCO, X = C, Si”*, attributable
to the carbonyl-like back donation into mqo*. Indeed, the
value for the C—O stretch in SiCO* (2194 cm™') suggests CO
bond weakening is insignificant, or that there is little back-
donation. Inspection of the mo* orbital population reveals
0.22 e~ are back-donated into this orbital from the singly
occupied 75" MO. The second-order resonance stabilisation
energy of these MOs (23 kcal mol!=resonance alpha
energy)?-2! is suggestive of this interaction. Further evidence
of a weak carbonyl-like bonding interaction in ground state
SiCO™ is donation from the 0" orbital of CO to form the og;c
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bond. The degree of sigma donation can be quantified using
the atomic charge of the Si centre (+0.96 e-), and from this a
CO-donation population of 0.26 e~ is determined. Together
with the CO bond weakening, the SiT—CO interaction is
entirely consistent with our proposal of ‘electrostatic + car-
bonyl-like’. We now turn to the case of X~ SiCO and
33~ CCO, both of which have been previously studied by
Schaefer and co-workers.®l If we begin by simply comparing
the C—O bond lengths (3SiCO, rco=1.160 A; 3CCO, reo=
1.163 A), the stretching in these particular bonds already
suggests significant weakening with respect to free CO. This is
also supported by much lower calculated C—O stretching
frequencies (wco, 3SICO=1955cm™; wco=2038 cm™},
3CCO). Although these values adhere to at least some notion
of carbonyl-like bonding, other features of the natural bond
order analysis seem to contradict this. For instance, the mweo*
orbitals in 3CCO and *SiCO are completely empty. In contrast,
the orbitals mg*, m* both have significant populations
(ca.0.15 e”) due to favourable interactions with oxygen-
centred non-bonding MOs. This hints at a fundamentally
different type of bonding interaction for these neutrals,
somewhere between a ketene and a carbonyl (see Scheme 2).
Considering the limitations of the single configuration MO
approach we have adopted to study these neutrals, as well as
the inadequacies of a localised description of m-bonding, we
leave further studies for the valence bond experts. Never-
theless, the bonding in the cation is much closer to a carbonyl,
rather than a ketene, model.

+
M----(Dco == MO 8(()) - M=C=
(¢
I it 1
Scheme 2.
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Chemoenzymatic Synthesis of Sialyl-Trimeric-Lewis X

Kathryn M. Koeller and Chi-Huey Wong?*!?!

Abstract: The decasaccharide sialyl-trimeric-Lewis x is a component of glycopro-
teins and glycolipids that serve as E- and P-selectin ligands. The synthesis of this

target structure was accomplished by utilizing a combination of chemical and
enzymatic methods. Highlights of the chemical synthesis include minimal use of
protecting groups and regioselective glycosylations to arrive at a linear tri-lactos-
amine structure. Glycosyltransferase-catalyzed reactions were then employed for the

Keywords: chemoenzymatic synthe-
sis - oligosaccharides - regioselec-
tive glycosylation - selectin - sialyl
Lewis x

addition of the terminal sialic acid and branch-point fucose residues. Notably,
fucosyltransferases V and VI showed different specificities for the sialyl-tri-lactos-

amine core structure.

Introduction

The sialyl Lewis x tetrasaccharide (sLe*) has been identified
as a minimal ligand for the selectin family of proteins (E-, P-,
and L-selectin).'! However, monovalent sLe*-selectin binding
events are far too weak to account for the intercellular
adhesive force observed in biological systems in which
selectins function.?! Attempts to create potent selectin ligands
through syntheses of mimetics or multivalent forms of sLe*
have achieved only moderate success.’! In contrast, the
glycoproteins that present sLe* in the inflammatory response
and other disease states act as high affinity selectin ligands."!

In nature, sLe* is rarely present in the form of a simple
tetrasaccharide. Sialyl Le* generally terminates long poly-
lactosamine chains attached to glycoproteins or glycolipids on
the cell surface.! Specifically, recent studies have revealed the
sialyl-trimeric-Lewis x structure (compound 1, Scheme 1) as a
component of the P-selectin glycoprotein ligand-1 (PSGL-1)
glycan.l’l This decasaccharide is expected to contribute to high
affinity interactions between PSGL-1 and E- or P-selectin.
Glycolipids from HL-60 cells also display similar sialylated,
multi-fucosylated polylactosamines that function as E-selectin
ligands.[”

In order to generate sialyl-trimeric-Lewis x for biological
evaluation, a chemoenzymatic synthesis was developed. This
molecule has not previously been synthesized employing
chemical means. Syntheses of related polylactosamine struc-

[a] Prof. Dr. C.-H. Wong, K. M. Koeller
Department of Chemistry
The Scripps Research Institute and Skaggs Institute
for Chemical Biology
10550 N. Torrey Pines Road, La Jolla, CA 92037 (USA)
Fax: (+1)858-784-2409
E-mail: wong@scripps.edu
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tures, such as the VIM-2 epitope, have involved the isolation
of natural glycans.®®! In contrast, syntheses of trimeric-Lewis x
glycolipids®! and sialyl-dimeric-Lewis x!!¥! have relied on
complicated chemical synthetic strategies. The chemoenzy-
matic synthesis described herein takes advantage of the
remarkable specificity of glycosyltransferases to simplify the
overall route. Minimal use of protecting groups and regiose-
lective glycosylations are highlights of the chemical portion of
the synthesis.

Results and Discussion

Synthesis began with the chemical construction of tri-lactos-
amine core 2 (Scheme 1). This required the generation of a
suitable lactosamine glycosyl donor for block synthesis.
Initially, glucosamine derivative 3 was obtained by previously
published methods."!! Protection of the anomeric position as
the tert-butyldimethylsilyl ether (TBS) then furnished the §-
linked glycoside (Scheme 2). Glycosyl acceptor 6 was then
readily accessible through saponification of the acetate esters,
followed by selective protection of the primary 6-hydroxyl as
the tert-butyldiphenylsilyl (TBDPS) ether.

Trimethylsilyl trifluoromethanesulfonate (TMSOT()-cata-
lyzed glycosylation of acceptor 6 with the glycosyl donor
imidate 70'”! then furnished f1,4-linked lactosamine 9 in 50 %
yield after deprotection. Recovery of unreacted starting
material 6 was also possible at this stage. Notably, the 51,3
lactosamine regioisomer was isolated in only 8 % yield, and a-
linked products were not observed.¥] Compound 9 was then
peracetylated for characterization. The position and config-
uration of the newly formed glycosidic linkage was ascer-
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Scheme 1. Retrosynthetic analysis of sialyl—trimeric—Lewis x 1
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Scheme 2. a) TBDMS-CI, imidazole, DMF, 100 %; b) 1M NaOMe, MeOH,
98 %; c) TBDPS-CI, Et;N, DMAP, DMF/CH,Cl,, 87 %; d) 1) 7, TMSOT,
4 A molecular sieves, CH,Cl,, —20°C; 2) Im NaOMe, MeOH, 50 %;
e) TBDPS-Cl, Et;N, DMAP, CH,Cl,, 99%; f) Ac,0, DMAP, pyridine,
79%; g) bis(acetonitrile)palladium(i) chloride, acetone, 4d, 71%;
h) CL,CCN, Cs,CO;, 4 A molecular sieves, CH,Cl,, 87 %; i) allyl alcohol,
TMSOTY, CH,Cl,, 95%; j) 1M NaOMe, MeOH, 93 %.

tained to be 1,4 by 2D COSY (correlation spectroscopy)
NMR analysis.

Further protection of 9 was accomplished through forma-
tion of the galactose 6-hydroxyl TBDPS ether, followed by

1244

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

OTBDPS

HO - —OTBS

NHTroc

peracetylation. The anomeric TBS ether was then removed
with bis(acetonitrile)palladium(il) chloride in acetone, a
reaction which proceeded without destruction of the TBDPS
ethers.'] Conversion to trichloroacetimidate 13 then gave the
appropriate glycosyl donor for block synthesis.

Glycosylation of 13 with allyl alcohol as acceptor furnished
the f-linked reducing terminal lactosamine block. Unexpect-
edly, normal saponification conditions then reproducibly
furnished mono-acetate 15 in high yield. Reaction of glycosyl
acceptor 15 with donor 13 under TMSOTT catalysis then
afforded the tetrasaccharide product, which could be isolated
only following peracetylation (Scheme 3). 2D COSY NMR
analysis confirmed that the desired glycosidic linkage had
been formed at the galactose 3-hydroxyl.l'"] This result is in
accord with the reactivity difference in the galactose hydroxyl
groups observed in previous studies.l'>!®l As was the case
previously, deprotection of the di-lactosamine construct under
Zemplen conditions proceeded incompletely, in this instance
giving tri-acetate 17 as the major product.!'”)

Construction of the protected tri-lactosamine hexasacchar-
ide was then accomplished by TMSOT{-catalyzed glycosyla-
tion of acceptor 17 with donor 13. After peracetylation,
COSY NMR analysis of the product was unclear due to severe
overlap of the diagnostic Gal H-4 resonances. However, upon
conversion of the NHTroc groups to NHAc by reaction of
activated Zn dust in acetic anhydride,!'¥! clear assignment of
19 was possible. Deprotection of the hydroxyl groups was then
accomplished with TBAF in THF, followed by saponification
of the acetate esters, yielding tri-lactosamine 2.

With the chemical portion of the synthesis completed, the
remaining synthetic steps involved the enzymatic transfer of a
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Scheme 3. a) 1) 13, TMSOT{, CH,Cl,; 2) Ac,O, DMAP, pyridine, 67 %; b) 1m NaOMe, MeOH, 72 %; c) 1. 13,

TMSOTY, CH,Cl,; 2) Ac,0, DMAP, pyridine, 35%; d) Zn dust, Ac,O, 36%; e) 1) Im TBAF in THF; 2) Im
alkaline phosphatase,

NaOMe, MeOH, 49%; f) CMP-NeuAc, Im MnCl,, «2,3-SiaT,

100mM HEPES, Experimental Section

pH 74+0.25% Triton X-100, 2d, 85%; g) 1) GDP-fucose, 1M MnCl,, al,3-FucT V, alkaline phosphatase,

100mm MES, pH 6.0+ 0.25 % Triton X-100, 5 d; 2) GDP-fucose, 1M MnCl,, al,3-FucT VI, alkaline phosphatase,
100mM MES, pH 6.0+0.25% Triton X-100, 5d, 30%; h) GDP-fucose, 1M MnCl,, al3-FucT VI, alkaline

phosphatase, 100mm MES, pH 6.0+ 0.25% Triton X-100, 6 d, 41 %.

single sialic acid and three fucose residues. Transfer of sialic
acid was accomplished utilizing CMP-NeuAc as glycosyl
donor in the presence of recombinant human a2,3-sialyl-
transferase as the catalyst. The reaction catalyzed the addition
of sialic acid to the non-reducing terminus of the polylactos-
amine chain to give 20. In initial fucosylation attempts, 20 was
treated with GDP-fucose in the presence of recombinant
human al,3-fucosyltransferase V (FucT V). FucT V catalyzed
the addition of two fucose residues to the polylactosamine
chain.'’] Further incubation of the difucosylated molecule
with GDP-fucose and a1,3-FucT V for an extended period of
time failed to furnish tri-fucosylated structure 1. However,
incubation of the di-fucosylated intermediate with GDP-
fucose in the presence of recombinant human al,3-FucT VI
successfully appended the third fucose to the polylactosamine
chain to give sialyl-trimeric-Lewis x 1. Alternatively, it was
discovered that 1 could be ob-

tained directly from 20 by in-

All non-aqueous reactions were run in
oven-dried glassware under an inert
Ar atmosphere. Reactions were moni-
tored by thin-layer chromatography
(TLC) utilizing p-anisaldehyde or ce-
rium molybdate stain as the developing reagent. Unless otherwise noted,
reagents, and materials were obtained from commercial sources and used
as provided. All non-aqueous solvents were distilled prior to use. 1D 'H-
and *C-NMR spectra were recorded on Bruker AMX-400, AMX-500,
DRX-500, or DRX-600 MHz spectrometers, and were referenced to
residual solvent peaks (CDCl;: '"H 0 =724, 3C 6 =77.0; CD;0OD: 'H 6 =
3.30, *C 0 =49.0; D,O: 'H 6 =4.76). 2D COSY and HMQC NMR spectra
were recorded on a Bruker DRX-600 spectrometer equipped with either a
broadband or inverse probe for greater sensitivity. CMP-NeuAc, GDP-
fucose, a2,3-sialyltransferase, al,3-fucosyltransferase V, and al,3-fucosyl-
transferase VI were purchased from Calbiochem. Where applicable, NMR
assignments refer to the designations given in Figure 1.

Compound 4: Compound3 (9.77 g, 20.32 mmol), imidazole (1.80 g,
26.42 mmol), and fert-butylchlorodimethylsilane (3.98 g, 26.42 mmol) were
dissolved in dry N,N-dimethylformamide (101.6 mL). The reaction was
stirred at ambient temperature for 48 h. The reaction was diluted with ethyl
acetate (200 mL), washed with water (3 x 100 mL) and brine (1 x 100 mL).
The aqueous extracts were combined and re-extracted with ethyl acetate
(2 x 100 mL). The combined organic extracts were dried (MgSO,), filtered,
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Figure 1. NMR assignment designations.
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and concentrated. Purification by flash chromatography (silica gel, gradient
2:1 to 3:2 hexane/EtOAc) then afforded 4 (12.50 g, 100%). 'H NMR
(500 MHz, CDCly): 6=5.22 (t, 1H, J=10 Hz, H-3), 5.03-4.99 (m, 2H,
H-4,NH), 479 (d, 1H, J=8 Hz, H-1), 472 (d, 1H, /=12 Hz, -CH,-CCl;),
4.62(d, 1H,J =12 Hz, -CH,-CCl;), 4.18 (dd, 1 H, J = 12, 6 Hz, H-6), 4.10 (d,
1H, J=12 Hz, H-6), 3.68-3.62 (m, 1H, H-5), 3.59 (dd, 1H, J =20, 9 Hz,
H-2),2.05 (s, 3H, -COCH}), 2.01 (s, 6H, -COCHj), 0.85 (s, 9H, -C(CH;)5),
0.10 (s, 3H, -CH,), 0.07 (s, 3H, -CH;); °C NMR (100 MHz, CDCly): 6 =
170.74, 170.63, 169.50, 153.92, 96.09, 74.56, 71.82, 68.96, 62.43, 58.24, 25.51,
20.71, 20.65, 1790, —0.02, —4.27, —5.30; HR-MS (FAB) calcd for
C,H3,NO,(SiCL;Cs [M+Cs]* 726.0072, found 726.0054.

Compound 5: Compound 4 (3.16 g, 5.31 mmol) was dissolved in methanol
(54.6 mL). A 1M solution of sodium methoxide in water (0.5 mL) was added
to the stirred solution. After stirring a total of 3 h at ambient temperature,
solvent was removed by a rotary evaporator. Purification by flash
chromatography (silica gel, 10% methanol/chloroform) then yielded 5
(2.43 2,98 % ). '"H NMR (400 MHz, CD;0D): 6 =4.70 (dd, 2H, -CH,-CCl,),
4.63 (d, 1H, /=8 Hz, H-1), 3.83 (dd, 1H, /=12, 2 Hz, H-6), 3.69 (dd, 1H,
J=12, 5Hz, H-6), 3.42-3.33 (m, 3H), 3.30-3.22 (m, 1H), 0.89 (s, 9H,
-C(CHj;)3), 0.13 (s, 3H, -CHj), 0.12 (s, 3H, -CH;); *C NMR (100 MHz,
CD;0D): 6 =156.89, 129.90, 129.19, 126.29, 97.86, 77.83, 75.75, 75.59, 72.11,
62.71, 61.13, 26.18, 18.80, —3.96, —5.21; HR-MS (FAB) calcd for
C,sHxsNO,SiCl;Na [M+Na]t 490.0598, found 490.0612.

