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Chiral ferrocenes as novel rotary modules for molecular
machines

Kazushi Kinbara,* Takahiro Muraoka and Takuzo Aida*

Ferrocene, a double-decker organometallic compound that generates
angular motion, can be used as a unique rotary module for molecular
machines.
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PERSPECTIVE

1877

Modulating the electronic properties of porphyrinoids:
a voyage from the violet to the infrared regions of the
electromagnetic spectrum

Yannick Rio, M. Salomé Rodriguez-Morgade* and
Tomas Torres*

The accomplishments achieved so far in the porphyrinoid area relating
to the absorption wavelengths of its different members, and the
possibility of preparing novel systems with different colour properties
and, consequently, new emerging applications, are discussed.

COMMUNICATIONS

1895
Epigenetic remodeling of the fungal secondary metabolome

Russell B. Williams, Jon C. Henrikson, Ashley R. Hoover,
Andrlynn E. Lee and Robert H. Cichewicz*

Fungi treated with DNA methyltransferase and histone deacetylase
inhibitors exhibit natural product profiles with enhanced chemical
diversity demonstrating that small-molecule epigenetic modifiers are
effective tools for rationally controlling the native expression of fungal
biosynthetic pathways and generating new biomolecules.
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1898

Phenylenediamine catalysis of “click glycosylations” in
water: practical and direct access to unprotected
neoglycoconjugates

Aurélie Baron, Yves Blériot, Matthieu Sollogoub and
Boris Vauzeilles*

Phenylenediamine-catalyzed click chemistry leads to the efficient,
practical, and column-free preparation of neoglycoconjugates from
unprotected glucosyl azide, in pure water when aglycon solubility
permits.
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1902

Regio- and stereocontrolled synthesis of novel
3-sulfonamido-2,3,4,5-tetrahydro-1,5-benzothiazepines
from 2-(bromomethyl)- or 2-(sulfonyloxymethyl)aziridines

Michinori Karikomi, Matthias D’hooghe, Guido Verniest
and Norbert De Kimpe*

A highly efficient regio- and stereocontrolled synthesis of
3-sulfonamido-2,3.4,5-tetrahydro-1,5-benzothiazepines has been
accomplished starting from easily accessible aziridine substrates.
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1905

Dendronised block copolymers as potential vectors for gene
transfection

Tony J. Wigglesworth, Francisco Teixeira Jr., Fabian
Axthelm, Sara Eisler, Noemi S. Csaba, Hans P. Merkle,
Wolfgang Meier and Frangois Diederich*

The modular synthesis of block copolymers bearing a dendronised ’ S
cationic block for DNA complexation and a poly(ethylene glycol) block 40 - 240 nm
for encapsulation of the complex is reported. These materials strongly
complex DNA and spontaneously form polyion complex micelles in the HaN NH,
: +
presence of plasmid DNA.

1912

Identification of a novel p-replacement reaction in the
biosynthesis of 2,3-diaminobutyric acid in
peptidylnucleoside mureidomycin A

HO Streptomyces HoN
Wai-Ho Lam, Kathrin Rychli and Timothy D. H. Bugg* I flavidovirens
A pyridoxal 5'-phosphate dependent enzyme activity has been identified, HoN COy PLP, NH3 HoN CO,
that is responsible for conversion of L-threonine and ammonia into ) 2 ) 2 _
2,3-diaminobutyric acid in Streptomyces flavidovirens. L-Thr 2,3-diaminobutyric acid
1918

Nonenzymic polycyclisation of analogues of oxidosqualene
with a preformed C-ring

Johan M. Winne, Pierre J. De Clercq,* Marco Milanesio,
Philip Pattison and Davide Viterbo

Cationic polycyclisations of partially constrained epoxypolyenes are
reported, aspects of which bear interesting analogies with their
biosynthetic counterparts involved in sterol formation.

1926

Manipulation of an intramolecular NH - - - O hydrogen
bond by photoswitching between stable E/ Z isomers of the
cinnamate framework

Takashi Matsuhira, Hitoshi Yamamoto,*
Taka-aki Okamura and Norikazu Ueyama

An intramolecular NH - - - O hydrogen bond was switched by £/Z
photoisomerization of the cinnamate framework; the pK, value of the
carboxylic acid was decreased by using 313 nm photoirradiation.

Hydrogen Bonded

This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 1859-1870 | 1863
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1934

q °‘°~<; E Carbon-rich molecules: synthesis and isolation of
q aryl/heteroaryl terminal bis(butadiynes) (HC=C-C=
w o NPPSaae aa vy C-Ar-C=C-C=CH) and their applications in the synthesis
) o8 4 of oligo(arylenebutadiynylene) molecular wires

Kara West, Changsheng Wang, Andrei S. Batsanov and
Martin R. Bryce*

Terminal aryl/heteroaryl bis(butadiynes) (HC-C=C-C=C-Ar-C=
C-C=CH) have been isolated and exploited in the synthesis of
H=—=A, == highly-conjugated oligo(arylenebutadiynylene)s.

1938

A new approach to anodic substitution reaction using
acoustic emulsification

Nucleophile phase
(without electrolyte) Electro-inactive droplet

Acoustic

emulsification [T\

»)

Ryosuke Asami, Toshio Fuchigami and Mahito Atobe*

Anodic oxidation of the substrate successfully proceeded without
affecting the oxidation of nucleophile and the carbocation generated was
rapidly trapped by the coexisting electro-inactive nucleophile droplets
Emuirion Emubsion before its decomposition.

Electrolytic medium

| Electon transter / —_— "Nu%p| 3 Sub: Substrate, Nu: Nucleophile, Sub: Carbocation, P: Product,

1944

2 VPUTTITS IS 8 i o A cyclic RGD-coated peptide nanoribbon as a selective
q rﬁmwljﬁfﬁ' 3’525“5”52 intracellular nanocarrier
D

ls“‘"'“sem"'” Yong-beom Lim, Oh-Joon Kwon, Eunji Lee, Pyung-Hwan
Kim, Chae-Ok Yun and Myongsoo Lee*

A B-ribbon coated with cyclic Arg-Gly-Asp (cCRGD) can encapsulate
hydrophobic guest molecules, and deliver them into cells selectively.

1949

q Hydroindation of allenes and its application to radical
cyclization

el b A Naoki Hayashi, Yusuke Hirokawa, Ikuya Shibata,*
" nchoMe [ C on Fo .,  Makoto Yasuda and Akio Baba*
PhSiH ‘ i N o ) o ‘
;3’» / L» Hydroindation of allenes and radical cyclization of 1,2,7-trienes
(allenenes) were accomplished by HInCl, with high regioselectivity to
afford a variety of vinylic indiums which could be used for successive

coupling reactions in a one-pot procedure.

1864 | Org. Biomol. Chem., 2008, 6, 1859-1870 This journal is © The Royal Society of Chemistry 2008
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1955

Cucurbit[7]uril host—guest complexes of the histamine
H;-receptor antagonist ranitidine

Ruibing Wang and Donal H. Macartney*

The histamine H,-receptor antagonist ranitidine forms very stable
complexes with the cucurbit[7]uril molecule in aqueous solution over a
wide pH range, reducing its acidity and increasing its thermal stability.
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1961
The aerobic oxidation of alcohols with a ruthenium OH
porphyrin catalyst in organic and fluorinated solvents )\
Vasily N. Korotchenko, Kay Severin and Michel R. Gagné* Ph Ph
Under appropriate activation conditions fluorinated ruthenium 02
porphyrin complexes catalyze the aerobic oxidation of non-enolizable 0]
alcohols. Experiments to distinguish between auto-oxidation and metal
catalysis are reported. )J\

Ph Ph

catalyst
1966
~y—

Exciplex and excimer molecular probes: detection of
conformational flip in a myo-inositol chair

Manikandan Kadirvel, Biljana Arsic, Sally Freeman* and
Elena V. Bichenkova*

Green fluorescence of exciplex and excimer containing myo-inositol
orthoesters is lost upon acid-induced deprotection to give
penta-equatorial chairs with blue fluorescence. This ring flip provides an
irreversible switch for the development of acid-sensitive fluorescent
probes.

1973

Intermediates in the reduction of the antituberculosis drug
PA-824, (65)-2-nitro-6-{[4-(trifluoromethoxy)benzyl]oxy } -
6,7-dihydro-5H-imidazo|2,1-b][1,3]oxazine, in aqueous
solution

Robert F. Anderson,* Sujata S. Shinde, Andrej Maroz,
Maruta Boyd, Brian D. Palmer and William A. Denny

Stepwise reduction of the nitroimidazole moiety in aqueous solution
proceeds atypically at the imidazole ring followed by the nitro group.
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Publication date: 14 December 2007
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Price: £4990

Dynamic
Stereochemistry

of Chiral
Compounds

This book provides an overview of fundamental concepts

of asymmetric synthesis highlighting the significance of
stereochemical and stereodynamic reaction control. Topics
include kinetic resolution (KR), dynamic kinetic resolution
(DKR), dynamic kinetic asymmetric transformation (DYKAT),
and dynamic thermodynamic resolution (DTR). In-depth
discussions of asymmetric synthesis with chiral organolithium
compounds, atropisomeric biaryl synthesis, self-regeneration
of stereogenicity (SRS), chiral amplification with chiral relays
and other commonly used strategies are also provided.
Particular emphasis is given to selective introduction,
interconversion and translocation of central, axial, planar, and
helical chirality.

A systematic coverage of stereochemical principles and
stereodynamic properties of chiral compounds guides

the reader through the book and establishes a conceptual
linkage to asymmetric synthesis, interconversion of
stereoisomers, molecular devices that resemble the structure
and stereomutations of propellers, bevel gears, switches and
motors, and topologically chiral assemblies such as catenanes
and rotaxanes. Racemization and diastereomerization
reactions of numerous chiral compounds are discussed as well
as the principles, scope and compatibility of commonly used
analytical techniques.

©® More than 550 figures, schemes and tables illustrating
mechanisms of numerous asymmetric reactions and
stereomutations of chiral compounds

® Technical drawings illustrating the conceptual linkage
between macroscopic devices such as turnstiles, ratchets,
brakes, bevel gears, propellers or knots and molecular analogs

® More than 3000 references to encourage further reading and
facilitate additional literature research

® A comprehensive glossary with stereochemical definitions
and terms which facilitate understanding and reinforce
learning

This book will be of particular interest to advanced
undergraduates, graduates and professionals working and
researching in the fields of synthetic organic chemistry and
stereochemistry.

030804

www.rsc.org/books
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1981

A stereodivergent synthesis of f-hydroxy-o-methylene
lactones via vinyl epoxides

Marion Davoust, Frédéric Cantagrel, Patrick Metzner* and
Jean-Frangois Bric¢re*

The sulfonium ylide epoxidation of aldehydes furnished novel vinyl
epoxides, which served as useful building blocks for a stereodivergent
route towards f-hydroxy-o-methylene lactones. A formal synthesis of the
antibiotic conocandin, displaying this vinyl oxirane motif, is also
described.
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1994

Novel polyoxazole-based cyclopeptides from Streptomyces
sp. Total synthesis of the cyclopeptide YM-216391 and
synthetic studies towards telomestatin

Jon Deeley, Anna Bertram and Gerald Pattenden*

Synthetic approaches to the contiguously linked poly-azole units and to
the macrocycles in telomestatin and YM-216391 are described. The
synthetic cyclopeptide YM-216391 is shown to be the enantiomer of the
natural product isolated from Streptomyces nobilis.

YM-216391 Telomestatin

2011
An enantioselective approach to (+)-laurencin
Vikrant A. Adsool and Sunil V. Pansare*

A concise enantioselective synthesis of an advanced intermediate for the
marine natural product (+)-laurencin is described. Ring-opening of an
ephedrine-derived spiro-epoxide, hemiacetal allylation and ring closing

\N/'\rPh o,
PO __/
= N

(e}
metathesis are the key steps in the synthesis. Oéj\[( O _S~ Ac0>\_/—
] H
~OPMP (+)-Laurencin
MOLECULAR BIOSYSTEMS
%,
Molecular %:
It’s official, Molecular BioSystems has separated from host journal, l?‘qsyStems

Chemical Communications, and is now a fully fledged solo publication.
Its availability since launch to readers of Chemical Communications and
the online hosts, Organic & Biomolecular Chemistry, Lab on a Chip, The
Analyst and Analytical Abstracts has ensured that Molecular BioSystems
received a large and interdisciplinary audience from the outset.

Organic & Biomolecular Chemistry readers wishing to continue to read
Molecular BioSystems now need to recommend the journal to their
librarian. Fill in the online recommendation form at
www.rsc.org/libraryrecommendation

== [N
www.molecularbiosystems.org
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European researchers have sparked
debate by claiming that cell nuclei
could contain liquid crystals.

The hypothesis is supported by
experiments revealing that DNA
transcription is possible in such
environments, says the team from
the UK and Germany.

George Attard from the University
of Southampton, UK, and colleagues
have shown that DNA can be
transcribed into RNA within a
liquid crystalline phase formed
by phospholipids. Moreover, they
found thatisolated cell nuclei
exhibit an optical property known as
birefringence that is characteristic
of liquid crystals. The researchers
say that together these results ‘raise
the possibility that lipids might form
organised structures in the nucleus
invivo.’

Attard says his research is ‘off the
wall’, and adds that mainstream
researchers are reluctant to accept
his views. Indeed, Roel van Driel, an
expert in nuclear organisation from
the University of Amsterdam, the

role in airway disease

The protein detective

©The Royal Society of Chemistry 2008

Plastic coats wrap up gene delivery
Polymeric lipids ensure DNA vectors meet their targets

Radical proposal for nitrate link to asthma
Reaction between atmospheric species could explain their

Interview: Kathryn Lilley warns how curry and beer could be
the downfall of biomarkers

Communicating with nature
Instant insight: Bacteria have invented a potentially global
language - quorum sensing. Kim Janda translates

Potential phospholipid orderingin cell nuclei causes debate

Liquid crystalsinall of us

Birefringence suggests
that phospholipids may
form ordered structures
inside the cell nucleus

Netherlands, is not convinced. He
points out that Attard’s group freeze-
dried the studied nuclei, which

will have caused major structural
rearrangements. Therefore there is
no evidence thatliving nuclei show
birefringence, he says. Attard accepts
this, but adds: ‘We have x-ray data
from non-freeze-dried nuclei which

are consistent with long-range
ordering.’

Van Driel also says that for living
nuclei to show birefringence,
chromatin - a complex of DNA and
proteins - would have to be ordered
on the length scale of the nucleus,
which itis not. Attard counters that
chromatin could adopt any degree
of structural ordering, or none at all,
within a liquid crystalline phase, but
that these phases would still cause
birefringence.

Despite criticism, Attard says
thatitis ‘likely’ that nuclei are
in aliquid crystalline state. Cell
nuclei are rich in phospholipids
and these molecules are known to
self-organise into structures - for
example membranes - he explains.
Based on the intermolecular forces,
‘you would be more surprised to find
that nuclei are not liquid crystalline
rather than the reverse,’ says Attard.
Daniéle Gibney

Reference
J Corsi et al, Chem. Commun., 2008, 2307 (DOI:
10.1039/b801199k)
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Research highlights

Chemists in the US studying how
viruses enter cells say their results
could help in the search for new
antiviral medicines.

Stanford University chemists
Richard Zare and Soonwoo Chah
used cell and virus models to
investigate an early stage in viral
infection. Using lipid spheres called
vesicles as cell mimics they studied
the way the vesicles rupture after
exposure to PEPI, a helix-shaped
peptide that resembles a peptide
found in the hepatitis C virus.

Zare says that ‘it is important to
understand how viruses interact with
and break up the cell membrane.
Knowledge of the exact sequence
and duration of these steps is crucial
to developing possible strategies for
combating disease.’

When avirusinvades a cell in the
body, it fuses with the cell membrane
and releases its genetic material into
the host cell, turning into a ‘chemical
factory’ that produces more copies of

Break through study yields insights into viral mechanism

Howdoes avirushoreaholeinacell?

Peptide PEP1 (blue) lies
flat on avesicle surface
before rearranging to
form apore through the
membrane

Reference

S Chah and R N Zare, Phys.
Chem. Chem. Phys., 2008,
DOI: 10.1039/b802632g

the virus. Itis known that there is an
intermediate stage between the time a
virus merges with the cell membrane
and the time it delivers its genetic
contents into the cell. ‘During this
period, the host cell’s fate hangs in the
balance, Zare explains. Cell infection
is often irreversible once a virus has
penetrated the cell - so this stage ‘may
represent an opportunity for drug

development, suggests Zare.

Zare and Chah investigated the
intermediate stage more closely
using surface plasmon resonance
(SPR) microscopy to measure the
lipids’ optical properties. Since these
properties are different for intact
and ruptured vesicles, SPR allows
the researchers to follow the rupture
mechanism in real time. They found
that, after introducing the peptide to
the vesicles, the peptides first lie flat
on the surface then switch to cross
the membrane, forming pores. “This
attack causes the vesicles to transform
into a lipid bilayer,” says Zare.

Richard Epand, abiochemist from
McMaster University, Hamilton,
Canada, is impressed. He says that
although using a viral peptide and
not the intact virus means there
are some limitations, the work
‘could contribute significantly to
our understanding of viral fusion
processes.’

Michael Spencelayh

Peptide nanostructures that
punch holes in cancer cells are
‘the first step towards efficient
nanochemotherapeutics, say
chemists in Canada. Normand Voyer
and colleagues at the University
of Laval in Quebec have designed
aseries of modified peptide
nanostructures that can puncture
cancer cell membranes, leading to
the cells’ death.

The team explains that in the past
decade, cancer cell resistance to
chemotherapeutic agents has led to
increased cancer deaths. ‘We believe
that nanochemotherapeutics can
overcome this problem due to the
particular properties of nanometre-
sized compounds,’ says Voyer.

Basing their structures on a
membrane-disrupting peptide
they had made previously, the
researchers engineered analogues
that would be selective for cancer
cells. The engineered peptides are
inactive until they reach cancer

B42 Chemical Biology, 2008, 3, B41-B48

When cancer cells (left)
are treated with peptide
nanostructures their
cellmembranes are
destroyed (right)

Nanostructures that puncture cell membranes prove selective

Peptides provide fatal blow for cancer cells

cell surfaces where they convert
into an active cell membrane
disruption agent. Since the enzyme
that activates the peptides is over-
expressed in prostate cancer cells,
normal cells do not activate the
peptide to the same extent, leading
to the peptides’ selectivity.
Vincent Rotello, an expert in
the supramolecular chemistry of
biological and materials systems at
the University of Massachusetts,
Ambherst, US, is enthusiastic about

the findings. ‘While enzymatic
activation has been used before for
therapeutics,” he says, ‘this peptide-
based scaffold has great promise
due to the modular nature of its
construction.’ This is because the
amino acid building blocks used to
assemble the peptides can be readily
varied, which provides ‘incredible
control over the structure
and dynamics of the eventual
therapeutics,” Rotello adds.

Voyer explains that the work
‘illustrates chemists’ abilities
to design novel nanometre-
sized molecular architectures
from scratch to address highly
challenging problems.” Future
efforts will be geared towards
‘determining the mechanism
of action of this new class of
antitumour agents,” he adds.
Kathleen Too

Reference
P L Boudreault et al, Chem. Commun., 2008,
2118 (DOI: 10.1039/b800528a)
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Streptavidin

Fluorescent probes are shedding
light on bacterial infection. Bradley
Smith from the University of Notre
Dame, US, and colleagues have
made fluorescent probes that can
distinguish between different
mutants of the same bacterial
species and can be used to observe
the bacteria in vivo.

The team made the probes by
attaching the bacteria-targeting
ligand zinc(11) dipicolylamine
(Zn-DPA) to a fluorescent
nanoparticle called a quantum
dot. Zn-DPA targets bacterial cells
because it has a strong affinity
for the phospholipids in their
outer cell membranes. However,
when attached to a relatively large
quantum dot, it appears the ligand
is unable to reach the phospholipids
in some bacteria, leading to
selective binding.

Smith’s team showed that
Zn-DPA-quantum dots can stain
arough strain of Escherichia coli
intensely, but not smooth E. coli
strains or Gram-positive bacteria
—agroup of bacteria that can be
stained by crystal violet dye. They
suggest this is because Gram-
positive bacteria have thick cell
walls with pores too small to allow
the quantum dots to pass through.
Similarly, the smooth E. coli strains
are surrounded by a polysaccharide
layer which prevents the
Zn-DPA-quantum dots reaching

©The Royal Society of Chemistry 2008

Zinc (u) dipicolylamine
coated quantum dots

(left) are a selective

stain for some bacteria
such as arough strain of
Escherichia coli (vight)

Reference

W M Leevy et al, Chem.
Commun., 2008, 2331 (DOI:
10.1039/b803590c)

Nanoparticles target bacteria to illuminate infection in vivo

Probes spot the difference

Excoli

the phospholipids in the membrane
beneath.

The team says it should be
possible to exploit the probes’
selectivity in highly sensitive
multicoloured staining schemes
to identify bacterial species
and mutant strains rapidly in
contaminated samples.

The group also tested the
feasibility of using the probes
for in vivo imaging of bacterial
infection in mice. They found the
bacterial fluorescent signal to be
10-fold greater than the background
autofluorescence. But, admit the
scientists, it is only 1.5 times greater
than when bacteria are labelled
with Zn-DPA attached to an organic
fluorophore rather than a quantum
dot. The observed fluorescence is
limited because maximum tissue
penetration is achieved when
a fluorophore’s excitation and
emission wavelengths are both
between 650 and 900nm - these
quantum dots emit at §00nm but
excite below 500nm.

Smith plans to develop the
optical imaging method so that it
can be used to evaluate antibiotic
therapy in animals. ‘The challenge
is to make very bright and highly
selective near-infrared imaging
probes that also exhibit favourable
pharmacokinetics and low toxicity,’
says Smith.

Freya Mearns

Newsinbrief

This month in Chemical Science

Swellable gels fix bad backs

This month’s Instant insight sees
Brian Saunders and Tony Freemont
discuss a new approach for treating
back pain using injectable microgel
implants.

Carbon nanotubes wear coats to
deliver drugs

Polymer coated carbon nanotubes
could find a new use in drug delivery,
claim Korean scientists.

Fungi wake up to new natural
products

Re-awakening ‘silent’ metabolic
pathways in fungi has revealed a
new range of natural products to US
scientists.

How mouldy is your house?
Concerns about mould growingin
houses are on the increase, claim
mycologists in France.

See www.rsc.org/chemicalscience
for full versions of these articles.

This month in Chemical Technology

People power

In this month’s interview, Duncan
Graham explains just how important
people are for the future of science.

On-chip suction stops worm wiggling
US scientists have developed a
microfluidic method for immobilising
worms, allowing them to be used in
high throughput studies of disease.

Making sense of DNAzymes

In this month’s Instant insight,
Itamar Willner and colleagues
discuss the applications of DNA-
based enzymes.

See www.rsc.org/chemicaltechnology
for full versions of these articles.

If you wish to receive an e-mail when
the next issue of Chemical Biology,
Chemical Science or Chemical
Technology is published online,

you can sign up to the RSC’s e-mail
alerting service. To sign up, go to
www.rsc.org/ej_alert
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Knowledge out of chaos

Scientists have upset gene expression
to study its randomness and discover
how the cell reduces this variability.

An organism’s genetic code
does not simply equate to a certain
outcome. Noise in gene expression
canresultin physical differences in
genetically identical populations.
Synthetic biologists who want to
construct and study gene networks
need to understand this noise
for their own experiments to be
valid, and new work from America
explores just that.

In gene expression, genes are
read and translated into protein
products using small RNA molecules
overseen by a large complex called
aribosome. Because there are so
many of these small RNAs in a cell,
variations in their relative levels can
affect protein production. Andrew
Ellington, at the University of
Texas at Austin, US, and colleagues
decided to investigate this
phenomenon further.

Variations in the
amounts of different
RNA molecules in cells
can affect protein
production

The group made small ribosome
competing RNA (rcRNA) molecules
that were designed to compete
with cell RNA for the ribosome and
affect gene expression. Their aim
was to use the rcRNAs as a tool in
gene expression noise studies to
introduce noise controllably using

Noise control as competitive RNA interferes with gene expression

different amounts and types of
rcRNA.

When the researchers added the
rcRNAs to Escherichia coli cells
they found that their rcRNAs do
generate noise, causing fluctuations
in the production of a fluorescent
protein by the bacteria. The team
used its rcRNA approach to show
that DNA sections called operons
are highly effective at reducing noise
as they eliminate the relative RNA
fluctuations between genes.

Jim Collins, co-director of the
Centre for BioDynamics at Boston
University, US, is very impressed
with the new tool. He describes the
work as ‘an excellent example of
how synthetic biology techniques
can be used to gain insight into
fundamental biological principles.’
Laura Howes

Reference
J J Tabor et al, Mol. BioSyst., 2008, DOI:
10.1039/b801245h

Polymeric lipids ensure DNA vectors meet their targets

UK chemists have used smart at University College
polymers to deliver London, UK.
DNA into cells. Based To overcome
on pH-sensitive o) - this problem,
poly(ethylene glycol) RO{/\/ -]\x/\o | X or Hailes and her
(PEG) lipids, the Ro‘{’\/o +/\ O/LH/\/ N*\)\/OR' colleagues
polymers can be ' X " y ' / ' have developed
used as aremovable i .o acid-cleavable
protective coat for SRR Tt :gtr:f;;f.l;ig:d PEG lipidsto
gene delivery systems. shield the DNA in
Gene delivery systems, anon-viral vector.
orvectors, have to protect The vector consists

of a targeting peptide and
cargo DNA with the PEG lipids as
covering. This coating stabilises the
particles, protects the DNA from
nuclease enzymes, provides water
solubility and facilitates transport
through the cell membrane. Once
the vector is inside the cell, the
lower pH triggers hydrolysis and
shedding of the coating, releasing
the cargo DNA. As different PEG
lipid structures are hydrolysed at
different pH, this offers a method of
controlling the pH dependence of

their DNA cargo from enzymes,
cross cell membranes and yet still
release a therapeutic dose of intact
DNA inside the target cell. Viral
vectors can deliver genes into

cells, however, they can provoke

an immune response which limits
their therapeutic use. One of the
problems often associated with non-
viral gene delivery systems is that
‘the efficiency is too low and that the
vectors are not sufficiently stable,
particularly in vivo,” says Helen
Hailes areader in chemical biology

The pH-sensitive coating
shields the vector until
the PEG region (yellow)
is removed by hydrolysis
at the linker (blue)

Reference
J B Wong et al, Mol. BioSyst.,
2008, DOI: 10.1039/b719782a
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Plastic coats wrap up gene delivery

DNA release, suggests Hailes.

The team demonstrated the
new system’s effectiveness by
using it to transfer DNA coding
abioluminescent enzyme into
different cell types, and then
measuring the enzyme’s activity.
‘The PEG lipids seem to provide
cell specific properties, comments
Antonio Villaverde, an expert
in non-viral gene therapy at
the Autonomous University of
Barcelona, Spain. ‘This could be
an interesting element to favour
cell targeting in delivering such
constructs.’

Looking to the future, Hailes
says that the team hopes to ‘design
different tunable features into
the lipids for a range of delivery
applications.” She adds that this
could include using the system
to deliver small interfering RNA
- short strands of RNA that can
be used to interfere with gene
expression. Russell Johnson

©The Royal Society of Chemistry 2008
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Reaction between atmospheric species could explain their role in airway disease

Radical proposal for nitrate link to asthma

AcHN

Australian researchers have
discovered that nitrate radicals
irreversibly damage amino acids.
This raises the possibility that the
radicals play arole in respiratory
disease, they claim.

Nitrogen dioxide and ozone have
been linked to airway diseases
such as asthma, although their
exactroleis not clear. In the
atmosphere, these gases can react
to form extremely reactive nitrate
radicals, leading Uta Wille and

In the current issue of Research Articles...

NeX

CH5CN

CO,Me

Duanne Sigmund at the University
of Melbourne, Victoria, to question
whether there is a link between
these radicals and respiratory
illness.

As part of their research, the
duo has found that nitrate radicals
irreversibly damage aromatic
amino acids, forming compounds
including B-nitrate esters,
B-carbonyl and aromatic nitro-
compounds. ‘The reaction forms
oxidised products,” explains Wille,

oxidation in B-position

aromatic ring nitration

Nitrate radicals will
react with aromatic
amino acids. The
radicals formin

the atmosphere and
build up overnight

‘some of which have been found in
polluted air and are associated with
immune stimulation.” By analysing
these products the researchers
proposed a mechanism for the
oxidation and nitration reactions.
“The next step is to study the
radicals’ role in damage to proteins,
peptides and carbohydrates
- molecules that line the cells of the
respiratory tract and so are in direct
contact with the atmosphere,” says
Wille. Ultimately the team wants
to check whether the radicals can
migrate through the cell membrane,
‘where they could cause damage
inside the cell, Wille adds.
Malcolm Forbes, an expert
in free radical chemistry at the
University of North Carolina at
Chapel Hill, US, welcomes the
research, and says: ‘The results
will have a significant impact on
research into oxidative damage to
proteins, particularly in regard to
respiratory illness. The challenge
now is to correlate these results
with in vivo studies to assess the
real impact to society.’
Russell Johnson

Reference
D C E Sigmund and U Wille, Chem. Commun.,
2008, 2121 (DOI: 10.1039/b803456g)

Fast-lysis cell traps for chemical cytometry
Paul J Marc et al, Lab Chip, 2008, 8, 710
(DOI:10.1039/b719301g)

-

Intracellular applications of analytical SERS
spectroscopy and multispectral imaging

Igor Chourpa et al, Chem. Soc. Rev., 2008, 37, 993
(DOI:10.1039/b714732p)

Simultaneous determination of glycated haemoglobin, a long term
hiomarker of diabetes mellitus, and total haemoglobin by isotope
dilution and HPLC-ICP-MS

M Estela del Castillo Busto et al, J. Anal. At. Spectrom., 2008, 23,
758 (DOI: 10.1039/b718008;)

Highly efficient quenching of excimer fluorescence by perylene
diimide in DNA

Nicolas Bouquin et al, Chem. Commun., 2008, 1974

(DOI: 10.1039/b802193g)
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Measuring the simultaneous effects of hypoxia and deformation on
ATP release from erythrocytes

Andrea Faris and Dana M Spence, Analyst, 2008, 133, 678
(DOI:10.1039/b719990b)

The importance of surfaces in single-molecule bioscience
Mari-Liis Visnapuu et al, Mol. BioSyst., 2008, 4, 394
(DOI:10.1039/b800444g)

Quantitative SERRS for DNA sequence analysis
Duncan Graham and Karen Faulds, Chem. Soc. Rev., 2008, 37,1042
(DOI:10.1039/b707941a)

Porphyrin-bile acid conjugates: from saccharide recognition in the
solution to the selective cancer cell fluorescence detection
Jarmila Kralova et al, Org. Biomol. Chem., 2008, 6, 1548

(DOI: 10.1039/b717528k)
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Interview

biomarkers

Kathryn Lilley is director of

the Cambridge Centre for
Proteomics, located in the
Systems Biology Centre,
Cambridge, UK. Her group is
involved with several important
collaborative proteomics
projects, in particular

involving the model organisms
Arabidopsis and Drosophila.
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What inspired you to hecome a scientist?

My grandfather was an amateur gardener and my
mother picked up his love of plants. I think it was her
love and enthusiasm for nature and plants that made
me very interested in biology.

Talways had a battle as to whether to become a
musician, as that’s my other great passion. I suppose
Irealised that you could be a professional scientist
and an amateur musician but it would be very
difficult to live your life the other way around!

Why did you choose to specialise in proteomics?
After my PhD, which involved alot of protein
sequencing, an opportunity came up to run a protein
sequencing facility at the University of Leicester.
About that time, there were some major papers
published on mass spectrometry of proteins,
particularly from Mathias Mann’s group at the
European Molecular Biology Laboratory in
Heidelberg. Although we purchased our own mass
spectrometers in Leicester to support peptide and
DNA synthesis, they were not the right type to carry
out these new methods of protein identification. T
was frustrated as I really wanted to carry out these
wonderful new proteomics technologies.
Next, the opportunity came to move to
Cambridge to set up a proteomics laboratory
with funding from the BBSRC and with it, the
idea that I could do all this wonderful scalable
protein identification. After running a core facility
for many years in Leicester, in Cambridge I got
the opportunity to get back in touch with how to
answer interesting biological questions.

What biological questions are you interested in?
In the early days of the facility, most projects
centred around knowing the differences in protein
abundances between mutant and wild types or
treated and untreated states. If we can see which
proteins are changing in their expression or post-
translational state, it gives us an insight into what’s
going on inside a cell.

1 got fed up with identifying the same sets
of proteins and wanted to probe into the lower
abundance fraction of proteins. I also wanted to get
information on where they resided in a cell and
who with!

What are you working on at the moment?
Organelle proteomics. The first stage of many
proteomics experiments is to take the cells and mash

them up. Usually you add a healthy dose of detergent.

The proteindetective

Kathryn Lilley tells Michael Smith how curry and beer could be the downfall of

This means you lose all the spatial information
about your proteins within a cell. I think thisis a very
important thing to study because where proteins
are and what they associate with is going to give us a
huge amount of information that we can’t get from
justlooking at their abundance.

We are starting to look at components from
signalling pathways — how they move around the
cell upon signalling events and how this may change
under different situations, including development
and differentiation. We’ve spent a few years trying
to fine tune the methodologies. We’re not there
yetbut we’ve gone quite some way to be able to
produce technology that is robust both in terms
of identifying proteins associated with certain
organelles and mapping onto that the position of
protein complexes.

What do you think about biomarkers as an ultimate aim
of proteomics?

Proteomics is a very attractive way of finding
biomarkers but it is fraught with issues.

The main issue is the dynamic range of protein
concentrations within plasma, which currently no
techniques can cover.

Secondly, if you do find biomarkers in a certain set
of proteins that are always up-regulated in someone
who is suffering from a cold, how discriminatory
isthat? I can’t see that there is going to be any one
biomarker that will tell you which disease is present.

Finally, blood plasma is really a mirror of your
general state of health and what you’ve been up to
in the last day or two. There is a lot of person-in-
person variability depending on your health and
whether you’ve had a curry and several beers the
night before! In a population set, I think it’s going to
be very difficult to find an abundance change that is
disease-specific.

What advice would you give to someone considering a
career in science?

Looking back on my own career, I became too
specialised too soon. What I lost touch with very
quickly, and T wish T hadn’t, was maths. More

and more in biology, we are making quantitative
measurements. The way in which we deal with
those measurements is controlled by statistical and
mathematical tools. We need that know-how to be
able to design our experiments properly and to see
whether we believe the data that’s coming out. My
advice is to avoid losing touch with other scientific
disciplines. Try and stay broadly focused.

©The Royal Society of Chemistry 2008
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Communicating withnature

Bacteria have invented a potentially global language - quorum sensing.
Kim Janda of the Scripps Research Institute in La Jolla, US, translates

Over the course of history, humans
have developed countless ways to
communicate with each other, and
over 6800 languages have been
catalogued. Despite these advances,
our verbal relations with other
species remain somewhat limited to
gestures and shouts, as can be seen
in the case of dogs and their owners.
On amicroscopic level, bacteria

can communicate with one another
through a different language, one
based on small molecules, using
amechanism known as quorum
sensing (QS). In contrast to humans’
limited verbal communication
capacities, QS allows communication
and interaction with other bacterial
species, and even other organisms
such as mammals.

Bacterial language relies on
the exchange of small chemical
signals, called autoinducers.
Through this exchange, bacteria
monitor their density and regulate
gene expression in a population-
dependent manner. This allows
them to coordinate their behavior
and function, equipping the bacterial
communities for competition or
cooperation with multicellular
organisms. A classic example is the
symbiosis between the Hawaiian
bobtail squid Euprymna scolopes
and the luminescent bacterium
Vibrio fischeri. In this relationship,
the bacteria provide the squid with
luminescence, allowing it to blend
in with the moonlight while feeding,
and so avoid casting shadows on the
sea floor which would alert both
predators and prey. At the same time,
the bacteria also benefit, as they
receive nutrients and safety.

QS has traditionally been referred
to as acommunication mechanism
between bacteria within one
species. However, research is
emerging that implicates arole for
QSininterspecies communication
and competition, and such
systems have been proposed to
existin a wide variety of bacteria.
Particularly relevant to interspecies

©The Royal Society of Chemistry 2008

The Hawaiian bobtail
squid has a symbiotic
relationship witha
luminescent bacterium

Reference

C A Lowery, T J Dickerson, and
K D Janda, Chem. Soc. Rev.,
2008, DOI: 10.1039/b702781h

communication is the autoinducer
2 (AI-2)-based QS system, which
hasbeen suggested to function in
over 50 bacterial species. Recently,
it was shown that Actinomyces
naeslundii and Streptococcus
oralis, two bacteria responsible
for oral plaque formation, require
AI-2 production to initiate plaque
development.

But communication amongst
bacterial species is not always
S0 cooperative; certain
autoinducers and their by-
products have been shown to
have cytotoxic effects on other
bacteria. Pseudomonas aeruginosa
is especially adept at this
intercellular competition, in that
atleast two autoinducer-derived
molecules exhibit detrimental
effects towards other bacteria,
most notably Staphylococcus
aureus. This activity may give
P. aeruginosa a competitive
advantage over S. aureus in the
lungs of cystic fibrosis patients,
a clinical setting plagued

by infections due to these two
pathogens.

In addition to helping bacteria
organise their behaviour and
functions, recent research suggests
QS is a means for bacteria to interact
with other organisms. Similar to
bacterial interspecies relations,

QS systems may mediate this
interkingdom signalling either
through host cell recognition

of bacterial signals or through

the unregulated action of an
autoinducer on the host cell. Several
studies have detailed the effects of
AHL (N-acylhomoserine lactone)-
based signalling molecules on
human cells - the responses ranging
from immuno-activation to cell
death.

A potential communication
language between humans and
Escherichia coli has also been
described. E. coli responds
to two human-derived small
molecule signals, adrenaline
and noradrenaline, to regulate
virulence expression. For this same
purpose, E. coli also employs a small
molecule of its own production,
termed AI-3. Based on the role of
E. coliin the gastrointestinal tract,
and the overlap between bacterial
recognition of AT-3 and adrenaline,
AI-3 hasbeen suggested to play
arole in maintaining intestinal
homeostasis.

Because QS can mediate so many
relationships, it may represent
aglobal language that spans
every kingdom of life. Human
interpretation may impart a deeper
knowledge of bacterial lifestyles
and provide the opportunity for
an appropriate response, at least
one of which would be developing
pharmacological interventions for
bacterial infection.

Read more in the tutorial review
‘Interspecies and interkingdom
communication mediated by bacterial
quorum sensing’ in issue 7, 2008 of
Chemical Society Reviews.
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Ferrocene, a double-decker organometallic compound that generates angular motion, can be used as a
unique rotary module for molecular machines. By interlocking a ferrocene-based rotary module with a
photochromic unit, we have developed novel molecular machines that operate via power-conversion
mechanisms. This design strategy, which mimics real machines in our daily life, allows for remote

control of molecular events.

Introduction

Automobiles are driven by the conversion of a piston action
into a rotary motion, for which a variety of different moving
components are integrated and interlocked with one another.
Power transmission involving different interlocked movements
via power conversion processes is one of the essential elements
for the design of movable machines and robots. Molecules
that undergo programmed motions in response to stimuli are
called molecular machines. Examples of such synthetic molecular
machines include molecular tweezers, catenanes, rotaxanes, and
molecular rotors, which operate unique motions such as flipping,
sliding and rotary motions in response to light or electric stimuli.
However, while development of molecular machines' is a hot
issue in nanotechnology, molecular mechanisms that allow for the
realization of such interlocked movements have never been focused
on.

Recently, we have developed novel molecular machines that
consist of photochromic and ferrocene units. Since they are
designed to interlock with one another, a motion occurring at the
photochromic unit can be transmitted to the ferrocene unit.'***
Hence, the cyclopentadienyl (Cp) rings of the ferrocene unit are

Department of Chemistry and Biotechnology and Center of Nanobio
Integration, School of Engineering, The University of Tokyo, 7-3-1, Hongo,
Bunkyo-ku, Tokyo, 113-8656, Japan. E-mail: aida@macro.t.u-tokyo.ac.jp;
Fax: +81-3-5841-7251,; Tel: +81-3-5841-7310

able to generate an angular motion in response to the photochem-
ical isomerization of the attached photochromic unit. Here the
ferrocene unit acts as a pivot that can convert configurational
change (elongation/contraction) of the photochromic unit into
angular motion. In the present account, we highlight the above-
mentioned design strategy for molecular machines that operate via
interlocking two or more movable units.

Synthesis and structures of molecular pliers

Ferrocene is a double-decker organometallic compound that has
attracted attention as a component for redox-active modules,
catalysts, and chiroptical probes, due to its unique structural and
chemical properties.’s Besides these properties, the rotary motion
of ferrocene is interesting. The two Cp rings, which sandwich
an iron(1) center, have been reported to undergo a friction-free
rotation at a rate 10° s™' even at 154 K.'® Several supramolecular
systems have made use of ferrocene as a flexible hinge."” However,
ferrocene has never been used as a module for the design of
molecular machines.

Ferrocene derivatives bearing more than two substituents on
their Cp rings can be asymmetric due to a planar chirality. For
our molecular design strategy, we chose 1,1'-3,3'-tetrasubstituted
ferrocene derivatives and established a synthetic route to them.™®
For example, the synthesis of molecular pliers 1 involves, as
a key precursor, diiodo derivative 4, which is obtained as a
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racemate (rac-4) together with its meso form from 1-iodophenyl-
3-phenylcyclopentadiene (Scheme 1).

3-Ethynylaniline Q E5
I =
D K7 PdPPhyCL qu.\‘-, O &
= Cul, EtzN -

- £\
2 HN_ T 2
4 O = racs

Hy, PtOs HEN CuCl, air, pyridine

Fe
HzN @ o ﬁ
rac-6
Y~~~ _o
rac-1 7

Scheme 1 Synthetic route to 1 from diiodo derivative 4.

Compound 4 is converted into amine 5 which is subjected to
HPLC for the separation of rac-5 from the meso form. Then,
rac-5 is hydrogenated at its triple bonds to form rac-6, which
is subjected to a Cu(I)-mediated aerobic oxidation to furnish
azo compound rac-1. Finally, rac-1 is chromatographed on a
silica gel column with a chiral stationary phase for optical
resolution. Absolute configurations of the chiral precursors and
compound 1 have been determined on the basis of an X-ray
crystal structure of (R)-camphorsulfonamide 8, derived from 6
and (R)-camphorsulfonyl chloride (Fig. 1)."* Hydrogenation of 5
is essential, since compound 7 hardly photoisomerizes.

Fig. 1 Crystal structure of (R)-camphorsulfonamide 8.

Light-powered motions of molecular pliers'*'*

Compound 1 consists of three essential components, i.e., handles,
blades, and a pivot (Fig. 2). The change in distance between the
two handles, generated by photoisomerization of the azobenzene
strap,” is transformed through angular motion of the pivot
into an open-close motion of the blade phenyl groups. X-Ray
crystallographic analysis of trans-1 indicates that the blade part
is closed when the azobenzene strap adopts a trans configuration
(Fig. 3),"* where the bite angle of the two phenyl groups is 8.8
degrees. On the other hand, as predicted by DFT calculation, the
blade part of cis-1 is open with a bite angle of the phenyl groups
of 58.2 degrees.”®

Handle

Azobenzene
Strap

Fig. 2 Schematic illustration of molecular pliers 1.

Fig.3 Crystal structure of (15,15")-trans-1 (left) and optimized structure
of (18,15")-cis-1 (right) by DFT calculation (B3LYP/3-21G*).

The azobenzene unit in 1 can reversibly isomerize in response
to UV (4 =350 + 10 nm) and visible (1 > 400 nm) light in THF,
where the trans : cis isomer ratios at the photostationary states
are 11 : 89 and 54 : 46, respectively. The trans-to-cis isomerization
of (18,18)-trans-1, upon UV-irradiation, is accompanied by a
notable CD spectral change at the major absorption band of
the tetraarylferrocene unit (240-300 nm). Upon irradiation with
visible light (4 > 400 nm), the reverse CD spectral change occurs.
On irradiation with UV and visible lights in an alternating manner,
the sign of the Cotton effect, e.g., at 280-290 nm is inverted
from negative to positive and then from positive to negative. In
particularly, a reversible angular motion of the Cp rings occurs in
response to the photoisomerization of the azobenzene unit.

Of interest, the oxidation state of the ferrocene pivot affects the
photostationary states of 1, thereby allowing a scissoring motion
of 1 only by UV light."* For this study, CH,Cl, is used as the
solvent. Analogous to the case in THF, (18,1'S)-trans-1 in CH,Cl,
photoisomerizes to its cis form upon exposure to UV light (1 =
350 + 10 nm), where the trans : cis isomer ratio of 1 at the
photostationary state is 16 : 84. When this mixture is oxidized
by 1 equiv. of 1,1’-dichloroferrocenium hexafluorophosphate and
then irradiated with UV light, a backward isomerization of the
oxidized form of 1 (1), in turn, takes place to furnish the cis
content of 35%. Finally, reduction of this isomerized mixture
by 1 equiv. of [bis(pentamethylcyclopentadienyl)iron(ir)] affords
neutral 1" with a cis content of 35%. Upon exposure to UV light
again, the cis content increases further to reach 84%, which is
identical to that finally attained in the UV-induced isomerization
of neutral (15,1'S)-trans-1. As shown in Scheme 2, the trans : cis
isomer ratio of (15,1'S)-1 in this cycle switches reversibly between
16 : 84 and 65 : 35 only by UV light. Thus, pliers 1 responds to
redox as well as light.

1872 | Org. Biomol. Chem., 2008, 6, 1871-1876
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Scheme 2 Operation of molecular pliers 1 by light and redox.

Twisting of guests by molecular pliers with light

As an advanced version of the light-driven molecular pliers
described above, we have developed light-powered molecular pliers
(2) that can bind and deform guest molecules.!! Compound 2
bears a zinc porphyrin unit at each cyclopentadienyl (Cp) ring
of the ferrocene module (Fig. 4). Since zinc porphyrins are
known to coordinate to nitrogenous bases, molecular pliers 2
can bind bidentate guests such as rotamer 9, forming a stable
host—guest complex 209. For the synthesis of 2, we have newly
developed dibromodiiodo derivative 10, which is converted into
a dibromo version of molecular pliers 1, followed by Suzuki—
Miyaura coupling of the bromophenyl groups with a boronated
zinc porphyrin derivative. For obtaining the enantiomers of 2, an
intermediate corresponding to S in Scheme 1 is optically resolved
by chiral HPLC.

Zinc Porphyrin
Handle -

Azobenzene
Strap

Fig. 4 Schematic illustration of molecular pliers 2.

The association constant (K,,) between 9 and trans-2 to
form trans-229 is 1.3 x 10° M, suggesting their two-point
complexation (Scheme 3). Such a tight host-guest docking is
essential for the pedal motion to transmit from 2 to 9. Not only
trans-2 but also cis-2 forms a stable 1 : 1 complex with 9 (cis-2D9),
where K. (2.6 x 10° M) is as large as that of rrans-2 with 9.
When guest 9 is bound to trans-2, the CD intensity originating
from the zinc porphyrin units in zrans-2 is enhanced, suggesting
that the guest-binding site of the molecular pliers preferentially
adopts a chirally twisted geometry. Interestingly, when trans-2
upon complexation with 9 is allowed to isomerize into cis-2 by
UV irradiation, a large CD spectral change, even with an inversion
of its sign at the final stage, takes place at the zinc porphyrin ab-
sorption band. Upon exposure of the resulting complex to visible
light to allow backward isomerization, an inverse CD spectral

trans-229

cis-209

Scheme 3 Photoisomerization of guest-binding molecular pliers 2259
upon exposure to UV and visible light.

change takes place. The large spectral changes, thus observed
for the photoisomerization of 229, indicate that photoinduced
contraction and elongation of the azobenzene strap generate a
pedal-like motion of the guest-bound zinc porphyrin units.

Compound 9 is achiral due to the free rotation around the C—
C bond that connects the isoquinoline rings. However, when 9
is bound to the chirally twisted binding site of (R)- or (S5)-2, it
shows chiroptical activity at its absorption band (250-350 nm).
Furthermore, the chiroptical activity changes in response to the
opening—closing motion of the blade part. Fig. 5 shows differential
CD spectra between 2259 and a reference complex 2>11 at 270-
350 nm, which clearly display Cotton effects at 259 and 307 nm.
Since the differential CD spectra are analogous to those of
the enantiomers of 4,4'-di-(3-methylisoquinoline) 12, which are
separable due to a restricted conformational change, guest 9 indeed
adopts a chirally twisted geometry. Furthermore, the CD spectral
change profile clearly indicates that guest 9 alters its dihedral angle
in response to the photoisomerization of the azobenzene strap.
Thus, when a CH,Cl, solution of 229 is irradiated with UV light,
isomerization of trans-2 occurs to furnish a molar ratio trans-2 :
cis-2 of 22 : 78. Synchronously, the Cotton effects at 270-350 nm
due to 9 become smaller and finally almost disappear (Fig. 5).
Subsequently, when the resulting complex is irradiated with visible
light to allow its backward isomerization, these CD bands appear
again and increase with time. [t is clear that the CD spectral change
of 9 upon photoisomerization is synchronous to that observed for
the zinc porphyrin units of 2.

This journal is © The Royal Society of Chemistry 2008
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Fig. 5 Differential CD spectra by subtraction of the CD spectra
of trans-2211 from those of trans-229 ([trans-2] = 7.2 x 107 M,
[91/[trans-2] = [11]/[trans-2] = 1.0) in CH,Cl, at 20 °C upon UV irradiation
(A=350 =% 10nm) for 5, 10 and 20 seconds (solid curves, (+)-trans-2; broken
curves, (—)-trans-2).

Finally, it is important to discuss if the light-powered pedal
motion of 2 is indeed transmitted as a twisting power to rotary
guest 9. Photoisomerization of azobenzene derivatives is known to
occur on a timescale of subpicoseconds to picoseconds.” Exam-
ples relevant to our system include azobenzene-containing cyclic
oligopeptides,® where photoisomerization of the azobenzene unit
under such a constrained environment takes place in picoseconds,
which is followed by conformational change of the connecting
peptide units on a timescale of picoseconds to nanoseconds.
Meanwhile, the Cp rings in ferrocene derivatives are known to
rotate on a timescale of nanoseconds.'® Thus, the ferrocene unit in
2 can respond rapidly through rotation to the photoisomerization
of the azobenzene unit and subsequent conformational changes of
the connecting units, and thereby induces the guest-binding zinc
porphyrin units to undergo a pedal- or scissor-like motion. On
the other hand, the dissociation events of 9 from trans- and cis-2
occur in 0.6 and 0.2 milliseconds, respectively, as evaluated by 'H
NMR line shape analysis of trans-229 and cis-229. These are at
least six orders of magnitude slower than photoisomerization of
azobenzene derivatives. Therefore, at the single molecular level, it
is obvious that 9 remains associated with 2 in the process of its
photoinduced pedal motion and therefore physically twisted.

Extension to design of self-locking molecule

Use of photo-switchable inter- and intramolecular interactions
allows for the design of self-locking molecule 3 (Fig. 6), which
operates by the combined use of 1,2-bispyridylethylene (13) as a
photoresponsive key. Host 3 is composed of a ferrocene unit as
a rotary module, which bears zinc porphyrin and aniline units at
each cyclopentadienyl (Cp) ring. The rotary motion of 3 allows
for the aniline groups to come closer to the zinc porphyrin units,

Aniline

Zinc Porphyrin Pivot

Fig. 6 Schematic illustration of self-locking molecule 3.

forming two Zn—N coordination bonds simultaneously. Although
interaction between zinc porphyrins and aniline is rather weak,
such double intramolecular Zn—N coordination is strong enough
to lock the rotary motion of 3 (internal double lock) (Fig. 7). Thus,
compound 3 adopts an internally locked conformation in apolar
solvents such as benzene.

Photoresponsive key 13 carries two pyridine units, capable of
coordinating to the zinc porphyrin units in 3, in competition
with the internal aniline groups. This compound is photochromic,
where UV irradiation allows for its frans-to-cis isomerization,
while visible light irradiation of the resulting cis form in the
presence of triplet sensitizers such as zinc porphyrins gives rise to
its backward isomerization (Scheme 4). According to CPK model
studies, trans-13 adopts an extended geometry, while cis-13 an
angular geometry. These two isomeric forms show quite different
affinities toward rotary host 3, where cis-13 is much favored over
trans-13. Host 3 is kept self-locked conformationally when mixed
with, e.g., 5 equivalents of trans-13, since 3 hardly interacts with
trans-13 under the conditions employed. However, when trans-
13 is photochemically isomerized into its cis form (Fig. 7, I), 3
turns to accommodate resultant cis-13 at its binding site, to form
stable cyclodimeric 3Dcis-13 having two zinc—pyridyl coordination
bonds (II). Namely, the internal double lock is released, and 3
spontancously transforms into an externally locked state. The
conformational change of 3 along with photoisomerization of
trans-13 is supported by a clear CD spectral change of an
enantiomer of 3 ((+)-3), where the CD band due to (+)-3 in the
Soret absorption region (415-455 nm) is significantly enhanced
and turns to show a split Cotton effect. These spectral changes
indicate that the two zinc porphyrin units in (+)-3 are forced, by
ligation with cis-13, to come closer to one another and exhibit
exciton coupling. Even more important, the CD band centered at
350 nm due to the ferrocene module of (+)-3 displays an inversion

trans-13 cis-13

Scheme 4 Isomerization of photoresponsive key 13.
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of its sign from positive to negative, indicating a rotary motion of

the ferrocene module.

When cis-13 in 3Dcis-13 is isomerized into its trans form, the
resultant frans-13 detaches from rotary host 3, thereby disabling
the external locking (Fig. 7, III). Consequently, 3 spontaneously
retrieves, via a rotary motion, the internally double-locked state
(IV). Thus, compound 13 is regarded as a photoresponsive key for
executing the self-locking operation of 3.

Conclusions

Among a variety of molecular machines so far reported,' those
highlighted in this article are unique in that they operate via power
conversion like commodity machines in our daily life. The design
strategy features a chiral ferrocene, which enables a friction-free
but restricted rotary motion. By interlocking the ferrocene module
with a photochromic unit, a piston-like motion, powered by light,
can be transformed into a rotary motion, and further converted
for manipulating guest motions. In spectral visualization of these
interlocked motions, chiral ferrocene derivatives also play an es-
sential role. As modules that are able to generate angular motions,
metal-sandwiched double and triple decker porphyrins®** are
potential alternatives of chiral ferrocene derivatives. Along the line
of these studies, one of the big challenges would be to construct
molecular and supramolecular systems that are able to transmit a
force precisely to a distant point with minimum energy loss. Also
interesting is to integrate these molecular systems with logic-gate
mechanisms responsive to multiple input stimuli. If this dream
comes true, one may design molecular robots that act differently
in response to different applied forces.
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This paper examines the preparation of tailor-made azaporphyrins and analogues exhibiting their
Q-bands in several particular and predetermined regions of the electromagnetic spectrum. The
applications of phthalocyanines, the possibility of preparing novel related porphyrinoids with different
colour properties and, consequently, new emerging applications, are discussed.

1. Introduction

It is well known that colours result from light. The interaction
between an object and an incident light determines how a human
observer perceives that object. Colour is the visual sensation
produced by the light that an object reflects with wavelengths
within the so-called visible range. The sensation of violet colour
is produced by low wavelength radiation—around 380-450 nm—
whereas a red colour is the consequence of higher wavelength
radiation—625-780 nm. These colours are the limits of the visible
spectrum, which is flanked by the ultraviolet and infrared zones.
Intermediate wavelengths produce blue, green, yellow and orange
colours. The colours that we are able to see are due to the
selective absorption of light by means of chemical compounds—
pigments—or physical phenomena. For instance phthalocyanines,
the main protagonists of this article, absorb in the red and therefore
they have blue—green colours.

Nowadays, colours play an extremely important role not only
in science and technology, but also in our everyday lives. The
technological applications of colour chemistry are expanding in
areas such as photonics, electro-, thermo- and photochromic
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devices, electroluminescence, colour displays, holography, photo-
sensitizers, photodynamic therapy, data storage, solar cells, and
light emitting diodes, among many others."

2. The electronic properties of porphyrinoid
macrocycles

Conjugated tetrapyrrolic macrocycles like porphyrin derivatives
constitute ideal structures to be used as absorbers in a wide region
of the electromagnetic spectrum. In fact, nowadays it is possible
to obtain a porphyrinoid-based structure absorbing in any region
of the visible spectrum. The reason for such versatility arises from
the chemical structure of such macrocycles, and especially the
numerous modifications that may be performed on them, giving
rise to a great assortment of compounds. Therefore, the name
“porphyrin” (1, Fig. 1) was first applied to a class of naturally
occurring, deep red or purple pigments sharing a large aromatic

Fig.1 The basic skeleton of a porphyrin (1) as a free-base and as a metal
complex.
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ring formed by four pyrrole rings that are bound together through
four methylene bridges (meso carbons). This kind of arrangement
produces a flat macrocyclic molecule, whose superior properties
cannot be deduced from those of its parts. However, the name
“porphyrin” is currently associated with a variety of macrocycles
of different composition and size that display a huge number of
different physicochemical properties and applications.?

The optical properties of the porphyrins constitute some of their
most fascinating attributes. Thus, their UV-vis spectra consist
of two absorptions in two different regions, like other aromatic
compounds such as benzene itself. What makes these compounds
so special is the fact that these absorption bands appear in the
near-ultraviolet and in the visible regions, respectively. Porphyrins
display an intense band at 390-425 nm, called a B- or Soret
band, and between two and four weaker bands appearing at 480
700 nm (Q-bands). The exact location, number and intensity of
these bands strongly depend upon the substitution pattern of
the macrocycles as well as whether the porphyrin is metallated
or not and the kind of metal coordinated by the central cavity.
Hence, free-base porphyrins show four Q-bands (IV, III, II and
I, Fig. 2a) with different relative intensities, depending on the
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Fig. 2 Typical UV-vis spectra for (a) a free-base porphyrin and (b) a
porphyrin—metal complex.

functionalization both at the B-pyrrole positions and the meso
carbons, so that the spectra are classified as etio-type, rhodo-
type, oxo-rhodo-type or phyllo-type. Protonation of porphyrins
produces a more symmetrical ring, thus simplifying the spectrum
by Q-band collapse from four to two bands. Metallation of the
macrocycle also gives rise to spectra displaying only two Q-bands,
denoted as o- (appearing at lower energy) and - (Fig. 2b). The
relative intensities of these two bands are intimately related to the
kind of metal used and its coordination mode. Metalloporphyrins
are also catalogued as “regular” or “irregular”, producing normal,
hypso or hyper electronic spectra, respectively. All these modifica-
tions of the UV-vis spectrum occur very often with variation
in the position of the B-band and with concomitant colour
change.

Although there have been many attempts to justify the main
aspects of the porphyrin UV-vis spectrum through detailed
theoretical calculations, Martin Gouterman and co-workers were
the first to successfully interpret the electronic spectrum of the
porphyrins by means of theoretical concepts.** The so-called four-
orbital model postulated by Gouterman uses the two HOMOs
and LUMOs generated by simple Hiickel theory® so that the
frontier orbitals of the basic porphyrin macrocycle are related
to the e, and es orbital levels of a 16- or 18-membered cyclic
polyene. In porphyrin complexes the symmetry is reduced to
D,,. The transitions from the two HOMOs, namely the la,,
and la,,, and the doubly degenerated LUMO, which is the
le,* orbital, account for the typical spectrum of porphyrins
(Fig. 3). Gouterman assumed that the la,, and la,, HOMOs
are accidentally degenerated for porphyrin complexes, despite the
reduction of the symmetry to D,, with respect to the inner cyclic
polyene. As a result, the B- and Q-transitions almost completely
retain their allowed and forbidden characters, with respect to
the corresponding 18 m-electron cyclic polyene. In this situation,
the B-band is the dominant spectral feature since it is allowed.
The Q-bands are forbidden. The fact that they exist is because
of molecular vibrations within the porphyrin ring, which make
them weakly allowed. However, perturbation of the structure can
result in the lifting of this degeneracy for the HOMO orbitals,

8
&, =1

Fig.3 The scheme of energy levels in metallated porphyrins with the first
two m—7* transitions, the Q- and B-bands, marked.
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giving rise to spectra with different features to those typical of
porphyrins. With this or other purposes in mind, the porphyrin
molecule can be moulded and adapted to different applications
by simple modification of its basic skeleton. Therefore, porphyrins
can be functionalized with groups of different nature at either or
both of the B-pyrrole positions or at the meso carbons.
Concerning structural changes, the formal introduction of
heteroatoms (nitrogen) at the four meso positions of the porphyrin
basic structure (1 in Fig. 1) affords the porphyrazines® (section
4), whereas the condensation of four benzene rings onto the
pyrrol units gives rise to tetrabenzoporphyrins. The introduction
of both changes at the same time results in the phthalocyanines
(2 in Fig. 4, section 3). The absorption Q-bands characteristic
of all these four types of compounds are shifted to the red with
respect to porphyrins. Although the synthesis of porphyrins and
phthalocyanines has been a matter of continuing scientific interest,
the preparation of new congeners remains an expanding topic.
On this regard, much less synthetic effort has been devoted to
preparing contracted systems that contain only three pyrrole or
isoindole units, respectively, instead of four, like subporphyrins
(section 8),” subporphyrazines (section 5),® and subphthalocyanines
(section 5).° The absorption Q-bands responsible for the colour
of these compounds are shifted to the blue when compared
to their higher homologues. Other contracted porphyrins, like
corroles' as well as core-modified porphyrin analogues' have
also been described. On the other hand, expanded porphyrins and
phthalocyanines® differ from their basic relatives in their larger
central core, while the extended conjugation features are retained.
Among the limitless number of expanded systems that can
be conceived, sapphyrins, texaphyrins and superphthalocyanines

(section 7) are worthy of mention.
i/ \i N i/ \5 N
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Fig.4 The basic skeleton of a phthalocyanine (2) as a metal complex and
as a free-base.

Over the last two decades we have been devoted to the
synthesis of a large number of phthalocyanine derivatives for
their application in different fields, as well as the in depth study
of other classes of azaporphyrins and the development of new
categories of azaporphyrin analogues. Herein we would like to
highlight not only the colour properties and the applications of
phthalocyanines, but also the possibility of preparing novel related
porphyrinoids with different colour properties and, consequently,
new emerging applications. All this work has given rise to a
collection of azaporphyrin-based absorbers that covers the whole
visible spectrum. In this article we review most of them, with
the emphasis on their optical features and distinctive absorption
regions.

3. From the violet to the red absorbers: the
phthalocyanines

Among the plethora of natural and synthetic dyes and pigments,
a particular macrocycle emerges with its own brilliant blue-green
colour: the phthalocyanines. Phthalocyanines (Pcs, 2, in Fig. 4)!
are some of the best known synthetic porphyrin analogues,
consisting of four isoindole units linked together through nitrogen
atoms. They possess an 18 n-electron aromatic cloud delocalized
over an arrangement of alternating carbon and nitrogen atoms.
Therefore, Pcs can be referred to as tetrabenzotetraazaporphyrins.
Numerous properties arise from their electronic delocalization,
which makes them valuable in different fields of science and
technology.