Compound 6: Triethylamine (8.00 mL, 57.08 mmol), N,N-dimethylamino-
pyridine (DMAP) (0.47 g, 3.81 mmol), and tert-butylchlorodiphenylsilane
(7.42 mL, 28.54 mmol) were added to a solution of 5 (8.92 g, 19.03 mmol) in
a dichloromethane/N,N-dimethylformamide mixture (95 mL/5 mL). After
stirring 5 h at ambient temperature, the reaction was diluted with ethyl
acetate (80 mL), washed with water (2 x 50 mL) and brine (2 x 50 mL).
Aqueous extracts were combined and re-extracted with ethyl acetate (2 x
40 mL). The combined organic extracts were dried (Na,SO,), filtered, and
concentrated. Purification by flash chromatography (silica gel, gradient 6:1
to 1:1 hexane/EtOAc) then gave 6 (11.77 g, 87%). 'H NMR (500 MHz,
CDCl,): 0 =770-7.67 (m, 4H, Ph),742-7.36 (m, 6H, Ph),5.38 (d,1H,/ =
7 Hz,NH), 4.75-4.64 (m, 3H, H-1, -CH,-CCl;), 3.91 (dd, 2H, J =11, 4 Hz),
3.85(dd, 1H,J=11, 5 Hz), 3.70 (brt, 1 H), 3.57 (t, 1H, /=9 Hz), 3.47 (brs,
1H), 3.44-3.40 (m, 1H, H-5), 3.39-3.34 (m, 1H, H-2), 1.04 (s, 9H,
-C(CHj;)3), 0.88 (s, 9H, -C(CH;)s3), 0.12 (s, 3H, -CHj), 0.10 (s, 3H, -CH);
3C NMR (100 MHz, CDCl;): 6 =135.56, 135.54, 132.89, 132.82, 129.82,
127.78, 95.92, 75.30, 74.78, 74.35, 72.47, 64.36, 59.93, 26.75, 25.61, 19.14,
17.89, —4.01, —5.33; HR-MS (FAB) calcd for C3H,¢NO;Si,Cl;Cs [M+Cs]*
840.0911, found 840.0948.

Compound 9: Compound 6 (11.22 g, 15.87 mmol), compound 7 (7.87 g,
15.90 mmol), and 4 A molecular sieves (3.2 g) were placed in dry dichloro-
methane (320 mL). The solution was allowed to stir for 1.5 h at ambient
temperature, then was cooled to —20°C. TMSOTY (12.7 mL, 0.01m) was
transferred dropwise by cannula into the reaction flask. Following transfer,
the reaction was stirred an additional 15 min at room temperature, then
quenched by addition of solid sodium bicarbonate. The solution was
washed with saturated sodium bicarbonate (2 x5mL) and brine (1 x
SmL). The aqueous extracts were re-extracted with dichloromethane
(2 x5S mL). The combined organic extracts were dried (Na,SO,), filtered,
and concentrated. Flash chromatography (silica gel, gradient 2:1 to 1:2
hexane/EtOAc) yielded a mixture of inseparable disaccharide products, as
well as some recovered starting material 1. After all solvent had been
removed in vacuo, the product mixture was dissolved in methanol
(320 mL). A 1M solution of sodium methoxide in water (1.6 mL) was
added, and the reaction stirred for 4 h at room temperature. The reaction
was neutralized with Amberlyst-15 H* resin, filtered, and concentrated.
Purification by flash chromatography (silica gel, gradient 3—10% meth-
anol/chloroform) then yielded the desired disaccharide 9 (6.70 g, 50 %) as
well as the undesired $31,3-linked regioisomer (1.20 g, 8% ), and recovered
starting material 6 (3.30 g). (Yields based on recovered starting material 6
are 72 % for compound 9 and 9 % for the 51,3 linked isomer). Compound 9:
'H NMR (400 MHz, CD;OD): 6 =7.76-7.72 (m, 4H, Ph), 741-737 (m,
6H, Ph),4.72 (dd,2H,J =18,12 Hz, -CH,-CCl;), 4.66 (d, 1 H, /=8 Hz, Glu
H-1),4.53 (1d, H, J=8 Hz, Gal H-1), 420 (dd, 1H, J =11, 3 Hz), 3.99 (dd,
1H,J=11,1Hz),3.94 (t,1H,/=9 Hz,H-4),3.77-3.72 (m, 2H), 3.65-3.60
(m, 2H), 3.53 (dd, 1H, J =10, 8 Hz), 3.49-3.42 (m, 3H), 3.37 (dd, 1H, /=
10, 3 Hz), 1.06 (s, 9H, -C(CH;)3), 0.90 (s, 9H, -C(CHj;);), 0.12 (s, 3H, -CHj),
0.11 (s, 3H, -CH;); *C NMR (100 MHz, CD;OD): 6 =156.86, 137.02,
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136.79, 135.06, 134.26, 130.73, 128.81, 128.73, 104.40, 97.80, 79.04, 77.24,
76.80,75.76,74.85,73.89, 72.50, 70.32, 63.55, 62.62, 60.72, 27.51, 26.22, 20.34,
18.85, —3.82, —5.12; HR-MS (ESI-MS) calcd for C;;HsNO,,Si,CLH
[M+H]" 868.2485, found 868.2452.

Peracetylated 9: '"H NMR (500 MHz, CDCl;): 6 =7.72-7.70 (m, 4H, Ph),
744-1739 (m, 6H, Ph), 529 (d, 1H, J=4 Hz, Gal H-4), 5.19 (d, 1H, /=
9 Hz, NH), 5.04 (t, 1H, J=9 Hz, Glu H-3), 4.99 (dd, 1H, /=10, 8 Hz, Gal
H-2), 4.80 (dd, 1H, /=10, 3 Hz, Gal H-3), 4.76 (d, 1H, /=13 Hz, -CH
CCl,), 4.68-4.63 (m, 3H, Glu H-1, Gal H-1, -CH,-CCly), 4.15 (t, 1H, J =
10 Hz, Glu H-4), 4.09 (d, 2H, /=6 Hz, Gal H-6), 3.99 (d, 1H, /=11 Hz,
Glu H-6),3.85(d, 1H,J =12 Hz, Gal H-6), 3.73 (t, 1H, J = 10 Hz, Glu H-2),
3.68 (t,1H,J =7 Hz, Gal H-5),3.34 (d, 1 H, /=9 Hz, Glu H-5),2.13 (s, 3H,
-COCH;), 2.08 (s, 3H, -COCH;), 2.06 (s, 3H, -COCHj;), 1.97 (s, 3H,
-COCH;), 1.73 (s, 3H, -COCH;), 1.12 (s, 9H, -C(CH;);), 0.90 (s, 9H,
-C(CHj;)3), 0.15 (s, 3H, -CH3), 0.10 (s, 3H, -CH;); *C NMR (100 MHz,
CDCl;): 6 =171.10, 170.34, 170.15, 168.69, 154.29, 135.88, 135.39, 133.36,
130.05,129.90, 128.22, 127.99, 12778, 125.25, 99.84, 96.69, 95.35, 75.30, 74.61,
73.73,72.17,70.96, 70.51, 69.17, 66.90, 61.35, 61.17, 57.95, 26.89, 25.49, 20.82,
20.67, 20.61, 20.48, 19.43, 17.90, —4.18, —5.39; ESI-MS (pos) calcd for
CyHgNO;Si,Cl; [M+H]* 1078, found 1078.

Compound 10: Compound 9 (0289 ¢, 0.333 mmol), triethylamine
(0.120 mL, 0.432 mmol), N,N-dimethylaminopyridine (8.0 mg,
0.067 mmol), and tert-butylchlorodiphenylsilane (0.112 mL, 0.432 mmol)
were dissolved in dry dichloromethane. After stirring for 24 h at room
temperature, the reaction was diluted with ethyl acetate (10 mL), washed
with water (2 x 5 mL) and brine (1 x 5 mL). The aqueous extracts were re-
extracted with ethyl acetate (2 x 5mL). The combined organic extracts
were dried (Na,SO,), filtered, and concentrated. Purification by flash
chromatography (silica gel, 5% methanol/chloroform) then provided 10
(0.355 g, 99%). '"H NMR (500 MHz, CDCly): 6 =7.72-7.63 (m, 8H, Ph),
745-733 (m, 12H, Ph), 497 (brs, 1H, NH), 4.74 (d, 1H, J=7 Hz), 4.64
(dd,2H,J =26, 12 Hz, -CH,-CCl;), 4.30-4.28 (m, 2H), 3.97-3.96 (m, 1 H),
3.94-3.92 (m, 2H), 3.89 (dd, 1H, /=10, 5 Hz), 3.80 (dd, 1H, J =10, 6 Hz),
3.77-3.76 (m, 1H), 3.58-3.50 (m, 3H), 3.46-3.41 (m, 2H), 3.32 (dd, 1H,
J=18, 8 Hz), 1.07 (s, 9H, -C(CH;);), 1.06 (s, 9H, -COCHj), 1.05 (s, 9H,
-C(CHj3)3), 0.10 (s, 3H, -CHj3), 0.07 (s, 3H, -CH;); *C NMR (100 MHz,
CDCly): 6 =135.78, 135.53, 134.76, 133.48, 132.87, 132.67, 129.87, 129.74,
129.60, 128.99, 128.24, 127.82, 127.75, 127.69, 125.27, 103.12, 95.73, 95.32,
80.10, 75.06, 74.96, 74.68, 73.60, 71.47, 71.41, 68.31, 62.98, 62.24, 59.80, 26.79,
26.74, 26.53, 25.58, 21.43, 19.29, 19.02, 17.87, —4.15, —5.39; HR-MS (FAB)
caled for C;H,)NO,,Si,CL,Cs [M+Cs]* 1240.2637, found 1240.2688.

Compound 11: Acetic anhydride (0.248 mL, 2.63 mmol) and N,N-dimethyl-
aminopyridine (8.0 mg, 0.066 mmol) were added to a solution of 10
(0.355 g, 0.329 mmol) in dry pyridine (0.51 mL). After stirring for 24 h at
room temperature, the reaction was diluted with water (0.10 mL) and
stirred an additional hour. The reaction was then diluted with ethyl acetate
(2 mL), washed with saturated sodium bicarbonate (4 x 1 mL) and brine
(1 x 1 mL). The aqueous extracts were re-extracted with ethyl acetate (2 x
2 mL). The combined organic extracts were dried (Na,SO,), filtered, and
concentrated. Purification by flash chromatography (silica gel, 4:1 hexane/
EtOACc) then afforded 11 (0.331 g, 79 % ). 'H NMR (500 MHz, CDCLy): d =
7.73-7.69 (m, 4H, Ph), 7.60-7.57 (m, 4H, Ph), 7.45-735 (m, 12H, Ph),5.53
(d, 1H, /=3 Hz, Gal H-4), 534 (d, 1H, /=9 Hz, NH), 498 (t, 1H, /=
10 Hz, Glu H-3), 4.95-4.87 (m, 2H, Gal H-2, Gal H-3), 4.74 (d, 1H, /=
11 Hz, -CH,-CCl;), 4.64-4.60 (m, 3H, Glu H-1, Gal H-1, -CH,-CCl;), 4.07
(t, 1H, J=9 Hz, Glu H-4), 3.95 (d, 1H, /=10 Hz, Glu H-6,), 3.81 (d, 1H,
J=10 Hz, Glu H-6,), 3.72-3.66 (m, 2H), 3.60 (dd, 1H, /=9, 6 Hz), 3.50 (t,
1H, J=9Hz, Gal H-5), 331 (d, 1H, J=9Hz, Glu H-5), 198 (s, 6H,
-COCH;), 177 (s, 3H, -COCH;), 1.68 (s, 3H, -COCH;), 1.10 (s, 9H,
-C(CH;)3), 1.04 (s, 9H, -C(CHj;);), 0.89 (s, 9H, -C(CHj);), 0.13 (s, 3H,
-CH3;), 0.08 (s, 3H, -CH;); ®C NMR (100 MHz, CDCl;): 6 =170.91, 169.89,
169.78, 154.26, 135.84, 135.54, 135.37, 133.32, 132.60, 132.56, 132.27, 130.03,
129.94, 129.80, 128.97, 128.14, 127.93, 127.81, 127.72, 125.24, 99.71, 99.60,
95.42,75.21,74.53,73.55, 72.57, 72.30, 71.20, 69.60, 66.66, 61.38, 60.61, 57.76,
29.58,29.29, 26.83, 26.67, 25.46, 22.61, 20.55, 20.41, 19.32, 18.94, 17.83, 14.05,
—4.26, —5.42; HR-MS (FAB) caled for CqHgNO,(Si;CLCs [M+Cs]*
1408.3054, found 1408.3127.

Compound 12: Bis(acetonitrile)palladium(ir) chloride (0.034 g,
0.130 mmol) was added to a foil-covered flask containing 11 (0.331 g,
0.259 mmol) dissolved in acetone (5.2 mL). After stirring 4d at room
temperature, solvent was removed by rotary evaporation. The resulting
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residue was purified by flash chromatography (silica gel, 2:1 hexane/
EtOAc) to yield 12 (0.215 g, 71 % ). 'H NMR (500 MHz, CDCl,): 6 =7.70—
756 (m, 8H, Ph), 7.44-734 (m, 12H, Ph), 6.41 (d, 1H,J =10 Hz, NH), 5.56
(d, 1H,J=2 Hz, Gal H-4),5.49 (t, 1H,J =10 Hz, Glu H-3), 5.28 (t, 1H,J =
3 Hz), 4.99-4.96 (m, 2H), 4.90 (d, 1H, J = 12 Hz, -CH,-CCl,), 4.65 (d, 1 H,
J=7Hz, Gal H-1), 4.56 (d, 1H, J=12 Hz, -CH,-CCl;), 4.03 (t, 1H, J=
10 Hz, Glu H-4),3.92 (dt, 1H,/ =11, 3 Hz), 3.83-3.62 (m, 8 H), 3.50 (t, 1 H,
J=9 Hz, Gal H-5), 2.03 (s, 3H, -COCH};), 2.01 (s, 3H, -COCHj;), 1.76 (s,
3H, -COCH;), 1.64 (s, 3H, -COCHj;), 1.04 (s, 9H, -C(CH3);), 1.03 (s, 9H,
-C(CH;);); ®*C NMR (100 MHz, CDCl;): 6 =171.03, 170.70, 169.88, 169.83,
154.89, 136.01, 135.90, 135.53, 135.43, 135.21, 133.24, 132.54, 131.98, 130.01,
129.92, 129.74, 127.96, 127.84, 127.72, 12758, 104.96, 99.87, 95.76, 91.66,
74.40,73.85,72.64, 70.66, 70.53, 70.04, 66.55, 61.01, 60.48, 54.40, 26.62, 20.62,
20.50, 19.22, 18.95; HR-MS (FAB) calcd for CssHggNO(Si,Cl;Cs [M+Cs]*
1294.2186, found 1294.2121.