The replacement of the meso carbons in porphyrin molecules
by aza linkages significantly breaks the accidental degeneracy of
the la,, and la,, HOMO orbitals of the resulting azaporphyrins.
Although not all the studies have been carried out on regular
porphyrins, but also on the corresponding tetrabenzo-fused ana-
logues, detailed analysis of all theoretical and experimental data
has allowed to derive a general trend. Therefore, the sequential
azasubstitution, that is, mono-, di-, tri- and tetrasubstitution,
causes a progressive blue shift of the B-band and a red shift of the
Q-band, with a concomitant decrease and increase, respectively,
of the apparent absorption coefficients.’*'¢ However, there is no
systematic change in the bandwidth of the Soret band and the
splitting of the Q-band for free-base derivatives."”

The situation is extreme for phthalocyanines, since these
macrocycles also contain four fused benzene rings. The benzo
groups break the accidental degeneracy of the top-filled molecular
orbitals as well. Also in this case, we can follow Gouterman’s
model to explain the states that account for the first two or
three allowed transitions in the UV-vis spectrum. The frontier
orbitals of phthalocyanine complexes are still similar to those
of the 16-atom and 18 m-clectron polyene. However, new MOs
located primarily on the peripheral portions of the n-system of
the Pc ring have a major influence on the spectral properties.
For phthalocyanine-metal complexes with D,, symmetry, the 1a,,
and la,, orbitals become widely separated, the la,, lying well
above the la,,, resulting in the observation of a red-shifted Q-
band in the region of 670 nm, followed by a series of vibrational
components, in addition to a hypsochromically shifted B-band,
appearing around 300 nm (Fig. 5).

Furthermore, the mixing between the Q and B excited states is
reduced. Consequently, the forbidden and very weak Q-band of
the porphyrins acquires significant intensity in the case of Pc metal
complexes and is observed as an intense absorption (Fig. 5).

Because of the influence of configuration interactions, only the
la,,— le,* electronic transition that is responsible for the Q-band
closely follows the predictions of the four orbital model (Fig. 6)."
For closed-shell metals, the ground state has ' 4,, symmetry, while
the allowed m* states will be degenerate and have 'E, (x/y-
polarized transitions) symmetry. Besides, the vibronic coupling
in the excited state introduces z-polarized transitions with '4,,
symmetry. Spectral deconvolution and ZINDO calculations have
indicated that there are in fact two transitions in the B region
of the spectrum, corresponding to la,,—le,* and 1b,,—le,*
one-electron transitions. Therefore, Gouterman’s model has been
modified to include separate B, and B, transitions that are
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Fig.5 Typical UV-vis spectra for a phthalocyanine as (a) a free-base and
(b) a metal complex.

Fig. 6 The scheme of energy levels in metallated phthalocyanines with
the first two m— n* transitions, the Q- and B-bands, marked.

superimposed in the 300-350 nm region (Fig. 6)." In many cases,
especially with cyanide as the axial ligand, these two bands are
clearly resolved.

Parallel to that observed for porphyrins, the electronic spectrum
of free-base phthalocyanines is characterized by a split Q-band,
which occurs as a result of the reduction of symmetry from D,,
to D,, on going from the metal complexes to the demetallated
macrocycles (see Fig. 4 and 5). In this case all the states are non-
degenerate, and so the major transitions are polarized in either x
or y directions. z-Polarized transitions are also allowed by vibronic
coupling in the excited states, but these states do not give rise to
major intensity.'®

The above mentioned systems can host a variety of central
metals in their inner cavity—more than 70 in the case of
phthalocyanines—and support different types, either donor or
acceptor, of peripheral and axial substituents. All these changes
allow the tailoring of the electrophysical parameters over a broad
range, giving rise to the modulation of their electronic properties
and optical features. We will analyse the changes in the UV—

vis spectra of phthalocyanines as a function of four different
parameters:

1- The nature of the central metal.

2- The nature and position of the peripheral substituents.

3- The sequential addition of fused benzene rings.

4- The deviation from planarity.

3.1. The nature of the central metal

Unsubstituted phthalocyanine as a free base exhibits a split Q-
band appearing at A,,,(Q,) = 698 and 4,,.,(Q,) = 664 nm." Spectra
of the anion measured in DMSO and stabilized by NH,* appear
like those of a regular complex with D,, symmetry, with a ,,.,(Q)
at 669 nm.* While for some phthalocyanine-metal complexes the
Q-band is reasonably constant in energy on going from one metal
complex to another, some metals induce a considerable shift of
the same band. Conversely, the Q-bands are relatively insensitive
to a change in the axial ligand, unless charge transfer (CT) bands
are introduced. With respect to other absorptions, the envelope
below 450 nm comprises several overlapping bands, that do move
considerably in the last two cases.

Table 1 illustrates the values found for the Q-band in some
representative examples of phthalocyanine-metal complexes. For
a more comprehensive compilation see for example referencel8c.
From Table 1 it is possible to infer that the phthalocyanine Q-
band usually shifts within a range of ca. 100 nm (between 620
and 720 nm) as a function of the metal size, coordination and

Table 1 Values found for the Q-band for some representative examples
of phthalocyanine-metal complexes

Complex Solvent Amax(Q)/nm  Ref.
Li,Pc CH,Cl, 667 z
MgPc THF 670 223,24
(imid),MgPc CH,Cl, 672 23,25
CIAI(11)Pc THF 675 2
Ge(11)Pc DMSO 655 7
Sn(1)Pc DMSO 682 z
Pb(11)Pc DMSO 702 z
CL,SiPc Py 699 3
(OH),SiPc THF 667 »
R,SiPc THF 668 3
P(v)Pc Py 653 »
VOPc CH,Cl, 690 30
(N-Me-imid),Mn(11)Pc DMA 667 3132
Mn(i1)Pc Py 666 33,34
Mn(11)Pc DMA 674 3la
LPcMn(111)-O-Mn(1m)PcL. DMA 616 $1a.32
(OH)Mn(u1)Pc DMA 718 »
L,Fe(i1)Pc Py 650-670 3
[(c-alkyl)Fe(1)Pc]~ o-Cl naphthalene 707 36
[(CN),Fe(ur)Pc] CH,Cl, 685 7
[(CN),Fe(m)Pc] CH,Cl, 667 37
[Fe(ir)Pc,O Py 620 3.9
Co(1)Pc Py 704 “
Co(1)Pc DMSO 657 a
(CN-),Co(ur)Pc DMSO 673 “
Ni(m)Pc a-Cl naphthalene 670 z
Cu(m)Pc a-Cl naphthalene 678 2
Zn(i)Pc CH,Cl, 671 250
(Py),Ru(ir)Pc CH,Cl, 622 °
(CO)DMFRuPc CH,Cl, 638 4
Py,Rh(i)Pc DMF 661 “
(CO)PyOs(11)Pc CHCI, 632 4
LnPc, CH,CIl, 665 46
(acac), ThPc PhCN 684 4
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oxidation state. A remarkable exception is constituted by the
deep red titanium and manganese phthalocyanines that have been
reported with Q-band maxima at strongly shifted values of 808 nm,
and 808, 828 and 893 nm, respectively.?* Compared to the free-base
phthalocyanine, the species with closed-shell metals e.g. lithium(1),
magnesium(Ir), or zinc(r) show A, values around 670 nm. In
contrast, the specimens with open-shell metal ions that interact
strongly with the phthalocyanine ring, such as iron(11), cobalt(1r)
or ruthenium(1r) have Q-bands shifted to the blue with absorption
maxima at around 630 to 650 nm.

The UV-vis spectrum of Li,Pc corresponds to the spectrum of
the Pc dianion Pc*~. The spectrum of Mg(11)Pc shows the presence
of an unperturbed phthalocyanine n-system. Similar spectra are
displayed by Al(i)Pcs. With respect to the group 14, the Q-
bands for the M(11)Pc complexes red shift on going down from
Ge to Pb, to reach values of up to 700 nm. The spectrum of a
P(v)Pc phthalocyanine has been reported to be that of a regular
phthalocyanine complex, while vanadyl phthalocyanine exhibits
quite red-shifted Q-bands.

The optical properties of phthalocyanines metallated with Mn,
Fe and Co allow us to distinguish the oxidation state of the central
metal very well. In addition, higher energies for the Q-bands
are symptomatic of oligomerization through oxo-bridges. For
example, the spectroscopic data reported for monomeric Mn(11)Pc
in different solvents show that the solvents coordinate to the metal
ion and that the well-resolved Q-band is sensitive to the axial
ligand. Thus, the p-oxodimer is prevalent in the presence of oxygen,
water and mild acids and is uniquely characterized by a Q-band
near 616 nm in DMA. On the other hand, absorption in the 710—
720 nm region has been suggested as a diagnostic for monomeric
(OH)Mn(1)Pc. Iron phthalocyanines also exhibit complicated
axial ligand chemistry with consequences in their UV-vis features
which have been deeply studied.’® In the presence of strongly
coordinating solvents or ligands, the Q-band is observed in the
650-670 nm range. Besides, the Q-band region has been shown to
be very sensitive to metal oxidation. Hence, /,,.,(Q) appears at 667
for Fe(11), while for Fe(1m) it is bathochromically shifted to 685 nm.
p-Oxodimers such as [Fe(11)Pc],O absorbers exhibit the major
visible region maximum at 620 nm. Similarly to MnPc and FePc,
the spectroscopic properties of CoPc¢ are dominated by reactions
taking place at the metal center. The absorption spectrum of
Co(1)Pc is marked by a rather weak Q-band at 704 nm, which
shifts to the red in Co(11)Pc, appearing well resolved at 658 nm.
Besides, a typical Co(1m1)Pc spectrum gives a Q-band at 673 nm.
Because of its potential utility as a catalyst, Ru(ir)Pc, has been
extensively studied. L,Ru(1r)Pc typically shows a poorly resolved
Q-band at 640 nm, due to the presence of additional bands that
lie under the n—n* singlet (Fig. 7). Conversely to what could be
expected, oxidation to Ru(1ir) does not readily occur.®®

3.2. The nature and position of the peripheral substituents

Peripheral substituents play an important role in the tuning of the
absorption bands of both phthalocyanine free base and the metal
complexes. The Q-band can be shifted with the same additivity
when the same kind of substituents are introduced at the same
position of each benzene ring in a Pc macrocycle. The effect of
introducing a plurality of substituents of different nature on each
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Fig. 7 UV-vis spectra of Zn(Il)tetra-zert-butylphthalocyaninato (black
line) and Ru(1r)(pyridyl),(tetra-zert-butylphthalocyaninato) (grey line).

benzene unit has been recently examined.* Some representative
examples are given in Table 2 and Fig. 8.4

Phthalocyanines 3 and 4 are constituted of a mixture of C,, C,,,
D,;, and C,, isomers, although for compounds 4 only the C,; isomer
is represented in Fig. 8. For the free base macrocycles (Q,+ Q,)/2
indicates the Q-band’s position. Hence, the reference values for
the unsubstituted phthalocyanine free base (R = H, M = H,) and
zinc(11) complex (R = H, M = Zn) are found at 4,,,,(Q) = 681 and
670 nm, respectively. As can be deduced from Table 2, electron-
donating groups shift the Q-band to longer wavelengths. The effect
is stronger when the substituents are located at the a-positions
of the benzene ring. Thus, for example Zn(11)phthalocyaninato

Table 2 Electronic absorptions found for the Q-bands of phthalocyanines
bearing either electron donor or acceptor groups at the ortho or meta
positions of the benzene rings

Phthalocyanine M  Substituent Number Position  A,,(Q)/nm
3a Zn NO, 4 m 671
4a Zn NO, 4 0 669
3b Zn SO,Ph 4 m 677
4b Zn SO,Ph 4 0 664
3c Zn OBu 4 m 674
4c Zn OBu 4 0 696
5¢ Zn OBu 8 m 674
6¢c Zn OBu 8 0 758
3d Zn SBu 4 m 687
4d Zn SBu 4 0 708
5d Zn SBu 8 m 707
6d Zn SBu 8 0 780
Se Zn CN 8 m 692
3f Zn t-Bu 4 m 675
7g Zn F 16 o,m 670
3h Zn COOH 4 m 685
5i H, C;H, 8 m 689
3a H, NO, 4 m 693
4a H, NO, 4 0 676
3¢ H, OBu 4 m 684
4c H, OBu 4 0 706
5¢ H, OBu 8 m 679
6¢ H, OBu 8 0 753
3d H, SBu 4 m 697
4d H, SBu 4 0 721
5d H, SBu 8 m 714
6d H, SBu 8 0 804
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Fig. 8 Structures of the phthalocyanines that are the objects of compar-
ison in Table 2.

4c, bearing four butoxy groups at the ortho positions exhibits
a Q-band 22 nm bathochromically shifted with respect to its
corresponding meta-substituted isomer 3c. The effects are either
similar or somewhat more pronounced for the corresponding free
bases.

Octasubstitution produces additional red shift of the Q-bands,
the results being markedly more evident for ortho substitution,
which can shift the Q-band more than 100 nm towards lower
energies (for example, 123 nm on going from Pc free base to
6d). The influence of electron-donating groups on the phthalo-
cyanine’s electronic properties has been rationalized by carrying
out molecular orbital calculations.* Thus, it has been postulated
that substitution by electron-donating groups at the meta positions
raises the energy of all frontier orbitals, this effect being slightly
more pronounced for the HOMO than for the LUMO. Besides,
substitution at ortho positions results in even larger destabilization
of the HOMO and only slight destabilization of the LUMO. Since
the Q-band can basically be described as a single transition from
the HOMO to the LUMO frontier orbitals, these calculations cor-
respond very well with experimental observations. The reason why
the effect is stronger for ortho substitution can be found by taking
into account the size of the carbon atomic orbital coefficients
derived from the molecular orbital calculations. Specifically, the
coefficients of the ortho carbon atoms are larger than those of the
meta carbon atoms in the HOMO, so the extent of destabilization
of this orbital by the introduction of electron-donating groups is
larger when they are linked to the ortho positions, because this
makes the HOMO-LUMO gap smaller.

With respect to electron-withdrawing groups, it has been calcu-
lated that there is a stabilization of the HOMO upon peripheral
substitution with these kind of functions,* although in this case
it is more difficult to establish a general behaviour. The tendency
seems to be a variable red shift for meta substitution, while ortho
substituents usually move the Q-band to shorter wavelengths (see
Table 2).

3.3. The sequential addition of fused benzene rings

The sequential addition of fused benzene rings to the phthalo-
cyanine structure implies an enlargement of the m-system and,

as a consequence, the Q-bands shift to longer wavelengths and
intensify, although the extent of the shift becomes smaller the
larger the size of the macrocyclic ligand. With respect to the Soret
bands, they also move to lower energy, but in this case they weaken
and there is no regularity in the extent of the shift."* The extent
of the shift as a function of the n-system is represented in Fig. 9.
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Fig. 9 Electronic absorptions found for the Q-bands of phthalocyanines
upon the sequential addition of benzene rings.

The addition of one, two, three and four benzene rings results
in bathochromic shifts of 22, 44, 67 and 91 nm, respectively,
with respect to the phthalocyanine reference 8. Theoretical
calculations have shown that on ring annulation, the separation
between the 1a,, and the 1a,, levels increases, so the HOMO desta-
bilizes significantly, while the LUMO remains almost constant. In
addition, the reduction of symmetry on going from the D,;, system
8 to the D,, and C,, species breaks the degeneracy of the le,*
orbitals to a degree which relates to the ratio of long to short axes
in the molecule. The perturbation to the structure of Zn(i)Pc 8
results in different ring substitution patterns along the x- and y-
axes for the D,, isomer 11, while the constitution is identical along
the x- and y-axes in the case of the C,, isomer 12. In other words,
the ratio of long to short axes for the isomer 12 is 1. Consequently,
while the oppositely substituted species 11 usually display split
Q-bands, for the adjacently substituted series 12, a single Q-band,
very similar in its shape to that exhibited by 8, is observed. The
extent of the splitting of the Q-band of the oppositely substituted
species 11 has a parallel relationship with the lifting of the orbital
degeneracy of the LUMO of these species. Thus, the larger the
ratio, the larger the splitting. On the other hand, oblique ring
fusion like that represented by compounds 10 and 15% produces a
relatively minor impact on the position of the Q-band.
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3.4. The deviation from planarity

As aresult of their smaller core size and fused benzene rings, metal-
lophthalocyanines have extremely high planarity when compared
to porphyrins.* For example, in contrast to the corresponding
porphyrin, non-substituted Ni(i1)Pc is perfectly planar.®® However,
larger metal ions such as Pb(11) and Sn(11) alter the Pc geometry to
some extent.*® Steric congestion of substituents causes distortion
of the macrocycle as well. In this context, Cook and co-workers®’
have shown that the presence of alkyl chains close to the
phthalocyanine core (ortho positions) provokes a deviation from
planarity with concomitant modification of the Q-band position.

Further insight into the understanding of the relationship
between the deformation of the phthalocyanine and its electronic
properties was recently gained by Kobayashi and co-workers
through a complete study of phthalocyanines bearing a different
number of phenyl substituents at the ortho positions (Fig. 10).%®
In this series, the Q-band red shifts as the number of phenyl sub-
stituents increases. In the case of compound 16, the bathochromic
shift is very weak since in this macrocycle the two substituents
do not provoke deformation. The influence of deformation on
the electronic properties is evident when comparing 17 and 18.
Thus, although they both contain four phenyl substituents, the Q-
band of 18 appears at a longer wavelength, by about 13 nm, since
17 is less distorted owing to the substitution at opposite rather
than adjacent isoindole units. Stronger deformations induced by a
larger number of substituents lead to stronger red shifting: 28 nm
on going from 18 to 19 and 54 nm on going from 19 to 20.
The Q-band of the latter is located at 786 nm. Molecular orbital
calculations show that the HOMO-LUMO gap is reduced as the
number of phenyl substituents increases, but the destabilization of
the HOMO orbital does not originate from the phenyl substitution
but from the ring deformation.
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Fig. 10 Electronic absorptions found for the Q-bands of phthalocyanines
upon sequential substitution with benzene rings.
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Peripheral substitution combined with ring deformation affords
phthalocyanines with a Q-band beyond 800 nm.* Thus, intro-
duction of methoxy groups at the para position of the phenyl
substituents in compound 20, shifts the Q-band to 816 nm. In this
case, further destabilization of the HOMO occurs due to increased
electrostatic repulsion between the carbons at the ortho positions
of the fused benzene rings and the electron-rich substituents. This
compound, together with that reported in reference 21, is one of

the few phthalocyanine derivatives that exhibits a Q-band above
800 nm.

4. Porphyrazines, the orange absorbers

As stated before, the replacement of the meso carbons in porphyrin
molecules with aza linkages significantly breaks the accidental
degeneracy of the la,, and 1a,, HOMO orbitals of the resulting
azaporphyrins, with a concomitant influence on the UV-vis
spectra of the resulting macrocycles.

Monoazaporphyrins 21 are porphyrin-like molecules with one
nitrogen replacing one methine moiety at one of the meso positions
(Fig. 11). Their synthesis was first reported by Fischer and
Friedrich.® These derivatives can be prepared in good yields either
from dipyrromethene® or from the corresponding porphyrin
precursors.®

C( Q 21 X=Xp=Xz=C Mono-Azaporphyrin
Xi=N, Xz=X3=C or Xz=N, X;=X3=C Di-azaporphyrin
Q Q

Xy=Xz=Xz=N Porphyrazine
Fig. 11 Structures resulting from the sequential replacement of the
porphyrin meso carbons by aza bridges.

Available experimental data show a smooth red shift of the
azaporphyrin Q-band with respect to the porphyrin, and a
consequent increase in its intensity. Moreover, in the metal-
free monoazaporphyrin, the Q-band splitting is larger than that
corresponding to the metal free porphyrin, owing to the reduction
of symmetry from D,, to C,, (see section 3.3). Thus, the free base
5-aza-mesoporphyrin absorption spectrum in chloroform exhibits
a Q-band at A(Q,) = 534 nm (¢ = 1880 M~ cm™') and A(Q,) =
610 nm (¢ = 2000 M~ cm™).® Among the monoazaporphyrin
derivatives, two classes of compounds exhibit a particularly
marked bathochromically shifted Q-band. One of them is the N-
methyl monoazaporphyrin,* where N-methylation is performed
at the meso nitrogen ring, and the second class is constituted
by azachlorin derivatives (Fig. 12), obtained by the reduction
of one pyrrole ring. In this respect, Montforts and Gerlach
have described a shift in the Q-band from 615 nm to 674 nm,
for a monoazaporphyrin system and its azachlorin derivative
respectively.®

H3CO.C

CO,CH,

Fig. 12 Structure of azachlorin.

The second replacement of a methine bridge by nitrogen
provides diazaporphyrin derivatives (22, Fig. 11). The introduction
of two nitrogen atoms in the porphyrin structure produces an ad-
ditional red shift of the Q-band with respect to the corresponding
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monoaza-congener. Hence, free base 5,15-diaza-mesoporphyrin
exhibits in chloroform a Q-band at A(Q,) = 545 nm (¢ =
2960 M~' cm™') and A(Q,) = 620 nm (¢ = 4950 M~' cm™").%
Moreover, most of the spectra displayed by the diazaporphyrin—
metal complexes reported up until now exhibit the 4(Q,) band
between 570 and 595 nm.

Porphyrazines (tetraazaporphyrins, Pzs) 23 (Fig. 11) constitute
a class of macrocycles in which the four porphyrin meso carbons
have been replaced by aza linkages.®'* These compounds can also
be viewed as phthalocyanines lacking their fused benzene units.
Contrasting with phthalocyanines, among the synthetic proce-
dures available for the preparation of porphyrazines, the method
reported by Linstead and co-workers still constitutes the most
widely used.*

In porphyrazines, only the B-positions of the pyrrole moiety
are available for chemical modification. However, despite this
apparent limitation, tetraazaporphyrin structures offer the pos-
sibility of preparing a large number of derivatives with very dif-
ferent properties to those exhibited by phthalocyanines, including
phthalocyanine-like macrocycles in which the benzene unit has
been replaced by heterocyclic rings. The reason for most of the
differences between Pzs and Pcs arises from the fact that in Pzs
the peripheral functions are directly attached to the B-position of
the pyrroles, so they can couple strongly to the macrocyclic core
giving rise to systems with interesting physicochemical properties.

Similarly to phthalocyanines and other azaporphyrins, por-
phyrazine’s electronic properties can be explained by modifying
the Gouterman four orbital model and lifting the degeneracy of
la,, and la,, HOMO orbitals. Thus, the Q-absorption arises from
the almost pure HOMO— LUMO electronic transitions (a,— b,,,
b, for metal free macrocycles with D,, symmetry or a,,—e, for
metal complexes with D,, symmetry).®® As a result, on going
from porphyrins to porphyrazines the Q-band shifts to longer
wavelengths and intensifies. For example, the Q-band of free base
porphyrazine in chlorobenzene is located at A(Q,) = 545 (¢ =
39800 M~' cm™') and A(Q,) = 617 nm (g = 56200 M~' cm™).®
As for phthalocyanines, the electronic spectrum of a metallated
trans-porphyrazine, with D,, symmetry, generally shows a large
splitting of the Q-band, as a consequence of its lower symmetry
with respect to an identically substituted macrocycle (Dy,), while
C,, cis-porphyrazines show only a single Q-band.”

Commonly, porphyrazines possessing a heteroatom with a lone
pair directly bound to the B-carbon atom of the pyrrole rings, like
24, 26 and 27 (Fig. 13), constitute extended-conjugated systems
and exhibit bathochromically shifted Q-bands, accompanied by
relatively strong n—n* charge transfer bands in the window
between the Soret and Q-bands.” The latter absorptions disappear
when no n-donation is possible, for example upon peripheral metal
complexation, as in compound 25 (Fig. 13). This peculiarity has
been used for the design of multidentate porphyrazines with the
ability of acting as metal ion probes.™

In the recent literature, ladder structures containing por-
phyrazine moieties have appeared. Thus, compound 28 (Fig. 13)
constitutes a ladder dimer, which is rigidly constrained in a
coplanar arrangement, and possesses an extended m-conjugated
system.” Its electronic features are strongly influenced by the
twelve peripheral auxochromic dimethylamino groups, as well as
by its extended conjugation. Therefore, binuclear porphyrazine
28 exhibits a significantly red-shifted Q-band at 839 nm, that
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Fig. 13 Porphyrazines bearing heteroatoms directly attached to the
pyrrole rings.

is, 134 nm red-shifted when compared with the corresponding
octakis(dimethylamino) porphyrazine 24.

An alternative type of peripheral modification of the por-
phyrazine is B-f annulation. From the point of view of the
number of n-electrons involved in the formation of the aromatic
macrocyclic n-system, these porphyrazines can be considered as
analogues of phthalocyanines. As for phthalocyanines, the sequen-
tial addition of fused benzene rings shifts the Q-band to longer
wavelengths. In this respect, the possibility of fine-tuning the
electronic properties of regular porphyrazines through successive
ring-fusion has been studied.™ Accordingly, Fig. 14 represents a
porphyrazine series (29-35) in which the Q-bands shift slightly
according to the nature (benzene, anthracene, naphthalene) and
the number (mono-aromatic or di-aromatic) of the ring-fused
peripheral substituents.

Furthermore, special attention has been dedicated to por-
phyrazine systems carrying externally annulated six-membered
pyridine and pyrazine rings.”>”® The Q-band position of these
aza-analogues of phthalocyanines can be moved as a function
of the number and position of the heterocyclic N-atom. For ex-
ample, the Q-band of tetra-2,3-pyridinoporphyrazine (36, Fig. 15)
appears blue-shifted by 20-50 nm with respect to the tetra-3,4-
pyridinoporphyrazine (37, Fig. 15), the latter exhibiting a Q-band
close to that observed for unsubstituted phthalocyanines.

More recently, Ercolani and co-workers have prepared and
studied two novel families of porphyrazine macrocycles, namely
the tetrakis(thia/selenodiazole)porphyrazines (38, Fig. 16), which
are structurally similar to phthalocyanine.”>”” The spectra of the
S- and Se- complexes show intense absorptions in the Soret
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Fig. 14 The sequential addition of benzene rings to the porphyrazine
molecule.
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Fig. 15 Tetrapyridinoporphyrazines 36 and 37.
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Fig. 16 Tetrakis(thia/selenodiazole)porphyrazine.

(300-400 nm) and Q-band (600-700 nm) regions, attributable to
the allowed HOMO-LUMO intraligand t— 7* transitions.

When these four thia/selenodiazole rings are fused to the central
porphyrazine core, the 22 t-electron chromophore is extended to a
32 n-electron chromophoric system. This extension causes a strong
bathochromic shift with respect to the unsubstituted porphyrazine
analogue, the selenium-containing species exhibiting the Q-band
at longer wavelengths than the corresponding thiadiazole deriva-
tives. In fact, the absorption spectra of the former compounds
closely approaches the pattern observed for the phthalocyanine
macrocycles, and constitutes a sign of an overall similar electronic
distribution, as well as an extensive m-electron delocalization
throughout the porphyrazine skeleton.

5. The green and yellow regions: SubPcs, SubPzs,
TPcs and TPzs

5.1. Subphthalocyanines and subporphyrazines

Discovered in 1972 by Meller and Ossko™ subphthalocyanines
(SubPc, 39) are the lowest homologues of phthalocyanines, as
they consist of three isoindole units arranged around a central
boron(1in) ion (Fig. 17).° These cone-shaped macrocycles comprise
an aromatic 14 m-electron structure. The reduction of the conju-
gated system from Pcs to SubPcs produces a drastic modification
of the electronic properties, so that both Soret and Q-bands
appear at shorter wavelengths (300 nm and 560 nm, respectively,
see Fig. 20) with respect to the tetramers. Subphthalocyanines
are synthesized in good yields by cyclotrimerization reactions of
phthalonitrile precursors, in the presence of a boron derivative
(typically a boron trihalide of BX; type). Synthetic modifications
of SubPcs can be achieved at both the axial and the peripheral

positions.
N~ N

o .éfo.

Fig. 17 Subphthalocyanine (39) and subnaphthalocyanine (40).

X

Molecular orbital calculations have been carried out to obtain
a deeper understanding of the subphthalocyanine electronic
absorption. Under C;, symmetry, LUMO orbitals are doubly
degenerate.” Besides, both HOMO and LUMO orbitals exhibit
nodes at the boron atoms, this fact supporting the argument for the
lack of electronic communication between the macrocycle and its
axial substituents, and hence the small to negligible effect of these
substituents on the electronic spectra of the subphthalocyanines.®
In contrast, peripheral donor and acceptor functions do have an
influence on the UV-vis features, tending to shift the Q-band
of SubPcs towards longer wavelengths.® In particular, thioalkyl
chains produce a strong red shift of 38 nm. Furthermore, by
enlarging the n-system from that of a subphthalocyanine to that
of a subnaphthalocyanine (Fig. 17, 40), a 86 nm bathochromic
effect (from 565 nm to 651 nm) occurs.”®' A larger extension
to the m-conjugation of the SubPc aromatic core was achieved
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through the synthesis of fused dimers and trimers like 41 and 42 in
Fig. 18.%2 The assembly of the subphthalocyanine dimer 41 moves
the macrocycle’s Q-band with respect to its monomeric analogue
from 570 to 691 nm, this constituting a diagnostic for extension of
the conjugation.

42

Fig. 18 Subphthalocyanine dimer (41) and trimer (42).

The new conjugated m-system involves the central benzene
ring, as observed in electron density calculations. Of interest as
well is the shape of the dimer’s Q-band, four well-defined bands
arising from the lower symmetry of 41, compared to that of the
monomer, which results in less orbital degeneration. This trend
is also observed for the SubPc trimer 42, the Q-band of which is
located at 755 nm, that is, 180 nm red-shifted with respect to the
corresponding monomer.

With respect to subporphyrazines (SubPzs, 43, Fig. 19), they
were recently unambiguously described.* To the best of our
knowledge only two examples of subporphyrazines had been
reported at that time. However, the electronic properties de-
scribed for these compounds do not match the data obtained
in the paper above.!*™# Subporphyrazines were prepared by
treating disubstituted maleonitriles with boron trichloride. The
easier axial substitution by nucleophiles in subporphyrazines, in
comparison with subphthalocyanines, is thought to reflect the
stronger interaction of the peripheral substituents with the macro-
cyclic core. Concerning the orange SubPzs, the formal removal
of the three fused benzene rings from the subphthalocyanine

R R

X
N N/lN
R /N'B\N R
N/
N
R R
43

Fig. 19 Subporphyrazine (SubPz).

skeleton causes a hypsochromic shift of the Q-band (Fig. 20),
which appears at ca. 500 nm (as compared to the ca. 560 and
600 nm absorption bands seen in the cases of the corresponding
pink subphthalocyanines and violet porphyrazines, respectively).
Again, the stronger coupling of the peripheral substituents with
the macrocycle is evidenced by dramatic changes in the electronic
features that cannot be compared directly with the benzo-fused
series. Thus, the efficient modulation of subporphyrazine’s prop-
erties is possible, through peripheral substitution with selected
specific functions, since the substituents are attached directly at the
pyrrolic B-positions. As an example, peripheral functionalization
with thioalkyl chains produces a 60 nm red shift (20 nm more
than in the case of phthalocyanines) of the Q-band. But even
more remarkable is the huge intensity of the charge transfer band
appearing at 440 nm, which is responsible for the red colour
displayed by these compounds (Fig. 20).

ex 10 (M".cm™)

I i I ' I ' I i I
300 400 500 600 700
Wavelength (nm)

Fig. 20 UV-vis spectra of SubPc (dashed line) and SubPzs (R = propyl,
thick line and R = thiopentyl, thin line).

5.2. Triazolephthalocyanines and triazoleporphyrazines

The search for non-centrosymmetrical phthalocyanines with
different substituents at the periphery of the aromatic system,
and with second-order non-linear optical properties,* led to the
development of phthalocyanine-type macrocycles with an A;B
pattern in which A is an isoindole unit and B a heterocyclic moiety
(benzene, pyridine, pyrrole, thiadiazole, triazole, etc.). Among
the A;B phthalocyanine analogues, those in which one isoindole
subunit has been replaced by a 1,2,4-triazole have received the
name of triazolephthalocyanines (TPc 44, Fig. 21).%435

The introduction of this heterocycle into the phthalocyanine
framework leads to a lower degree of electronic delocalization,
which results in the hypsochromic shift of its Q-band in re-
lation to the corresponding phthalocyanine absorption. Thus,
for example, while the UV-vis spectrum of nickel(11) tetra-zert-
butylphthalocyaninato is dominated by an intense absorption
centred at 670 nm, tri-fert-butyl-substituted nickel(i1) triazole-
phthalocyaninato displays its Q-band at the shorter wavelength
of 623 nm.* In addition, a strong reduction of the symmetry
on going from Pc to TPc accounts for a considerable splitting
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44 45

Fig. 21 Triazolephthalocyanine (44) and triazoloporphyrazine (45).

of the optical absorptions (see Fig. 25). Modulation of the
electronic properties of these aromatic macrocycles can be carried
out by choosing appropriate peripheral functions,® by fusing
additional benzene rings* or by preparing the corresponding
triazoleporphyrazines (TPz 45 Fig. 21).¥ However, the most
drastic modification of the UV-vis spectrum has been induced
when the triazoleazaporphyrins are non-metallated, this difference
being diagnostic of the non-aromatic character of the free base
macrocycles.?”%

Thus for example, the UV-vis spectrum of the non-metallated
compound 45 (Fig. 22), which does not match the characteristic
porphyrazinic pattern, is constituted of four sharp absorptions
at 323, 417, 486 and 530 nm. This means that the lowest energy
band displayed by 45 as a free base is blue-shifted by 100 nm
relative to the corresponding Ni(il) compound and by 136 nm
when compared with the equivalent absorption of its parallel
porphyrazine.*’

M
1.4~“

Absorbance (a. u.)

T ! T Y T T T ! T
300 400 500 600 700

Wavelength (nm)

Fig. 22 Absorption spectra of triazoleporphyrazine 45 as a free-base
(black line) and as the nickel(11) derivative (grey line).

6. Azaporphyrins absorbing in the violet—blue
regions: the hemiporphyrazines

The absorption bands of the azaporphyrin derivatives can be
further shifted to the blue, by replacing a second pyrrolic
moiety in an A;B system by another heterocyclic ring, to afford
hemiporphyrazines (Fig. 23). Hence, these pigments may be
defined as ABAB macrocycles that bear two oppositely facing
pyrrole units and two other (hetero-)aromatic moieties.”*** The
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Fig. 23 Hemiporphyrazines.

first example of these non-aromatic, cross-conjugated compounds
is the 28 m-electron macrocycle 46 (Hp, Fig. 23), which was
reported by Elvidge and Linstead.”® Compound 46, together with
that containing two triazole rings (THp, 47) have received the
greatest attention. A common feature of all hemiporphyrazines
is their thermal stability and their lability in aqueous acidic
media, owing to their Schiff base character. On the other hand,
while phthalocyanines are aromatic systems of 18 m-electrons,
hemiporphyrazines are 20 m-electron-systems that reveal a low-
degree of electronic delocalization and a noticeable asymmetry
of the ligand, facts that have decisive consequences on their
electronic properties. Thus, their absorption spectrum (Fig. 295)
has a non-porphyrazinic pattern, exhibiting all their absorptions
in the ultraviolet-blue regions.

As for the other types of macrocycle, the exact position of
these bands can be fine-tuned by choosing appropriate metals
and peripheral functionalization. But a more striking alteration
can be achieved by modifying the macrocyclic structure itself.
Thus, more recently, the first examples of expanded azaporphyrins
48 and 49 (Fig. 24) with hemiporphyrazinic character have been
described.” Compounds 48 ([4+2] macrocycles) consist of 28 -
electron triazolehemiporphyrazine derivatives that coordinate two
metal ions within their central cavity. The UV-vis spectra of
these compounds show their bands bathochromically shifted with
respect to the hemiporphyrazine tetramers, as a consequence of
their extended conjugation. Hence, the lowest energy bands of
compounds 48 appear at ca. 570 nm (up to 134-148 nm shifted
towards longer wavelengths with respect to the corresponding
hemiporphyrazine).
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Fig. 24 Expanded triazolehemiporphyrazines.

Macrocycles 49 ([3+3] macrocycles) are 30 n-electron expanded
heteroaza-porphyrinoids having a large cavity capable of accom-
modating three metal ions. Again, the absorption bands of these
non-aromatic compounds are red-shifted when compared with
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regular hemiporphyrazines (Fig. 25), although to a lesser extent
than the [4+2] macrocycles.
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Fig. 25 UV-vis spectra of 48 (black thick line), 49 (grey thick line), 47
(dashed line) and TPc 44 (black thin line).

7. Beyond the red

The absorption bands corresponding to phthalocyanine analogues
containing extended m-systems appear at the other end of the
visible spectrum. Two main strategies have been used to obtain
these infrared absorbers:

1- Increasing the number of isoindole derivatives that the
macrocycles are composed of, giving rise to the expanded super-
phthalocyanines and

2- Appending additional fused benzene rings at the naphthalo-
cyanine periphery, affording the corresponding anthracyanines.

7.1.  Superphthalocyanines

Constituted of five isoindole subunits, superphthalocyanines
(Fig. 26, 50) represent higher homologues of phthalocyanines.
These pentapyrrolic macrocycles are obtained by UO,** template
condensation of phthalonitrile derivatives.”* Uranyl superphthalo-
cyanines are the only derivatives achieved until now, since on
demetallation, immediate ring contraction to the corresponding
four-membered macrocycle occurs.

Fig. 26 Superphthalocyanine.

The electronic spectra of the superphthalocyanines consist of
an intense band at 910-940 nm (66 700 M~! cm') with a shoulder

at 810 nm, which are analogous to the phthalocyanine Q-bands,
but with a 200 nm red shift. The optical spectrum exhibited by
50 is understandable in terms of what it is known about the
phthalocyanine UV-vis spectra: superphthalocyanine possesses
a degenerate HOMO and a split LUMO, the latter arising from
the severe buckling of the macrocycle. The observation of the two
intense Q-bands can be explained by this lifting of the degeneracy
of the LUMO with respect to the MPc, due to a lowering of the
D, molecular symmetry, in a way comparable to the reduction of
symmetry produced on going from the MPc to the Pc free base.”*

7.2. Anthracyanines

The structure of these extended conjugated macrocycles is rep-
resented by 51 in Fig. 27. Tetra-tert-butyl-anthracyanine’s Q-
band lies at 858 nm.** This corresponds to a 75 nm red shift
with respect to the corresponding naphthalocyanine derivative.
Nevertheless, this change is less important than that observed on
going from tetra-terz-butylphthalocyanine to naphthalocyanine
(85 nm). In other words, the Q-band shifts to longer wavelengths
with annulation of additional benzene rings, but to a lesser extent
with increasing molecular size. Accordingly, molecular orbital
energy level calculations predict that the HOMOs destabilize with
increasing molecular size, but to a minor degree, while the LUMOs
of the metal-free derivatives remain almost constant. Upon metal-
lation (M = Co, VO, Cu), anthracyanine Q-bands are blue-shifted
for reasons still unclear. Thus, for example, the Q-band of the
cobalt complex of tetra-terz-butylanthracyanine lies at 831 nm.**
Besides, few examples of substituted anthracyanines have been
reported. Octaphenylanthracyanine’s Q,-band lies at 901 nm.*
But a still lower-lying energy band among the anthracyanine
derivatives was obtained for a-octa(isopentoxy)anthracyanine,
the Q,- and Q,-bands of which appear at 980 and 954 nm,
respectively.”>%

51

Fig. 27 Anthracyanine.

8. Miscellaneous

The aim of this article is to offer a perspective on the prepara-
tion of tailor-made azaporphyrins and azaporphyrin analogues
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exhibiting their Q-band in a particular and predetermined region
of the electromagnetic spectrum. However, three types of novel
porphyrinic structures displaying absorptions at the two ends of
the visible spectrum are very well worth a mention, especially
because these structures with their optical features are virtually
inaccessible for the azaporphyrin family. At the higher-energy
end are the subporphyrins (Fig. 28). Described very recently,
triarylsubporphyrins 527 together with their subpyriporphyrin
analogue 53 represent the smallest known porphyrinic analogues
and therefore, their absorption bands appear at the lowest known
wavelength values among porphyrinic analogues, around 370 nm
for the Soret band, and 450-500 nm for the weaker Q-like bands.

Et Et
Et Et
Et Et
Et Et
Et Et
m
Et Et
m=1 Cyclo[6]pyrrole
52 53 54 m=2 Cyclo[7]pyrrole

m=3 Cyclo[8]pyrrole

Fig. 28 Structures of subporphyrin (52) subpyridoporphyrin (53) and
cyclo[m]pyrroles (54).

At the lower-energy end are the cyclo[m]pyrroles (m = 6,7,8) de-
scribed by Sessler and co-workers (Fig. 28, 54).°® Such macrocycles
contain no meso bridges but only 6,7 or 8 pyrrole units, respectively.
Cyclo[m]pyrrole bis HCI salts are characterized by a very strong
Q-band that dramatically red shifts on going from cyclo[6]pyrrole
(792 nm) to cyclo[7]pyrrole (936 nm) to cyclo[8]pyrrole (1112
nm), thus reflecting the increased size of the respective framework
involved (the 4n+2 m-systems increase from 22 to 26 to 30 =#-
electrons). Indeed this cyclo[8]pyrrole turns out to be one of the
expanded porphyrins with the longest wavelength Q-band. Only
the doubly cationic hexathiarubyrin of Vogel and co-workers,”
and the octaphyrin and nonaphyrin by Osuka and co-workers'®
display comparable low-energy band absorptions.

Finally, an extended-conjugated porphyrin sheet (Fig. 29, 55)
has been reported very recently, consisting of a combination of
a central, strongly antiaromatic cyclooctatetraene, surrounded
by four fused aromatic porphyrin rings.'® The results of this
unusual assemblage in terms of optical properties are three broad

55

Fig. 29 Porphyrin sheet.

absorption bands, that of the lowest energy appearing at 1000—
1500 nm, even though this band is considerably weaker than the
other two.

9. Areas of technological interest based on the
porphyrinoids’ colour

The optical properties of phthalocyanines have found application
in new areas of technological interest. In this section a brief non-
exhaustive survey of a few relevant applications is given.

Organic solar cells based on phthalocyanines with extended ab-
sorption in the near IR region of the sunlight spectra are currently
an important topic in the photovoltaic area. Phthalocyanines are
perfectly suited for efficient photon harvesting and, therefore,
for their integration in photovoltaic systems. They exhibit very
high extinction coefficients, around 650-700 nm as mentioned
before, where the maximum of the solar photon flux occurs. This
is the reason why phthalocyanines have been incorporated as
photosensitizers in both low band gap molecular solar cells and
dye sensitized solar cells (DSSCs).'*

Pcs are incorporated into low band gap molecular solar cells
as antennas, usually in blends together with semiconducting
polymers and/or acceptor counter-partners such as fullerenes.'”
In this context, a double-heterostructured copper phthalocyanine—
fullerene thin-film has been described. Efficiencies exceeding 5.5%
have been obtained by stacking two of these cells in series.'®
Doping-induced efficiency enhancement by doping rubrene into
a copper phthalocyanine-C,, organic photovoltaic cell has been
recently described, with an exceptionally high power conversion
efficiency of 5.58%.'" Tandem solar cells based on the combi-
nation of a poly(3-hexylthiophene-2,5-diyl)-PCBM and a copper
phthalocyanine—fullerene subcell have been reported with power
conversion efficiencies as high as 4.6%. The efficiency of the
stacked devices is close to the sum of the efficiencies of the
individual subcells.'%

In dye sensitized solar cells (DSSCs) photons can be collected
using phthalocyanine molecules that are placed over a layer of a
wide band gap semiconducting material like a mesoporous metal
oxide such as TiO,.'” Appropriately axially substituted titanium'*®
and ruthenium phthalocyanines'® represent an attractive new
route to the development of efficient, red absorbing sensitizer
dyes for DSSCs. It has also been reported that the use of tri-zerz-
butyl substituted zinc phthalocyanines in TiO, dye sensitized solar
cells"® not only avoided the formation of molecular aggregates
but also arranged the excited states to permit directionality of the
charge transfer from the phthalocyanines to the semiconductor’s
surface, thus allowing very high efficiencies of ca. 3.5%"! Finally,
a zinc phthalocyanine has been combined in a co-sensitized DSSC
with another dye with a complementary absorption spectrum, thus
obtaining a high overall device efficiency of 7.74%, which could
not be achieved separately by each of them.!"! The photoresponse
of the “molecular cocktail” extends up to 700 nm with photon-to-
current conversion efficiencies of 72%.

Despite their lower absorption wavelengths (570 nm) with
respect to Pcs, subphthalocyanines,” have been recently reported
as active components in low band gap molecular solar cells.
Thus, it has been described that a double-heterostructure boron-
subphthalocyanine (SubPc)-Cy, thin-film solar cell has more than
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doubled the open-circuit voltage (Voc) compared to a conventional
CuPc-Cg, cell.’ The lower oxidation potential of the SubPc
is responsible for this. Moreover, subphthalocyanine films in
combination with fullerene (Cg) have been studied in a planar
bilayer donor/acceptor heterojunction which shows a power
efficiency of 3%.'3

It is also remarkable that intrinsically bipolar materials in which
the donor and acceptor photoactive units are covalently linked,
like Pc—Cy, dyads'*!** have been described and PV devices have
been prepared with a few of them. The goal was in this case
the minimization of the morphological problems related to bulk
heterojunctions. Also with this goal, Pc-based conjugated and
non-conjugated polymers have been reported.'¢

In summary, the shifting of the Q-band to the red in par-
ticularly designed phthalocyanines and naphthalocyanines, with
appropriate values of the HOMO and LUMO Ilevels, and the
development of effective p-type and n-type phthalocyanine and
subphthalocyanine based materials, are challenges to be pursued
in the photovoltaic area relating to porphyrinoids.

On the other hand, the potential application of phthalocya-
nines in organic light emitting devices (OLEDs) has also been
suggested."” Thus, a conductive polymer comprising a linear main
chain and a multitude of carrier transport structures based on Pcs
has been claimed for applications in light emitting devices.'** More
recently' a series of new light emitting subphthalocyanines were
synthesized having colour points covering the red—orange region
of the visible spectrum. They were found to be of potential use as
narrow band emitters for red-light emitting diodes. In spite of the
narrow emission, the photostability of these subphthalocyanines
does not meet the requirements of OLEDs operating duration,
but it is believed that the synthesis of new representatives of this
family and different approaches to the devices’ construction will
allow much higher future efficiencies.

Phthalocyanine derivatives and analogues with absorptions
shifted to the blue, such as subphthalocyanines (570 nm), are
required as active components in optical recording media like CDs,
DVDs and even Blu-ray discs. Subporphyrazines, subporphyrins
and even hemiporphyrazines could be targets for this goal. Most
of the information in this regard is published in the form of
patents.'® Recently, an optical information recording medium has
been described with two different read/write wavelengths based on
phthalocyanine related systems. The invention consists in selecting
a particular dye as a photoabsorptive material.'!

On the other hand, phthalocyanines and related systems have
also found applications in non-linear optics®*'** in both second and
third harmonic generation.'”'** However, since comprehensive
reviews and papers have been published this issue will not be
treated in the current paper. Recent advances have also been
made in the particular fields of optical limiting and two-photon
absorption.'®

Photodynamic therapy (PDT) is an emerging protocol for the
non-invasive treatment of cancer or tumour-related diseases.' It
is based on the photoactivation of selectively localized organic
photosensitizers in neoplastic tissues, that can be activated with
certain wavelengths of light so as to generate free radicals and
singlet oxygen ('O,) that are toxic to cells and tissues. Molecular
delivery systems with a high affinity for the target tissues can be
used for increasing the selectivity by binding the photosensitizers
to them. Typically water soluble compounds are needed. The

most widely used PDT drug Photofrin®) is a water-soluble, red
powder consisting of a mixture of metal-free porphyrins. The
active constituent consists of covalent dimers or small oligomers
of porphyrin units joined by ether and ester linkages. The first
generation PDT drug Photofrin®) was approved in the U. S. for the
treatment of obstructing cancer of the oesophagus and early stage
cancer of the bronchus.””” Synthetic modifications of porphyrins
have been made in order to prepare compounds with better PDT
efficiency. meso-Tetraphenylporphines, chlorins, bacteriochlorins,
and benzoporphyrins,'® among others, have been employed for
this goal. Texaphyrins show a strong absorbance at 732 nm so
treatment can be carried out effectively on a larger tumour or at a
greater depth.'”

Phthalocyanines represent promising second generation photo-
dynamic agents since their Q-bands are more intense and red-
shifted as compared with porphyrins. Pcs can produce long-
lived triplet states with reasonable quantum yields and lifetimes,
able to sensitize singlet oxygen formation."® They have been
investigated for PDT applications for a long time."*' The first
described in vivo biomedical application of Pcs was the observation
that uranium and copper complexes of a tetrasulfonated phthalo-
cyanine were retained in experimental murine brain tumours.'*
Different metals were introduced to the central cavity of this
particular Pc, aluminium and zinc being the most studied ones.
A silicon phthalocyanine has been approved as a sensitizer for
photodynamic treatment of oesophageal and early lung cancer.'*
Phthalocyanines currently represent a very active field of research
for PDT applications.’*

On the other hand, Pc analogues like naphthalocyanines have
also been used in PDT. They exhibit a very strong absorption at
higher wavelengths of ca. 800 nm, thus allowing the treatment
of more profoundly localized neoplastic tissues'** Subphthalocya-
nines (SubPcs) were shown to possess a very long-lived triplet state
that is accessible with a nearly quantitative quantum yield,**'**
but their application for PDT is not so important since their Q-
band is located at ca. 570 nm, too close to the tissues’ absorption
and below the so-called “therapeutic window”. However, their
lower homologues, the subnaphthalocyanines possess the same
photophysical characteristics as those of the SubPcs but with a Q-
band shifted to the red at approximately 650 nm, making them
potential candidates for PDT applications. The application of
Pc-based PDT to other types of diseases like the treatment of
restenosis after angioplasty and coronary artery disease (CAD)"’
would be a future expanding topic. In this respect the use of
quantum dots and other nanoparticles linked to appropriate
porphyrinoids'® for making particular wavelengths accessible
would be of great interest.

10. Conclusions

In conclusion, the accomplishments achieved so far in the
porphyrinoid area related to the absorption wavelengths of its
different members have been really remarkable in the last few years,
but much more remains to be done. New synthetic developments,
in conjunction with supporting theoretical studies, will provide
a deeper understanding of the electronic nature of these por-
phyrinoids, thus allowing the design of new ones with improved
performances and new applications in “colourful” technological
areas.
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Fungi treated with DNA methyltransferase and histone
deacetylase inhibitors exhibited natural product profiles
with enhanced chemical diversity demonstrating that small-
molecule epigenetic modifiers are effective tools for rationally
controlling the native expression of fungal biosynthetic path-
ways and generating new biomolecules.

Fungi are biosynthetically talented organisms capable of produc-
ing a wide range of chemically diverse and biologically intriguing
small molecules. The majority of scientific interests in fungal nat-
ural products have centered on their pharmaceutical applications,
roles as mycotoxins, and multifarious ecological functions. Unfor-
tunately, typical fungal fermentation methods such as axenic shake
or static cultures on artificially defined media are poor surrogates
for mimicking an organism’s native habitat. The consequence of
these practices is that only a subset of the biosynthetic pathways
which encode for secondary metabolite production in fungi are
ever expressed, thus limiting prospects for realizing the complete
drug discovery potential of these organisms. Moreover, without
securing the full range of ‘silent’* secondary metabolites, opportu-
nities for testing hypothesis-based inquiries regarding their native
functions (antibiosis, intra- and inter-species communication, and
modulation of diverse biotic responses) remain unattainable. The
magnitude of this problem has become markedly apparent with
the advent of modern genomic technologies. With the exception
of yeast, the number of putative natural product biosynthetic
pathways in fungi exceeds the sum total of natural products
observed under laboratory culture conditions. Pertinent examples
highlighting this phenomenon are found among Aspergillus spp.,*
Neurospora crassa,® and Magnaporthe grisea.*

Methods developed for exploring the products of silent sec-
ondary metabolic pathways in microorganisms fall into two
broad categories:® molecular-based techniques and cultivation-
dependent approaches. Despite their incredible promise for provid-
ing outstanding access to and control over silent biosynthetic path-
ways, molecular-based methods utilizing heterologous expression
systems are limited by problems such as locating and cloning genes,
difficulties with gene transformation and inactivation, and host
incompatibilities. Alternatively, a variety of cultivation-dependent
procedures in which biotic and abiotic culture parameters are
manipulated have likewise been proposed. While this methodology
has been a mainstay of microbial natural products for decades, the

Natural Products Discovery Group, Department of Chemistry and Biochem-
istry, 620 Parrington Oval, Room 208, University of Oklahoma, Norman,
Oklahoma, 73019-3032, USA. E-mail: rhcichewicz@ou.edu; Fax: +1 (405)
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T Electronic supplementary information (ESI) available: Experimental
details, structure characterization, additional results with figures and
tables. See DOI: 10.1039/b804701d

1 Graduate Program in Ecology and Evolutionary Biology.

concept was more recently formalized by Zeeck and colleagues®
and has since been applied by several groups.” Unfortunately, this
protractive strategy is labor intensive, lacks predictable outcomes,
and inflates the workload of natural products screening programs.
These difficulties are further compounded by strain-specific vari-
ation in the quantity of metabolite production as well as the
seemingly capricious behavior of fungi to alter metabolite profiles
when re-cultured. Consequently, an alternative methodology that
is universally applicable for rationally inducing the expression of
silent natural product biosynthetic pathways in fungi is needed.
The discovery of the putative nuclear transcriptional regula-
tor LaeA, which controls secondary metabolite production in
Aspergillus,® has inspired our group to examine global mech-
anisms by which fungi restrictively manage the production of
natural products under laboratory culture conditions. Published
fungal genomes demonstrate a propensity for the positioning of
many putative natural product biosynthetic gene clusters in the
distal regions of chromosomes.” Importantly, these portions of
fungal genomes are noted to exist in a heterochromatin state
whose constitutive genes are often transcriptionally controlled
by epigenetic regulation such as histone deacetylation and DNA
methylation. Recently, Keller and colleagues have demonstrated
that disruption of histone deacetylase activity (Ahda) in As-
pergillus nidulans led to the transcriptional activation of gene
clusters for the production of sterigmatocystin and penicillin.’
Moreover, extension of these observations to growing cultures
of Alternaria alternate and Penicillium expansum suggested that
inhibition of histone deacetylase activity could positively modulate
secondary metabolite production. Based on these observations,
we hypothesized that small-molecule epigenetic modifiers could
be rationally employed for accessing silent natural product path-
ways and enhancing the native production of fungal secondary
metabolites. The development of such an approach would present
significant advantages to the natural products research community
for controlling the expression of latent biosynthetic pathways and
creating new opportunities for novel small-molecule discoveries.
Our initial experiments testing this approach consisted of
subjecting a diverse panel of twelve fungi to treatment with a
focused library of DNA methyltransferase and histone deacetylase
inhibitors in dose dilution series (0.1 uM to 10 mM).+ Comparative
profiling by HPLC, MS, '"H-NMR and TLC demonstrated eleven
of the fungi were responsive to one or more epigenetic treatments
based on the production of new natural products and/or enhanced
accumulation of constitutive secondary metabolites. Furthermore,
exposure of selected Aspergillus, Cladosporium, Clonostachys,
Diatrype, Penicillium, and other fungal strains to multiple media
types confirmed that many of the new natural products were
exclusively obtained following the use of epigenetic modifying
treatments. Cultures treated with amphotericin B, cycloheximide,
and 5-fluorouracil did not produce new or enhanced secondary

This journal is © The Royal Society of Chemistry 2008
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metabolite profiles indicating that epigenetic modifiers impacted
fungi in a manner that was functionally distinct from that of a
general cytotoxic response. Interestingly, a combination treatment,
composed of a DNA methyltransferase inhibitor and histone
deacetylase inhibitor, was tested and determined to be only
modestly effective due to significant growth restriction and/or
generation of metabolite profiles dominated by the effects of
a single component in the mixture (e.g. effects of individual
compound treatments were not additive as a mixture).

In order to probe the nature of metabolic remodeling induced
by epigenetic modifier treatment, two fungi were selected for scale-
up studies. The first isolate was obtained from a tidal pool along
the coastline of Casco Bay, Portland, Maine, USA, and identified
as Cladosporium cladosporioides by analysis of a 300 base pair
sequence of the D2 region of the 26S large ribosomal subunit
rRNA gene and morphological considerations.f This culture
exhibited divergent responses to the small-molecule epigenetic
modifiers 5-azacytidine and suberoylanilide hydroxamic acid
which led to dramatic restructuring of its secondary metabolome
with both treatments (Fig. 1A,C). Treatment of C. cladosporioides
with 5-azacytidine elicited the de novo production of several
oxylipins, three of which were characterized by NMR and MS
analysist as (9Z,122)-11-hydroxyoctadeca-9,12-dienoic acid (1),
its methyl ester (2), and glycerol conjugate (3) in substantial yields
(Fig. 1B). The production of these compounds is of considerable
interest since these types of metabolites are widely recognized
for their important roles as intra- and inter-species cell signaling
molecules. In contrast, suberoylanilide hydroxamic acid induced
the production of a complex series of perylenequinones, two of
which were characterized as new metabolites, cladochromes F (4)
and G (5), along with four known cladochromes A (6), B (7),
D (8), and E (9) and calphostin B (10) (Fig. 1D. and see ESIY).
This is remarkable since this is the first reported co-occurrence
of such an extensive range of cladochrome-calphostin metabolites
from a single source. Moreover, the identification of 6 and 7 under
epigenetic stimulation is significant since these compounds were
first reported as the unique products of Cladosporium infection
of Cucumis sativus seedlings, yet could not be obtained from an
extensive number of mono-culture fermentations.’ While it was
originally speculated that 6 and 7 might be the products of mixed
Cladosporium—Cucumis biosynthesis, their select production in
suberoylanilide hydroxamic acid treated Cladosporium suggests
that their biogenesis is normally tightly regulated and sensitive to
some yet undefined host-specific signaling event.

The second fungal isolate was obtained from the foregut of
a fifth instar luna moth (Actias luna; Saturniidae) larva that
was cultured on an exclusive diet of sweet gum (Liquidambar
styraciflua L.; Hamamelidaceae) leaves. Initial characterization of
the fungus by analysis of the 26S rRNA gene gave a 93% sequence
homology to Diatrype disciformis. While control cultures of this
Diatrype sp. were relatively void of any secondary metabolites,
addition of S-azacytidine triggered a significant change in the
organism’s metabolic profile (Fig. 2A), resulting in the production
of two new polyketides, lunalides A (11) and B (12) (Fig. 2B). It is
interesting to note that one other non-epigenetic culture treatment,
elicitation with E. coli,T resulted in the biosynthesis of 11 and 12
which were otherwise repressed under axenic culture conditions.
The results suggest that their production is under specific control
of a unique environmental cue.

4 R;=O0H;R; = p-hydroxybenzoate

5 R; = OH; R, = p-hydroxycarbonate

6 Ry =R;=p-hydroxybutyrate

7 R, = p-hydroxybutyrate; R, = benzoate

8 Ry =p-hydroxycarbonate; R, = p-hydroxybenzoate
9 Ry =p-hydroxycarbonate; R, = benzoate

10 R4 = OH; R, = benzoate

Fig. 1 Difference chromatograms and structures of C. cladosporioides
natural products following treatment with epigenetic modifiers. Ten cul-
tures within each treatment group were pooled and the total organic extract
separated by C;;x HPLC with UV detection (UV trace at 210 nm). Differ-
ence chromatograms were generated by subtracting the chromatogram
of the untreated control from the treatment groups. Peaks phasing
upward represent metabolites expressed only upon epigenetic treatment
or produced at enhanced concentrations. (A) Difference chromatogram
following 5-azacytidine administration yielding oxylipins 1-3 (B). (C)
Difference chromatogram demonstrating the effect of suberoylanilide
hydroxamic acid on secondary metabolite expression leading to the
production of perylenequinones 4-10 (D). Compounds were characterized
by HRESIMS, NMR, and CD and/or by comparison to values published
in the literature.

The success of inducing the production of new natural products
from fungi by administering small-molecule epigenetic modifiers
indicates that this technique is a very promising and rational
approach for the native expression of silent biosynthetic pathways.
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Fig. 2 (A) Difference chromatogram (UV trace at 210 nm) for Diatrype
sp. treated with 5-azacytidine. (B) New glycosylated polyketides 11 and 12
(lunalides A and B, respectively) were produced following treatment with
the DNA methyltransferase inhibitor. Compounds were characterized by
HRESIMS and NMR.{

This method has several significant benefits compared to currently
available molecular or culture-dependent techniques. First and
foremost, it provides a needed tool for rapidly accessing potential
pools of cryptic fungal natural products in their native hosts.
Second, this methodology can be readily implemented in most labs
without extensive retooling, giving it a wide scope of utilization.
Third, this approach will significantly lessen the cost and effort
of acquiring the products of silent secondary metabolic pathways
since fungi do not need to be pre-screened using a multitude of
culture conditions.
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Phenylenediamine-catalyzed click chemistry leads to the effi-
cient, practical, and column-free preparation of neoglycocon-
jugates from unprotected glucosyl azide, in pure water when
aglycon solubility permits.

Carbohydrates and glycoconjugates have been shown to be
involved in many cellular recognition events in both normal
and pathological processes including cell-cell recognition, host—
pathogen or host-symbiont interactions, cancer and metastasis.
The unravelling of diversity in glycoconjugate biological func-
tions has been accompanied by the development of synthetic
tools allowing the preparation of ever more complex well-
defined oligosaccharidic structures. Nevertheless, glycochemistry
still requires novel methods and strategies to rapidly access new
glycostructures.’

Interestingly, recent efforts of many organic chemists focus on
a simplification of synthetic procedures towards productivity and
diversity. The concept of click chemistry has been introduced® in
order to mimic the strategies developed by Nature for the modular
construction of its major biomolecules (including nucleic acids,
proteins, and carbohydrates), and Cu(1)-catalyzed azide-alkyne
cycloaddition (CuAAC),* aregiocontrolled variation of Huisgen’s®
1,3-dipolar cycloaddtion which has very quickly emerged as the
prototype reaction, has found applications in many fields of
chemistry.® It is important to note that amongst the set of stringent
criteria initially introduced as the definition of click chemistry,?
high yields, simple reaction conditions, readily available reagents
and simple non-chromatographic product isolation certainly con-
tributed to the rapid assimilation of the concept by the scientific
community.