Compound 13:  Freshly distilled trichloroacetonitrile  (0.242 mL,
2.411 mmol) and 4 A molecular sieves (0.078 g) were added to a solution
of 12 (0.560 g, 0.482 mmol) in dry dichloromethane (2.1 mL). The mixture
was allowed to stir for one hour at ambient temperature. Dry cesium
carbonate (0.039 g, 0.121 mmol) was then added to the reaction flask, and
stirring continued for an additional 1.5 h. Triethylamine (2 mL) was then
added to the flask and the reaction mixture filtered through a short plug of
silica gel. Follwing concentration, purification by flash chromatography
(silica gel, 2:1 hexane/EtOAc +0.05% Et;N) provided 13 (0.547 g, 87 % ).
'H NMR (400 MHz, CDCl;): 6 =8.78 (s, 1H, NHCCl,), 7.74-7.72 (m, 4H,
Ph),7.61-758 (m, 4H, Ph), 746-737 (m, 12H, Ph), 6.48 (d, 1H, /=4 Hz,
NH), 5.56 (d, 1H, J=3 Hz, Gal H-4), 5.26 (dd, 1H, /=9, 4 Hz), 5.23 (d,
1H,J=10Hz), 5.03 (dd, 1H, /=10, 8 Hz), 4.95 (dd, 1H, /=10, 4 Hz, Gal
H-3), 475-4.69 (m, 3H), 419-4.12 (m, 2H), 3.94-3.87 (m, 2H), 3.79-
3.73 (m, 2H), 3.68 (1t, H, /=7 Hz, Glu H-2), 3.54 (t, 1H, J=9 Hz, Glu
H-5), 2.02 (s, 3H, -COCHj;), 2.00 (s, 3H, -COCHj;), 1.80 (s, 3H, -COCH;),
173 (s, 3H, -COCHj), 1.09 (s, 9H, -C(CH;);), 1.05 (s, 9H, -C(CH;););
3C NMR (100 MHz, CDCl;): 6 =170.68, 169.93, 169.76, 168.78, 160.45,
154.15, 135.83, 135.76, 135.55, 135.49, 135.37, 133.11, 132.56, 132.45, 131.93,
130.18, 130.00, 129.90, 129.83, 128.91, 128.14, 128.11, 128.07, 12791, 127.84,
127.78, 127.70, 125.19, 100.16, 95.24, 94.74, 90.72, 74.39, 73.57, 73.48, 72.84,
72.73,71.38,70.07, 69.53, 66.60, 60.67, 54.11, 26.81, 26.72, 26.62, 26.46, 21.36,
20.60, 20.50, 20.47, 20.41, 19.27, 18.90; HR-MS (FAB) calcd for Cs;HgN,O -
Si,ClsCs [M+Cs]* 14371275, found 1437.1351.

Compound 14: Allyl alcohol (0.019 mL, 0.280 mmol) and 13 (0.091 g,
0.070 mmol) were dissolved in dry dichloromethane (0.70 mL). The
solution was cooled to —20°C, and TMSOTT (220 uL, 0.05m) in dichloro-
methane (0.014 mL) was added dropwise. The reaction was stirred for
15 min at —20°C, and an additional 15 min at room temperature. A few
drops of dry triethylamine were added to quench the reaction. The reaction
mixture was diluted with ethyl acetate (2 mL), washed with saturated
sodium bicarbonate (3 x 2 mL), and brine (1 x 2 mL). The aqueous extracts
were then re-extracted with ethyl acetate (2x1mL). The combined
organic extracts were dried (Na,SO,), filtered, and concentrated. Purifica-
tion by flash chromatography (silica gel, 3:1 hexane/EtOAc) then gave 14
(0.080 g, 95%). 'H NMR (500 MHz, CDCl;): 6 =7.78-7.73 (m, 4H, Ph),
759-757 (m, 4H, Ph), 745-735 (m, 12H, Ph), 5.86 (m, 1H, -CH,-
CH=CH,), 555 (s, 1H, Gal H-4), 525 (dd, 1H, J=16, 2 Hz, -CH,-
CH=CH,), 5.20 (brs, 1H,NH), 5.17 (dd, 1 H, J =10, 2 Hz, -CH,-CH=CH,),
5.04-4.98 (m, 3H, Glu H-3, Gal H-2, Gal H-3), 4.77 (d, 1H, J=7 Hz, Gal
H-1), 472 (dd, 2H, J =15, 12 Hz, -CH,-CCl,), 4.42 (1H, d, J=8 Hz, Glu
H-1), 434 (dd, 1H, J=13, 5 Hz, -CH,-CH=CH,), 4.09-4.04 (m, 2H, Glu
H-4, -CH,-CH=CH,), 3.92-3.86 (m, 2H, Glu H-6,, Glu H-6,), 3.78-3.67
(m,3H, Glu H-2, Gal H-6,, Gal H-6,), 3.52 (t, 1H, J =9 Hz, Gal H-5), 3.29
(d, 1H, J =10 Hz, Glu H-5), 2.02 (s, 3H, -COCH}), 2.00 (s, 3H, -COCH}),
1.78 (s, 3H, -COCH};), 1.77 (s, 3H, -COCH}), 1.07 (s, 9H, -C(CHj3)5), 1.03 (s,
9H, -C(CHj3);); PC NMR (100 MHz, CDCl;): 6 =170.85, 170.03, 169.91,
168.94, 163.41, 154.38, 135.96, 135.56, 135.37, 133.61, 132.64, 132.57, 132.08,
129.96, 129.87, 127.96, 127.83, 127.77, 127.66, 117.52, 100.11, 100.06, 75.18,
74.39,74.03,72.82,72.24,71.31,69.72, 69.38, 66.72, 61.13, 60.74, 55.89, 26.76,
26.71,26.63,20.64,20.56,19.33,19.03; HR-MS (FAB) calcd for CssH7,NO, 4
Si,CL;Cs [M+Cs]* 1334.2500, found 1334.2569.

Compound 15: A solution of 1M sodium methoxide in water (0.017 mL,
0.017 mmol) was added to a solution of 14 (0.199 g, 0.166 mmol) in
methanol (1.7 mL). The reaction was stirred for 4 h at ambient temper-
ature, then solvent was removed by rotary evaporation. Purification by

Chem. Eur. J. 2000, 6, No. 7

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

flash chromatography (silica gel, 5% methanol/chloroform) then yielded
15 (0.166 g, 93 % ). 'H NMR (500 MHz, CDCL;): 6 =7.74-7.62 (m, 8H, Ph),
743-726 (m, 12H, Ph), 5.85 (1H, m, -CH,-CH=CH,), 5.24 (dd, 1H, /=17,
1 Hz, -CH,-CH=CH,), 5.16 (dd, 1H, J =10, 1 Hz, -CH,-CH=CH,), 5.09 (t,
1H, J=10 Hz, Glu H-3), 4.72 (dd, 2H, J =32, 12 Hz, -CH,-CCl;), 4.52 (d,
1H,J=7Hz, Gal H-1), 4.44 (1H, d, /=8 Hz, Glu H-1),4.31 (dd, 1H, /=
14, 5 Hz, -CH,-CH=CH,), 4.23 (brs, 1H), 4.14 (d, 1H, J=10 Hz, -CH,-
CH=CH,), 4.08 (t, 1H, J=10 Hz, Glu H-4), 4.04-4.00 (m, 2H), 3.91 (d,
2H,J=10Hz),3.86-3.79 (m, 5H), 3.76-3.70 (m, 1 H), 3.58 —3.43 (m, 4H),
3.37 (d, 1H, J=9Hz, Glu H-5), 1.83 (s, 3H, -COCH;), 1.05 (s, 9H,
-C(CHj;)3), 1.04 (s, 9H, -C(CHj;)3); *C NMR (100 MHz, CDCly): 6 =172.09,
163.69, 154.44,135.94, 135.88, 135.44, 135.39, 133.73, 132.96, 132.84, 132.42,
129.90, 129.75, 129.02, 128.22, 127.79, 127.55, 125.27, 117.27, 102.61, 99.81,
95.68,75.15,74.97,74.84,74.54,74.29, 73.95, 72.90, 71.63, 69.26, 68.35, 62.24,
61.42, 55.78, 26.80, 26.71, 21.44, 20.95, 19.33, 19.26, 19.15, 19.07; HR-MS
(FAB) calcd for Cs,HNO,5S1,CL,Cs [M+Cs]*™ 1208.2180, found 1208.2118.

Compound 16: A solution of TMSOT{ (172 pL, 0.05M) in dry dichloro-
methane (0.172 mL, 0.009 mmol) was added dropwise to a stirred solution
of 13 (1.183 g, 0.860 mmol) and 15 (0.921 g, 0.856 mmol) in dry dichloro-
methane (8.6 mL). The reaction was stirred 15 min at room temperature,
and then quenched by addition of solid sodium bicarbonate. The reaction
was diluted with ethyl acetate (20 mL), washed with saturated sodium
bicarbonate (3 x 10 mL) and brine (1 x 10 mL). Aqueous extracts were re-
extracted with ethyl acetate (2 x 10 mL). The combined organic extracts
were dried (Na,SO,), filtered, and concentrated. Flash chromatography
(silica gel, gradient hexane to 2:1 hexane/EtOAc, then 10% methanol/
chloroform) allowed recovery of unreacted starting material 15 (0.097 g),
but the other reaction products were inseparable.

The mixture was dissolved in dry pyridine (1.3 mL). Acetic anhydride
(0400 mL, 4.246 mmol) and N,N-dimethylaminopyridine (20.8 mg,
0.170 mmol) was added to the reaction flask, and the reaction stirred for
2 h. The mixture was diluted with ethyl acetate (10 mL), washed with
saturated sodium bicarbonate (3 x 10 mL) and brine (1 x 10 mL). The
aqueous extracts were re-extracted with ethyl acetate (2 x 5SmL). The
combined organic extracts were dried (Na,SO,), filtered, and concentrated.
Flash chromatography (silica gel, gradient 4:1 to 2:1 hexane/EtOAc) then
yielded 16 (1.321g, 67 %, two steps) (Considering recovery of starting
material 15, the yield is 75 % over two steps). 'H NMR (500 MHz, CDCl,):
0="1774-730 (m, 40H, Ph), 5.90-5.82 (m, 1H, -CH,-CH=CH,), 5.60 (brs,
1H, Gal, H-4), 5.53 (d, 1H, J =3 Hz, Gal, H-4), 525 (dd, 1H,/=17,2 Hz,
-CH,-CH=CH,), 5.19-5.11 (m, 2 H, Glu, H-3, -CH,-CH=CH,), 5.06 (d, 1 H,
J=9 Hz, Glu, NH), 5.02-4.83 (m, 5H, Glu, H-3, Glu, NH, Gal, H-2, Gal,
H-2, Gal, H-3), 4.75-4.70 (m, 3H, Gal, H-1, -CH,-CCl;), 4.65-4.58 (m,
4H, Gal, H-1, Glu, H-1, -CH,-CCl;), 4.39 (d, 1H, J =8 Hz, Glu, H-1), 4.33
(dd, 1H, J=13, 4 Hz, -CH,-CH=CH,), 4.08-4.02 (m, 2H, Glu, H-4, -CH,-
CH=CH,), 3.97-3.84 (m, 6 H, Glu, H-4, Gal, H-3), 3.78-3.57 (m, 6 H, Glu,
H-2), 3.49 (t, 1H, J=9 Hz, Gal, H-5), 3.41 (d, 1H, J =10 Hz, Glu, H-5),
3.35(q, 1H, /=9 Hz, Glu, H-2), 3.28 (1H, d, /=9 Hz, Glu, H-5), 2.01 (s,
3H, -COCHj), 2.00 (s, 3H, -COCHj;), 1.99 (s, 3H, -COCHj;), 1.85 (s, 3H,
-COCH;), 175 (s, 3H, -COCH;), 1.71 (s, 3H, -COCH;), 1.68 (s, 3H,
-COCH;), 1.07 (s, 9H, -C(CH;);), 1.06 (s, 9H, -C(CH;);), 1.03 (s, 9H,
-C(CH3);), 0.98 (s, 9H, -C(CH5);); *C NMR (100 MHz, CDCLy): 6 =170.84,
170.26, 169.97, 169.84, 169.28, 168.91, 168.76, 154.24, 153.70, 135.88, 135.79,
135.49, 135.42, 135.37, 133.60, 133.53, 133.15, 132.78, 132.70, 132.58, 132.51,
132.27, 132.00, 130.05, 129.94, 129.84, 129.77, 129.63, 129.04, 128.19, 128.03,
127.84, 12775, 12765, 11747, 100.42, 100.20, 100.06, 100.00, 95.56, 95.45,
75.55,75.28,74.52,74.31,73.93, 73.68, 72.69, 72.19, 71.91, 71.27, 69.69, 69.38,
68.69, 66.57, 62.10, 61.41, 61.15, 60.50, 56.65, 55.85, 26.77, 26.65, 21.01, 20.60,
20.54, 20.41, 19.36, 19.25, 18.96; HR-MS (FAB) calcd for C,;;H;3N,03-
Si,Cl¢Cs [M + Cs]* 2435.5437, found 2435.5585.

Compound 17: A 1M sodium methoxide solution in water (54 uL,
0.054 mmol) was added to a stirred solution of 16 (1.24 g, 0.538 mmol).
The solution was stirred at ambient temperature for 4 h, and then solvent
was removed by rotary evaporation. Flash chromatography (silica gel,
gradient chloroform to 3% methanol/chloroform) afforded 17 (0.833 g,
72%). 'H NMR (400 MHz, CD;0D): 6 =7.76-7.54 (m, 16H, Ph), 7.42—
729 (24H, m, Ph), 5.96-5.88 (m, 1H, -CH,-CH=CH,), 5.62 (d, 1H, J=
3 Hz, Gal, H-4), 5.29 (dd, 1H, /=18, 2 Hz, -CH,-CH=CH,), 5.15 (d, 1H,
J=11 Hz, -CH,-CH=CH,), 5.09 (t, 1H, J =10 Hz, Glu, H-3), 4.97 (t, 1H,
J=10 Hz, Gal, H-2), 4.83-4.65 (m, 4H, Gal, H-1, -CH,-CCl;), 4.58-4.54
(m, 3H, Glu, H-1, Glu, H-1, -CH,-CCl;), 438-4.34 (m, 2H, -CH,-
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CH=CH,), 4.18 (t, 1H, J=11 Hz, Glu, H-4), 4.13-4.07 (m, 2H, -CH,-
CH=CH,), 3.97-3.34 (m, 19H), 2.05 s, (3H, -COCH,), 1.94 (s, 3H,
-COCH;), 1.67 (s, 3H, -COCH,), 1.07 (s, 9H, -C(CH,),), 1.01 (s, 9H,
-C(CH,)y), 0.98 (s, 9H, -C(CH,),), 0.96 (s, 9H, -C(CH,),); *C NMR
(100 MHz, CD,0OD): 6=137.09, 136.85, 136.79, 130.70, 136.64, 136.61,
135.34, 134.74, 134.49, 134.39, 133.99, 133.39, 131.13, 131.04, 130.91, 130.84,
129.91, 129.12, 129.07, 128.99, 128.89, 128.84, 117.27, 104.84, 101.60, 101.47,
97.27, 80.76, 77.03, 76.80, 76.57, 76.27, 75.71, 75.30, 74.83, 73.93, 72.90, 72.70,
72.34,70.78, 69.76, 64.06, 63.78, 62.29, 58.95, 58.29, 57.25, 27.68, 27,61, 2752,
27.42, 2739, 21.17, 20.81, 20.33, 20.24, 20.03, 19.97, 18.37; HR-MS (FAB)
caled for Cyo3H ,gN,058i,CleCs [M+Cs]* 2268.1176, found 2268.1062.

Compound 18: A solution of TMSOTSf (64 uL, 0.05M) in dry dichloro-
methane (0.064 mL, 0.003 mmol) was added dropwise to a stirred solution
of 13 (0.423 g, 0.324 mmol) and 17 (0.691 g. 0.324 mmol) in dry dichloro-
methane (3.2 mL). The reaction was stirred 10 min at room temperature,
and then quenched by addition of solid sodium bicarbonate. The reaction
was diluted with ethyl acetate (5 mL), washed with saturated sodium
bicarbonate (3 x 5mL) and brine (1 x 5 mL). Aqueous extracts were re-
extracted with ethyl acetate (2 x5 mL). The combined organic extracts
were dried (Na,SO,), filtered, and concentrated. Flash chromatography
(silica gel, gradient, chloroform to 10 % methanol/chloroform) allowed the
recovery of unreacted 17 (0.341 g), but the other reaction products were
inseparable.

The mixture was dissolved in dry pyridine (0.36 mL). Acetic anhydride
(0219 mL, 2.322 mmol), and N,N-dimethylaminopyridine (5.6 mg,
0.046 mmol) were added to the reaction flask, and the reaction stirred for
4 h. The mixture was diluted with ethyl acetate (3 mL). It was washed with
saturated sodium bicarbonate (3 x3mL) and brine (1 x3mL). The
aqueous extracts were re-extracted with

ethyl acetate (2 x 3 mL). The combined
AcQO OTBOPS

Compound 19: Activated zinc dust (2.230 g) was added to a solution of 18
(0.372 g,0.109 mmol) in acetic anhydride (2.7 mL). The reaction was stirred
for 24 h at room temperature, then filtered through a plug of Celite, eluting
with ethyl acetate. After concentration, purification by flash chromatog-
raphy (silica gel, 1:1 EtOAc/hexane, then 10:4:1 hexane/EtOAc/methanol)
yielded 19 (0.118 g,36 % ). 'H NMR (600 MHz, CD;OD): 6 =7.75-7.55 (m,
24H, Ph),747-7.23 (m, 36 H, Ph),5.95-5.89 (m, 1 H, -CH,-CH=CH,), 5.67
(d, 1H, J =3 Hz, Gal,, H-4), 5.56 (d, 1H, J =3 Hz, Gal,,H-4), 5.50 (d, 1H,
J=3Hz, Gal,H-4),5.37 (dt,2H, /=10, 4 Hz,2Glu H-3),5.27 (d, 1H, J =
17 Hz, -CH,-CH=CH,), 5.16 (d, 1H, J=11 Hz, -CH,-CH=CH,), 5.04 (t,
1H, J=10Hz), 4.97-4.87 (m, 5H, 2 Glu H-1), 4.76 (d, 1H, /=8 Hz, Gal
H-1),4.67 (d, 1H,J=8 Hz, Gal H-1), 4.61 (1H, d, /=8 Hz, Gal H-1), 4.56
(1H, d, /=8 Hz, Glu H-1), 433 (dd, 1H, /=13, 4 Hz, -CH,-CH=CH,),
4.14-3.82 (m, 14H), 3.72-3.47 (m, 11 H), 3.43-3.33 (m, 3H), 2.03 (s, 3H),
2.02 (s,3H),2.01 (s,3H), 1.94 (s,3H), 1.93 (s, 3H), 1.92 (s, 3H), 1.89 (s, 3H),
1.81 (6H,s),1.77 (s,3H), 1.74 (3H, s), 1.66 (s, 3H), 1.65 (s, 3H), 1.08 (s, 9H),
1.06 (9H, s), 1.01 (s, 9H), 1.00 (s, 9H), 0.94 (s, 9H), 0.93 (s, 9H); *C NMR
(100 MHz, CD;OD): 6=173.47, 173.42, 173.32, 172.15, 172.07, 171.84,
171.68, 171.51, 171.34, 171.06, 170.85, 170.74, 170.67, 137.08, 137.02, 136.73,
136.67, 136.64, 136.53, 135.40, 134.85, 134.78, 134.58, 134.03, 133.87, 133.81,
133.68, 133.57, 133.29, 131.26, 131.14, 130.98, 130.89, 129.23, 129.19, 129.03,
128.93,128.81,117.17,101.34, 101.18, 101.07, 76.50, 76.37, 76.24, 75.75, 75.42,
75.34,75.21,74.25,74.07,73.24, 73.14, 72.83, 72.64, 70.98, 70.65, 70.55, 68.24,
63.88, 63.63, 63.01, 62.92, 62.63, 62.48, 62.14, 57.05, 55.20, 27.84, 2761,
2729, 23.68, 22.97, 22.81, 22.74, 21.99, 21.46, 21.43, 21.28, 21.04, 20.89,
20.79, 20.75, 20.68, 20.60, 20.49, 20.37, 20.27, 20.10, 20.00, 19.95, 19.90; HR-
MS (HR-MALDI) caled for C,5H,;3N;0,SigNa [M+Na]* 3025.2405,
found 3025.2504. See also the COSY spectrum of compound 19
(Figure 2).

organic extracts were dried (Na,SO,), o OTBOPS, . oTBDPS
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24H), 746-727 (m, 36H), 5.87-5.82
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Figure 2. COSY spectrum of compound 19 and partial assignment.
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Compound 2: Compound 19 (0.109 g, 0.036 mmol) was dissolved in dry
tetrahydrofuran (0.4 mL) and a 1M solution of tetrabutylammonium
fluoride (0.726 mL, 0.726 mmol) added. The reaction was stirred 24 h at
room temperature. Solvent was removed by rotary evaporation and the
residue redissolved in methanol (0.4mL). A 1M solution of sodium
methoxide in water (0.030 mL, 0.030 mmol) was added to the reaction
flask, and stirring continued for 24 h. The reaction was concentrated, and
the TBAF and NaOMe conditions repeated an additional time. Purification
by size-exclusion chromatography (Biogel P-2, water as mobile phase)
afforded 2 (20.5mg, 49%). 'H NMR (400 MHz, D,O) identifiable
resonances: 0 =5.89-5.81 (m, 1H, -CH,-CH=CH,), 5.39 (appd, 1H, J=
17 Hz, -CH,-CH=CH,), 521 (appd, 1H, J =10 Hz, -CH,-CH=CH,), 4.65
(appd, 2H, J =8 Hz, Glu, H-1, Glu; H-1), 4.53 (d, 1H, J =8 Hz, Glu, H-1),
4.44-4.40 (m, 3H, GalH-1, Gal, H-1, Gal; H-1), 429 (dd, 1H, /=13,
4 Hz), 1.98 (s, 9H); *C NMR (100 MHz, D,0): 6 =172.15, 171.81, 130.52,
115.43, 100.13, 100.01, 97.21, 79.29, 75.63, 75.35, 72.59, 72.11, 71.99, 71.78,
69.71, 69.41, 68.20, 67.70, 67.20, 65.78, 65.55, 58.27, 58.19, 57.26, 57.06, 52.38,
52.24,19.41, 19.38; ESI-MS (pos) caled for C,;sH,sN;O5Na [M+Na]* 1176,
found 1176.

Compound 20: Compound 2 (11.7 mg, 0.010 mmol) and CMP-sialic acid
(73 mg, 0.011 mmol) were dissolved in 100mMm 4-(2-hydroxyethyl)-1-
piperazine ethanesulfonic acid (HEPES) buffer, pH 7.4 (2.0 mL) contain-

ing 025% Triton X-100 and a freshly prepared MnCl, solution
NeuAc Gals
H HOLC
O
AcHN-;
HO OR

=

HO

Fucg

Glug

(0.011 mmol). a2,3-Sialyltransferase (200 mU) and alkaline phosphatase
(300 mU) were added to the reaction vial, and the solution stirred gently
at room temperature for 3 d. After lyophilization, the reaction mixture
was dissolved in water and purified on a column of Biogel P-2, eluting
with water. The product was further purified on a DEAE Sephadex
A-25 anion-exchange column, eluting with a gradient of 0 to 100 mm
NH,HCOs;. Final desalting was accomplished on Biogel P-2, eluting with
water. Product fractions were combined and lyophilized, yielding 20
(12.3 mg, 85%). 'H NMR (400 MHz, D,0) identifiable resonances: 0 =
5.91-5.81 (m, 1H, -CH,-CH=CH,), 5.28—-5.20 (m, 2H, -CH,-CH=CH,),
4.65 (appd,2H, J =8 Hz, Glu, H-1, Glu; H-1), 4.54 -4.50 (m, 2 H, Glu, H-1,
Gal, H-1), 4.41 (appd, 2H, J =8 Hz, Gal, H-1, Gal, H-1), 429 (dd, 1H, J =
13, 4 Hz, -CH,-CH=CH,), 2.71 (appd, 1 H, / = 9 Hz, NeuAc H-3,,), 1.99 (s,
12H), 1.75 (t, 1H, J =11 Hz, NeuAc H-3,,); *C NMR (100 MHz, D,0):
0=130.75, 115.64, 100.35, 100.27, 100.23, 100.00, 97.44, 82.81, 79.52, 75.88,
75.59,72.95,72.63,72.34,72.23,72.01, 70.35, 69.93, 69.63, 69.34, 69.24, 67.94,
6770, 67.68, 67.42, 67.37, 67.26, 67.21, 67.16, 66.98, 66.91, 66.85, 66.69, 65.80,
65.54,64.92, 64.61, 60.03, 58.49, 58.42, 57.85, 57.49, 57.29, 55.57, 54.32, 52.61,
52.45,49.13, 35.16, 29.33, 19.62, 19.59; ESI-MS (neg) calcd for CssHyN,Os
[M —H]~ 1443.5, found 1443.6.

Compound 1

Method A: Compound 20 (7.4 mg, 5.2 pmol) and GDP-fucose (10.0 mg,
16.9 umol) were dissolved in 100mM 4-morpholine ethanesulfonic acid
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Figure 3. COSY spectrum of compound 1 and partial assignment.
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monohydrate (MES) buffer pH 6.0
(1.0mL) containing 0.25% Triton
X-100 and a freshly prepared MnCl,
solution (16.9 pmol). «al,3-Fucosyl-
transferase V (34.3 mU) and alkaline
phosphatase (156 mU) were added to
the reaction vial, and the solution
stirred gently at room temperature
for 5 d. After lyophilization, the reac-

tion mixture was dissolved in water

20

and purified on a column of Biogel
P-2, eluting with water. Product frac-
tions were combined and lyophilized, '
to yield a di-fucosylated molecule.

This intermediate structure (7.4 mg,
~4.0 umol) and GDP-fucose (2.6 mg,
4.4 umol) were dissolved in 100mm .

MES buffer pH 6.0 (0.8 mL) contain-
ing 0.25% Triton X-100 and a freshly
prepared MnCl, solution (4.4 pmol).

r 60
18g
I 80

al,3-Fucosyltransferase VI (40.0 mU)
and alkaline phosphatase (120.0 mU)
were added to the reaction vial, and

100

the solution stirred gently at room
temperature for 5 d. After lyophiliza-
tion, the reaction mixture was dis-

FPpm

solved in water and purified on a

column of Biogel P-2, eluting with
water. Product fractions were com-
bined and lyophilized. These were
further loaded onto a DEAE Sepha-
dex A-25 column, eluted first with
water, and then with 100mm NH,HCO;. This material was purified an
additional step on Biogel P-2, eluting with water, to give sialyl-trimeric-
Lewis x 1 (3.0 mg, 30 %, two steps).

Method B: Compound 20 (5.0 mg, 3.5 pmol) and GDP-fucose (6.7 mg,
11.6 pmol) were dissolved in 100mMm MES buffer pH 6.0 (0.7 mL) contain-
ing 0.25 % Triton X-100 and a freshly prepared MnCl, solution (11.6 pmol).
al,3-Fucosyltransferase VI (35.0 mU) and alkaline phosphatase (105 mU)
were added to the reaction vial, and the solution stirred gently at room
temperature for 6d. After lyophilization, the reaction mixture was
dissolved in water and loaded onto a column of Biogel P-2, eluting with
water. Fractions containing compound were further loaded onto a DEAE
Sephadex A-25 column, eluted first with water, and then with 100mm
NH,HCO;. This material was purified an additional step on Biogel P-2,
eluting with water, to give sialyl-trimeric-Lewis x 1 (2.7 mg, 41 % ). 'H NMR
(750 MHz, D,0) identifiable resonances: 6 =5.91-5.85 (m, 1H, -CH,-
CH=CH,), 5.27 (dd, 2H, /=18, 2 Hz, -CH,-CH=CH,), 5.11 (2d, 2H, J=
4 Hz, Fuc,, Fuc; H-1), 5.08 (d, 1H, /=4 Hz, Fuc, H-1), 471 (2d, 2H, J=
8 Hz, Glu,, Glu; H-1), 4.58 (d, 1H, J=8 Hz, Glu, H-1), 4.51 (d, 1H, J=
8 Hz, Galy H-1), 444 (d, 1H,J = 8 Hz, Gal| oy H-1), 442 (d, 1H, /=8 Hz,
Galy oz H-1),4.31 (dd, 1H, /=13, 5 Hz, -CH,-CH=CH,) 2.73 (dd, 1H, J =
12,4 Hz, NeuAc H-3,,), 2.02 (3H, s), 2.01 (s, 3H), 2.00 (s, 6 H), 1.78 (t, 1 H,
J=12 Hz, NeuAc H-3,)), 1.14 (d, 3H, J =7 Hz, Fuc H-6), 1.12 (d, 6 H, J =
7 Hz, 2Fuc H-6); ESI-MS (neg) caled for C,yH;, N,Os, [M —H]~ 1882,
found 1882. See also the COSY spectrum (Figure 3) and HMQC spectrum
(Figure 4) for compound 1.
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Pnictides as Symmetrically Bridging Ligands in Novel Neutral Complexes
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Abstract: The reaction of [LWCI] (3)
[L = N(CH,CH,NiPr);] with LiE(SiMe;),
(E=P, As, Sb) yields the novel,
neutral pnictido-bridged complexes
[LW=E=WL] (5-7). By following the
reaction, which starts from the LiP-
(SiMe;), derivative, by *'P NMR spec-
troscopy, the formation of an intermedi-
ate with a terminal pnictido ligand can
be ruled out. The paramagnetic com-
plexes 5-7 are comprehensively spec-

gered

tungsten

Introduction

A small number of complexes are known which contain
pnictido ligands E*- of the heavier Group 15 elements (E=P,
As, Sb, Bi)ll and which have the low coordination numbers
(CN) 1 and 2. Recently complexes of type AP with a terminal

Lnl\I/ll

LM=E L,M=E —M(CO)s E _E
| LM /\\ML,,

LM
E=P, As E=p
M'=Cr, W E=P* As* Sb*, Bi*
E=P
A B c D

ligand and CN 1 were synthesised and structurally character-
ised, for example, [ (Ar'RN);Mo=P] (Ar' =3,5-Me,C;H;, R =
C(CD;),CH;)P! and [(N;N)M=E] {E=PM (1), M=W, Mo;
N,N =N(CH,CH,NSiMe,);; E=As (2), M=WFl Mok}
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troscopically characterised. The X-ray
structure analysis of the heterocumu-
lenes 5-7 reveals a linear structure
in which the two W-“tren” units bind
to the central pnictido atom in a stag-
conformation

Keywords: antimony - heterocumu-
lenes - pnictides - tripodal ligands -
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based ligand; tren = tris(2-aminoethyl)-
amine. When N, is used as the inert gas
in the synthesis of the starting material
[{N(CH,CH,NNp);}WCl] [Np=CH,C-
(CH;);], the complex [{[N(CH,CH,-
NNp);|Wh(u,n':3'-N,)] (4) is formed as
a side product. Complex 4 possesses a
hydrazido(4 —) (N,*") ligand connected
by two tungsten-“tren” moieties.