In this communication we report that when CuAAC between
commercially available glucosyl azide 1 and propargyl alcohol is
performed with copper sulfate and sodium ascorbate, at room
temperature and in pure water,” addition of o-phenylenediamine
leads to completion of the reaction in a much shorter time than
expected (less than 45 minutes, compared to more than 4 hours
in the absence of o-phenylenediamine). This result indicates that
o-phenylenediamine is accelerating the reaction, possibly via the
formation of a Cu(1) complex.*® Addition of activated charcoal

“CNRS and Univ Paris Sud, Glycochimie Moléculaire et Macromoléculaire,
ICMMO, UMR 8182, Orsay, F-91405, France. E-mail: bvauzeil@icmo.u-
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*Université Pierre et Marie Curie-Paris 6, Institut de Chimie Moléculaire
(FR 2769), Laboratoire de Chimie Organique (UMR CNRS 7611), 4 place
Jussieu, C. 181, F75005, Paris, France; Fax: + 33 144 27 55 04

T Electronic supplementary information (ESI) available: Experimental
procedures and characterizations, as well as 'H and *C NMR spectra
for compounds 2-12. See DOI: 10.1039/b805528a

1 Dedicated to Professor Alain Krief on the occasion of his 65th birthday.

followed by air oxidation and filtration through Celite then enables
non-chromatographic product separation from the catalyst, and
isolation of clean triazole 2.*°

OH
HO Q N
HO/&/Ns + \\/OH

1 OH
CuS0, (5 mol%) NH;
= H g (15 mol%)
HO /™ 0
—{ (10 mol%) NH;
NaO  OH H20
OH
N—
HO o =N
HO N A _OH
OH
2

Scheme1 Reaction of glucosyl azide 1 with propargyl alcohol, in the pres-
ence of catalytic copper sulfate, sodium ascorbate and o-phenylenediamine.

In order to illustrate this acceleration effect, we performed a
kinetic study by NMR (Fig. 1) which clearly shows that after an
initiation time due to the reduction of Cu(1)," the conversion rate
is significantly accelerated by o-phenylenediamine.'?

100
—~ 80
9
= 60
°
® 40
°>’ 20 -+
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g "
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Fig.1 Kinetic effect of 15.0 mol% (37.5 mM) added o-phenylenediamine
(x) versus no additive (+) on the reaction of B-glucosyl azide (0.25 M) with
propargyl alcohol (0.25 M) in the presence of copper sulfate (5.0 mol%,
12.5 mM) and sodium ascorbate (10.0 mol%, 25.0 mM) as determined by
'"H-NMR spectroscopy in D,O under Ar. The conversion was estimated
by integration of the H-2 signal of the starting material (0 3.25 ppm) and
anomeric signal of the product (6 5.75 ppm). The reactions were initiated
by copper sulfate addition.

This encouraging result prompted us to apply these conditions
to a series of alkynes. Triazole disaccharides 5 and 6 as well as
the tris(glucosyl)triazole derivative 7** were obtained in excellent
yield (Table 1, entries 4, S and 6). This method also allowed efficient
access to neoglycosyl amino acid 11 (entry 10) and neoglycolipid
12 (entry 11); in this case, however, some tBuOH was added as
a co-solvent for aglycon solubility reasons. Alcohols (entries 1
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and 8), a tertiary amine (entry 2), a carboxylic acid (entry 3)
and aromatics (entries 7 and 9) proved to be compatible with the
reaction conditions, and the corresponding neoglycoconjugates
were obtained in pure form and very good yields.™

We find that of the various strategies that can be used to intro-
duce the required Cu(1) catalyst, the simple reduction of copper
sulfate by sodium ascorbate initially suggested by Sharpless*
is very convenient; it is also practical and economic, factors
that can become crucial on a preparative scale.’* However, polar
unprotected carbohydrate derivatives' are intrinsically difficult to
isolate from polar byproducts such as copper salts and ascorbic
acid oxidation products'” without chromatography. To solve this
problem, we introduce a purification strategy involving the direct
trapping of dehydroascorbate (the initial oxidation product of
ascorbate) by o-phenylenediamine. This addition is known to yield
fluorescent quinoxaline derivatives, and has been used for the
determination of ascorbate and dehydroascorbate concentrations
in biological samples.”® We show that these derivatives, together
with Cu(11),"* can be easily adsorbed onto activated charcoal,
allowing their removal by simple filtration. The efficiency of this
chromatography-free purification method is exemplified by the 'H-
NMR spectrum of crude compound 6 after the final filtration step
(Fig. 2).

Fig. 2 Full 'H-NMR (CD;0D, 360 MHz) spectrum of triazole-linked
disaccharide 6 after chromatography-free purification.

Significantly, our method proves to be rapid, practical and
general, whereas previous reports on the use of click chemistry
with unprotected carbohydrates required either heating,” mi-
crowave activation,” copper nanoparticles,?® or the addition of
relatively elaborate copper ligands,* in order to avoid prolonged
reaction times or an excess of one of the reagents.”® Furthermore,
these methods all relied on chromatographic purification, except
in the case of high molecular weight compounds, which allow
ultrafiltration.

In conclusion, we believe this strategy can find wide applica-
tions in glycoscience, because triazole-linked glycoconjugates can
exhibit very interesting biological properties.® More generally,
other fields should benefit from this method, especially when easy
conjugation of polar building blocks is required.
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2-(Bromomethyl)-1-sulfonylaziridines were converted into
novel 3-sulfonamido-2,3,4,5-tetrahydro-1,5-benzothiazepi-
nes upon treatment with 2-aminothiophenol in THF in
the presence of K,CO;. Starting from 3-substituted 2-
(sulfonyloxymethyl)aziridines, a regio- and stereocontrolled
synthesis of trans-2-phenyl- and trans-4-(phenyl or propyl)-
3-sulfonamido-2,3,4,5-tetrahydro-1,5-benzothiazepines was
developed in good yields via two different reaction pathways,
depending on the nature of the sulfonyloxy group.

1,5-Benzothiazepines' comprise an important class of heterocycles
due to the existence of several biologically active representa-
tives such as Diltiazem? and Thiazesim.* Also their 3-amino
derivatives have received considerable interest, especially from
a medicinal point of view.* Whereas several approaches are
available towards the synthesis of 1,5-benzothiazepines,® the
preparation of the 3-amino-1,5-benzothiazepine skeleton remains
an unexplored field of chemistry.* In continuation of our interest
in 2-(halomethyl)aziridines® and 2-(halomethyl)oxiranes’ as three-
carbon building blocks in organic synthesis, their reactivity with
regard to 2-aminothiophenol was investigated in the present
report.

2-(Bromomethyl)aziridines 2a—c were prepared in high yields
starting from allylsulfonamides 1 upon treatment with 1 equiv
of bromine in dichloromethane, followed by ring closure of the
resulting intermediate 2,3-dihalopropylsulfonamides by means of
aqueous sodium hydroxide in ethanol at room temperature for 0.3
to 15 hours (Scheme 1).2

1) 1 equiv Bry F|<
CHyClp 0°C-rt, 1h =$=
_~_NHSOR bl o=5e

2) 1N NaOH
EtOH, r.t.,, 0.3-15h
2a (R = Ph, 98%)
1a-c 2b (R = 4-MeCgHgy, 92%)
2c¢ (R = Me, 83%)

Scheme 1
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tal details and characterisation data for compounds 6-8. See DOI:
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1 On leave from Utsunomiya University, Department of Applied Chem-
istry, Faculty of Engineering, Japan.

Also trans-3-substituted 2-(sulfonyloxymethyl)aziridines were
prepared as substrates for the synthesis of 3-amino-1,5-
benzothiazepines. Aziridination of allylic alcohols 3 by treatment
with 1.1 equiv of chloramine-T trihydrate’ in acetonitrile in
the presence of 0.1 equiv of phenyltrimethylammonium bro-
mide (PTAB) afforded the corresponding 2-(hydroxymethyl)-1-
tosylaziridines, which were subsequently sulfonylated upon reac-
tion with 1 equiv of tosyl or mesyl chloride in dichloromethane
in the presence of Et;N at room temperature towards 2-
(sulfonyloxymethyl)aziridines 4a—c (Scheme 2).

1) 1.1 equiv Chloramine-T
0.1 equiv PTAB
CH3CN, rt.,, 24 h

RIA~_OH 0=5=0
i N
2) 1 equiv RS0,CI ,

1 equiv EtzN RMQ",,/OSOzR
3a (R'=Ph) CHoCly, rt., 5h 42 (R = Ph, RZ = 4-MeCabl, 58%)
3b(R'=Pr) 4b(R' =Pr,R2= 4-MeCqH,, 68%)

4c (R' = Ph, R? = Me, 55%)

Scheme 2

Treatment of 2-(bromomethyl)aziridines 2 with 1.2 equiv of 2-
aminothiophenol in THF in the presence of potassium carbonate
provided an easy access to 3-sulfonamido-2,3,4,5-tetrahydro-
1,5-benzothiazepines 6 after reflux for 5 hours (Scheme 3).
Starting from 1-arenesulfonylaziridines 2a-b, the presence of the
corresponding acyclic intermediates 5 could be confirmed by
means of '"H NMR spectroscopy, implying that the formation
of benzothiazepines 6 proceeds through initial attack of the
sulfur atom of 2-aminothiophenol onto the less hindered aziridine
carbon atom in substrates 2, followed by nucleophilic displacement
of bromide by the amino group (Scheme 3). Benzothiazepine
6a was obtained as a 5 : 2 mixed crystal with toluene upon
recrystallization from toluene.'

3 SH
—Qq—, 1.2 equiv @
0=8=0 NH,

LA _Br

s

@( }NHSOZR
N
H

6a (R = Ph, 78%)
6b (R = 4-MeCgHj, 47%)
6c (R = Me, 48%)

1.2 equiv K2CO3
THF

0°C,1h=A,5h
2a-c

_SO,R

HN
o
NH, j

5

Scheme 3
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NH, 0=8=0
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1.1 equw
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1.1 equiv K,CO3 , -OSO,R? 1.1 equiv K,CO3
THF THF
0°C,1h-A,5h 4a(R'=Ph,R®=4-MeCgH;) 0°C,1h-A 548h . )
8 (59%) R? = Me 4b (R'=Pr,R?=4MeCeHs)  R? = 4-MeCoH, ;b ((';1 2:' jfof))
R = ph 4c (R =Ph, R2 = Me) e
Scheme 4
This approach was further elaborated towards trans-

disubstituted 2,3,4,5-tetrahydro-1,5-benzothiazepines 7 and 8
starting from trans-2,3-disubstituted aziridines 4. Surprisingly,
treatment of 2-(sulfonyloxymethyl)aziridines 4a and 4b with 1.1
equiv of 2-aminothiophenol in THF in the presence of 1.1
equiv of K,CO; afforded 4-substituted 3-aminobenzothiazepines
7Ta,b, whereas aziridine 4¢ was transformed into 2-phenyl-3-
aminobenzothiazepine 8 applying the same reaction conditions
(Scheme 4). In both cases, no traces of the other regioisomers
were identified in the reaction mixtures.

Apparently, tosylates 4a and 4b are more reactive as com-
pared to mesylate 4c. Indeed, 2-(tosyloxymethyl)aziridines 4a,b
undergo initial nucleophilic displacement of the tosyloxy group
by means of 2-aminothiophenol towards intermediate aziridines
9, which cyclise spontaneously to afford 4-substituted 3-
aminobenzothiazepines 7 (pathway a, Scheme 5). On the other
hand, 2-(mesyloxymethyl)aziridine 4¢ suffers from initial ring
opening by 2-aminothiophenol at the benzylic position towards
acyclic intermediate 10, followed by cyclization upon nucleophilic
substitution of the mesyloxy moiety (pathway b, Scheme 5).

ig@ -

0=5=0 / 7
eN
R1¢Q #<QS02R? NH,
o\t BN @ s
Hg — 2 S @( >—-NHTS
NH a -
o e R
NHTs H
10 8
Scheme 5

The structural identity of benzothiazepines 7 and 8 was
confirmed by means of detailed one- and two-dimensional NMR
spectroscopic analysis. For example, the presence of cross-peaks
in the COSY-spectrum of 4-phenylbenzothiazepine 7a between
the NH and the C-4 benzylic proton supported the assigned
substitution pattern (Fig. 1). A NOE-effect of 3.8% between the
same two protons proved this assignment to be correct. Similarly,
cross-peaks between the NH proton and the adjacent methylene
protons supported the structure of benzothiazepine 8 bearing a
phenyl group at the 2-position. For both benzothiazepines 7 and
8, the relative configuration was assigned as trans based on the
large vicinal coupling constants of 9.6 Hz between H-3 and H-4 for

S
WNHTs
H
N—Z=Ph
U 9.6 Hz

3.8%
nOe

7a

Fig. 1

compounds 7 and of 9.2 Hz between H-2 and H-3 for compound
8.

In conclusion, a highly efficient synthesis of 3-sulfonamido-
2,3,4,5-tetrahydro-1,5-benzothiazepines has been accomplished
starting from easily accessible aziridine substrates. Furthermore,
this approach can be applied successfully for the regio- and
stereocontrolled synthesis of trans-2- or trans-4-substituted 3-
sulfonamido-2,3,4,5-tetrahydro-1,5-benzothiazepines by choice of
the appropriate leaving group.
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A series of block copolymers containing a dendronised cationic block for efficient DNA binding and a
poly(ethylene glycol) block for encapsulation of the complex were synthesised in a modular fashion
using a combination of click chemistry and ring-opening metathesis polymerisation. DNA binding
experiments, investigated using gel electrophoresis, dynamic light scattering and transmission electron
microscopy, showed that all polymers prepared in this study strongly complex DNA and self-assemble
into polyion complex micelles with apparent hydrodynamic radii ranging from 20-120 nm at
physiological pH (7.4). The in vitro transfection efficiency and toxicity of these potential non-viral
vectors were also evaluated in HeLaj cells using plasmid DNA encoding for green fluorescent protein

as the reporter gene.

Introduction

The health concerns associated with viral gene delivery systems
have spawned the development of non-viral vectors based on
cationic lipids," dendrimers® and block copolymers.® Despite
significant advances, even the most successful platforms still have
delivery efficiencies three orders of magnitude lower than viral
DNA carriers, and the development of new, efficient vectors
remains a challenge.*

Dendronised polymers are a subclass of comb polymers in
which the linear combs have been replaced by dendrons. These
unique macromolecules are interesting materials for potential use
in therapeutic applications due to the large number of function-
alisable peripheral groups, and their tunable size and shape.® The
ability to modulate DNA complexation by synthetically varying
the diameter of cationic dendronised polymers further suggests
that these structures are attractive scaffolds for developing new
non-viral vectors for gene delivery.®

The self-assembly of block copolymers is a powerful tool
for forming ordered supramolecular structures in solution and
is the basis of encapsulation/drug delivery approaches.” For
gene therapy applications, block copolymers usually contain a
cationic block for DNA binding and a hydrophilic segment
for encapsulation of the complex.®* Poly(ethylene glycol) (PEG)
segments are commonly used in polymer therapeutics to sterically
shield a drug or DNA core from metabolic/enzymatic cleavage
and premature clearance by the mononuclear phagocyte system.
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This feature improves the solubility and increases the circulation
lifetime in vivo.®®

Although the cationic blocks typically consist of linear
poly(ethylene imine) (PEI) or poly-L-lysine,® the use of dendro-
nised monomer units was envisaged. The high surface charge
density provided by triply branching Newkome dendrons should
favour strong DNA binding and endosomal escape once inter-
nalised. We have recently used this architecture in the development
of small self-assembling amphiphilic dendrimers 1 for gene trans-
fection and have shown that they constitute a suitable platform for
developing new non-viral vectors.®

&36

HaN )\
* . (CF,C007), CiaHag

Block copolymers possessing a dendronised cationic block are
expected to strongly complex DNA, and offer new opportunities
for gene transfer applications because both the structure and
generation of the dendronised block can be systematically varied
to optimise their gene transfer properties. The construction
of PEGylated dendronised block copolymers as effective gene
transfection agents is a formidable task. We have shown that subtle
changes in dendrimer structure can have a profound impact on
transfection efficiency,” and wanted to develop a synthesis that
is highly tolerant of functional groups and proceeds in virtually
any solvent so that the polymer structure would not be hindered
by the synthetic methodology. Combining click chemistry'® and
ring-opening metathesis polymerisation (ROMP)" is well suited
for our purposes, as these reactions proceed in the presence of
numerous functional groups, and are not limited by solvents,
including water. In addition, the combination of click chemistry
and ROMP has been recently used to prepare highly functionalised
homopolymers'?> and block copolymers,'* and was proven to be
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Scheme 1 Modular synthesis of ROMP-reactive dendritic monomer (4)-M1 and PEG monomer (+)-M2. Boc = terz-butyloxycarbonyl.

an effective technique for preparing structurally diverse polymers
from common monomeric building blocks.

Results and discussion

We decided to use a “click-then-ROMP” strategy to prepare a
series of block copolymers incorporating both a cationic dendro-
nised block and a hydrophilic PEG block. This route was carefully
chosen over a “ROMP-then-click” polymer postfunctionalisation
route to maximize the purity of the copolymers and avoid any
difficult purification steps.

Monomer synthesis

The synthesis of dendronised monomer (£)-M1 was achieved by
attaching a ROMP-reactive exo-norbornene scaffold to acetylenic
dendron 2 using the modular click chemistry approach shown
in Scheme 1. Monosubstitution of 1,4-bis(bromomethyl)benzene
with the sodium anion of alcohol (£)-3 provides convenient
access to multi-gram quantities of benzylic bromide (+)-4 with
moderate yield. Conversion to benzylic azide (3)-5 with sodium
azide and a subsequent copper-catalysed click reaction completes
the synthesis of monomer (£)-M1.

ROMP-based block copolymer nanoparticles, built from a
hydrophilic block containing pendant PEG oligomers, have been
recently developed for drug delivery applications.* Hexaethy-
lene glycol chains were sufficient for surrounding a drug core
and should also facilitate encapsulation of DNA. Accordingly,

we prepared related ROMP-reactive PEGylated monomer (+)-
M2 from benzylic bromide (£)-4 using a similar method (see
Scheme 1).

Block copolymer synthesis

Preliminary 'H NMR studies in CD,Cl, indicated that
dendronised monomer (£)-M1 could be polymerised in an NMR
tube using commercially available, air-stable metathesis catalyst
bis(tricyclohexylphosphine)[(phenylthio)methylene]ruthenium(ir)
dichloride (6) (see Scheme 2)." The polymerisation reaction was
complete after 90 minutes as indicated by the disappearance
of the "H NMR signals corresponding to the strained bicyclic
olefin and the subsequent appearance of new broad 'H NMR
signals of the polymer (see ESIf). A series of block copolymers
was prepared under similar conditions by first polymerising
dendronised monomer (4)-M1 using catalyst 6 (see Scheme 2).
After stirring for 90 minutes, monomer (£)-M1 was completely
polymerised as indicated by TLC. The reaction mixtures were
then treated with different amounts of PEG monomer (+)-M2,
stirred for an additional 90 minutes and quenched with ethyl vinyl
ether.

All block copolymers BocGl,,-b-PEG, were isolated in high
purity and good yield, by pouring the crude reaction mixture
into cold hexane, collecting the resulting precipitate by vacuum
filtration and drying under high vacuum for 18 h. Control over
the block length and molecular weight was affected by varying the
monomer/catalyst ratios. All polymers were characterised by 'H
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Table 1 Properties of dendronised block copolymers BocG1,,-5-PEG,

Entry Copolymer Yield (%) m* n m/n M, (x 107%) PDI¢ Size/nm ¢ Polyplex size/nm ¢
1 Gl 92 100 — 185 1.68 1 20
2 G1,-b-PEG,, 89 20 20 1 2 66.6 2.72 6 50
3 Gly-b-PEG,, 89 40 40 1.1 70.9 2.60 5 120
4 Gl4-b-PEGq, 92 60 60 0.8 110 2.52 5 120
5 G1,-b-PEG,, 92 20 10 2.0 96.1 1.33 4 65
6 Gl4-b-PEG;, 92 60 30 2.0 201 2.70 5 105

“ Calculated on the basis of the reaction stoichiometry. ® Determined by '"H NMR spectroscopy. ¢ Estimated by GPC with poly(methyl methacrylate)
standards using 1 mg cm~ LiBr in DMF as eluent. ¢ Apparent R, of copolymers at physiological pH (7.4) as determined by DLS. ¢ Apparent R, of

copolymer/pDNA complexes at CE = 2 as determined by DLS.

P(Cy)a
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i) 'Ru m n
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P(Cy)a
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N

(=)-M2
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R = NHBoc, BocG1
TFA

+~B-PEG,

pPDNA,
HQO

40 - 240 nm

L+ A= NH,*CF,C00", G1,-b-PEG,

Scheme 2 Synthesis of dendronised block copolymers G1,-b-PEG, and their proposed self-assembly with pDNA. The figure of the proposed
self-assembly is adapted from Nguyen and coworkers.'* Boc = fert-butyloxycarbonyl, TFA = trifluoroacetic acid.

NMR spectroscopy and gel permeation chromatography (GPC)
(see Table 1). The GPC results shown in Table 1 indicate that higher
than expected molecular weights (M) and broad molecular weight
distributions (PDI) were obtained for all the polymers prepared
in this study. This suggests that the propagation rate was much
higher than the initiation rate with this catalyst.’® These results are
consistent with the results of a study by Hult and coworkers who
polymerised first to fourth generation dendronised norbornene
monomers using Grubb’s 2nd generation catalyst and obtained
broad molecular weight distributions and higher than expected
molecular weights, although much higher yields were obtained in
our case."

To facilitate DNA binding all polymers were subsequently de-
protected with TFA. "H and "F NMR analysis of the deprotected
vectors G1,-b-PEG, indicated that the Boc protecting groups
were removed quantitatively and that the polymer backbone and
the PEG chains were not adversely affected by the deprotection
conditions (see ESIY).

DNA binding and copolymer self-assembly

Polyion complex (PIC) micelles were subsequently prepared from
the resulting cationic polymers by adding different amounts of
block copolymers G1,,-b-PEG, to 25 pg of plasmid DNA (pDNA)
encoding for green fluorescent protein at physiological pH (7.4).
The resulting PIC micelles were analysed by gel electrophore-
sis, dynamic light scattering (DLS) and transmission electron
microscopy (TEM). Gel electrophoresis experiments, shown in
Fig. 1a, revealed that block copolymers G1,,-b-PEG, completely
retard the migration of pDNA towards the cathode at a charge
excess ratio of 2 (CEZ). This indicates that all polymers prepared

1 The human cervix epithelial adenocarcinoma cell line (HeLa) was used
and the transfection efficiency (TE) was evaluated using fluorescence-
activated cell-sorting (FACS). The charge excess (CE) ratio is defined as
the number of positive charges in the copolymer divided by the number of
negative charges in pDNA and was estimated based on the 'H NMR data
shown in Table 1.
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Fig. 1 (a) Gel electrophoresis of pDNA (250 ng per lane). Lane I:
Gl,4/pDNA (CE = 2). Lane 2: G1,-b-PEG,,/pDNA (CE = 2). Lane
3: Gl4-b-PEG,,/pDNA (CE = 2). Lane 4: G14-b-PEG4/pDNA (CE =
2). Lane 5: G14-b-PEG;,/pDNA (CE = 2). Lane 6: G1,-b-PEG,,/pDNA
(CE = 2). Lane 7: G1,yp/pDNA (CE = 1). Lane 8: G1,-b-PEG,,/pDNA
(CE = 1). Lane 9: Gly-b-PEG,/pDNA (CE = 1). Lane 10:
Gl4-b-PEG4/pDNA (CE = 1). Lane 11: Gl4-b-PEG;/pDNA (CE =
1). Lane 12: Gl,-b-PEG,,/pDNA (CE = 1). Lane 13: pDNA. (b,
c) Representative TEM images of copolymer/pDNA complexes. (b)
G1,4/pDNA (CE = 2), (c) Gl4-b-PEG,/pDNA (CE =2).

in this study strongly complex DNA, even at low charge excess
ratios.

DLS measurements at a 90° scattering angle were used to
estimate the apparent hydrodynamic radii (R,) of the resulting
polyplexes (see ESIf). At low CE ratios (2) the complexes
formed stable PIC micelles and their sizes could be estimated by
DLS (see Table 1). The light scattering measurements indicated
that the apparent R, of the PIC micelles ranged from 20—
120 nm, dependent on both the polymer molecular weight and
the block lengths. At higher CE ratios, DLS measurements were
uninformative, due to the formation of complex mixtures of larger
aggregates, with R, > 1 um, and free polymer chains. Control DLS
measurements on aqueous solutions of the pure block copolymers
(0.5 mg cm~*) at pH 7.4 indicated that the polymers do not form
large aggregates at this concentration (see Table 1). This illustrates
that the observed aggregates are due to the formation of PIC
micelles with a pDNA core surrounded by a hydrophilic PEG
corona (for a model visualisation, see Scheme 2).'®

The size and shape of the polyplexes was further investigated by
TEM experiments. Copolymer/pDNA complexes (CE = 2) were
drop-cast on carbon grids, stained with 1% aqueous uranyl acetate,
air-dried and imaged by TEM (see ESIT). Representative examples
are shown in Fig. 1b,c. The polyplexes, dispersed on carbon grids,
are small spherical aggregates with diameters ranging from 50—
200 nm. The polyplex sizes observed by TEM correlate with the
DLS measurements and further suggest that the polymers self-
assemble with pDNA into a core-shell structure, as illustrated in
Scheme 2.

The transfection efficiency (TE) and toxicity of the polymers
were evaluated in comparison with commercial vectors lipofec-
tamine 2000™ and linear poly(ethylene imine) (PEI) using HeLaf

cells as a model system (see ESIT). In general, the TEs were much
lower than for the commercial vectors due to the high toxicity
of the polymers, in particular at high CE values (see ESIY). It is
interesting to note that polymer G1,,4, had the lowest TE of all the
polymers prepared in this study, which suggests that gene transfer
is partially mediated by the PEG block. Perhaps, pDNA binding
by G1,4 might be too strong to permit transfection and the effect
of the PEG chains is disruptive enough to permit moderate TE at
high CE. This effect has also been observed in PEI-»-PEG graft
copolymers, particularly at high CE.”

In general, the block ratio (m/n, Table 1) was critical and
polymers with higher PEG content had increased TE and de-
creased toxicity. The molecular weight also had some impact on
the biological activity as lower molecular weight polymers had
higher TE at low CE (see ESI). The molecular weight and block
lengths impact the polyplex size, toxicity and the overall TE of the
polymers. All of these factors are now considered in the design of
future delivery vectors based on this polymer backbone.

Conclusions

We have developed a series of dendronised block copolymers in a
modular fashion and demonstrated their ability to complex pDNA
and self-assemble into core—shell nanoparticles with apparent
hydrodynamic radii from 20-120 nm. The biological activity of
these potential gene carriers is low due their high toxicity to cell
cultures. Taking the initial structure—activity relationships (SARs)
into account we are currently preparing a diverse series of dendritic
monomers for constructing new dendronised block copolymers
in hopes of discovering less toxic and more efficient vectors for
gene transfection. They should become readily available using
the synthetic “click-then-ROMP” methodology introduced in this
study.

Experimental
General details

Solvents and reagents were purchased as reagent-grade and used
without further purification. Hexaethylene glycol monomethyl
ether and air stable ROMP catalyst bis(tricyclohexylphosphine)-
[(phenylthio)methylene|ruthenium(ir) dichloride 6 were purchased
from ABCR and Strem respectively. Acetylenic dendron 2® and
ROMP-reactive alcohol (4)-3* were synthesised according to
a literature procedure. All reactions were carried out under an
Ar or N, atmosphere unless otherwise stated. CH,Cl, and THF
were freshly distilled over CaH, and sodium/benzophenone,
respectively. Solvents for polymerisation were freshly distilled and
deoxygenated by bubbling Ar through the solvent for 30 min
prior to use. All products were dried under high vacuum (10~2
Torr, room temperature) before analytical characterisation. TLC
was performed on glass-backed plates coated with Si0,-60 UV,
(Macherey-Nagel), visualisation by UV light at 254 nm or staining
with a solution of KMnO, (2.5 g), K,CO; (16 g), NaOH (0.25 g)
in H,0 (250 cm®). Column chromatography (CC) was performed
on Si0,-60 (230-400 mesh) (Silicylce). Melting points (M.p.) were
obtained using a Biichi-510 apparatus and are uncorrected. IR
spectra were obtained using a Perkin Elmer Spectrum BX FTIR
System spectrometer (ATR-unit, Attenuated Total Reflection,
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Golden Gate) and are reported in wavenumbers (Vy./cm™).
The peak intensities are described as s (strong), m (medium)
or w (weak). NMR spectra ("H, *C, "F) were acquired using a
Varian Gemini-300 spectrometer (‘H, *C) or a Bruker DRX-400
spectrometer (F) and were recorded at 25 °C using the solvent
peak as an internal reference. Coupling constants (J) are given in
Hz. The resonance multiplicities are described as s (singlet), br s
(broad singlet), d (doublet), t (triplet), q (quartet), m (multiplet),
or br m (broad multiplet). High-resolution mass spectra (HR-
MS) were obtained by MALDI using a IonSpec Ultima FT-ICR
with 3-hydroxypicolinic acid (3-HPA) as matrix or by EI using
a Micromass AutoSpec-Ultima. Elemental analyses (EA) were
performed by the Mikrolabor at the Laboratorium fiir Organische
Chemie, ETH Ziirich. Gel permeation chromatography (GPC)
measurements were performed by Mr Martin Colussi at the
Department of Materials, ETH Ziirich. GPC measurements were
carried out using a PL-GPC 220 instrument equipped with a
2 PL-Gel Mix-B LS column set (2 x 30 cm) and refractive
index (RI), viscosity and light scattering (LS; 15° and 90° angles)
detectors (Polymer Laboratories Ltd, UK). DMF containing LiBr
(1 mg cm™) was used as eluent at 45 °C. Universal calibration was
performed with poly(methyl methacrylate) standards in the range
of Mp = 2680-1520000 (Polymer Laboratories Ltd, UK).

Complex formation

Block copolymers G1,,-b-PEG, and pDNA encoding for green
fluorescent protein were complexed by electrostatic interactions. A
given quantity of the respective copolymer solution (1.0 mg cm=3,
5% MeOH in deionised water) was added to pDNA solution
(0.1 mg cm™ in Tris-EDTA (TE) buffer, pH 7.4) to obtain
a dispersion of the complex with the respective charge excess
(CE) ratio. To ensure efficient mixing, the resulting dispersions
containing copolymer/pDNA complexes were pipetted up and
down, and incubated for 30 min at 37 °C to complete complex
formation.

Gel electrophoresis

Pre-formed copolymer/pDNA complexes (CE = 1-2) were loaded
onto 1 wt% agarose gels (250 ng of pGFP/lane) with Blue/Orange
6x load dye (0.001 cm® per lane) from Invitrogen. The copoly-
mer/pDNA complexes were analysed by gel electrophoresis
(110 V, BioRad) using 1x Tris-borate (TBE) buffer (pH 7.8) and
stained with an aqueous ethidium bromide solution (0.5 pg cm™)
for 30 min prior to analysis. Gels were visualised with a BioRad
Gel Doc XR and analysed using QuantiyOne software (BioRad,
Hercules, CA, USA).

Dynamic light scattering

Polyplex solutions containing 25 ug of pDNA and excess copoly-
mer (CE = 2) were diluted to a final volume of 1 cm?® with
TE buffer (pH 7.4) and analysed by DLS using an ALV-500
Multiple Tau Correlator equipped with a 632 nm laser (ALV,
Germany) at 20 °C with a scattering angle of 90° and a correlation
time of 300 s. The DLS correlation data was fit to a regularised
DLS-exponential (g2(t)) fit model using ALV-Correlator software
(ALV, Germany). DLS measurements on aqueous solutions of the

copolymers (0.5 mg cm~3) at pH 7.4 were acquired and analysed
under identical conditions.

Transmission electron microscopy

TEM grids were prepared by pre-coating 300 mesh copper grids
with a layer of parlodion and a layer of carbon. Polyplex solutions
containing 2.5 pg of pDNA and excess copolymer (CE = 2) were
deposited onto TEM grids by letting 0.005 cm? of solution rest for
75 s on the grid and removing the excess of solution by dabbing
with a Kim wipe, leaving the polyplexes deposited onto the film.
After staining the polyplex samples with a 1 wt% aqueous uranyl
acetate solution for 10 s, the staining solution was removed by
dabbing, and the dry grid bearing the stained polyplex samples
was imaged using a Philips Morgagni 268D TEM Microscope
(FEI Company, Hillsboro, OR, USA) with an accelerating voltage
of 80 kV (max. 100 kV).