[“tren” =tren-

Only lately has the asymmetric, linear coordination-mode B
with  CN2 been found as well in the complexes
[(N;N)M=E —-ML,] [ML,,=GaCl;;" M(CO),, M=Cr,
WPEI] and [(thf)(RO);W=P —M'(CO);] [M'=Cr, W; R=25-
Me,C¢H,,1® Bul)]. Symmetrical linearly bridged complexes
of type C of the heavier Group 15 elements have so far been
described exclusively as cationic complexes by Huttner and
co-workers.'!l Neutral compounds of this type are only
known for E=P in the complexes [{Cp,Zr},(u-P)] and
[{(R'RN);Mo},(u-P)] (R=Ph; R'=rBu) synthesised by Ste-
phan!l and Cummins!*?, respectively. The bent coordination
mode D, however, has not yet been observed for the heavier
Group 15 elements!!); with the exception of nitrogen!**<l and
first example for phosphorus.[34

We have shown that one possibility to synthesise the
pnictido complexes 1 and 2 is to start from Li[E(SiMe;),] (E =
P, As) as shown in Equation (1); however, the reaction of

(TI E
Me,Si SiMe, Me.S| Il sive,
NN sivte, M VNS SiMe,
N toluene N
+2 Li E(SiMey); ———— 1
N -E(SiMes); N
E=P (1), As (2)

Li[Sb(SiMe;),(dme)] with [{N(CH,CH,NSiMe;);}]WCl] did
not occur irrespective of the reaction conditions used.
Evidently, the steric demand of the SiMe; groups in the
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tungsten complex inhibits the substitution of the Cl atom by
the Sb moiety. The use of a sterically less bulky tris-(2-
amidoethyl)amine ligand, such as [{N(CH,CH,NNp);}WClI]
[Np = CH,C(CHj,);], however, enables the W—Sb bond for-
mation to take place, but a product with a terminal
antimonido ligand is not obtained. Owing to a further
intermolecular Sb—W bond formation, an Sb-bridged neutral
heterocumulene of type C is formed.!'Y Herein we verify that
this reaction method is generally extendible for the synthesis
of the entire series of neutral heterocumulene complexes of
the heavier Group 15 elements.

Results and Discussion

Synthesis and crystal structure of the starting material: The
starting material [{N(CH,CH,N:Pr);JWCl] (3) was synthes-
ised by the reaction of [WCl,(dme)] with Li;[N(CH,CH,-
NiPr);]. It is a brown crystalline compound and the molecular
ion peak is observed in the mass spectrum; paramagnetic
shifts in the 'H NMR spectrum are also observed as expected
for a d*> complex.

The X-ray structure of compound 3 shows a distorted C;
symmetric molecule in a trigonal-bipyramidal arrangement
along the central tungsten atom (Figure 1). The W—CI bond
[2.407(2) A] is slightly longer than those found for the chloro
complexes [{N(CH,CH,NSiMe;);WCI] [2.399(2) A]®! and
[{N(CH,CH,NNp),}WCI] [2.389(2) A].I"3!

Cl

Figure 1. Molecular structure of [{N(CH,CH,NiPr);}WCl] (3) (ellipsoids
drawn at of 50% probability level). Only one position of the distorted
neighbour C atoms on the axial N1 atom is shown for clarity. Selected bond
lengths [A] and angles [°]: W—C1 2.407(2), W—N1 2.173(9), W—N2 1.967(9),
W-N3 1.969(9), W—N4 1.963(8), N1-W-CI 179.5(2), N1-W-N2 81.2(4), N1-
W-N3 81.0(4), N1-W-N4 81.3(3), CI-W-N2 99.2(3), Cl-W-N4 98.2(3), N2-W-
N3 117.8(4), N3-W-N4 117.4(4).

It is important to carry out the reaction in Equation (1)
under an atmosphere of argon, otherwise N, complexes are
obtained. Hence, during the synthesis of [{N(CH,CH,NNp);}-
WCI|" under N,, the complex [{[N(CH,CH,NNp);]W},-
(u,n''-N,)] (4) is formed as a side product. The molecular
structure of 4 (Figure 2) reveals a hydrazido(4-) (N,*7) ligand
connected by two tungsten-“tren” moieties [“tren” =tren-
based ligand; tren = tris-(2-aminoethyl)amine] and is charac-
terised by a linear N2-W1-N1-N1'-W1'-N2" axis. The N1-N1’
bond length [1.39(2) A] is on the upper limit of those

Chem. Eur. J. 2000, 6, No. 7
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Figure 2. Molecular structure of [{{[N(CH,CH,NNp);]W},(u,n':17'-N,)] (4)
(ellipsoids drawn at of 50% probability level, all H atoms have been
omitted for clarity). Selected bond lengths [A] and angles [°]: N1-N1’
1.39(2), W1-N1 1.845(11), W1-N2 2.304(9), W1—N3 1.983(6), N1-W1-N2
180.0, N1-W1-N3 101.5(2), N3-W1-N3B 116.10(10), N2-W1-N3 78.5(2).

found in other hydrazido complexes.'”! In the isostruc-
tural molybdenum complex [{[N(CH,CH,NSiMe,Bu);]-

Mo},(u,p':n'-N,)] this bond is significantly shorter
[1.20(2) A].[]
Synthesis of the heterocumulenes: Thermolysis of

[{N(CH,CH,NiPr);JWCI] (3) and [LiE(SiMes),] (E=P, As,
Sb, Bi) in toluene for 48 h at 100 °C yields the heterocumulene
complexes [{[N(CH,CH,NiPr);|Wh(u-E)] (5-7) [Eq. (2)].
Instead of terminal pnictido complexes, symmetrically
E-bridged complexes are formed; these are the first neutral

100°C, 48 h
—_
toluene
- E(SiMe3)s

+ 2 LiE(SiMey),

As- and the second Sb-containing examples of this class of
compounds. Attempts to isolate the corresponding Bi com-
pound have failed so far. However, the existence of such a
product in the crude reaction mixture could be determined by
'H NMR spectroscopy. The observed data show the correct
tendency of the chemical shifts in the series starting from
phosphorus and going to the heavier congeners.['”)

The speculations about the possible pathways for
the formation of the heterocumulenes 5-7 are presented in
Scheme 1. Schrock was able to show that the formation
of the phosphido complex [(N;N)M=P] (N;N=
N(CH,CH,NSiMe;);, M=Mo, W) by the reaction of
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Cl ) Spectroscopic properties: Com-

‘k V|Vln- )‘ T(SIMejk ||ESiMe3 Li pounds 5, 6 and 7 are red, green
N \NN N ~WEN A\ Wl N/L and yellow crystalline materi-

T _tUEEMes) N T N _tLEEMes, N T\N als, respectively, that are spar-

N el N -E(SiMes)s ingly soluble in n-hexane and

3 N readily soluble in toluene,

CH,Cl, and THF. In the mass

\ttzifsmﬂea)z -'LiSiMes spectra of all products, the ap-

- "E(SiMes3)2" -LiCl | + CIMVINGN] 3 propriate molecular ion is ob-

BN

E
A\N/Y'*NN)— N/"TV'\NN)_
N N

- E(SiMe:;)/
/ + LIE(SiMes),

Scheme 1. Proposed reaction pathways of the reaction of [N(CH,CH,NiPr);WCl] (3) with LiE(SiMes),

(E=P, As, Sb).

[(N;N)MCI] with LiPPhH occurs via a phosphanido complex
[(N;N)M-PHPh], which could be isolated; this intermediate
reacts with LiPHPh or LiR to form the product.[’) Therefore,
the first step of the reaction in Equation (2) should be
the creation of an intermediate of the formula
[{N(CH,CH,NiPr);}W-E(SiMe;),] after Cl substitution within
3. After subsequent metalation with a second equivalent of
LiE(SiMe;), (E=P, As, Sb) two further pathways are
imaginable. Firstly (path A), the formation of the originally
desired pnictido complex [{N(CH,CH,NiPr),}W=E], which
subsequently reacts with an unsaturated d*-tungsten complex
[{N(CH,CH,NiPr);}W] that arises from a possible Cl elimi-
nation of 3 by the base. Such a pathway was described by
Cummins etal.; they showed that [Mo(NtBuPh);] and
[(PhtBuN);Mo=P] undergo a phosphorus-transfer reaction
to give the u-P,-bridged intermediate [{(PhtBuN);Mo},P] at
low temperatures.'?l By following reaction [Eq. (2)] at 100°C,
starting from LiP(SiMe;),, by 3'P NMR (range of measure-
ment: 6 =1300 to —400 ppm) no evidence of a diamagnetic
intermediate [{N(CH,CH,NiPr);}W=P] was found, but an
increasing content of P(SiMe;); was detected. Thus, we
tend more to prefer the pathway B, in which
[{N(CH,CH,NiPr);}W-E(SiMe;) |Li reacts with a second mol-
ecule of 3 and through a simultaneous reduction in the
presence of LiE(SiMe;),, the neutral u-E-bridging complexes
5-7 are formed.

1254

served as an intense peak. Fur-
thermore, the spectra reveal
a further intense peak that

\ /N indicates the existence of a
N""'”\ fragment of the composi-
Eea tion [{N(CH,CH,NiPr);}W=E]

(E=P, As, Sb) with a terminal
pnictido ligand.

In the range between +80
and —80°C the 'H NMR spec-

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

tra of 5-7 all reveal three
broad signals corresponding to
paramagnetic tungsten com-
plexes. After integration, the
signals of the ethylene bridge
and the methyl group of the iPr
s ligand could be assigned. Prob-
b ably, as a result of its large
broadening, the signal for the
CH group of the iPr substituent
is missing. In the 3P NMR
spectrum of 5 no signal could
be detected in the range of 6 =
1500 to —400 ppm. The same
situation was found for the EPR measurements of the
compounds at 77 K. As theoretical studies that use the
BP/SVP approximation for the complex [{N(CH,CH,NNp),}-
W(u-Sb)] have shown,# the three-centre bond of the
W-E-W & system (d,,, dy, orbitals of both W atoms and the
Px> Py orbitals of the P atom) of these neutral complexes
possess a (1m,)*(1m,)* electron configuration with one un-
paired electron. According to a formal charge count
(2 x “tren™~, P>) complexes 5-7 represent mixed valent
WIV/WY species.

The low yield of the starting material 3 prevents a large
scale synthesis of 5—7; this prevents extensive investigations,
for example, of their redox properties. Attempts to obtain
cyclic voltammograms of any of theses complexes were
frustrated by the highly absorptive nature of these species
leading to ill-shaped broad waves and the wholly irreversible
behaviour following electron transfer. The arsenic complex 6
undergoes an irreversible oxidation at +0.12 V versus the
ferrocene/ferrocenium couple. The considerable breadth of
this wave does not allow any safe conclusion as to the number
of electrons transferred in this step. During the reverse scan,
an associated composite wave with distinct peaks at —2.08
and —2.33 V was observed. At more anodic potentials
another irreversible oxidation was found at a peak potential
of +0.59V (v=0.1 Vs™'). The reduction of 6 occurs as an
irreversible feature at the very negative potential of —3.46 'V,
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close to the discharge limit of the electrolyte solution. A
distinct shoulder at —3.32V was also detected. Similar
observations were made for the Sb-bridged complex 7. In
light of these results, it is no surprise that our attempts to
generate the cationic complex [{[N(CH,CH,NiPr);]W},P]* by
treatment of compound 5 with [Cp,Fe]*[BF,]~ were met with
failure. This underlines the high kinetic stability of this class of
complexes achieved by the bulky iPr groups protecting the
(W=E=W) core (Figure 3). In contrast, if the complex
[{Cp'(CO),Mn},(u-As)]* (Cp'=#>-CsHMe) is reduced by
Cp,Co, the diarsenidene complex [{Cp*(CO),Mn},(u-As)], is
obtained instead of the neutral complex.['%]

Figure 3. Space-filling model of 7.

Crystal structure analysis: Compounds 5-7 are isostructural
and crystallise in the orthorhombic space group Cmica. The
molecules exhibit a mirror plane within the E-W-N(2) axis
and an inversion centre in E leading to a linear axis N-W-E-
W-N. Therefore, two W-“tren” units bind to a central pnictido
atom in a staggered configuration. Figure 4 shows the
molecular structure of arsenido complex 6 as one example
of these compounds. Table 1 contains selected bond lengths
and angles showing almost identical values for these com-
plexes. The W—N,, bond lengths decrease from 5 to 7 and are
considerably shorter than in the terminal phosphido and

Figure 4. Molecular structure of 6 (ellipsoids drawn at of 50 % probability
level).

Chem. Eur. J. 2000, 6, No. 7
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Table 1. Comparison of selected bond lengths [A] and angles [°] of 57
(N N1; N N2, N3).

5 6 7
W-E 2.2331(4) 2.3331(5) 2.5275(5)
W-N,, 1.972(6) 1.964(8) 1.986(9)
1.988(4) 1.982(4) 1.989(5)
W-N,, 2.246(5) 2.239(9) 2.224(6)
W-E-W 180.0 180.0 180.0
E-W-N,, 179.5(1) 179.4(2) 178.4(2)
NaW-N,, 79.7(2) 79.5(2) 79.6(3)
79.5(1) 79.7(1) 79.6(1)
Neg-W-N 115.8(1) 115.9(1) 116.0(2)
118.7(2) 118.7(3) 118.4(3)

arsenido tungsten complexes 1 and 2. The distortion of the
trigonal-bipyramidal ligand sphere at the central W atom in
5-7is also smaller than in 1 and 2. The W atom is located out
of the plane of the equatorial N atoms by 0.358 A on average
(1: 0.409 A; 2: 0.417 A).

The W—P bond length in [{[N(CH,CH,NiPr);]W},(u-P)] (5)
is 2.2331(4) A and longer than the W=P triple-bond length in
1 [2162(4) A]¥,  [(N;N)W=P —-W(CO), —P=W(N,N)]
(2202(2) A)S1 and [(N;N)W=P —GaCl;] (2.168(4) A)
[N;N =N(CH,CH,NSiMej;);]. Metal —phosphorus multiple
bonds containing a phosphinidene ligand (L, M=PR) in a
linear arrangement (M-P-R: 180°) also reveal triple-bond
character. For example, in [(Ph,MeP)CL,(CO)W=PR] (R=
2,4.,6-tBu;C¢H,) the W—P distance is 2.169(1) A.['8 In the bent
phosphinidene complexes, in which the lone pair is located at
the P atom, the W—P bond corresponds to a double bond; for
example, in [Cp,W=PR] (R =24,6-tBu;C¢H,)!""! this bond is
2.349(5) A and therefore, considerably longer than that found
in S.

In [{[N(CH,CH,NiPr);]W}(u-As)] (6) the W—As bond
length is 2.3331(5) A and is longer than that found in
[{N(CH,CH,NSiMe;),}W=As] (2) [2.290(1) A].! The only
known complex with a linear (u-As) bridge is the cationic
complex [{Cp*(CO),Mn},(u-As)]*,[1% which has Mn—As
bond lengths of 2.142(2) and 2.151(2) A.

The W—Sb bond length in [{{N(CH,CH,NiPr);]W},(u-Sb)]
(7) is 2.5275(5) A and is the shortest known W—Sb bond
length. Other short W—Sb bond lengths were found in the
isostructural complex [{[N(CH,CH,NNp);]W},(«-Sb) |4l with
2.5738(8) A and in the bent compound [{(CO);W},SbCI(thf)]
with 2.662(1) and 2.670(2) A.2 In the latter complex the lone
pair at the Sb atom is delocalised within a ; system that
possesses a bond order larger than one. Besides 7 and its Np-
substituted analogue, the only other example with a linear
u-Sb bridge is the cationic complex [{(17%-C¢Mes)(CO),Cr},-
(u-Sb)]* with Cr—Sb bond lengths of 2.378(2) and 2.396(2) A.[1%]

Conclusion

The reaction behaviour between [{N(CH,CH,NR);}WCl] and
[LiE(SiMes),] (E =P, As, Sb, Bi) is very sensitive to the nature
of the group R as well as the pnictogen atom E. If R is bulky,
as in the case of the SiMe; group, complexes with terminal
pnictido ligands are obtained for E=P and As, whereas for
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E =Sb and Bi no reaction occurs. The reduction of the steric
demand of the R group at the “tren” ligand, by using Np or iPr
groups as R, leads to novel neutral u-E-bridged complexes.
Although so far the isolation of the corresponding Bi complex
failed, the protocol presented herein provides a general
synthetic route for the entire series of the heavier Group 15
elements. The space-filling model of 7 (Figure 3) reveals that
the iPr groups of the opposite “tren” ligands are staggered
with respect ot each other and, hence, enable the formation of
the u-E-bridged heterocumulene. Only with the introduction
of appropriate R groups in the “tren” system, which provides
a larger cavity around the central W atom and at the same
time hinders the dimerisation to form heterocumulenes,
should the goal of obtaining complexes with terminal pnictido
ligands of antimony and bismuth be achieved. These inves-
tigations are in progress.