Synthetic procedures

ex0-5-({[4-(Bromomethyl)benzylloxy } methyl)bicyclo[2.2.1]hept-
2-ene ((£)-4). A suspension of NaH (1.45 g, 60 mmol) in
anhydrous THF (150 cm?®) was treated dropwise with (+)-3
(5.00 g, 40 mmol) and heated to 80 °C under N,. After 1 h, the
heating source was removed, the reaction was cooled to room
temperature, treated with a solution of a,o’-dibromo-p-xylene
(12.8 g, 49 mmol) in anhydrous THF (100 cm®) in one portion
via a cannula and heated to 80 °C under N,. After 16 h, the
heating bath was removed, the reaction was cooled to room
temperature and quenched with a saturated aqueous NH,Cl
solution (100 cm?®). The layers were separated and the aqueous
layer was extracted with toluene (4 x 200 cm?). The combined
organic extracts were dried (MgSO,), filtered and evaporated to
dryness in vacuo. The crude product was purified by CC (SiO,,
30% CH,Cl, in hexane), yielding (£)-4 (6.9 g, 56%) as a colourless
0il; Ve /cm™ 2958 m, 2862 m, 1568 w, 1513 w, 1093 s, 705 s and
605 s; 0y(CDCl;, 300 MHz) 7.38 (2H, d, J = 8 Hz), 7.33 (2H, d,
J=8Hz),6.11 (1H, dd, J = 6, 3 Hz), 6.06 (1H, dd, J = 6, 3 Hz),
4.52 (2H, s), 4.50 (2H, s), 3.55 (1H, dd, J =9, 6 Hz), 3.38 (1H,
dd, J =9, 9 Hz), 2.79 (2H, s), 1.79-1.69 (1H, m), 1.35-1.22 (3H,
m) and 0.91-0.89 (1H, m); 6. (CDCl;, 75 MHz) 139.1, 136.9,
136.6, 136.5, 129.1, 127.9, 75.1, 72.5, 45.0, 43.7, 41.5, 38.9, 33.4
and 29.7; HR-EI-MS calcd for C,4H,;,O* (M — Br]*"): 227.1430;
found: 227.1431.

ex0-5-({[4-(Azidomethyl)benzylloxy } methyl)bicyclo[2.2.1]hept-
2-ene ((£)-5). A solution of (+)-4 (1.50 g, 4.88 mmol) in
anhydrous DMF (5 cm?®) was treated with NaN, (0.33 g,
5.13 mmol) in one portion and stirred at room temperature under
N,. After 18 h, the reaction mixture was poured into H,O (25 cm?)
and extracted with Et,O (3 x 50 cm?). The combined organic
layers were washed with H,O (3 x 25 cm?®), dried (MgSO,),
filtered and concentrated in vacuo. The crude product was purified
by CC (Si0,, 4% EtOAc in hexane), yielding (+)-5 (0.97 g, 74%)
as a colourless oil; v,,,,/cm™ 2958 m, 2862 m, 2093 s (N;), 1514
w, 1094 s and 706 s; 4 (CDCl;, 300 MHz) 7.38 (2H, d, J = 8 Hz),
7.30 2H, d, J = 8 Hz), 6.11 (1H, dd, J = 6, 3 Hz), 6.06 (1H,
dd, J = 6, 3 Hz), 4.54 (2H, s), 4.34 (2H, s), 3.53 (1H, dd, J =9,
6 Hz), 3.38 (1H, dd, J =9, 9 Hz), 2.79 (2H, s), 1.78-1.70 (1H, m),
1.34-1.22 (3H, m) and 1.15-1.89 (1H, m); .(CHCI;, 75 MHz)

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 1905-1911 | 1909





138.8, 136.6, 136.5, 134.4, 128.2, 127.9, 75.0, 72.5, 54.5, 44.9,
43.6,41.4, 38.8 and 29.6; EI-HR-MS calcd for C,iH;;NO* (M —
N,H]*"): 240.1382; found: 240.1380.

tert-Butyl (3-({4-[1-(4-{[(2-ex0)-bicyclo|2.2.1]hept-5-en-2yl-
methoxy|methyl }benzyl)-1H-1,2,3-triazol-4-yl]benzoyl } amino)-5-
[(tert-butoxycarbonyl) amino]3- {2-[(ter? -butoxycarbonyl)amino]-
ethyl}pentyl)carbamate ((£)-M1). A solution of dendritic
alkyne 2 (0.60 g, 1.0 mmol) in a mixture of ~-BuOH (8 cm?)
and deionised H,O (4 cm?®) was deoxygenated by bubbling Ar
through the solution. After 30 min, the mixture was treated with
benzylic azide (+)-5 (0.41 g, 1.5 mmol), CuSO, (0.02 g, 0.1 mmol)
and sodium ascorbate (0.04 g, 0.2 mmol), and stirred at room
temperature under Ar. After 18 h, the mixture was poured into
CH,CI, (200 cm?®), washed with H,O (2 x 30 cm®) and a saturated
aqueous NaCl solution (30 c¢cm?), dried (Na,SO,), filtered and
concentrated to dryness in vacuo. The crude product was purified
by CC (Si0,, 33% hexane in EtOAc), yielding monomer (+)-M1
(0.70 g, 83%) as a white solid; M.p. 99.6-101.8 °C; v,,,./cm™' =
2972m, 1694 s, 15155, 1163 s, 858 m, 770 m and 707 m; 6, (CDCls,
300 MHz) 7.95 (d, J/ = 8 Hz, 2H), 7.82 (d, J = 8 Hz, 2H), 7.71
(s, 1H), 7.38 (d, J/ = 8 Hz, 2H), 7.30 (d, J = 8 Hz, 2H), 6.08 (dd,
J =5,3Hz, 1H), 6.04 (dd, J = 5, 3, IH), 5.56 (s, 2H), 4.83 (br s,
3H), 4.52 (s, 2H), 3.52 (dd, J = 9, 6 Hz, 1H), 3.37 (dd, J = 9,
9 Hz, 1H), 3.17 (m, 6H), 2.78 (s, 1H), 2.76 (s, 1H), 2.07 (m, 6H),
1.76-1.67 (m, 1H), 1.40 (s, 27H), 1.32-1.20 (m, 3H), and 1.20-1.07
(m, 1H); 6.(CDCl;, 75 MHz) 166.9, 156.2, 147.3, 139.6, 136.6,
136.5, 134.2, 133.6, 133.3, 128.2, 128.2, 127.8, 125.4, 120.1, 79.4,
75.3,72.4, 56.9, 54.0, 45.0, 43.7, 41.5, 38.8, 36.3, 36.1, 29.7, and
28.4; MALDI-HR-MS (3-HPA) calcd for C,;H;N,OsNa* ([M +
Na]*): 880.4949; found: 880.4946; EA calcd for C,;H¢N,Oq: C,
65.8; H, 7.9; N, 11.4; found C, 65.6; H, 7.9; N, 11.2%.

1-(4-{[(2-ex0)-Bicyclo[2.2.1]hept-5-en-2ylmethoxy|methyl } phe-
nyl)-2,5,8,11,14,17,20-heptaoxahenicosane ((£)-M2). A suspen-
sion of NaH (0.09 g, 2.0 mmol) in anhydrous THF (10 cm?)
was treated with hexaethylene glycol monomethyl ether (0.50 g,
1.7 mmol) in one portion and heated to 80 °C under N,. After
1 h, the heating bath was removed, the reaction was cooled to
room temperature, treated with benzylic bromide (£)-3 (0.54 g,
1.8 mmol) in one portion and heated to 80 °C under N,. After
5 h, the heating bath was removed, the reaction was slowly cooled
to room temperature and stirred under N,. After 16 h, the THF
was removed in vacuo and the residue was dissolved in CH,Cl,
(100 cm?), filtered to remove NaBr and concentrated in vacuo.
The crude product was purified by CC (SiO,, 3% MeOH in
CH,(l,), yielding monomer (+)-M2 (0.82 g, 93%) as a colourless
oil; vy /cm™ = 2862 m, 1515 w, 1094 s and 707 m; ,(CDCl;,
300 MHz) 7.32 (4H, s), 6.16 (1H, dd, J = 6, 3 Hz), 6.05 (1H, dd,
J =6, 3 Hz), 4.56 (2H, s), 4.52 (2H, s), 3.66-3.64 (24H, m), 3.51
(1H,dd, J =9,6 Hz), 3.38 (3H, s), 3.35(1H, dd, J = 9,9 Hz), 2.78
(2H, s), 1.77-1.68 (1H, m), 1.33-1.21 (3H, m) and 1.14-1.07 (1H,
m); 3-(CDCl;, 75 MHz) 138.0, 137.5, 136.6, 136.6, 127.8, 127.6,
74.9, 73.0, 72.7, 71.9, 70.6, 69.4, 59.0, 45.0, 43.7, 41.5, 38.9 and
29.7 (18 of 29 carbons found); MALDI-HR-MS (3-HPA) calcd for
C,H,OsNat ([M + Nal*): 545.3090, found: 545.3087; EA calcd
for C,y H,Oq: C, 66.6; H, 8.9; found: C, 66.4; H, 8.8%.

General procedure for block copolymer synthesis

A vigorously stirred solution of monomer (£)-M1 (0.1-0.3 mmol)
in deoxygenated, anhydrous CH,Cl, (1 cm?®) was treated with
a solution of catalyst 6 (1-12 pmol, 0.02-0.05 molar equiv.)
in deoxygenated, anhydrous CH,Cl, (1 cm?®) in one portion via
a cannula. After rinsing with deoxygenated, anhydrous CH,Cl,
(1 cm?), the mixture was stirred under Ar. After 1.5 h, monomer
(£)-M1 was completely polymerised as indicated by TLC. The
solution was treated with a solution of glycol monomer (+)-M2
(0.11-0.23 mmol) in anhydrous, deoxygenated CH,Cl, (1 cm?) in
one portion via a cannula and was stirred under Ar. After 1.5 h,
the reaction was quenched with excess ethyl vinyl ether (1 cm?®) and
stirred while exposed to the atmosphere. After 5 min, the crude
reaction mixture was poured into cold hexane (80 cm?®) and the
resulting precipitate was collected by vacuum filtration and rinsed
with hexane (10 cm?). The pure block copolymers BoeG1,,-b-PEG,
were isolated as off-white solids and dried under high vacuum for
24 h; typical 65(CDCl;, 300 MHz) 7.89 (br s), 7.76 (br s), 5.50 (br
s), 5.29 (br s), 5.02 (br s), 4.54 (br s), 4.45 (br s), 3.65-3.64 (br m,
PEG-OCH,CH,0), 3.41 (br s), 3.37 (s, PEG-OCH,), 3.17 (br s),
2.79 (br, 8), 2.47 (br s), 2.08 (br s), 1.89 (br, s), 1.73 (br s), 1.55 (br
s) and 1.39 (br s, Boc-CHj;).

General procedure for block copolymer deprotection

A solution of (co)polymer BocGl,-b-PEG, (0.05-0.18 g) was
dissolved in anhydrous CH,Cl, (3 cm?), cooled to 0 °C and treated
with TFA (4 cm?). After 5 min, the cooling bath was removed and
the resulting solutions were warmed to room temperature. After
4 h, the reactions were quenched by the addition of methanol
(5 cm?), concentrated to a viscous oil in vacuo and precipitated
with Et,O (10 cm®). All solvents were removed in vacuo and the
deprotected polymers G1,,-b-PEG, were dried under high vacuum
for 24 h; typical vy /cm™ = 2902 m, 1674 s, 1538 w, 1199 s,
1176 s, 1124 s, 1084 s, 835 m, 798 m and 721 m; J,((CD;),SO,
300 MHz) 8.76 (s), 7.98 (s), 7.90 (s), 7.32 (s), 7.22 (s), 5.61 (br s),
5.27 (brs), 4.41 (brs), 3.46 (br s, PEG-OCH,CH,0), 3.20 (s, PEG-
OCH,), 2.83 (br s), 2.12 (br s) and 1.77-1.63 (br m); 6:((CD;),SO,
376 MHz) —73.9 (s, CF;COO").
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2,3-Diaminobutyric acid (DABA) is an unusual di-amino acid component of mureidomycin A, a
member of the peptidylnucleoside antibiotic family produced by Streptomyces flavidovirens SANK
60486. Radiochemical assays using cell-free extract from S. flavidovirens revealed that *C-L-Thr is
converted into radiolabelled DABA by an ammonia-dependent B-replacement activity, and not via
oxidation to 3-keto-2-aminobutyric acid. The substrate specificity of partially purified enzyme was
assayed using a spectrophotometric assay, and f-replacement activity was inhibited by known
inhibitors of PLP-dependent enzymes. These data imply that DABA is biosynthesised from L-Thr by a
PLP-dependent B-replacement enzyme, using ammonia as a nucleophile. These results are consistent
with literature proposals for the biosynthesis of 2,3-diaminopropanoic acid from the viomycin

biosynthetic gene cluster.

Introduction

Three families of peptidyl nucleoside antibiotics, the murei-
domycins, pacidamycins, and napsamycins, are potent inhibitors
of phosphoMurNAc-pentapeptide translocase (MraY), an essen-
tial enzyme in bacterial cell wall peptidoglycan biosynthesis.?
They each contain a 3'-deoxyuridine sugar attached via an enamide
linkage to an N-methyl-2,3-diaminobutyric acid (DABA) residue,
which is acylated on both nitrogen substituents by a peptide chain
containing unusual features.

HO.

SMe
Mureidomycin A (1)

The mureidomycins A-D were isolated from Streptomyces
flavidoviridens SANK 60486, and were found to be active against
strains of Pseudomonas (MIC 0.1-3.13 pg mL™"), protecting mice
against Pseudomonas aeruginosa infection.*® Mureidomycin A
(MrdA, 1) selectively and specifically inhibits bacterial Mray,
showing no inhibition of bacterial teichoic acid or mammalian
glycoprotein biosynthesis.*” Pacidamycins 1-7 were isolated
from Streptomyces coeruleorubidus strain AB 1183F-64,%° and
pacidomycins D, 4N and 5T were later isolated from Streptomyces
coeruleorubidus strain NRRL 18730." The configuration of each
of the amino acids in pacidamycin-D was determined by semi-
synthetic work to be L (S) for all the natural amino acids, and S,S
for the 2-amino-3-N-methylaminobutyric unit.'>"

Kinetic studies have shown that mureidomycin A (1) is a slow-
binding inhibitor (K; 35 nM, K;* 2 nM) of solubilised E. coli
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MraY." Inhibition is competitive versus both the UDPMurNAc-
pentapeptide soluble substrate and the polyprenyl phosphate lipid
substrate.’® Structure—function studies on both mureidomycin A
and pacidamycin D' have revealed that the enamide functional
group is not primarily responsible for MraY inhibition. Analogues
of MrdA containing the amino-terminal peptide chain were found
to inhibit MraY, leading to the proposal that the mechanism of
inhibition of translocase MraY by MrdA involves binding of the
amino terminus to the Mg?* binding site, and maintenance of an
active conformation via a cis-amide linkage.'"'

Having previously carried out structure—function studies on
mureidomycin A,'*"® we wished to investigate the biosynthesis
of this unusual natural product. There have been no reported
studies on the biosynthesis of the mureidomycins, pacidamycins,
or napsamycins. The unusual diamino acid 2,3-diaminobutyric
acid (DABA) is found in a family of cyclic non-ribosomal
peptide natural products that includes the friulimicins,” the
amphomycins,? tsushimycin,?! and aspartocin,? and is also found
in feldamycin, a tripeptide natural product.?® meta-Tyrosine is
not found in other non-ribosomal peptide natural products,
but the urea-Xaa-CO,H motif is found in muraymycin, another
peptidylnucleoside inhibitor of MraY,* and in chymostatin, a
Streptomyces peptide aldehyde which acts as an inhibitor of
serine proteases.” This paper describes studies to elucidate the
biosynthesis of the 2,3-diaminobutyric acid (DABA) component
of mureidomycin A.

Results
Bio-assay for mureidomycin A production

Mureidomycin A is known to be selective against species of Pseu-
domonas, with highest activity against Pseudomonas aeruginosa.
We have found that soil bacterium Pseudomonas putida ATCC
4359 is sensitive to mureidomycin A, providing a convenient bio-
assay for mureidomycin A production. Supernatant from broths
of Streptomyces flavidovirens was transferred to diluted cultures of
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Pseudomonas putida in a microtitre plate reader, and cell growth
monitored at 595 nm. Production of mureidomycin A commenced
after 4 days growth, reaching a maximum level of production after
6 days growth (see Fig. 1).

N

E —&— Media B
& 1 —e— 10 mM L-Thr
§ —&— 100 mM L-Phe

0.8 |

0.6 |

0.4

0.2

0

24 48 72 96 120 144

Growth time (hr)

Fig. 1 Bio-assay data for antibiotic production from Streptomyces
flavidovirens over 1-6 days, with and without growth additives.

The effect of various possible biosynthetic precursors on
mureidomycin A production was investigated using this bio-assay.
Addition of 10 mM L-threonine or 100 mM L-phenylalanine to
the growth media was found reproducibly to enhance antibiotic
production at day 5 and 6 (see Fig. 1), but no enhancement was
observed in the presence of L-methionine, meta-tyrosine, uracil,
or sodium acetate, at 0.1% w/v concentration. No enhancement
of antibiotic production was observed using D-threonine or D-
phenylalanine. Several attempts to isolate mureidomycin A in
sufficient quantities to carry out stable isotope incorporation
experiments were unsuccessful. Nevertheless, the observation that
antibiotic production was enhanced by addition of L-threonine
prompted an investigation into the possible conversion of L-Thr
into 2,3-diaminobutyric acid.

Investigation of hypotheses for biosynthesis of 2,3-diaminobutyric
acid from L-threonine

The biosynthesis of the unusual amino acid 2,3-diaminobutyric
acid (DABA) is not known. The observation that antibiotic
production is enhanced by L-threonine, a 4-carbon amino acid
containing a B-hydroxyl group, suggested that DABA might be
biosynthesised from L-Thr, prior to assembly of the peptide
chain. There are three plausible hypotheses for the biosynthesis
of DABA, illustrated in Scheme 1.

The first pathway involves the enzyme 2-amino-3-ketobutyric
acid (AKB) ligase, a pyridoxal phosphate-dependent enzyme that
is known to be responsible for L-Thr catabolism. AKB ligase
catalyses the reversible condensation of glycine with acetyl CoA to
form 2-amino-3-ketobutyrate (2).> Transamination (or reductive
amination) of 2-amino-3-ketobutyrate would then form DABA. A
second pathway also proceeds via 2-amino-3-ketobutyrate, but via
oxidation of L-threonine, catalysed by L-threonine dehydrogenase,
a known catabolic enzyme.?” The third pathway involves the direct
conversion of L-threonine to DABA by a B-replacement reaction.

@)

N Scoy  *
SCoA
2-amino-3-ketobutyrate
ligase PLP
L-Thr
HOI dehydrogenase OI
- 2
. NAD*
HzN COz HoN Coy
L-Thr
transaminase
PLP, L-aa
P-replacement
enzyme
PLP, NH, HzN
HoN COy

2,3-diaminobutyric acid

Scheme 1 Three pathways for biosynthesis of 2,3-diaminobutyric acid.

Several B-replacement reactions are known in primary and sec-
ondary metabolism,® notably by B-cystathionine synthase,? but
usually involving sulfur nucleophiles.

Cell-free extract from Streptomyces flavidovirens SANK 60486
was prepared, and used to investigate the proposed pathways.
AKB ligase activity was assayed using a coupled assay, in which
release of free coenzyme A was detected using DTNB.* AKB
ligase activity was detected, but activity showed little change
over days 1-6 of antibiotic production, indicating no apparent
correlation with MrdA production. Incubation of cell-free extract
with "“C-glycine and acetyl CoA, with or without added L-
glutamic acid or L-alanine (in order to support transamination
of AKB to DABA), gave no new spot corresponding to DABA by
radiochemical thin layer chromatography.

Assays for L-threonine dehydrogenase, required for the putative
oxidation of L-Thr, failed to detect any activity in cell-free
extracts of Streptomyces flavidovirens SANK 60486. Furthermore,
incubation of cell-free extract with *C-L-threonine and acetyl
CoA, with or without added L-glutamic acid or L-alanine, gave
no new spot for DABA by radiochemical cellulose thin layer
chromatography. It was observed, however, that incubation of
cell-free extract in 50 mM ammonium bicarbonate buffer with
14C-L-threonine (R; 0.15) gave rise to a new “C-labelled spot (R;
0.05) after autoradiography, consistent with the formation of a
more polar diamino acid.

In order to characterise the reaction product formed, derivati-
sation of the suspected diamine product was carried out using
phenylglyoxal(2-keto-phenylacetaldehyde), known to react with
diamines.*® Treatment of the reaction product with phenylglyoxal
at pH 6.0 gave rise to a new spot by cellulose TLC at R; 0.23.
Analysis of the derivatisation product by UV-vis spectroscopy
showed a new species with 4., 345 nm, corresponding to 2,3-
dihydropyrazine derivative 3 (see Scheme 2). The same A, was
observed upon reaction of ethylene-1,2-diamine with phenylgly-
oxal under the same conditions, and agrees with literature A,
values of 345-358 nm for similar 2,3-dihydropyrazine derivatives.*!
Analysis of the derivatised product by negative ion LC-MS gave
a major peak corresponding to the oxidised pyrazine (4, m/z 213
[M —H], 169 [M — H — CO,]").

The formation of a UV-active derivatisation product allowed
the monitoring of the B-replacement reaction using a stopped
enzyme assay, in which the DABA product was derivatised by
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Scheme 2 Derivatisation of DABA by phenylglyoxal.

phenylglyoxal, and the absorbance at 340 nm measured. The
measured Ay in this assay increased linearly versus reaction time,
and was dependent upon protein concentration in the cell-free
extract.

Characterisation of L-Thr p-replacement enzyme activity

The UV-vis assay described above was used to analyse samples
of S. flavidovirens cell-free extract at different times during the
growth. Highest activity was observed at day 2 and day 3, as shown
in Fig. 2, prior to the production of mureidomycin A, indicating
that DABA is produced prior to assembly of the antibiotic. Using
cell-free extract harvested at day 2, the B-replacement enzyme
activity was partially purified by Q sepharose anion exchange
chromatography. Active fractions were collected at 0.5-0.65 M
KCl, and were pooled and concentrated. The partially purified
enzyme, of specific activity 0.80 absorbance units min™ (mg
protein)~', was then used for kinetic assays.
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Fig. 2 Time course of B-replacement enzyme activity vs. growth time.

The substrate specificity of the enzyme was examined, using
a range of B-substituted amino acid substrates. As shown in
Table 1, the highest activity was observed using L-threonine, but
high levels of activity were also observed using L-cysteine and

Table 1 Substrate specificity data for DABA synthase. Activity measured
using stopped spectrophotometric activity, as described in the Experimen-
tal, relative to L-threonine, all at 10 mM concentration

Substrate Relative activity
L-Threonine 100
D-Threonine 81.6
allo-pL-Threonine 66.3

L-Serine 56.5
O-Acetyl-L-serine 53.2
L-Cysteine 75.0
B-Chloro-Dp-alanine 48.4

DL-allo-threonine. Activity was observed with amino acid sub-
strates containing B-hydroxyl groups (L-Thr, L-Ser) or a B-O-
acyl group (O-acetyl-L-Ser), or substrates with a thiol (L-Cys) or
chlorine substituent (B-chloroalanine) at the B-position.

Measurement of rate versus substrate concentration for L-Thr
showed Michaelis—Menten kinetic behaviour (see Fig. 3A), and
a K, value of 12 pM was measured. The dependence upon
ammonium ion concentration was investigated (see Fig. 3B),
and maximum activity was observed at 50 mM ammonium
bicarbonate.
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Fig. 3 Steady-state kinetic data for DABA synthase. A. Michaelis—
Menten kinetic data for L-Thr (inset: Eadie-Hofstee plot of v vs. v/[S]).
B. Dependence of activity upon NH,* concentration.

Several compounds were tested as inhibitors or activators of the
B-replacement enzyme, as shown in Table 2. Addition of pyridoxal
5'-phosphate was found to increase enzyme activity by 29%,
consistent with a role for PLP as a coenzyme in the B-replacement
reaction. Carbonyl reagent 2,4-dinitrophenylhydrazine reduced
activity by 25%, and treatment with L-Thr and sodium

Table 2 Inhibition data for DABA synthase. Activity measured using
stopped spectrophotometric activity, as described in the Experimental, cor-
rected for control lacking enzyme. Additives each at 10 mM concentration

Addition Activity/ AU Relative
Enz + Thr + NH; 0.52 100
Enz + Thr 0.06 12
+ Pyridoxal 5'-phosphate 0.67 129
+ 2,4-Dinitrophenylhydrazine 0.39 75
+ 4-Hydrazinobenzenesulfonic acid 0.43 82
+ Sodium borohydride 0.06 12
+ B-Chloro-p-alanine 0.16 31
+ DL-Vinylglycine 0.04 8
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borohydride reduced activity by 88%, consistent with the involve-
ment of a PLP-threonine imine adduct in catalysis. Two possi-
ble suicide substrates for PLP-dependent enzymes, B-chloro-D-
alanine® and vinylglycine,** were also found to inhibit the enzyme
strongly, by 69% and 92% respectively, at 10 mM concentration.
B-Chloro-Dp-alanine also has activity as a substrate (see Table 1),
so it appears to act as a suicide substrate for DABA synthase.

Discussion

Despite the identification and study of several nucleoside natural
product antibiotics that target the MraY reaction in bacterial
cell wall peptidoglycan biosynthesis,* there is currently no
information regarding the biosynthesis of these natural products.
Although in our hands the levels of production of mureidomycin
A were very low, we have observed that addition of L-threonine
to the growth media of S. flavidovirens SANK 60486 increases the
production of antibiotic, suggesting that L-Thr might be converted
biosynthetically into the unusual diamino acid DABA. Three hy-
potheses for conversion of L-Thr into DABA were investigated us-
ing radiochemical tracer experiments. No evidence was found for
the conversion of L-Thr or glycine into 2-amino-3-ketobutyrate,
which could be converted to DABA via transamination. However,
evidence has been obtained for conversion of "“C-L-Thr and
ammonia to “C-DABA, via a B-replacement reaction.

A stopped UV-vis assay for this reaction has been developed,
using phenylglyoxal as a derivatising agent. The reaction is time-
dependent, protein-dependent, and shows Michaelis—Menten ki-
netic behaviour for L-Thr. The reaction is promoted by addition
of pyridoxal 5'-phosphate, and is strongly inhibited by carbonyl
reagents and suicide inhibitors for PLP-dependent enzymes,
consistent with the involvement of PLP in this reaction. The
role of PLP in this reaction would be to facilitate deprotonation
of the amino acid o-proton by formation of a PLP-amino
acid imine linkage, and hence allow an addition—elimination
mechanism, shown in Scheme 3. To our knowledge, this is the
first demonstration of a PLP-dependent B-replacement enzyme
that uses a nitrogen nucleophile.?®
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Scheme 3 Proposed mechanism for PLP-dependent DABA synthase
reaction.

Thomas et al. have reported the presence in the biosynthetic gene
cluster for viomycin, a non-ribosomal peptide natural product

containing 2,3-diaminopropanoic acid, of a VioB gene product,
which bears sequence similarity to PLP-dependent enzymes
cysteine synthase and serine dehydratase.* They propose that
VioB catalyses a -replacement reaction upon either L-serine or
a derivative thereof (e.g. O-acetyl L-serine), using ammonia as
a nucleophile, to form diaminopropanoic acid.** Also present in
the gene cluster is a VioK gene product which bears sequence
similarity to ornithine deaminase, which might generate ammonia
for the B-replacement reaction,* as shown in Scheme 4.

HO DABA synthase

HaN,
PLP, NH, 2 I
HN" COH this work HN > COLH
L-Thr 2,3-diaminobutyric acid
ref 34
OR VioB, PLP NH,

NH3

HoN COH ) H,N COLH

R=HorAc 2,3-diaminopropionic acid

(VoK

L-Orn L-Pro

Scheme 4 Biosynthesis of 2,3-diamino acids via B-replacement reactions.

The proposal of Thomas et al. for 2,3-diaminopropanoic acid
biosynthesis agrees with our biochemical data for DABA biosyn-
thesis, suggesting that PLP-dependent B-replacement reactions
could be responsible for the biosynthesis of both 2,3-diamino
acids in non-ribosomal peptide natural products. Recent studies
have shown that combinatorial libraries based upon fragments of
the mureidomycin scaffold yield biologically active compounds,*
therefore an understanding of the biosynthesis of these nucleoside
natural products could in future lead to the engineered biosynthe-
sis of new biologically active nucleoside analogues.

Experimental
Materials

Streptomyces flavidovirens SANK 60486 was a gift of Dr M. Inukai
(Sankyo Ltd.).

Growth of Streptomyces flavidovirens SANK 60486

S. flavidovirens was maintained on nutrient agar (Difco) or oatmeal
agar (2% oatmeal, 0.5% yeast extract, 1.5% Bacto agar). For
antibiotic production, 50 ml cultures of S. flavidovirens were grown
in the following media: 0.1% glucose, 0.5% yeast extract, 0.5% soya
bean meal, 0.1% CaCOs, 2.4% soluble starch, 0.3% beef extract,
0.5% tryptone, and 1% antifoam (Sigma). Cultures were grown at
30 °C at 220 rpm shaker speed, for 5-6 days.

Bioassay for antibiotic production

Cultures (5 ml) of Pseudomonas putida ATCC 4359 were grown
overnight at 30 °C in Luria broth (LB), then diluted 100-fold
into sterile LB media. 1 ml samples of S. flavidovirens culture
were centrifuged (5500 rpm, 10 min), and the supernatant (50 pl)
was added to 50 ul of diluted P. putida in a well of a 96-well
microtitre plate, with four duplicate samples, and with control
samples containing water in place of S. flavidovirens supernatant.
The microtitre plate was grown at 30 °C for 24 hr, and absorbance
was read at 595 nm.
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Preparation of cell-free extract and enzyme purification

Cultures (50-500 ml) were harvested by centrifugation (5500 rpm,
10 min). the cell pellet was re-suspended in 100 mM potassium
phosphate buffer (pH 7.5, 20-50 ml) containing 50 mM NaClL
Lysozyme (1 mg) was added, and the cells were left at 4 °C for
30 min, then broken by sonication (4 x 1 min). Centrifugation
at 15000 rpm for 30 min yielded the cell-free extract, used for
radiochemical enzyme assays.

DABA synthase was partially purified by application of extract
(20 ml) to a Q sepharose anion exchange column, and elution with
a 200 ml gradient of 50 mM potassium phosphate buffer (pH 7.5)
containing 0-1.0 M KCIl. Fractions (5 ml) were collected and
assayed for DABA synthase activity (see below). Active fractions
(at 0.5-0.65 M KCl) were pooled, and concentrated to 2.0 ml
using an Amicon ultrafiltration device. Partially purified enzyme
was used for enzyme kinetic assays.

Radiochemical enzyme assays

Assays for “C-glycine incorporation (50 ul total volume) con-
tained cell-free extract (25 pl), 50 mM potassium phosphate
buffer (pH 7.5), 20 mM MgCl,, 200 uM acetyl CoA, and “C-
glycine (50000 cpm, specific activity 50 uCi umol™"). Assays for
coupled transaminase activity also contained 1 mM L-glutamic
acid or L-alanine. Assays for *C-L-threonine incorporation (50 pl)
contained cell-free extract (25 ul), S0 mM potassium phosphate
buffer (pH 7.5), 20 mM MgCl,, “C-L-threonine (50000 cpm,
specific activity 50 pCi umol™"), and either 1.0 mM NAD" or
50 mM ammonium bicarbonate. Assays were incubated for 30 min
at 20 °C, then applied to a cellulose thin layer chromatography
plate (20 x 20 cm), dried, then eluted by solvent containing 60%
n-butanol, 25% ethanol, 15% acetic acid. The eluted plate was
exposed to film for 24 hr, and the film was developed.