Experimental Section

General techniques: All reactions were performed under an atmosphere of
dry argon by using Schlenk techniques. Solvents were purified and
degassed by standard procedures. NMR spectra were recorded on a
Bruker AC250 ['H: 250.13 MHz; *'P: 101.256 MHz; standard Me,Si ('H),
85% H;PO, (*'P)]. MS: Finnigan MAT 711 at 70 eV and 180 °C. Elemental
analyses were performed by the analytical laboratory of the institute.
Electrochemistry: experiments were carried out under argon in a cylin-
drical one-compartment cell equipped with two sidearms that were
connected to a conventional Schlenk line. The Pt counter and the Ag
reference electrode were welded into the glass wall, while the working
electrode was introduced through a screwcap with a suitable fitting. All
experiments were performed in THF/NBu,PF, electrolyte with an
EG&G273 potentiostat.

Reagents: Unless otherwise stated, commercial-grade chemicals were used
without further purification. Li[P(SiMe;),(thf),] and Li[E(SiMe;),(dme),]

Table 2. Crystallographic data for 3—7.

(E=As, Sb, Bi) were prepared as described in

N(CH,CH,N(H)iPr); as in ref. [21].

Preparation of [{N(CH,CH,NiPr);}WCl] (3). Li;[N(CH,CH,NPr);]
(24 mmol)—synthesised from N(CH,CH,N(H)iPr); by addition of three
equivalents of nBuLi—were added portionwise to a suspension of
[WCl,(dme)] (10 g, 24 mmol) in THF (250 mL) over a period of 2h at
—40°C. After warming to ambient temperature the mixture was stirred for
further 12 h. The solvent was removed in vacuo (103 Torr) and the residue
was extracted with boiling n-hexane (50 mL). After removing all of the
solvent, the residue was recrystallised from toluene. At 5°C, 1.17 g (10%)
of 3 were obtained. 'H NMR (250.13 MHz, 25°C, C¢Dq): 6 =25.2 (s, 18H,
CH;), — 0.6 (b, 3H, CH), —22.9 (b, 6H, CH,), —62.7 (b, 6H, CH,); EI MS:
m/z (%): 488 (40) [M]+, 445 (100) [M — C;H,]*.

Synthesis of [{[N(CH,CH,NiPr);]W},(z-E)] [E=P (5), As (6), Sb (D 1:
Complex 3 (100 mg, 0.2 mmol) and Li[P(SiMe;),(thf),] or Li[E(SiMe;),(d-
me),] (E=As, Sb) (0.4 mmol) were dissolved in toluene (15mL) and
stirred at 100°C for 48 h under light exclusion. Subsequently, the solution
was filtered over silica gel. The filtrate and the washing solution were
combined and reduced to 5mL. At —20°C, 60 mg (32%) of 5, 85 mg
(43%) of 6 and 62 mg (30%) of 7 could be isolated in crystalline form.
Compund 5: 'H NMR (250.13 MHz, 25°C, C4Dg): 6 =23.0 (b, 6H, CH,),
—4.52 (b,18H, CH,), —12.7 (b, 6H, CH,); EIMS: m/z (%): 938 (100) [M]",
484 (20) [{N(CH,CH,NiPr);}WP]*; u.; (Evan’s method, C¢Dg, 300 K) =
2.00 pg.

Compound 6: 'H NMR (250.13 MHz, 25°C, C4Dg): 6 =22.7 (b, 6H, CH,),
—4.12 (b,18H, CH,), —13.7 (b, 6 H, CH,); EIMS: m/z (%): 982 (100) [M]",
528 (59) [{N(CH,CH,NiPr);}WAs]*; u (Evan’s method, C4Dg, 300 K) =
2.02 pg; elemental analysis calcd (%) for C;HgNgAsW, (981.53): C 36.71,
H 6.78, N 11.42; found C 36.35, H 6.50, N 11.08.

Compound 7: '"H NMR (250.13 MHz, 25°C, C;Dg): d =22.2 (b, 6H, CH,),
—3.82(b,18H, CH;), —14.2 (b, 6 H, CH,); EIMS: m/z (%): 1027 (41) [M]*,
574 (95) [{N(CH,CH,NiPr);}WSb]*, 409 (100) [WN,C,H,s]"; ttere (Evan’s
method, C¢Dg, 300 K)=2.04 ug; elemental analysis caled (%) for
C3HgNgSbW, (1028.36): C 35.04, H 6.47, N 10.90; found C 34.75, H 6.02,
N 10.67.

ref. [21] and

Crystal structure analyses of 3-7: Crystal structure analyses were
performed on a STOE STADI IV (3, 5-7: w-scan mode) and a STOE
IPDS (4) diffractometer with Moy, radiation (4 =0.71073 A) with empiri-

3 4 5 6 7
formula CsH;CINGW CyHggN; W, C5HgNsPW, C3HgNsAsW, C3HgNsSbW,
M, 488.75 1102.94 937.58 981.53 1028.36
crystal size [mm] 0.76 x 0.27 x 0.27 0.27 x 0.15 x 0.04 0.38 x 0.20 x 0.08 0.57 x 0.19 x 0.08 0.34 x 0.34 x 0.08
T[K] 200(2) 200(1) 200(2) 200(2) 200(2)
space group P2,/c (No. 14) R3 (No. 148) Cmca (No. 64) Cmca (No. 64) Cmca (No. 64)
crystal system monoclinic trigonal orthorhombic orthorhombic orthorhombic
a[A] 12.059(2) 16.475(2) 16.109(3) 16.008(3) 15.955(3)
b [A] 10.055(2) 16.475(2) 12.291(3) 12.116(2) 12.180(2)
c[A] 16.069(3) 15.477(3) 19.018(4) 19.350(4) 20.165(4)
a[’] 90 90 90 90 90
BI°] 91.69(3) 90 90 90 90
v [°] 90 120 90 90 90
V [A3] 1947.6(7) 3638.0(10) 3765.5(13) 3768.4(13) 3918.7(13)
VA 4 3 4 4 4
Deated [g cm ™) 1.667 1.510 1.654 1.730 1.743
u [mm™] 6.069 4.777 6.177 7.002 6.570
26 range [°] 3.38<20<56 3.88<20<52.32 4.28 <260 <54.98 420<260<52.10 4.04 <260 <55.06
hkl range —-14<h<14 -20<h<20 0<h<20 -11<h<19 0<h<20
0<k<12 —-18<k<20 0<k<15 -11<k<14 0<k<15
-0<1<19 -19<1<18 —-24<1<0 0<1<23 —-26<1<0
data/restrains/parameters 3807/0/193 1605/0/143 2227/0/119 1932/0/119 2337/0/129
independent reflections [/ >20(1)] 3549 (R;, = 0.000) 1558 (R;, = 0.0657) 1994 (R;,, = 0.000) 1656 (R;, = 0.0364) 2023 (R, =0.000)
goodness-of-fit on F? 1.223 1.091 1.137 1.009 1.099

R TwRT[I>20(1)]
R, wR,P! [all data]
largest diff. peak/hole [e A3

0.0498, 0.1504
0.0548, 0.1781
4.664/ —2.209

0.0425, 0.0960
0.0454, 0.0996
2.937/-1.574

0.0288, 0.0700
0.0350, 0.0767
1.219/-2.093

0.0280, 0.0649
0.0383, 0.0719
0.667/ —1.434

0.0333, 0.0764
0.0429, 0.0864
1.367/—1.875

[a] R=Z|Fy| = | Fe|/Z] Fy|. [b] wRy=[Z > w(F§ - F2)* [Z(F3)*]%
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cal absorption corrections for 3, 5-7 (Psi scans). The structures were solved
by direct methods by using SHELXS-86,% full-matrix least-squares
refinement on F2in SHELXL-93% with anisotropic displacement for non-
hydrogen atoms; hydrogen atoms were located in idealized positions and
refined isotropically according to the riding model. In 3 and 5-7 the CH,
groups attached to the N,, atom of the tris-(2-amidoethyl)amine-ligands
are disordered; in 7 the CH; groups of the isopropyl substituents on the
N(2) atom are disordered in addition. Crystallographic data for compounds
3-7 are given in Table 2.

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 129224 —
CCDC 129228. 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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Heat-Shrinking Spherical and Columnar Supramolecular Dendrimers: Their
Interconversion and Dependence of Their Shape on Molecular Taper Angle

Goran Ungar,*?! Virgil Percec,*’! Marian N. Holerca,™ Gary Johansson,!

and James A. Heck!™!

Abstract: Synthesis and modes of self-
assembly are described for the tapered
monodendritic molecules 3,4,5-nG-X of
generation i=1, 2, 3 (see structures
below) that contain multiple (CH,),H
alkyl chains on their periphery (n=12,
14, 16) and a polar group X at the
apex (X=COOH, COONa, COOCs,
CO(OCH,CH,);0H). These monoden-
drons self-assemble into supramolecular
cylindrical or spherical dendrimers,
which in turn self-organise into p6mm
columnar or Pm3n cubic thermotropic
liquid crystals, respectively. The two
principal ways of affecting the self-

of their molecular architecture are: a) by
changing the width of the wide (aliphat-
ic) end, and b) by changing the volume
at the apex. In the present work a) is
controlled through temperature (con-
formational disorder) and b) is control-
led by changing the generation number i
or the size of X, for example, through
the choice of metal cation. The single
most important geometric parameter of
these dendritic building blocks is the

Keywords: cubic dendrimers
liquid crystals - supramolecular
chemistry - X-ray diffraction

molecular solid angle (taper angle) a; a
high a leads to spherical and a low a to
cylindrical supramolecular dendrimers.
Furthermore, a also determines the
equilibrium size of the supramolecular
objects; a larger a results in a smaller
diameter. The unusually strong negative
thermal expansion coefficient of the
cubic and columnar lattice is attributed
to the excess of the increasingly highly
tapered molecules being rejected from
their parent aggregates and reassem-
bling as new ones. Increasing « is also
considered to be responsible for the
observed thermotropic columnar —cubic
transition.

assembly of these compounds by means

Introduction

It is well known that disk-like molecules form columnar liquid
crystals, in which the disks stack up and create infinite
columns. The columns in turn pack laterally in a two-
dimensional, mostly hexagonal lattice.! Columnar liquid
crystals can also evolve through self-assembly of taper-shaped
molecules whose wide end is usually made up of two or three
flexible aliphatic chains.>3 Self-assembly of such tapered
molecules into columns can be visualised as packing of slices
to form a “pizza” and stacking of “pizzas” on top of one
another (Scheme 1a). We have recently demonstrated how
the mode of self-assembly can be changed from columnar to

[a] Dr. G. Ungar
Department of Engineering Materials
and Centre
for Molecular Materials
University of Sheffield, Sheffield S1 3JD (UK)
Fax: (-+44)114-222-5943
E-mail: g.ungar@sheffield.ac.uk
[b] Prof. V. Percec, M. N. Holerca, Dr. G. Johansson, Dr. J. A. Heck
Roy & Diana Vagelos Laboratories
Department of Chemistry, University of Pennsylvania, Philadelphia
PA 19104-6323 (USA)
E-mail: percec@sas.upenn.edu
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spherical by linking tapered first-generation monoden-
drons together into higher generation monodendrons
(Scheme 1b).14

In this publication, we demonstrate the link between the
molecular geometry of the monodendritic building block and
the shape and size of the resulting supramolecular dendrimer.
Furthermore, we show how the diameter of the spherical and
columnar supramolecular dendrimers decreases with increas-
ing temperature and, related to this, how the supramolecular
column-sphere transition can be induced thermally. The
systems described here can in some respects be regarded as
simple synthetic models of complex biological self-assembled
structures, such as the cylindrical tobacco mosaic virus and
spherical viruses.P!

Results and Discussion

Supramolecular dendrimers from taper-shaped monoden-
drons: Simple examples of tapered monodendrons that self-
assemble into columns are compounds designated as 3.4,5-
nG;-X (see structures below), where R=(CH,),H (n of
(CH,), is identical to n in 3,4,5-nG,-X) and X is an ionophore
(for example, a crown-ether salt complex or an oligo(ethyle-
neoxide) salt complex),’! a hydrogen bonding group,
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Scheme 1. a) Schematic representation of the self-assembly of flat tapered monodendrons into a supramolecular
cylindrical dendrimer and of the self-organisation of such cylinders into a p6mm hexagonal columnar (¢,) liquid

| matrix consists of tethered
aliphatic chains. Such structures

i T can provide templates, for
example, for ionic channel
arrays.[®

The second, third and fourth
A, | generation dendrons from the
by, b same series as 3,4,5-12G,-X,

that is, (3,4,5)-12G-X where
i=2,3 and 4, self-assemble into
L spherical supramolecular den-

— & drimers which, in turn, self-
organise in a thermotropic cu-
bic lattice (Scheme 1b).[* This
cubic phase is stable in a com-
paratively  wide-temperature
range (Table 1). The chemical
structures of the first three

Fm3 Cub: Pmia

crystal; b) self-assembly of conical monodendrons into a supramolecular spherical dendrimer and of the self-

organisation of the latter into a Pm3n cubic (Cub) liquid crystal. (« = average number of monodendrons in a disk
or sphere, a=lattice parameter, ¢ =thickness of a disk, M =molecular weight of monodendron, p = density,

N, = Avogadro’s number). X = endo receptor or functional group.

OR
OR RO R
RO, R RO OR RO R
X o)
3,4,5-nGX w

R=C,, Hppq, n=12, 14,16 )I(
X=-COONa, -COOCs

(3,4,5) 212G ,-X
R=-Cy2H2s

X=-COOH or
X=-CO(OCH,CH,),OH

OR
R R
R OR RO R
ROQ;% 4§;§OR
OR 0 OR
RO o R
RO OR

R R

RO o) OR

0 ? o)

RO o) o) OR
RO o Q OR

ROU X \\Q\OR

RO OR

(3.4,5) 3-126,-X

R=-C 42H3s
X=-COOH

or a covalent linkage to a polymer backbone.’>3¢7 The
thermotropic columnar liquid crystals formed from these
compounds are characterised by periodic density fluctua-
tions in two dimensions. The high-density regions are made
up predominantly of the aromatic molecular cores self-
assembled into rods of infinite length.[! The low-density

Chem. Eur. J. 2000, 6, No. 7

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

generations of monodendrons
from this series are shown in
the structures illustrated. All
these molecules consist of a
predominantly aromatic dendritic core end-capped with
R =-(CH),H chains and they contain various functionalities
(X) at their core.

Molecular modelling shows that, while a 3.4,5-12G;-X
molecule may fit into a flat disk segment that allows stacking
into infinite columns, this is not possible with higher
generations of (3,4,5)-12G-X as a result of the steric over-
crowding of the large number of terminal chains.* Thus, such
monodendrons can no longer be described as slice-shaped, but
rather as pyramid- or cone-shaped (Scheme 1 and Fig-
ure la,b). Therefore, instead of forming infinite columns,
such cones self-assemble into closed isolated spherical objects,
which in turn pack in a periodic cubic lattice (Scheme 1b,
Figure 1c—e).

Monodomain and powder X-ray diffraction,*! supported
by transmission electron microscopy,® has shown that the
space group of the cubic phase is Pm3n (Q*?). Based on
measured diffraction intensities, electron density distribution
within the unit cell was computed by Fourier synthesis for the
series of carboxylic acids denoted here as (3,4,5)-12G;-
COOH, with i=2, 3 and 4. Two- and three-dimensional
(isosurface) mapst** 3™ have shown eight spherical or nearly
spherical regions of highest electron density per unit cell.
These represent the centres of the self-assembled supra-
molecular dendrimers. In Figure 2, they are shown schemati-
cally as the smaller spheres. Each of these represents the
clustered aromatic regions of a number of monodendron
molecules. The outer spheres in Figure 2 that merge with one
another represent schematically the outer spheres shown in
Figure 1c; the volume between the inner and the outer sphere
is about 80 % of the total, which is occupied predominantly by
the aliphatic chains. Since in reality aliphatic chains provide a
space-filling continuum, the outer spheres in Figures 1c and 2
are in fact approximations of the two dodecahedra and six
tetrakaidecahedra, which divide exactly the full unit cell
volume.’l A similar cubic phase of the micellar type has
previously been found in some lyotropic lipid — water systems,
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Table 1. Transition temperatures and corresponding enthalpy changes of (3,4,5)'-nG,-X monodendrons. Data for entries 6-9 are from [4a].

Monodendron Transition temperatures [°C]
and corresponding enthalpy changes [kcalmol™!]

Heating (first and second) Cooling

1 3,4,5-12G,-COOH k 60 (14.9) i i33(14.1) k
k59 (143) i

2 3,4,5-12G,-COONa k 48 (6.27) ¢y 96 (5.30) ¢, 119 (0.5) Cu Cu 100 (0.9) ¢, —6 (2.4) k
k3 (2.9) ¢y 96 (0.7) ¢y 119 (0.9) Cu

3 3,4,5-12G,-COOCs k 66 (12.5) ¢y, 119 (broad) (1.7) ¢, 170 (0.5) Cu Cu 162 (0.4) ¢, 41 (0.6) k —9 (2.5) k
k3 (2.9) k 51 (0.4) ¢, 172 (0.6) Cu

4 3,4,5-14G,-COOCs k 67 (17.7) ¢y, 143 (1.6) Cu Cu 145 (0.6) ¢y, 21 (6.7) k
k 39 (6.8) ¢, 154 (0.8) Cu

5 3,4,5-16G,-COOCs k 75 (30.0) ¢y, 132 (0.7) Cu 150 (0.6) Cu Cu 137 (0.7) ¢, 39 (11.5) k
k 56 (12.6) ¢, 146 (0.8) Cu

6 (3,4,5)*-12G,-COOH k 85 (25.6) Cu 119 (1.3) i i111 (0.9) Cu —15 (8.7) k
k —9 (5.6) k 43 (—19.5) k 83 (24.3) Cu 117 (1.0) i

7 (3,4,5)*-12G,-CO(OCH,CH,);OH k 56 (37.9) i i44 (0.3) Cub 1 (18) k
k 56 (28.6) Cub 59 (0.3) i

8 (3,4,5)°-12G5-COOH k —15 (31.5) Cu 140 (1.6) i i127 (1.2) Cu —17 (31.0) k
k—12(29.7) Cu139 (1.2) i

9 (34,5)*-12G,-COOH k—14 (833) Cu85i i72 Cu —18 (89.4) k

k —12 (105.9) Cu 85 i

Figure 1. a) Schematic representation of a cone-shaped (3,4,5)-nG;-X
monodendron fragment with the aromatic rings toward the apex (dark) and
the aliphatic chains (light) distributed at the broad end (« is the molecular
solid angle); b) same representation for a smaller a due to a larger aromatic
volume; c) self-assembled spherical supramolecular dendrimer with an
aromatic core of radius r and an aliphatic sheath of thickness s; d) and
e) supramolecular dendrimers self-assembled from long, narrow and short,
wide monodendrons, respectively.

although some controversy remains about the exact micellar
shape.['%]

The side length of the cubic unit cell is in the 6 -9 nm range
and each unit cell contains of the order of a hundred
molecules or molecular residues of (3,4,5)>-12G,-COOH
(Table 2). In our cubic liquid crystal, the spherical object or
aggregate is regarded as a supramolecular dendrimer.[*! Since
the structure is a liquid crystal, individual molecules have no
preferred position in the cell and there is no Bragg diffraction
in the wide-angle region. Regarding the disordered melt that

1260
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Figure 2. Packing of the schematic spherical supramolecular dendrimers
(Figure 1c) on the Pm3n cubic lattice. Small spheres represent aromatic
regions. The overlapping outer spheres represent aliphatic regions, which,
in reality, form a continuum.

exists at temperatures above the range of the cubic phase,
there is strong diffuse scattering close to the position of
the most prominent cubic reflections. This indicates that
similar spherical clusters or supramolecular objects persist
into the melt proper, but with only a short-range stacking
order.

Molecular taper angle and the size of spherical supramolec-
ular dendrimers: It is instructive to consider the variation in
the number of molecules per sphere for different monoden-
dritic species in Table 2.'1 Surprisingly, while there are
21 monodendrons of (3,4,5)*>-12G,-CO(OCH,CH,);OH in a
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Table 2. Structural characterisation of the Pm3n cubic phase obtained from various (3,4,5)-nG-X monodendrons.

density fal al®! number of molecules  uI  number of 3,4,5-G, monodendron
Pao-c [gem~3] [%] [nm] [£0.04] per unit cell fragment per supramolecular sphere

1 3,4,5-12G,-COONa 1.03 15.8 6.38 230 28 28

2 3,4,5-12G,-COOCs 1.02 17.5 6.8014! 273 34 34

3 (3,4,5)*-12G,-COOH 0.99 18.0 6.83 92 12 35

4 (3,4,5)*-12G;-COOH 0.99 19.0 7.92 47 6 54

5 (3,4,5)*-12G,-CO(OCH,CH,);OH 1.01 22.4 8.35 167 21 63

6 3,4,5-12G,-CO0OCs 1.02 17.5 6.8014 273 34 34

7 3,4,5-14G,-COOCs 1.03 15.4 7.0214 264 33 33

8 3,4,5-16G,-COOCs 1.03 13.7 7.33M4 269 34 34

[a] f=aromatic volume fraction from molecular model, including polar groups and cations. [b] a = cubic lattice parameter. [c] # = number of monodendrons

per supramolecular sphere. [d] Obtained at 168 °C.

supramolecular sphere, there are only 12 monodendrons on
average in a supramolecular dendrimer generated from
(3,4,5)%-12G,-COOH. This is the main reason for the larger
cell volume of (3,4,5)>12G,-CO(OCH,CH,);OH (by 83 %)
compared with that of (3,4,5)*-12G,-COOH ((8.35/6.83)*=
1.83, see Table 2). Our proposed explanation for the increased
number of molecules per sphere is illustrated in Figures 3b
and d, which represent schematically, in two dimensions, the

Figure 3. Schematic representation of (3,4,5)-12G,-X monodendrons: a) a
fragment of a (3,4,5)3-12G5-X monodendron with the fragment solid angle
o (dashed lines). The larger solid angle of an isolated (3,4,5)*-12G,-X
molecule is indicated by thin solid lines; b) a spherical supramolecular
dendrimer obtained from (3,4,5)?-12G,-X; c) the increase in the number of
(3,4,5)*-12G, monodendrons per sphere self-assembled from (3,4,5)3-12G5-
X; d) a sphere self-assembled from (3,4,5)*12G,-CO(OCH,CH,);0H (the
grey circle represents the ethyleneoxide core); e) a sphere self-assembled
from 3,4,5-nG,-COOM (the black dots represent cations).

Chem. Eur. J. 2000, 6, No. 7
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spheres of (3,4,5)>-12G,-COOH and (3,4,5)%-12G,-CO(OCH,.
CH,);OH. The overall taper, or solid angle of a (3,4,5)*12G,-
CO(OCH,CH,);OH monodendron is less than that of a
(3,4,5)>-12G,-COOH monodendron because the distance
between the broad end and the thin end (apex) of the
molecule is extended by the inclusion of the tri(ethyleneoxide)
chain (part of the shaded circle in Figure 3d). Therefore, a
larger number (u) of (3,4,5)*-12G,-CO(OCH,CH,);0H mono-
dendron molecules is required to complete a sphere. In other
words, if a is the solid angle of the wedge-shaped molecule,
then ideally Equation (1) will apply.

#:; 1)

At first sight, it may be similarly surprising to find that on
moving from (3,4,5)%-12G,-X to (3,4,5)*-12G;-X the unit cell
volume increases by a factor of 1.56 [(7.92/6.83)°] and the
number of monodendron molecules per sphere, ¢, decreases
only to one half (from 12 to 6) rather than to one third (that is,
to 4) (Table2). A (3,4,5)3-12G5;-X monodendron consists
essentially of three (3,4,5)*-12G, residues (fragments) plus
only one additional tri(methyleneoxy)phenyl group (Fig-
ure 3¢ and Scheme 1) and it has a van der Waals volume
3.04 times that of three (3,4,5)*12G,-X molecules. One might
therefore expect that the number of molecules per sphere for
(3,4,5)>12G,-X and (3,4,5)>-12G5-X would be in the ratio 3:1
and not 2:1 as observed. The discrepancy can again be
explained by the difference in molecular taper of a (3,4,5)-
12G,-X unit. The additional benzene ring reduces the solid
angle a subtended by one third of the (3,4,5)*12G;-X
dendron compared with that subtended by one free molecule
of (3,4,5)>-12G,-X (Figure 3a). Consequently, since « is small-
er for a (3,4,5)>-12G,-X residue in (3,4,5)3-12G;-X than in the
free (3,4,5)%-12G,-X molecule, the number of such residues
per sphere is higher in the former. If this number was as high
in the latter case as in the former, that is, 18, this would have
left a vacancy in the centre of a (3,4,5)?-12G,-X based sphere.
In the case of (3,4,5)*-12G;-X, this vacancy is filled by the
extra tri(methyleneoxy)phenyl groups, while in the case of
(3,4,5)*-12G,-CO(OCH,CH,);OH it is filled by the tri(ethy-
leneoxide) chains (Figure 3d). Thus a relatively minor addi-
tion of matter at the apex of the residue leads to a pronounced
increase in the number of (3,4,5)%-12G, residues per sphere
and hence in a large increase in the volume of a sphere and of
the unit cell as a whole.
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In view of the effect of the monodendron generation
number on the sphere size, it would be of interest to include
the 3,4,5-12G;-X dendrons in this study. As it happens, 3.4,5-
nG-COOH compounds do not show any liquid crystal phase,
either columnar or cubic (Table 1). However, salts of such
acids, 3,4,5-nG;-COOM (where M is an alkali metal), are
liquid crystalline over a wide temperature range. A compre-
hensive account of their phase behaviour will be given
elsewhere. Here we only present a few examples, which allow
us to draw more general conclusions about the role of the
taper angle, a, on phase type and aggregate size.

At high temperatures, most 3,4,5-nG;-COOM salts with M*
larger than Li* display the Pm3n cubic phase. It is interesting
to compare two different salts with the same alkyl chain
length but with cations of different diameters, 3,4,5-nG;-
COOC:s and 3,4,5-nG;-COONa. Since the cations are located
near the centre of the sphere (Figure 3e), although the change
from Na' to Cs* increases the total volume of a 3,4,5-nG;-
COOM pair by only 1.7%, the total volume of the sphere,
a’/8, increases by 21% [(6.80/6.38)°=1.21, Table 2]. This
amplifying effect on sphere size, through incorporation of
additional molecules to compensate for reduced effective
taper, parallels the effect of incorporation of tri(ethylene-
oxide) groups in (3,4,5)*-12G,-CO(OCH,CH,);OH or of the
additional tri(methyleneoxy)phenyl group at the apex of a
higher generation monodendron.

In Table 2, geometric parameters of the Pm3n phase are
summarised for selected salts, alongside those for higher
generation dendrons. In the top part of Table 2 (entries 1-5),
compounds with dodecyloxy chains are listed in the ascending
order of “aromatic volume fraction”, f, that is, that fraction of
the van der Waals volume occupied by all but the alkyl part of
the molecule. It is instructive to note the good correlation
between the value of f and the cubic lattice parameter a and,
accordingly, the volume per sphere. The number of molecules
per unit cell is calculated using known densities.! To assist
comparison between different compounds, the last column in
Table 2 lists the number of 3,4,5-12G,; monodendron frag-
ments per supramolecular sphere. This number can be
interpreted geometrically as the number of cones or pyramids
in one sphere and it is inversely proportional to the solid angle
of the cone «a. In Figures 1a and b, such elementary cones are
sketched and they show the division into an “aromatic” (dark)
and an “aliphatic” (light) region for two different values of f.
It is clear that if the length of the aliphatic region s is kept
constant, the cone angle a decreases with increasing f, with the
consequential increase in the number of cones per sphere and
hence an increase in sphere volume (Figures 1d, e). A simple
geometrical relationship between f and the cell volume can
therefore be found as follows. If a supramolecular dendrimer
with a volume V =a%8 is assumed to be a sphere of radius R
(Figure 1c), the “aromatic” region forms an inner sphere of
radius r and volume v, with R —r=s and v/V=(r/R)*=f. If s is
a constant, then Equation (2) applies.

3\1/3 3 A\
—R_r=(= yis sy (22 ) (g
N r <4n> V2= <4n 8) A=

a/ 3\ @)
Y —s(1— f13)1
2 <4n> (=77
1262 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

In Figure 4, the experimental values (a/2)(3/4m)” are
plotted against (1 — f1?)~L The slope of the least squares line
through the origin gives s as 0.97 nm. This average length of a
dodecyl chain in the Pm3n phase should be compared with the
extended chain length of 1.62 nm (measured from the centre

4 —
a(3/4an)"®/2 = 0.97(1-F")"
3 4
£ .
5 | |
f'\_g 2T [ ]
=
A
2}
©
1 4
0 t t |
0 1 2 3

(1-F2y?
a/3\1/3
Figure 4. Plot of §<4—> versus s(1—f")"! for 3,4,5-12G,-COONa,
7
3,4,5-12G,-COOCs, (3,4,5)>12G,-COOH, (3,4,5)-12G;-COOH  and

(3,4,5)>-12G,-CO(OCH,CH,);0OH. The line represents the best fit to
Equation (2).

of the O-C bond in O(CH,);,H and it includes the van der -
Waals radius of the terminal hydrogen). A higher than
equilibrium concentration of nonplanar rotamers is required
for chain shortening of this magnitude and hence a consid-
erable degree of interdigitation must exist between chains
from neighbouring spheres.

In the bottom part of Table 2, data are listed for the Pm3n
phase of three cesium salts with different chain lengths: 3,4,5-
nG;-COOCs, n =12, 14 and 16. Measurements were made at
the same temperature. In contrast to the comparisons above,
where the different compounds all had the same terminal
chains, here the increase in unit cell volume with increasing n
can be accounted for purely by the increase in the aliphatic
part of the molecular volume. The number of molecules per
unit cell and hence per sphere remains constant within
experimental error. Also, f decreases with increasing n, while
the cone angle a remains the same. Nevertheless, the average
radial length of the alkyl group increases by less than 0.2 nm
as dodecyl chains are extended to hexadecyl. By comparison,
the difference between extended chain lengths is 0.5 nm. The
observed behaviour is not unexpected since R (Figure 1c)
should increase approximately as n'3. An increase in the chain
length therefore leads to an increase in average conforma-
tional disorder in the cubic phase. A similar argument applies
also to the columnar phase,! with a less pronounced effect on
conformational disorder.

Thermally induced column-sphere transition and negative
thermal expansion of the lattice: Crystals of carboxylate salts
3,4,5-nG;-COOM do not melt directly into the cubic liquid
crystal phase but, on heating, pass first through the hexagonal
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columnar phase comprised of cylindrical self-assemblies with
cations clustered around the column axis. Columnar orga-
nisation of the salts is consistent with the now well-established
principle that these monodendritic molecules fit into a flat
slice-shaped volume, capable of assembly into infinite col-
umns.? 3 The transition into the Pm3n cubic phase takes place
in most studied salts at a higher temperature. This phase
behaviour is illustrated in Figure 5, which shows a series of
small-angle X-ray diffractograms of 3,4,5-16G;-COOCs re-
corded during heating from the hexagonal to the Pm3n cubic
phase. The columnar - cubic transition is thermoreversible.