Coupled enzyme assays

AKB ligase assays (1.0 ml) containing cell-free extract (100 ul),
50 mM potassium phosphate buffer (pH 7.5), 20 mM MgCl,,
200 uM acetyl CoA, and 15 mM glycine were incubated at 37 °C
for 5-30 min. Aliquots (100 ul) were removed, and added to 50 mM
potassium phosphate buffer (pH 7.5), 20 mM MgCl,, and 100 uM
DTNB [5,5'-dithio-bis(2-nitrobenzoic acid)], and the absorbance
was measured at 412 nm.

Threonine dehydrogenase assays (1.0 ml) contained cell-free
extract (300 ul), 50 mM potassium phosphate buffer (pH 7.5),
15 mM L-threonine, and 5 mM NAD". The reaction was moni-
tored directly at 340 nm.

DABA synthase assays (1.5 ml) containing cell-free extract
(300 ul), 50 mM potassium phosphate buffer (pH 7.5), 10 mM
L-threonine, and 10 mM ammonium acetate were incubated at
37 °C for 10-20 min. A 300 pl aliquot of phenylglyoxal (50 mM
solution in 1 : 1 H,O-acetic acid, pH 6.0) was then added, and
incubated for a further 10 min, and the absorbance at 340 nm was
measured.

Kinetic assays of DABA synthase

DABA synthase assays were carried out in a 96-well microtitre
plate. Assays (200 pl) containing partially purified enzyme
(50 pl), 50 mM potassium phosphate buffer (pH 7.5), L-threonine

(10 mM), and 10 mM ammonium acetate were incubated at 37 °C
for 10 min. A 50 pl aliquot of phenylglyoxal (50 mM solution in
1 : 1 H,O-acetic acid, pH 6.0) was then added, and incubated for
a further 10 min, and the absorbance at 340 nm was measured.
Alternative substrates L-cysteine, L-serine, O-acetyl L-serine, D-
threonine, allo-DL-threonine, and B-chloro-D-alanine were each
tested at 10 mM concentration. K,, determination for L-threonine
was carried out at 5-5000 uM concentrations. K, and k., parame-
ters were determined by Eadie-Hofstee plots. Rate measurements
were also carried out at varying concentrations (5-500 mM) of
ammonium acetate. Inhibition studies were carried out in the pres-
ence of 10 mM concentrations of the following compounds: 2,4-
dinitrophenylhydrazine, 4-hydrazinobenzenesulfonic acid, sodium
borohydride, B-chloro-p-alanine, and DL-vinylglycine.
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Some nonenzymic epoxide-initiated polyolefin cyclisations are reported. The presented molecules are
partially constrained analogues of (3S5)-oxidosqualene, the natural substrate to many important cyclase
enzymes. These model compounds feature a preformed C-ring with built-in stereochemical
information. The experimental results allow for an instructive comparison with the enzymic processes,
particularly those of the cyclases in steroid biosynthesis (i.e. lanosterol synthase).

Introduction

From a synthetic point of view, the natural polycyclisation
reactions of (3.5)-2,3-oxidosqualene (OS) are arguably the most
efficient single-step transformations known to man. The enzymes
involved, which give rise to a broad range of complex tetra-
and pentacyclic triterpenoids, have been shown to cyclise their
linear substrate into either of the shown possible tetracyclic
cationic intermediates (dammarenyl or protosteryl cation, see
graphical overview in Scheme 2).! Next to the remarkable product
specificity and selectivity of these carbocationic processes, their
most striking feature is the six-membered C-ring. All known
nonenzymic cationic OS cyclisations afford complex mixtures of
structures with at most three carbocyclic rings and, invariably, a
five-membered C-ring (Scheme 1, top).> Furthermore, the stereo-
chemical discrepancies between the protosteryl and dammarenyl
cation are completely localised in the C-ring area (inversion of
every stereocenter) and are explained by different folding patterns
of the polyene chain inside the enzyme cavity. A chair—chair—
chair conformation is required to reach the dammarenyl cation,
whereas the protosteryl cation is the result of an alternative chair—
boat—chair fold. This prerequisite, first postulated in the Ziirich
proposal,® has received convincing experimental support from
various areas.'*%

Biomimetic cationic olefin polycylisations, as pioneered by
Stork,** offer a good opportunity to expose the fundamental
issues an OS cyclase has to address. In particular, several synthetic
groups have aimed to (partly) emulate these intriguing bio-
genetic reactions by designing polyenes with incorporated cation-
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oxidosqualene

HO
20-25%

R = CH,CH,CH=CMeCH,CH,CH=CMe,

2 (20%)
R' = CH,CH,CH,CHMe,

Scheme 1

stabilizing (C-S) groups and/or conformational restrictions.®
These modifications can be regarded as mimics of the role of the
cyclase enzymes, which is still unclear. Most noteworthy are the
achievements of William S. Johnson’s group in efficient cationic
tetra- and pentacyclisations by using initiating groups other than
epoxides and various C-S substituents on the reacting alkenes,
which also ensure six-membered C-ring formation.® Our group on
the other hand has reported a few examples of nonenzymic polyene
cyclisations leading to the familiar ‘natural’ 6 : 5 CD-ring system.”
Interestingly, this did not require the use of any C-S groups, but
merely resulted from restraining the possible conformations of the
central part of the polyene chain (see for example aldehyde 17 in
Scheme 1).
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The cyclohexane ring (designated as C'-ring) grafted on the
polyene backbone of the model aldehyde 1 was designed to enforce
a chair-like fold of the pre-C-ring 1,5-diene.”” Regrettably, these
studies had to be limited to polyenes with a simplified initiating
part, as the extraneous C'-ring seemed to interfere with the early
cyclisation stages in the case of a full OS structure.® The influence
of the single localised conformational restriction (imposed torsion
around the C11,C12-bond, using classical steroid numbering)
on the course of BCD-cyclisation was, however, striking (see
polycyclised structures 2 and 3). We felt compelled to further
evaluate the possible effect of this conformational restriction on
the full course of OS cyclisation (epoxide initiated ABCD(E)-
cyclisation). It should be clear that, at least in a concerted pathway,
the preorganisation of the pre-C-ring polyene part in either of the
possible chair-like folds (defining a helical constraint relative to the
epoxide, see Scheme 2) could be sufficient to direct the early AB-
ring system formation (chair—chair or chair-boat cyclisation). This
would mean that the entire stereochemical course of the enzymic
OS tetracyclisation is essentially caused by a relatively minor
and localised conformational restriction (such as the C11,C12
torsional angle).

For the present study, which was focused on the AB-ring system
formation stage, new model compounds 4 and 5 were designed
(Scheme 2). They feature a preformed C-ring that should secure
the desired preorganisation of the central part of the OS polyene
chain, by controlling the configurations of the C-ring stereocenters
relative to the epoxide function. A conjugated diene in the
preformed ring was considered to be the terminating nucleophile of
choice. It should make AB-ring cyclisation effectively irreversible,
assuring a true kinetic polycyclisation result. Furthermore, this
diene can act as a relay for the cationic reaction center to-
wards the D-ring cyclising stage, allowing for the formation of
interesting dammarane or protolanostane skeletons. The diene
system should also increase overall polycyclisation efficiency as
an internal C-S group. Finally, these models have the advantage
that no unnatural—possibly sterically hindering—substituents are
present.

(3S)-oxido-
squalene@cyclase

M R

o /// R OSC(b) m

3 ! / - & 7 S —_—
\/ Enz-H-- OW{

M HO

R = CH,CH,CH=CMe,

Results and discussion
Synthesis of model compounds

For the convergent synthesis of the target epoxypolyenes 4 and
5 (Scheme 3) we envisioned symmetrical disconnections. These
allowed for a general strategy to introduce the required side chain
fragments on the more challenging 1,6-difunctionalised central
part, which was obtained using a reconnection strategy via the
synthetically more attractive trans-fused decalin systems.

The easily accessible (R)-octalone 6 was recognized as a
convenient enantiomerically enriched starting point.® Following
Ireland’s strategy for introducing an angular methyl group in
the trans-position (Nagata hydrocyanation followed by nitrile
reduction),'® octalone 6 was converted to the ketal 7. Prior removal
of the ketone function via Shapiro reaction was essential for the
success of the nitrile reduction. The non-nucleophilic base lithium
hydride gave the best results for this highly regioselective reaction.
Ozonolysis of the double bond followed by reductive work-up
and silylation then gave the 1,6-bissilyl ether 8 as an advanced
intermediate. Finally, the required cyclohexadiene building block
9 was obtained via Shapiro reaction giving the corresponding
alkene which was then converted to the conjugated diene via a
bromination—elimination sequence. As no conclusive evidence for
the trans-fusion in these intermediates was obtained so far, we were
pleased to observe a large optical rotation for the C,-symmetrical
compound 9 ([a]y +110 (¢ 1.36 in CHCI,)), which excludes the
possibility of the achiral S;-symmetrical cis-isomer.

After some experimentation, we developed a general and direct
strategy to introduce the initiating and terminating OS side chain
fragments, based on the B-alkyl Suzuki-Miyaura cross-coupling,
as has been reported in a preliminary communication." The
alkylborane reactants were prepared in situ via hydroboration of
the terminal alkene 10, easily obtained from 9 via monodesilylation
and Grieco-Sharpless elimination. Consecutive coupling of the
appropriate iodo alkene and (S)-epoxy iodo alkene in this manner,
gave the target epoxy polyene 5. Polyene 12 was coupled with

dammarenyl cation 4
(trans-anti-trans)

protosteryl cation 5
(trans-syn-trans)

Scheme 2 Enzymic polycyclisation of (3.5)-oxidosqualene and proposed model compounds: pathway (a) is followed in plants for biogenesis of many
tetra- and pentacyclic triterpenes, pathway (b) is followed for formation of lanosterol, cycloartenol or parkeol as steroid precursors.

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 1918-1925 | 1919





(\0

o)
(\ o il v, Vi OSit-BuPh, vii, i OSit-BuPh,
(o] E— [e] E— B
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6 (91% ee, GC) 7 8 9
ix, X OSit-BuPh, Xi iX, X
—T —_— —
B = :
10 11 (R = CH,CH,CH=CMe,) 12 (R = CH,CH,CH=CMe,)

11" (R = Me)

13 (R = Sit-BuPhy)
14 (R=H)

15 (R = Sit-BuPhy)
16 (R = H)

‘ 12' (R = Me)
Xl

ent-4 (R = CH,CH,CH=CMe,)
ent-4' (R =Me)

5 (R = CH,CH,CH=CMe,)
5'(R = Me)

Scheme 3  Reagents and conditions: i, 3 equiv. Et, AICN, THF-PhMe, —5 °C to rt, 80%; ii, (a) TsN,H;, TsOH, mol. siev., THF, A, (b) 5 equiv. LiH,
THF-PhMe, A, 80-85%; iii, i-Bu, AIH, PhMe, 0 °C to rt, quant.; iv, N,H,-xH,O, N,H,-HCl, TEG, 135 °C, then excess KOH, rt to 210 °C (distill.), 95%;
v, O;, CH,Cl,, MeOH, —78 °C, then NaBH,, —78 °C to —15 °C; vi, 4 equiv. -BuPh,SiCl, imidazole, DMAP, DMF, rt, 80% (v + vi), vii, TSOH, H,O,
acetone, A, quant.; viii, (a) NBS, bpo, CCl,,. A, (b) KOz-Bu, THF, A, (c) SnBu;H, AIBN, THE, A, 70% (a + b + ¢); ix, TBAF, Me,NOH, THF, 75% (from
9), 80-90% (from 11 or 11'), 65% (from 13 or 15); x, (a) 2 equiv. 0-NO,PhSeCN, 2 equiv. PMe;, THF, (b) 2 equiv. H,0,, THF, 70-80%; xi, (a) 1.5 equiv.
Cy,BH, THF, 0 °C to rt, then H,O, (b) Cs,CO;, Ph;As, PACL,(dppf), 0.96 equiv. (E)-1-iodo-2,6-dimethyl-hepta-1,5-diene or 1-bromo-2-methyl-propene
or (35)- or (3R)-(4-iodo-3-methyl-but-3-enyl)-2,2-dimethyl-oxirane, DMF, rt, 70-80% (from 10), 50% (from 12 or 12').

the enantiomeric epoxide-bearing side chain fragment to afford
epoxypolyene ent-4 which is the mirror image of the originally
proposed target structure 4 and was subsequently used in its stead.

Early cyclisation experiments with these models quickly showed
it would be desirable to have analogues with simplified terminating
chains. The Suzuki-Miyaura coupling based strategy allowed for
a straightforward synthesis of the truncated analogues ent-4' and
5" using 1-bromo-2-methylpropene as the terminating side chain
fragment (Scheme 3). Furthermore, by coupling silyloxypolyene 10
directly with the initiating side chains and simply deprotecting the
silyl ether, the epoxy polyenols 14 and 16 were obtained. In these
cases, the hydroxyl group was expected to function as a terminating
nucleophile for the polycyclisation, affording tetracycles with a
tetrahydrofuran type D-ring.

Cyclisation experiments

Following the Stork—Eschenmoser postulate,” which advocates
stereocontrolled antiperiplanar additions on both the epoxide and
reacting alkenes, and reasonably assuming a chair-like fold for
formation of the A-ring, only a limited number of stereochemical
outcomes are expected for the AB-ring system upon polycyclisa-
tion of our model compounds (Scheme 4). The two alternative
AB-cyclisation results for each of the examined diastereomers are
distinguished by either a 9,10-anti or a 9,10-syn stereochemical
relation (classical steroid numbering is used), which would reflect
a B-chair or B-boat fold of the polyene, respectively. A priori,
it was expected that a relaxed B-chair fold would only be

R

‘ + Lewis acid (LA)

9,10-anti

Scheme 4

possible in the models corresponding to the dammarenyl-type
configuration (14, ent-4, ent-4'), because a B-chair conformation in
the diastereomeric protosteryl-type models (16, 5, 5') would suffer
from a severe syn-diaxial relation of the C-10 methyl substituent
and the very bulky C-14 quaternary center (see Fig. 1). It was
hoped that in this case B-boat cyclisation and thus a 9,10-syn
stereochemistry would result, a pathway which only very rarely
has been observed in nonenzymic reactions.’

The easily accessible models 14 and 16 were used to screen
the most commonly used conditions to achieve cationic polycy-
clisation of epoxy polyenes. The results for the protosteryl type
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Table 1 Cyclisation of protosteryl type model compounds 16 and 5’

5

polycyclised

I material

16 or &'
(see scheme)

Gl

17a (R =OH)
17b (R = CH=CMe,)

18a (R =OH)
18b (R = CH=CMe,)

19a (R =OH)
19b (R = CH=CMe,)

Reaction conditions Yield of 17 Yield of 18 Yield of 19
(1) 16, 1.0 equiv. picric acid, CH;NO,, rt — 10% — (80%)"

(ii) 16, 1.5 equiv. MeAICl,, CH,Cl,, =78 to —15°C — 25% 35% 30%°

(iii) 16, 1.0 equiv. SnCl,, CH,Cl,, =78 to —25°C — 40% 30% 10%°

(iv) 16, 0.25 equiv. SnCl,, CH,Cl,, 10 °C 9%* 15% 17% 3%°

(v) 5, 0.25 equiv. SnCl,, CH,Cl,, 10 °C 21%¢ 30% 24% 12%*

“Isolated yield of a complex fraction which contains diol 19a as a major isomer (NMR). ® Isolated fraction contains minor amounts (10-20%) of
regioisomeric alkenes and HCI addition products thereof (NMR). ¢ Isolated yield of tetracyclic alcohol 20 (Scheme 5). “ Isolated yield of a 17 : 3 mixture

of protolanostane-type alcohols 21a and 21b (Scheme 5).

Fig. 1

model 16 can be viewed in Table 1. Sharpless’ protic conditions
(entry (1)) using picric acid in nitromethane gave a very complex
mixture of mostly dihydroxylic material with an intact conjugated
diene system. The mild methylaluminium dichloride Lewis acid
introduced by Corey as an efficient epoxypolyene cyclisation
promoter (entry (ii))'* gave two major monocyclised products 17a
and 18a next to some more polar impure fractions of the type
19a. Use of stannic chloride (entry (iii)), as originally introduced
by Stork,* gave similar results. Sharpless and van Tamelen have
optimised the nonenzymic polycyclisation of OS (Scheme 1) and
found that maximal polycyclised (tricyclic) material was obtained
using substoichiometric amounts of stannic chloride at moderate
reaction temperatures.? In our case (entry (iv)), this procedure gave
a quite complex mixture of rearranged or monocyclised material
(as judged by the presence of an intact conjugated diene system
in NMR spectra) of which only the main compounds 17a and
18a could be obtained in a pure form. However, this procedure
uniquely yielded an easily separable, less polar fraction of solid ma-
terial of the expected polycyclised kind. Furthermore, this fraction
turned out to be a single diastereomer (the trans—anti—cis—anti—cis-
tetracycle 20, see Scheme 5). This configuration was unequivocally
determined by detailed analyses of NMR spectra (APT, HSQC,
HMBC, COSY and NOESY). As discussed earlier, the 9,10-anti
relation should indicate a chair-like fold for B-ring formation
(Scheme 4). Interestingly, the observed NOE relations in this trans—
anti—cis-tetracycle 20 did not support a chair-like conformation of
the B-ring (which, as discussed, would be a very strained system,
¢f- Fig. 1), but instead revealed a (twist-)boat-like conformation, as
can be reached by a cis-decalin type ring flip of the BC-ring system
(see structure with some diagnostic NOE relations in Fig. 2). Also
the C-ring clearly adopts an unexpected conformation, with both
methyl substituents in a pseudo-equatorial position. Regrettably,

SnCI4

21a,b (21%, 17:3, inseparable)

Scheme 5

Fig. 2

our attempts to grow a suitable single crystal of compound 20
failed, so this interesting conformation could not be confirmed by
X-ray diffraction analysis.

When conditions from entries (i)-(iii) were applied to the
diastereomeric model compound 14 (corresponding to a mirrored
dammarenyl type stereochemistry), roughly the same results were
obtained and only monocyclised material of the type 17a, 18a and

This journal is © The Royal Society of Chemistry 2008
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19a was observed. Using the Sharpless—van Tamelen conditions
(iv), no polycyclised compounds could be isolated.

Next, we applied the at least partially successful conditions
(cf. entry (iv)) to the ‘full’ models ent-4 and 5 with natural OS
side chains. Again, mostly compounds of the previously obtained
monocyclised type were isolated (¢f. 17, 18 and 19). In both cases, a
fraction was isolated which indicated the presence of polycyclised
material (as judged by the absence of signals for the conjugated
diene in NMR spectra). However, in the case of the dammarenyl
type model ent-4 this was only a very small (2%) and extremely
complex mixture. In the case of the protosteryl-type model 5, this
fraction (12%) showed a major tetracyclic component but could
not be sufficiently purified to be identified. Careful analysis of
the NMR spectra did reveal some striking similarities with those
obtained for tetracycle 20. The signals that would correspond to
the D-ring region, however, were complex and showed splitting
indicative of a 1 : 1 mixture of isomers.

Fortunately, the product diversity could be greatly reduced by
truncating the terminating polyene chain by one isoprenic unit
(substrates ent-4 and 5'). These models were synthesised and
cyclised on a relatively large scale (80 and 120 mg respectively).

In the case of the protosteryl type model 5, three major fractions
were isolated (entry (v), Table 1), one of which contained only
polycyclised material. The major constituent of this tetracyclic
fraction (21a, 85%(NMR)) was shown to possess the (9a,13[)-
A17,20-protolanostane skeleton (Scheme 5) via detailed NMR
analyses (APT, HSQC, HMBC, COSY, NOESY). The inseparable
minor isomer (21b, 15%(NMR)) was tentatively assigned a
(9a,13B)-A16,17-protolanostane structure based on the resolved
signals (mainly D-ring region). Both other major fractions con-
tained a single isomer of the previously obtained abortive A-
ring monocyclisation type (cyclic ether 17b and ketone 18b).
Furthermore, five minor fractions were isolated: a complex apolar
hydrocarbon fraction (6%), two fractions of the cyclohexenolic
A-ring monocyclised type (8 and 4%, structures 19b) and two very
minor polycyclised fractions, one complex (2.5%) and one which
could be assigned the unusual spirocyclic structure 22 (2%, Fig. 3)
via detailed analysis of NMR spectra. In total, 97% of the mass
balance was isolated.

=y
HO
22
Fig. 3

Although obtaining sufficient 2D-NMR correlations for tetra-
cycle 21a was complicated by various overlaps and by the presence
of the minor regioisomer 21b, the data clearly showed the
conformation of this protolanostane skeleton to be essentially the
same as that established for tetracycle 20 (Fig. 2). Attempts at
growing single crystals only afforded very thin (<10 um) plate-
like crystals not suitable for single crystal X-ray diffraction on
conventional diffractometers. This crystal morphology is probably
due to the difficulty of growing a crystal along a long axis (¢ > 50 A,
see Experimental section), where the packing forces are very weak.

Therefore the crystals were analysed exploiting the high brilliance
of a synchrotron radiation source and the collected data allowed
solving and refining of the structure. The results obtained, together
with 2D-NMR analyses, allowed the full characterisation of the
configurational and conformational features of compound 21a.
Because of the employed wavelength and of the presence of light
atoms only, the absolute structure could not be determined by
diffraction only. However, among the two possible enantiomorph
molecules compatible with the X-ray data, the configuration
shown in Fig. 4 was chosen because it is the one in agreement with
the adopted synthetic strategy. In fact, it shows the correct absolute
configuration of the quaternary centres in the C-ring, which are
preformed by enantioselective synthesis and can be unequivocally
“back-tracked” to the original chiral starting material of known
absolute configuration (compound 6). Furthermore, the absolute
configuration of the initiating (S)-epoxide is expected to give a
hydroxyl group with the configuration as shown in Fig. 4.

Fig. 4

The crystal structure of 21a contains two molecules adopting
very similar conformations, with just small differences, as shown
in the superposition in Fig. SM1 in the supplementary material.t
As illustrated in Fig. 4, the A-ring adopts a regular chair confor-
mation, while the B-ring has a distorted twist-boat conformation
(endocyclic torsional angles in the two conformers, starting from
the C8 to C9 bond and then further around the ring in that
direction: —23.6, 64.4, —37.8, —28.9, 66.2, —39.9 and —2.7, 44.8,
—29.8, —30.6, 71.1, —53.4). The C-ring adopts a flattened half-
chair (or “sofa”) conformation, as expected by the presence of the
endocyclic double bond (black arrow in Fig. 4). Finally, another
interesting feature is the almost planar envelope conformation of
the D-ring (with four sp® and one sp? carbon atoms), despite the
absence of an endocyclic double bond.

The quantum mechanic (QM) geometry optimisations were
carried out to demonstrate that these peculiar conformational
features are due to the electronic structure of the molecule rather
than the unusual crystal packing (two almost identical conformers
packed along a long axis) and that these features are retained
also for the isolated molecule. After geometry optimisation at the
B3LYP/6-31G(d,p) level, the overall conformations of the two
molecules in the asymmetric unit converged to the same. The
(distorted) twist-boat conformation of the B-ring and the almost
planar conformation of the D-ring are retained, thus confirming
that the crystal structure is a minimum energy conformation
also as isolated molecule. The distortion of the B-ring can be
ascribed to the double bond in the C-ring (indicated by the black
arrow in Fig. 4). In other words, a perfect boat or twist-boat
conformation of the B-ring would distort the C-ring too much.
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The almost planar envelope conformation of the D-ring is imposed
by its exocyclic double bond and again the constraints due to
the double bond in the C-ring. To verify the relative stability
of the crystal structure conformation with its unusual B-ring
twist-boat, other conformations of compound 21a adopting more
conventional chair or boat conformations were generated by the
MOLDRAW software and optimised at the B3LYP/6-31G(d,p)
level. The hypothetical conformation with the B-ring in a standard
boat conformation did not represent an energy minimum. The
conformation with the B-ring assuming a chair conformation (see
Fig. SM2 in the supplementary material) resulted in a less stable
energy minimum (+8.2 kJ mol™"), and this instability explains the
preference for the (distorted) twist-boat B-ring conformation in
the crystal structure.

Upon attempted cyclisation of the dammarenyl-type model ent-
4, major amounts of the monocyclic product type (40% cyclic
ether and 32% ketonic material) were isolated. Unfortunately,
only minor and very complex (possibly) tetracyclic fractions
(6% total yield) were obtained next to some small hydrocarbon
and monocyclised fractions. Here, 98% of the mass balance was
isolated.

Our analysis of the possible underlying cyclisation mechanisms
is presented in Fig. 5.

For the models 14, ent-4 and ent-4', that were endowed with
the mirrored dammarenyl-type stereochemistry (for clarity, the
“natural” enantiomers are shown in Fig. 5), an explanation should
be found for their apparent inability to undergo a cyclisation
beyond the A-ring formation stage. Upon evaluating the required
all-chair polyene fold (ccc), a strong steric interaction of the
1,3-syn-diaxial type is obvious between methyl substituents at
C-8 and C-10 (classical steroid numbering). Because of the sp’
hybridisation at C-8, this effect is indeed expected to be much
more pronounced than in the natural OS dammarenyl-type fold.
This steric effect could thus prevent C-9 and C-10 from coming
within binding range. Alternatively, this might be achieved if the
B-ring part of the polyene chain would adopt a (twisted) boat-like
fold. However, this boat-type conformation seems unlikely because
it requires the sterically demanding quaternary substituent (C-
14) in an unaccommodating flagpole (boat) or axial (twist-boat)
position.

For the models 16, 5 and 5, having the protosteryl-type
stereochemistry, at least one possible polyene fold should allow
for an extended polycyclisation reaction. The conformation corre-

"dammarenyl" (ent-4'):

ccc

AR
—7 14
OV< 5

cbe

"protosteryl" (5"):

Fig. S

sponding to that assumed for the enzymic OS cyclisation (cbc)
is clearly not followed, as no tetracycles are observed with a
9,10-syn relation. Based on the observed conformations of the
tetracyclic products 20 and 21a (¢f. Figs. 2 and 4), we propose
a polycyclisation process via the alternative cbc’ conformation,
in which the preformed C-ring adopts the flipped half-chair
conformation (following a 120° rotation around the C-8,C-14
bond). Alternatively, the observed trans—anti—cis stereochemistry
might be reached through an all-chair conformation (i.e. ccc). But,
as previously noted for the resulting polycyclic systems (Fig. 1)
and irrespective of the C-ring conformation, this is a very unlikely
polyene fold due to the pronounced syn-diaxial relation of the
methyl substituent at C-10 and the voluminous C-14 quaternary
group, which is unlikely to adopt an axial orientation.

The prevalence of the cbc’ fold over the envisioned (biomimetic)
cbe fold, that would afford the natural protosteroid stereochem-
istry, might be explained by the closer proximity of the reacting
n-systems (endocyclic diene and olefins in the pendant side chains)
in the case of axially oriented polyene chains (relative to the
preformed C-ring half-chair).

As for the D-ring formation stage, the second unnatural cis-
fusion is also explained by the inverted half-chair conformation
of the preformed C-ring. Unfortunately, the observed polycyclic
products do not allow us to distinguish between formation of
an initial tetracyclic cation with an o- or B-oriented side chain
(23i or 23ii, Scheme 6). In enzymic reactions (and even in the
absence of an enzyme)'¢ the protosteryl cation is known to undergo
an elaborate cascade of 1,2-hydride and -methyl shifts. Here this
cascade apparently stops after the first (also naturally occurring)
17-20 hydride shift (Scheme 6). The subsequent 13-17 hydride
shift could be prevented by a conformationally rigid m-cation
interaction with the C-ring alkene (structure 24), which would
also explain the driving force for the first shift.

17-20

—_—

H-shift

23i (17a)
23ii (17p)

Scheme 6

ccc
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The unusual AB-spirofused tetracycle 22 can be regarded as a
polycyclised derivative of an intermediate cation en route to the
major ketonic rearrangement product 18b. This structure again
shows the preference of our model systems for the formation of
cis-fusions to the C-ring.

Conclusions

Due to the complex nature of these cationic cyclisation ex-
periments, it is unwise to draw straightforward conclusions
with relevance to their biological counterparts. As expected, all
cyclisation experiments gave complex mixtures of compounds.
Furthermore, the polycyclised structures that were produced in
sufficient quantities to be isolated and characterised, all possessed
very unnatural cis-fusions to the C-ring. However, it should
be clear that (i) where extended polycyclisation occurs in our
model systems, the ABC-ring system stereochemistry is adequately
controlled by the combination of epoxide and (preformed) C-ring
chair configurations, (ii) a remarkable preference for a (distorted)
twist-boat conformation exists for the B-ring in the observed
tetracyclic lanostane-type compounds 20 and 21a, indicated by
crystal structure, 2D NMR analyses and DFT calculations, (iii)
this preference can be rationalised by severe intramolecular steric
compression in the case of a B-ring chair conformation and
similar effects are reasonably expected to control the polyene fold
during the nonenzymic polycyclisation of the examined model
compounds and (iv) this provides a model for how the elusive
B-ring (twist-)boat conformation might be achieved in steroid
biogenesis, in this case by preorganising the C-ring polyene part
in a specific chair-like fold. Such a conformational restriction has
been shown to effect biomimetic (six membered) C-ring formation
in a previous model study.’

Experimental
Synthesis and cyclisation of the model substrates

Compounds 5, 6-12 and 15. Procedures and characterisation
as described previously in reference 11.

Compounds ent-4, ent-4, 5', 11’, 12’ and 13. Synthetic pro-
cedures and spectral data for these compounds are provided as
electronic supplementary data.}

Cyclisation of compounds 16, ent-4' and 5'. Synthetic proce-
dures and characterisation data (including a detailed analysis of
2D NMR data for polycyclised compounds 20, 21a,b and 22) are
provided as electronic supplementary data.}*

Crystal structure determination of compound 21a

Single crystal diffraction data on compound 21a were collected
at 100 K at the BM1a station (SNBL) of the ESRF synchrotron
facility,"” employing a monochromatised (4 = 0.7114 A) radiation.
Absorption correction was performed using SADABS.”® The
structure was solved by direct methods employing the SIR2002
software,' and refined by full-matrix least-squares with SHELX-
97.2

The data collection was carried out at 100 K on a crystal of
0.120 x 0.040 x 0.005 mm?®. The space group was P2,2,2, with unit

cell parameters: a = 6.429(1) A, b = 13.631(2) A, ¢ = 50.896(6) A.
3482 reflections were collected with R(int) = 0.0381 and the final
agreement factor was R = 0.20. Full crystal data and details of
data collections and refinements of compound 21a are given in
Table SM1 as supplementary material. Complete crystallographic
information on compound 21a has been deposited by the CCDC
with deposition number CCDC 675998.+

The crystal morphology (very thin plates with thickness <10
um), surely related to the long ¢ axis, prevented us from obtaining
good crystal and good agreement factors during the refinement.
Because of these problems, the resulting crystal structure showed
some disorder and a few restraints (see cif file for details) on
the distances involving the C(CHj;), groups were necessary to
have a stable refinement, and none of the atoms could be refined
anisotropically. Indeed the space group attribution was correct
with the expected systematic absences, as indicated by the recon-
struction of the experimental reciprocal lattice (See Fig. SM3,
4 and 5 in the supplementary information). The conformational
features of the crystal structure from X-ray data were confirmed by
first principle QM calculations. Graphical manipulations to obtain
ordered model structures from the disordered crystal structures
were carried out employing the XP?' and MOLDRAW? software.