An important clue for the understanding of this phase
transition in 3,4,5-nG,;-COOM salts is the very pronounced
temperature dependence of the hexagonal columnar lattice
parameter; this can be seen in Figure 5 as a large continuous
shift in the position of columnar reflections. As the temper-
ature increases, the lattice parameter a decreases, that is, the
columns become thinner. We interpret this reduction in
column width as a decrease in the number of molecules per
column cross section. In other words, as the temperature
increases, redundant molecules leave their columns and
assemble to constitute new columns, which lock into the
existing lattice.

The suggestion that molecules are shed by their columns as
the temperature increases is strongly supported by the fact
that the unit cell parameter of the cubic lattice also decreases
with increasing temperature. While in the columnar case an
alternative explanation could be proposed, whereby columns
compensate for their lateral shrinkage by extending longi-
tudinally, rejection of surplus molecules is the only mecha-
nism available for reducing the size of spheres in the cubic
lattice, since shrinkage is isotropic. In Figure 6, we compare
the temperature dependencies of unit cell parameters for both
the two-dimensional hexagonal columnar and the three-
dimensional cubic lattices for the three cesium salts 3,4,5-
nG-COOC:s with different chain lengths, that is, with n =14,

10
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Figure 6. Temperature dependencies of the unit cell parameter a for the
two-dimensional hexagonal columnar lattice (empty symbols) and of a/2
for the three-dimensional cubic lattice (shaded symbols) for cesium salts
3,4,5-12G,-COOCs (o), 3.4,5-14G,-COOCs (o) and 3.4,5-16G,-COOCs
().

16 and 18. Thermal contraction is observed for both columnar
and cubic lattices for all three salts. Between its lower and
upper temperature limits of existence, the columnar lattice of
3,4,5-16G;-COOC:s contracts by 10 % linearly, or 20 % in unit
cell area. This means that there is a net decrease by one fifth in
the number of 3,4,5-16G;-COOCs molecules per column.
Here we neglect the change in molar volume and assume
constant intermolecular separation along the column axis. In
the case of the cubic phase of 3,4,5-16G,;-COOCs, lattice
shrinkage is even more striking with one fifth of the molecules
cast off by the spheres (20%
volume shrinkage) within a
temperature range of only
30°C.

The above results of course
do not imply macroscopic
shrinkage. In fact, a modest
bulk thermal expansion is most
likely. The stated estimates of
the fraction of expelled mole-
cules would have been some-
what higher had a correction
for macroscopic expansion
been made.

We propose that the reason
that fewer molecules are re-
tained by a spherical aggregate
or a column at higher temper-

200 ‘ =\
0.116 I 0.;0 | 0.;4 “ 0.;8 “ 0.;52 | 0.136

q (A"

Figure 5. Series of small-angle powder diffractograms of 3,4,5-16G,-COOCs recorded as a function of
temperature. Heating rate is 5°Cmin~". hk and Akl indices for the columnar and cubic diffraction peaks are

marked.
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atures is increased conforma-
tional disorder of the alkyl
chains. As the temperature in-
creases, a higher proportion of
chains are bent as a result of the
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increasing population of gauche conformers. This means that,
on average, the chains shrink longitudinally and expand
laterally and thus the molecular taper angle, a, is increased.
Above a critical value of a, the transition from columnar to
spherical aggregates takes place. Figure 7 illustrates schemati-
cally three stages of the self-assembly of 3,4,5-nG,;-COOM
salts, with temperature and o increasing from Figure 7a
through to 7c. The cylindrical and spherical cores represent

-4— temperature

Figure 7. Schematic representation of the thermally induced shrinkage and
conversion of a cylindrical into a spherical supramolecular dendrimer due
to the increasing population of gauche conformers in the peripheral
aliphatic chains.

the aromatic regions including the cations, while the tethered
chains are represented by solid lines. Figures7a and b
represent a column section at a lower and a higher temper-
ature, respectively. The column cross section in Figure 7b
contains fewer segments and is thus smaller. Figure 7c shows a
supramolecular sphere above the columnar - cubic transition
temperature. If the temperature is increased further, the
conical monodendrons become shorter and wider. Hence a
decreasing number can be accommodated in a sphere and this
leads to their shrinkage (Figure 1d and e).

Conclusion

In this report, we have demonstrated two principal ways of
affecting the packing of tapered monodendritic molecules in
supramolecular dendrimers, which self-organise to form
thermotropic columnar and cubic liquid crystals: a) by
changing the width of the wide (aliphatic) end, and b) by
changing the volume at the apex (narrow end) of the
molecules. The single most important parameter which
determines the shape and size of the supramolecular den-
drimer is the molecular taper angle a. In the first instance, this
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geometrical characteristic determines whether such molecules
will self-assemble into spherical or columnar objects. Fur-
thermore, it also controls the equilibrium size of these objects.
The steric parameters of the monodendron can be controlled
by both chemical design and temperature. The strong,
negative thermal expansion coefficient of the cubic and
columnar lattice is attributed to the excess of the increasingly
tapered molecules being rejected from their parent aggregates
and reassembling into new ones. An equilibrium object or
aggregate size is thus maintained. Increasing taper angle is
also considered to be responsible for the observed thermo-
tropic columnar - cubic transition. We have recently observed
new phases and more complex phase sequences in related
systems and current investigations are revealing new relation-
ships between molecular and mesophase structure.

Experimental Section

Materials: THF (Fisher, A.C.S. reagent) was refluxed over sodium/
benzophenone ketyl and freshly distilled before use. CH,Cl, (Fisher,
A.C.S. reagent) was refluxed over CaH, and freshly distilled before use.
Benzene (Fisher, A.C.S. reagent) was shaken with concentrated H,SO,,
washed twice with water, dried over MgSO, and finally distilled over CaH,
or sodium/benzophenone ketyl, respectively. Ethanol (EtOH), dimethyl-
formamide (DMF) and K,CO; (all Fisher, A.C.S. reagents) were used as
received. LiAlH, (954 %), NaH (80% dispersion in oil) and 3.4,5-
trihydroxybenzoic acid (97 %) (all from Aldrich) were used as received.
The compounds 1-bromododecane (98 + %), 1-bromotetradecane (97 %)
and 1-bromohexadecane (98 %) (all from Lancaster) were used as received.
Dimethylaminopyridine (DMAP) (99%), p-toluene sulfonyl chloride
(TsCl) (98%) and tetrabutylammonium hydrogen sulfate (TBAH)
(97 %) (all from Aldrich) were used as received.

General methods: '"H NMR (200 MHz) and C NMR (50 MHz) spectra
were recorded on a Varian Gemini 200 spectrometer. CDCl; was used as a
solvent and TMS as an internal standard unless otherwise noted. Chemical
shifts are reported as 0 (ppm). The purity of products was determined by a
combination of techniques that include thin-layer chromatography (TLC)
on silica gel plates (Kodak) with fluorescent indicator and high-pressure
liquid chromatography (HPLC). HPLC measurements were carried out by
using a Perkin-Elmer Series 10 high-pressure liquid chromatograph
equipped with an LC100 column oven, a Nelson Analytical 900 Series
integrator data station and two Perkin-Elmer PL gel columns of 5 x 10? and
1x10* A. THF was used as a solvent at the oven temperature of 40°C.
Detection was by UV absorbance at 254 nm. Weight average (M,,) and
number average (M,) molecular weights were determined with the same
instrument and a calibration plot constructed from polystyrene standards.
Thermal transitions of samples that were freeze-dried from benzene were
measured on a Perkin Elmer DSC7 differential scanning calorimeter
(DSQ). In all cases, the heating and cooling rates were 10°Cmin~! unless
otherwise noted. First-order transition temperatures were reported as the
maxima and minima of their endothermic and exothermic peaks. Glass-
transition temperatures (7,) were read at the point half way through the
change in heat capacity. Indium and zinc were used as calibration standards.
An Olympus BX40 optical) polarised microscope (100x magnification)
equipped with a Mettler FP82 hot stage and a Mettler FP80 central
processor was used to verify thermal transitions and characterise aniso-
tropic textures.

In-house X-ray diffraction experiments were performed using an Image
Plate area detector (MAR Research) with a graphite-monochromatised
pinhole-collimated Cug, beam and a helium tent. Experiments were also
performed at several small-angle stations of the Synchotron Radiation
Source at Daresbury (UK). A double-focused beam and a quadrant
detector were used. In both cases, the sample was held in a capillary within
a custom-built temperature cell controlled to within +0.1°C. Capillaries of
the dried carboxylate salts were sealed under nitrogen. Densities, p, were
determined by flotation in glycerol/H,O or glycerol/MeOH. Molecular
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modelling was done on a Silicon Graphics workstation using Macro-
model. The analysis of the hexagonal columnar® and Pm3n cubic
lattices!?) by X-ray diffraction was carried out as described in previous
publications.

Synthesis: Compounds 3,4,5-nG;-COOH with n = 12,1> 121 14061 and 16[°) and
(3,4,5)-12G,-COOH, " with i=2, 3 and 4 were synthesised as reported
previously.

General procedure for the synthesis of 3,4,5-nG,-COOM, in which M = Na,
Cs: In a 125 mL round-bottom flask equipped with a magnetic stirrer and
condenser, 3,4,5-nG;-COOCH; (0.005 mol) was dissolved in ethanol
(80 mL, 90%) at reflux temperature. Subsequently, alkaline hydroxide
(MOH) (0.025 mol) was added and the mixture was stirred under reflux for
8 h. The reaction mixture was cooled to 20°C and the crystalline product
was filtered under vacuum. The resulting salt was recrystallised four times
from ethanol (90 %) and dried under vacuum at 20°C.

Nal3,4,5-tris(n-dodecane-1-yloxy)benzoate] (3,4,5-12G;-COONa): Start-
ing from 34,5-12G,-COOCH; (3.44¢g, 0.005mol) and NaOH (1¢g,
0.025 mol), 3,4,5-12G,-COONa (2.43 g, yield 71.2 %) was obtained. Purity
(HPLC) 99+ %.'HNMR (200 MHz, CDCl;, TMS): 6 =0.89 (t,J = 6.2 Hz,
9H; CH;), 1.1-1.7 (overlapped, 60H; CH;(CH,),), 3.65 (m, 4H; 3,5-
CH,OPh), 3.79 (t, 2H; 4-CH,OPh), 6.9 (s, 2H; Ar); *C NMR (50 MHz,
CDCl;, TMS): 6 =14.2 (CH3), 22.7 (CH;CH,), 25.8 (CH,CH,OPh), 28.9—
30.1 (CH,), 319 (CH;CH,CH,), 69.5 (CH,OPh), 108.4 (2,6-Ar), 131.5
(1-Ar), 135.2 (5-Ar), 154.1 (3,5-Ar), 176.4 (COO").

Cs[3,4,5-tris(n-dodecane-1-yloxy)benzoate] (3,4,5-12G,-COOCs): Starting
from 3,4,5-12G,-COOCH; (3.44¢, 0.005mol) and CsOH (3.75¢,
0.025 mol), 3,4,5-12G,-COOCs (2.98 g, yield 73.9%) was obtained. Purity
(HPLC) 99 + %. 'H NMR (200 MHz, CDCl;, TMS): 6 = 0.89 (t,/ = 6.4 Hz,
9H; CH;), 1.2-1.8 (overlapped, 60H; CH;(CH,),), 3.64 (m, 4H; 3,5-
CH,OPh), 3.78 (t, 2H; 4-CH,OPh), 6.92 (s, 2H; Ar); 3C NMR (50 MHz,
CDCl;, TMS): 6 =14.2 (CH,), 22.6 (CH;CH,), 25.6 (CH,CH,OPh), 28.9—
30.0 (CH,), 31.8 (CH;CH,CH,), 69.4 (CH,OPh), 1083 (2,6-Ar), 131.9
(1-Ar), 135.0 (5-Ar), 154.0 (3,5-Ar), 176.8 (COO").

Cs[3,4,5-tris(n-tetradecane-1-yloxy)benzoate] (3,4,5-14G-COOCs): Start-
ing from 3,4,5-14G,-COOCH; (3.86 g, 0.005mol) and CsOH (3.75 g,
0.025 mol), 3,4,5-14G,-COOCs (3.33 g, yield 83.5%) was obtained. Purity
(HPLC) 99+ %.'HNMR (200 MHz, CDCl;, TMS): 6 =0.88 (t,J = 6.5 Hz,
9H; CH;), 1.2-1.7 (overlapped, 66 H; CH;(CH,);), 3.62 (m, 4H; 3,5-
CH,OPh), 3.76 (t, 2H; 4-CH,OPh), 6.90 (s, 2H; Ar); *C NMR (50 MHz,
CDCl;, TMS): 6 =14.1 (CH;), 22.5 (CH;CH,), 25.5 (CH,CH,OPh), 28.8—
304 (CH,), 31.6 (CH;CH,CH,), 69.6 (CH,OPh), 1085 (2,6-Ar), 131.8
(1-Ar), 135.1 (5-Ar), 154.2 (3,5-Ar), 176.5 (COO™).

Cs[3,4,5-tris(n-hexadecane-1-yloxy)benzoate] (3,4,5-16G,-COOCs): Start-
ing from 3,4,5-16G,-COOCH; (4.28 g, 0.005mol) and CsOH (3.75¢g,
0.025 mol), 3,4,5-16G,-COOCs (3.8 g, yield 78.1 %) was obtained. Purity
(HPLC) 99 + %. 'H NMR (200 MHz, CDCl,, TMS): 6 =0.89 (t,/ = 6.6 Hz,
9H; CH;), 1.1-1.8 (overlapped, 78H; CH;(CH,)3), 3.60 (m, 4H; 3,5-
CH,OPh), 3.73 (t, 2H; 4-CH,0Ph), 6.92 (s, 2H; Ar); *C NMR (50 MHz,
CDCL, TMS): 6 =14.1 (CH,); 22.4 (CH,CH,), 25.3 (CH,CH,OPh), 28.7—
30.6 (CH,), 31.5 (CH;CH,CH,), 69.7 (CH,OPh), 108.6 (2,6-Ar), 131.5
(1-Ar), 135.4 (5-Ar), 154.3 (3,5-Ar), 176.8 (COO").

Triethyleneglycol[3,4,5-tris{3',4',5'-tris(n-dodecane-1-yloxy)benzyloxy}
benzoate] [(3,4,5)*12G,-CO(OCH,CH,);OH]: The compounds (3,4,5)*-
12G,-COOHM™ (4.60 g, 2.2 mmol), triethyleneglycol (4.0 g, 0.05mol),
TBAH (0.15 g, 0.45 mmol), DMAP (0.15 g, 1.23 mmol) and K,CO; (1.5 g,
10.8 mmol) in THF (50 mL) were added to a round-bottomed flask. The
mixture was stirred at 45°C for 16 h. The reaction was cooled at 20°C,
poured into ice water, acidified with dilute HCI and the precipitate was
filtered. The product was purified by repeated precipitations from solution
in THF into water and finally by column chromatography (silica gel,
CHCIL) to obtain a white solid (2.42 g, yield 50%). Purity (HPLC) 99%.
'"H NMR (200 MHz, CDCl;, TMS): 6 =0.89 (t, 27H; CH;), 1.24 (over-
lapped, 162H; (CH,),), 1.76 (overlapped, 18 H; CH,CH,OPh), 3.62 (t,2H;
CH,0H), 3.68 (s, 6H; OCH,CH,0), 3.82 (t, 2H; CH,CH,0,C), 3.92
(overlapped, 18H; CH,OPh), 4.47 (t, 2H; CH,0,C), 5.04 (s, 6H;
PhCH,0OPhCQO,), 6.58 (s, 2H; C;H,CH,0), 6.62 (s, 4H; C;H,CH,0), 742
(s, 2H; C4H,CO,).
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