The observed intermolecular contacts involving the methanol
molecule were consistent with O-H ---O hydrogen bonds and
indicated the presence of disorder, with both atoms in the solvent
moiety capable of acting as oxygen atoms. Therefore it was not
possible to establish, by geometric considerations alone, the atomic
species of the two solvent atomic positions. Nevertheless, the
values of the ADP parameters [0.088(6) and 0.18(2) for O3 and
C51 respectively] suggested the adopted assignment. It is worth
noting that this hydrogen bond network allowed the formation of
an hydrophilic layer, formed by OH groups of methanol and 21a,
and of an hydrophobic layer, constituted by the remaining part of
the 21a molecules.

Computational details

DFT molecular orbital calculations on the different conforma-
tions of compound 21a were performed using the Gaussian03
program® on a 16-node linux cluster. The initial geometries where
those derived from X-ray crystal structure and were manipulated
by the MOLDR AW? software and optimised employing the DFT
method based on Becke’s three parameters hybrid functional
and Lee-Yang-Parr’s gradient-corrected correlation functional
(B3LYP),** using the 6-31 G(d,p) basis set*® as implemented in
the Gaussian03 software.
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Novel carboxylic acid derivatives were synthesized, which allowed switching of the intramolecular
distance between amide group and carboxylic oxygen atoms using E to Z photoisomerization of the
cinnamate framework. An intramolecular NH - - - O hydrogen bond was formed in the Z carboxylate
compound not only in solution but also in the solid state. The pK, value of the carboxylic acid was

lowered as a consequence of the E/Z photoisomerization.

Introduction

Hydrogen bonding plays an important role in expressing the func-
tion of proteins like native enzymes. It is thought that reactivity
regulation is affected by switching of the hydrogen bond network
around the active site.! In a previous study, we investigated the
effect of the intramolecular NH - - - O hydrogen bond toward oxy
anions, such as carboxylate and phenolate. We have proposed that
the proximity of the amide NH group and the carboxylic oxygen
atoms lowers the pK, value of the corresponding acid by stabilizing
the carboxylate through forming the intramolecular NH---O
hydrogen bond.?> Therefore, the switching of the intramolecular
NH - - - O hydrogen bond by external stimulation (such as pho-
toirradiation) is expected to realize the control of the pK, value.
In this study, we designed novel carboxylic acid derivatives,
which allow the switching of an intramolecular NH - - - O distance
stimulated by light irradiation (Fig. 1). According to this strategy,
photoirradiation stimulates the proximity of the amide NH and
the carboxyl oxygen according to E/Z photoisomerization of a
C=C double bond, which allows the intramolecular NH---O
hydrogen bond to form at the carboxylate, and lowers the pK,
value of carboxylic acid. Photoisomerization, considered one of
the most promising strategies for stimulating these compounds,
effectively facilitates the control of molecular structures. There are
many investigations using photoisomerization for photoswitching
devices.> For example, the effects of intramolecular NH--- N
or NH---O hydrogen bonds in the Z form on E/Z photoi-
somerization of the C=C double bond,* as well as of the pK,
change of phenol or carboxylic acid derivatives by the switching
of conjugation,’ have also been investigated. However, to the best
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of our knowledge, no previous studies have attempted to control
the character of carboxylates by switching an NH - - - O hydrogen
bond. Previously, we examined the E/Z photoswitchable ben-
zylideneaniline derivatives, which could switch the intramolecular
distance between carboxylic oxygen atoms and the amide group,
and revealed that the intramolecular NH - -- O hydrogen bond
formed in the carboxylate is stronger than that in carboxylic acid.®
However, because Z-benzylideneaniline derivatives are unstable
at room temperature,” it was difficult to determine the acidity
after photoisomerization. In this study, novel carboxylic acid
derivatives (E-1/Z-1, E-2/Z-2), including the E/Z photoswitch-
able cinnamate frame, were synthesized (Scheme 1). High thermal
stability of the Z-isomers of cinnamate enables us to isolate each
conformation and to investigate detailed properties of them.

H
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o
H v H
§ ”K
(@] (o]
E-1 Z1
[S]
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H i H
§ N'YQ
(0] (0]
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Scheme 1 Photoisomerization equilibria of cinnamic acid derivatives
E-1/Z-1 and E-2/Z-2.

Results and discussion
Synthesis

Scheme 2 shows the preparation of the photoswitching molecules.
Cinnamic acid derivative E-1 was synthesized by Heck reaction®
of 2-pivalamidobromobenzene and ethyl propiolate. E-2 was
prepared through a counter-cation exchange reaction of E-1. Z-2
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Scheme 2 Synthesis of cinnamic acid derivatives E-1, Z-1, E-2 and Z-2.

was isolated from the photoreaction mixture by recrystallization.
Z-1 was prepared through acidification of Z-2.

Direct photoisomerization of E-1 and E-2

Photoisomerization of E-1 and E-2 was traced by UV-visible
(UV-vis) spectra. UV-vis spectrum changes of E-1 and E-2 caused
by photoirradiation in dimethyl sulfoxide (DMSO) solution at
293 K are shown in Fig. 2. E-1 and E-2 were isomerized and
reached the photostationary state (PSS) at 313 nm UV-light
irradiation. Solid lines, corresponding to E isomers, are the
spectra measured before irradiation, and broken lines represent
the isolated pure Z isomers. The absorbance values of E-1 and
E-2 are decreased in accordance with the two-state transition
following irradiation (dotted lines), which indicates that only
corresponding Z isomers are formed without any side reactions.
The fraction of Z compounds in the PSS was determined from
the integration ratio of '"H NMR spectra. The E : Z ratio of the

carboxylate is 7 : 93, whereas that of the carboxylic acid is 25 : 75
(supporting information).t It is difficult to cause the effective Z
to E isomerization in DMSO solution. Z compounds are stable
under heating, even at 363 K, and there is no suitable wavelength
for irradiation at which Z compounds are preferentially excited. Z-
1 in chloroform solution allows about 10% of E/Z photocycling
using alternate irradiation at 254 and 313 nm with decaying by
photo decarbonation (supporting information).f

Molecular structures in solution

The solution structures of isolated Z-1 and Z-2 were determined
by '"H NMR spectra. The '"H NMR spectra of E-1, E-2, Z-1, and
Z-2 in DMSO-d; at 303 K are shown in Fig. 3. All signals were
assigned using the nuclear Overhauser effect (NOE) method and
the decoupling method. £/Z configurations of these compounds
were confirmed by the *Jyy value of the olefin protons. Generally
speaking, the *Jyy coupling constant of olefin protons is about 15

2 2
267 (b)
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Fig. 2 Time course UV-vis spectra changes of E-1 and E-2 following photoirradiation at 313 nm, 1 mM in DMSO at 293 K.
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to 16 Hz in the trans position and about 12 to 13 Hz in the cis
position. Observed *Jyy values of the olefin protons of E-1and E-2
were 16.0 Hz, whereas those of Z-1 and Z-2 were 12.5and 12.7 Hz,
respectively. These observed 3Jyy values coincide with the typical
values of the trans and cis olefin protons. The configurations of
the compounds before irradiation were confirmed as the E form,
and the photoproducts were confirmed as the Z form.

Fig. 3

'"H NMR spectra of a) E-1, b) Z-1, ¢) E-2 and d) Z-2, 5 mM in DMSO-d, at 303 K.
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NOESY spectra of a) E-2 and b) Z-2, 5 mM in DMSO-d; at 303 K.

The solution structures of the carboxylates are estimated based
on the nuclear Overhauser enhancement spectroscopy (NOESY)
spectra of E-2 and Z-2 (Fig. 4). An NOE correlation between NH
and H2 was observed in E-2, but no NOE signal was observed
between NH and H1 (Fig. 4a). This result indicates that the olefin
moiety is likely to take the opposite direction to the amide moiety
in E-2 (s-trans form). In Z-2, an NOE correlation between H1 and

3T —=T
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H2, which was not observed in E-2, was characteristically observed
(Fig. 4b). This correlation confirms that the configuration of
photoproduct Z-2 was definitely in the Z form. The correlations of
NH-H1 and NH-H2 in Z-2 were weaker than those of NH-H6
or H2-H3. This result indicates that the olefin moiety in Z-2 is
likely to take the same direction as the amide side (s-cis form) and
that the carboxylate is in close proximity to the amide moiety.
The chemical shifts of the amide NH signals of the Z isomers
at 303 K were 8.93 ppm in Z-1 and 12.37 ppm in Z-2 (Fig. 3).
The significant downfield shift (A0 = 3.44 ppm) suggests that
Z-2 forms an NH---O hydrogen bond in DMSO-d, solution.
The temperature dependency (range, 303-333 K) of the amide
NH chemical shift of Z-2 is -2.1 ppb K~!, whereas that of Z-
1 is —5.4 ppb K7'. The downfield shift and the decrease in the
temperature coefficient of the NH proton suggest that Z-2 forms
an intramolecular NH - - - O hydrogen bond in DMSO-d solution.

Molecular structures in solid state

To confirm the molecular structures in the solid state, X-ray
crystallography was performed. The crystal structures of E-1 and
Z-2 are shown in Fig. 5. Crystal data of E-1 and Z-2 are given
in the experimental section. All non-hydrogen atoms were refined
anisotropically. The coordinates of OH and NH protons were
refined using fixed thermal factors, and the other protons were
placed in calculated positions. The intramolecular OO01 --- N1
distance (4.854 A) and the intermolecular 0’03 --- N1 distance
(3.235[2] A, 0’03 indicates the O03 atom at the equivalent position
[x —1,y, z]) of E-1 are too long to form hydrogen bonds; the amide
NH of E-1 is free from any electrostatic interaction in the solid
state. The intermolecular O02--- 0’01 distance (2.632 A, 001
indicates the O01 atom at the equivalent position [—x, —y + 1,
—z + 1]) of E-1 permitted sufficient hydrogen bond formation; the
dimerization of the carboxylic acid stabilizes the packing structure.
The torsion angles of 002-C1-C2-C3 (—3.4[4]°) and C2-C3-
C4-C5 (2.6[4]°) indicate that the cinnamic acid frame of E-1 is
almost in plane. However, the amide moiety is leaning away from
this cinnamic acid plane (the torsion angle of C8-C9-N1-C10 is
36.0[3]°). These results inferred that the m-conjugation extends
from the aromatic ring toward the carboxylic oxygen through
the C=C double bond. In contrast, the distances of N1-.-0O1
(2.701[1]1 A) and H1 - -- O1 (1.88[1] A) of Z-2 permitted sufficient
hydrogen bond formation. The N1-HI1-O1 angle of Z-2 (154[1]°)

485A

N(1)--0(01)

is appropriate for hydrogen bonding. These results indicate that
Z-2 has an intramolecular NH - - - O hydrogen bond that forms an
eight-membered ring structure in the solid state.

On the other hand, no intermolecular interactions (e.g., hydro-
gen bonding) were detected in Z-2. Both of the C - - - O distances of
carboxylate Z-2, C1---O1 (1.255[2] A) and C1 - - - 02 (1.246[2] A),
are virtually identical, whereas the C - - - O distances of carboxylic
acid Z-1 are C1---001 (1.281[2] A) and C1--- 002 (1.262[2] A).
The torsion angles of O1-C1-C2-C3 (37.7[2]°), C2-C3-C4-C9
(—65.7[2]°), and C8—C9-N1-C10 (49.5[3]°) are so large that the 7t-
conjugation of cinnamic acid extended in E-1is interrupted in Z-2.
Solid Fourier transform infrared (FT-IR) spectra of the crystals
of E-1 and Z-2 were measured to determine the existence of an
intramolecular NH - - - O hydrogen bond in Z-2. Z-2 exhibits the
v(NH) band at 3281 cm™!, whereas the v(NH) band appears at
3386 cm™' in E-1. The low wavenumber shift of the v(NH) band
indicates the presence of a hydrogen bond in Z-2. These combined
experimental results obtained by X-ray crystallography and FT-IR
spectroscopy indicate that Z-2 forms an intramolecular NH - -- O
hydrogen bond in crystal.

Acidity change through photoisomerization

The pK, values of E-1 and Z-1 were measured by potentiometric
titration in a 10% Triton X-100 aqueous micellar solution at
298 K. The pK, value of Z-1 was 4.3, which was 0.5 units
lower than that of E-1 (pK, = 4.8) (supporting information).t
When the pK, value was changed by photoisomerization, the pH
value would also be changed. The pH change of E-1 by 313 nm
photoirradiation in Triton® X-100 aqueous micellar solution at
298 K is shown in Fig. 6. In conjugation with the £ to Z
photoisomerization, the pK, value of the carboxylic acid was
decreased, and the pH value also decreased from 3.51 to 3.29
(ApH = 0.22). This decrease in pH value corresponds to an
increase in proton concentration (1.66 times higher).

To discuss the change in acidity in organic solvents, the counter-
cation exchange reaction was examined. The difference of pK,
values in organic solvents is determined using the following
method. If two acids, AH and BH, are in equilibrium (including
the deprotonation process), the equilibrium equation is drawn
in eqn (1), assuming that all anions have dissociated. The acid
dissociation constants of AH and BH are defined as K,(1) and
K.(2), respectively. The equilibrium constant, K., is indicated in

N(1)--O(1)
270 A

Fig. 5 Molecular structures of E-1 (left) and Z-2 (right), 50% probability.
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Fig. 6 pH change of 10 mM E-1 by photoirradiation at 313 nm in 10%
Triton® X-100 aqueous micellar solution at 278 K.

eqn (2), where K, is equal to the ratio of the acid dissociation
constants of AH and BH. The ApK, (=log K.,) value is calculated
from [A~]/[AH] and [BH]/[B~].

AH+B —==A" +BH 1)
_[AT][BH] _ [A]H"] y [BH] _ K.D )
“ [AH][B] [AH] [H'1[B] K,(2)

Carboxylic acid [AH] and carboxylate [B~] are mixed in DMSO-
dg solution, and the equilibrium constant is confirmed from the
chemical shifts in the "H NMR spectra. Fig. 7 shows the 'H NMR
spectrum of the mixture of E£-1 and Z-2 in DMSO-d, solution.
Signals are shifted by mixing, which means that ion exchange
reactions have occurred. The deprotonation ratio was estimated
by comparing the authentic signals of the carboxylic acids and
carboxylates. Using the chemical shift of the olefin protons (H2), it
was possible to calculate the deprotonation ratio precisely because
the signals were sharp and isolated. The chemical shift of the olefin
proton of the £ compound was closer to the chemical shift of
carboxylic acid E-1 than of carboxylate E-2, and that of he Z
compound was closer to Z-2 than Z-1. By comparing with the
chemical shifts of isolated carboxylic acids and carboxylates, it is
estimated that 83% of the £ compound is protonated and that
90% of the Z compound is deprotonated. According to the results
and eqn (2), the pK, value of the E compound is 1.63 units lower
than the pK, value of the Z compound in DMSO solution.

Conclusion

In this work, photoswitching of an intramolecular NH---O
hydrogen bond using E to Z photoisomerization was achieved.
We synthesize the carboxylic acid E-1/Z-1 and carboxylate E-
2/Z-2 derivatives, which have a photoinduced cinnamate frame,
so as to switch the intramolecular distance between the amide
NH and the carboxylic oxygen atoms using photoisomerization.
E to Z photoisomerization was progressed using 313 nm UV
light irradiation. Since the Z cinnamate compound is thermally
stable, Z-1 and Z-2 are isolable from the mixture of photoisomers.
Z-2 forms an intramolecular NH - - - O hydrogen bond both in
DMSO-d solution and in the solid state. The pK, value of Z-
1 was lower than that of E-1, not only in an aqueous micellar
solution but also in DMSO solution. We propose that the
intramolecular NH - - - O hydrogen bond formed in carboxylate Z-
2 encourages the deprotonation process and lowers the pK, value
of the corresponding carboxylic acid Z-1. Control of the pK,
of carboxylic acids by external stimulation will achieve the new
functional small molecules which can control their nucleophilicity
and exhibit regulated reactivity, like that of native enzymes.

Experimental
General procedures

All manipulations involving air- and moisture-sensitive com-
pounds were carried out using standard Schlenk techniques under
argon atmosphere. 2-Bromoaniline, 2,2-dimethylpropionyl chlo-
ride, triphenylphosphine, acrylic acid ethyl ester were purchased
from Tokyo-Kasei Co. Palladium acetate, tetramethylammonium
acetate were purchased from Aldrich Chemical Company, Inc.
Dichloromethane was distilled over CaH,. Tetrahydrofuran was
distilled over CaH, and dried over Na. Ethanol and acetonitrile
were distilled over CaH, and dried over molecular sieves (3 A).
"H NMR spectra (270 MHz) were measured on a JEOL JNM-
GSX270 spectrometer. NOESY spectra were measured on a
Varian UNITYplus 600 MHz spectrometer. The 'H NMR spectra
were referenced to the tetramethylsilane protons at 4 0.00. UV-vis
spectra were measured on a Shimazu UV-3100PC spectrometer.
Elemental analysis was performed at the Elemental Analysis
Center, Faculty of Science, Osaka University. All melting points of
the compounds were measured on a micro melting point apparatus
of YANAGIMOTO Co. ESI-MS measurements were performed
on a Finnigan MAT LCQ ion trap mass spectrometer. FT-IR
spectra were measured on a JASCO FT/IR-8300 spectrometer,

He (E-1) Ho (E-2)  H2 (z-1) He (2-2)
7.31 6.90 6.13
tr ansﬁgfm éHZ) cis-olefin (Hz)
7.56,. Obggred |
17%' MM 90 410
T T \
3.0 65 6.0 55
8 ppm
Fig. 7 '"H NMR spectrum of the mixture of £-1 and Z-2 in DMSO-d; solution at 303 K.
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and the solid FT-IR measurement was performed in a KBr
glass cell with nujol. pK, measurements were performed by
potentiometric titration in 10 mM micellar solution at 298 K
with a Metrohm 716 DMS titrino combined with a Metrohm
728 stirrer and a saturated calomel LL micro pH glass electrode.
The saturated calomel micro glass electrode was calibrated with
0.05 M KHC;H,O, buffer (pH = 4.01) and 0.0025 M KH,PO,
buffer (pH = 6.86) at 298 K. The potentiometric titration was
performed three times. pK, values are estimated by an average
value of each measurement.

Preparation of 2-pivaloylaminobromobenzene

To a solution of 2-bromoaniline (23.5 g, 0.138 mol) and triethy-
lamine (25 mL, 0.18 mol) in distilled dichloromethane (150 mL)
was added a solution of 2,2-dimethylpropionyl chloride (16 mL,
0.13 mol) in distilled dichloromethane (50 mL) solution in ice
bath. A white solid precipitated from the orange solution. The
mixture was stirred for 21 h at room temperature. The white solid
was filtered off and the solution was evaporated to obtain a brown
oil with a white powder. The mixture was dissolved in diethylether
and washed with 2% aqueous hydrochloride, 4% aqueous sodium
bicarbonate, water, and brine. The organic layer was dried over
anhydrous magnesium sulfate and the solvent was removed under
reduced pressure to obtain white crystals (31.2 g, 94%). Mp 60—
63 °C; found: C, 51.59; H, 5.36; N, 5.57. Calc. for C,;H,,BrNO:
C, 51.58; H, 5.51; N, 5.47%; 61(270 MHz; DMSO-d;) 1.22 (s, 9H;
tert-butyl), 7.13 (dt, 3J(H,H) = 7.6 Hz, *J(H,H) = 1.8 Hz, 1H;
aryl), 7.37 (dt, °*J(H,H) = 7.6 Hz, *J(H,H) = 1.5 Hz, 1H; aryl),
7.49 (dd,*J(H,H) = 7.6 Hz, *J(H,H) = 1.8 Hz, 1H; aryl), 7.64 (dd,
*J(H,H) = 7.6 Hz, *J(H,H) = 1.5 Hz, 1H; aryl), 8.92 ppm (s, 1H;
NH); m/z (ESI) 277.9, 279.9 (IM + Na]* requires 278.0, 280.0).

Preparation of (E)-3-(2-pivaloylaminophenyl) acrylic acid ethyl
ester

To a two-necked round bottom flask were added acrylic acid ethyl
ester (4.35mL, 4.00 g, 40.0 mmol), 2-pivaloylaminobromobenzene
(5.12 g, 20.0 mmol), palladium acetate (0.133 g, 0.592 mmol), and
triphenylphosphine (0.126 g, 0.48 mmol), which were suspended
in triethylamine—tetrahydrofuran (13.2 : 10.0 mL, distilled). The
mixture was refluxed for 63 h at 110 °C. The reaction was traced
by TLC (ethyl acetate-hexane = 1 : 3; v/v) and by '"H NMR
spectrum. The mixture was concentrated to obtain black and
white precipitates in orange oil. The mixture was suspended in
tetrahydrofuran, and the catalyst was filtered off. The solvent
was removed under reduced pressure to obtain orange oil. By
TLC and by 'H NMR spectrum, it was confirmed that the
orange oil obtained was a mixture of the objective ((E)-3-(2-
pivaloylaminophenyl) acrylic acid ethyl ester) and reactant (2-
pivaloylaminobromobenzene). The crude products were used for
the next reaction without further purification.

Preparation of (E)-3-(2-pivaloylaminophenyl) acrylic acid (E-1)

To a round bottom flask were added all the products obtained in
the above reaction (the mixture of 2-pivaloylaminobromobenzene
and (E)-3-(2-pivaloylaminophenyl) acrylic acid ethyl ester). The oil
was dissolved in ethanol (40 mL). 1 M aqueous sodium hydroxide
(40 mL, 0.040 mol) was added, and the solution turned to a

white suspension. Ethanol (20 mL) was added to dissolve the
precipitate. The solution was stirred for 24 h at room temperature.
The reaction was traced by TLC (ethyl acetate-hexane =1:3;v/v).
The solution was concentrated to a white suspension. Saturated
aqueous sodium bicarbonate was added and the suspension was
extracted with diethylether. The organic layer was extracted with
4% aqueous sodium bicarbonate 3 times. The combined aqueous
layer was acidified by ice-cooled aqueous sulfuric acid (pH 2—
3). Oil-like white powder floated on a white suspension. The
suspension was extracted with ethyl acetate, and the organic layer
was washed with water and brine. The solution was dried over
anhydrous magnesium sulfate. The solvent was removed under
reduced pressure to obtain white powder (1.81 g, 36.6%). Mp 178-
179 °C; found: C, 67.81; H, 6.88; N, 5.72. Calc. for C,,H;;NO;:
C, 68.00; H, 6.93; N, 5.66%); 0x(270 MHz; DMSO-d,) 1.24 (s,
9H; tert-butyl), 6.43 (d, *J(H,H) = 16.0 Hz, 1H; olefin), 7.19 (dd,
3J(H,H)=7.8Hz,*J(H,H)= 1.2 Hz, |H; aryl), 7.26 (dt,*J(H,H) =
7.8 Hz, “*J(H,H) = 1.2 Hz, 1H; aryl), 7.39 (dd, *J(H,H) = 7.8 Hz,
*J(H,H) = 1.6 Hz, 1H; aryl), 7.62 (d, *J(H,H) = 16.0 Hz, 1H;
olefin), 7.79 (dd, *J(H,H) = 7.8 Hz, *J(H,H) = 1.6 Hz, 1H; aryl),
9.28 (s, IH; NH), 12.25 ppm (br s, IH, COOH); m/z (ESI) 246.1
(IM — H] requires 246.1), 270.3 ([M + Na]* requires 270.1).

Preparation of [tetramethylammonium](E)-3-(2-
pivaloylaminophenyl) acrylate (E-2)

Tetramethylammonium acetate (53.8 mg, 0.404 mmol) was dis-
solved in distilled acetonitrile (2 mL). To the solution was added
dropwise a solution of (E)-3-(2-pivaloylaminophenyl) acrylic acid
(100 mg, 0.404 mmol) in distilled acetonitrile (4 mL) using a
syringe. The solution was stirred for several hours, and the
solvent was removed under reduced pressure to obtain an orange
oil. Adding diethylether turned the oil to a gray powder. The
supernatant solution was removed and the residue was dried
under reduced pressure to obtain a gray powder. Yield was not
confirmed. §,;(270 MHz; DMSO-d,) 1.24 (s, 9H; tert-butyl), 3.09
(s, 12H; NMe,), 6.33 (d, *J(H,H) = 16.0 Hz, 1H; olefin), 7.17 (dt,
*J(H,H)="7.5Hz,*J(H,H) = 1.8 Hz, |H; aryl), 7.18 (dt,*J(H,H) =
7.5Hz, *J(H,H) = 1.8 Hz, 1H; aryl), 7.24 (dd, 3J(H,H) = 7.5 Hz,
*J(H,H) = 1.8 Hz, 1H; aryl), 7.30 (d, *J(H,H) = 16.0 Hz, 1H;
olefin), 7.62 (dd, *J(H,H) = 7.5 Hz, *J(H,H) = 1.8 Hz, 1H; aryl),
9.10 ppm (s, 1H; NH).

Preparation of [tetramethylammonium](Z)-3-(2-
pivaloylaminophenyl) acrylate (Z-2)

An acetonitrile solution of [tetramethylammonium](E)-3-(2-
pivaloylaminophenyl) acrylate (100 mg) was irradiated by Xe/Hg
arc lamp with 313 nm band pass filter for several hours. The
fraction of Z isomers was confirmed by 'H NMR spectrum
to ensure the photoreaction had reached a photostationary
state (>80% was Z isomer). The solvent was removed under
reduced pressure. The obtained powder was recrystallized from
hot acetonitrile. Colorless needle crystals were obtained. The
crystals were washed with a little amount of acetonitrile and with
diethylether. The yield was not certain. 6,4(270 MHz; DMSO-dj)
1.17 (s, 9H; tert-butyl), 3.08 (s, 12H; NMe,), 5.92 (d, *J(H,H) =
12.7 Hz, 1H; olefin), 6.13 (d, 3J(H,H) = 12.7 Hz, 1H; olefin),
7.00 (dt, *J(H,H) = 7.6 Hz, *J(H,H) = 1.4 Hz, 1H; aryl), 7.09 (dd,
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*J(H,H)=7.6Hz,*J(H,H)=1.4Hz, 1H; aryl), 7.13 (dt,*J(H,H) =
7.6 Hz, “*J(H,H) = 1.4 Hz, 1H; aryl), 7.36 (dd, *J(H,H) = 7.6 Hz,
‘J(H,H) = 1.4 Hz, 1H; aryl), 12.37 ppm (s, |H; NH).

Preparation of (E)-3-(2-pivaloylaminophenyl) acrylic acid (Z-1)

The crystal of [tetramethylammonium](Z)-3-(2-pivaloylamino-
phenyl) acrylate (186.7 mg, 0.476 mmol) was suspended in ethyl
acetate. The suspension was acidified by adding 2% aqueous
hydrochloride, then the organic layer turned to a clear solution.
The aqueous layer was extracted with ethyl acetate twice, and
the combined organic layer was dried over anhydrous magnesium
sulfate. The solvent was removed under reduced pressure to obtain
a colorless oil. The oil was reprecipitated from diethylether—
n-hexane to obtain a white powder. Yield 117.8 mg (81.8%).
Mp 125 °C; found: C, 66.93; H, 6.99; N, 5.58. Calc. for
C,H;NO;-(H,0),,: C, 67.02; H, 6.99; N, 5.55%); 64(270 MHz;
DMSO-d;) 1.20 (s, 9H; tert-butyl), 5.98 (d, *J(H,H) = 12.5 Hz,
1H; olefin), 6.91 (d, *J(H,H) = 12.5 Hz, 1H; olefin), 7.14 (dt,
*J(H,H)=7.5Hz,*J(H,H)=1.3Hz, 1H; aryl), 7.17 (dt,*J(H,H) =
7.5 Hz, *J(H,H) = 1.3 Hz, 1H; aryl), 7.29 (dd, *J(H,H) =
7.5 Hz, *J(H,H) = 1.3 Hz, 1H; aryl), 7.44 (dd, *J(H,H) = 7.5 Hz,
‘J(H,H) = 1.3 Hz, 1H; aryl), 8.94 (s, |H; NH), 12.29 ppm (br s,
1H, COOH); m/z (ESI) 246.1 (IM — H] requires 246.1), 270.1
(IM + NaJ* requires 270.1).

Crystallographic data collections and structure determinations of
E-1and Z-2

Suitable single crystals of E-1 and Z-2 were mounted on a
fine nylon loop with nujol and immediately frozen at 200 +
1 K. All measurements were performed on a Rigaku RAXIS-
RAPID Imaging Plate diffractometer with graphite monochro-
mated MoK radiation (4 = 0.71075 A). The structures were
solved by direct method (SIR 92)° and the subsequent refinements
were performed using SHELXL-97" and teXsan crystallographic
software package. All non-hydrogen atoms were refined anisotrop-
ically. The coordinates of OH and NH protons were refined
using fixed thermal factors, and the other protons were placed
in calculated positions. Crystal data for C,,H;;NO; (E-1): 0.30 x
0.20 x 0.10 mm’, triclinic, P1 (#2), a = 5.334(4) A, b = 9.149(7)
A, ¢ =13.95(1) A, a = 74.60(3)°, § = 80.12(3)°, y = 82.77(2)°,
V =64403) A, Z =2, peyea = 1.275 gem >, u(MoK,) = 0.89 cm™',
M, = 247.29. Total number of reflections measured 6238, unique
reflections 2885 (R;,, = 0.031), Final R indices: R, = 0.043, wR, =
0.120 for all data. GOF (F?) = 0.86. Crystal data for C,sH,N,O;
(Z-2): 0.30 x 0.20 x 0.20 mm?, hexagonal, P6; (#173), a =
21.127(5) A, ¢ = 7.5222) A, V = 2907(4) A}, Z = 6, pees =
1.098 g cm ™3, u(MoK,) = 0.74 cm™', M,, = 320.43. Total number
of reflections measured 27 898, unique reflections 27887 (R;,, =
0.039), Final R indices: R, = 0.041, wR, = 0.098 for all data.
GOF (F*) = 1.03. CCDC 603981 and CCDC 603982 contain the
supplementary crystallographic data for this paper.}

UV-Light irradiation technique for UV-vis and '"H NMR spectrum
measurement

A Xe/Hg lamp (MUV-202U, Moritex Co.) was used for 313 nm
UV-light irradiation. UV-Light was filtered through 6784-t01.uvl

(Asahi tech.) to pick out the 313 nm emission line of Hg gas. At
TLC lamp was used for 254 nm UV-light irradiation, and UV-light
was filtered through a solution filter (aqueous solution of NiSO,,
CoSO, and KI/I,). The sample was dissolved in the degassed
solvent under argon atmosphere and sealed in a quartz NMR
tube or UV cell. The spectrum was measured before and after
irradiation. During irradiation and spectrum measurements, the
sample was always kept at the desired temperature.
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The synthesis, isolation and characterisation are reported for a series of terminal aryl/heteroaryl
bis(butadiynes) (HC=C-C=C-Ar-C=C-C=CH) 4a—e including the X-ray molecular structure of the
2,5-pyridylene derivative 4d; compound 4a and the mono-protected analogue
[HC=C-C=C-Ar-C=C-C=C-C(OH)Me,] 5a serve as convenient precursors for the synthesis of

highly-conjugated oligo(arylenebutadiynylene)s.

Introduction

Conjugated diyne and oligoyne molecules are of great interest
in contemporary acetylene chemistry' as a class of carbon-
rich backbones.?> They are of theoretical interest as probes of
extended n-conjugation® and they can serve as active components
in optoelectronic devices (wires, switches and nonlinear optics,
etc.).* Recently, the synthesis and optoelectronic properties of
oligo(aryleneethynylene) (OAE) systems, (Ar—-C=C-),, have been
widely investigated.® For example, oligo-p-(phenylenethynylene)s
(OPEs) serve as bridges to mediate photoinduced electron
transfer ¢ and the conductance of single OPE molecules has
been determined in molecular device architectures.” Oligoyne
systems [R—(C=C),—R] with internal carbyne fragments are also
contemporary targets and many derivatives of nanoscale lengths
end-capped with organometallic,? silyl® or aryl substituents' have
been synthesised. Aryl end-capped derivatives beyond 1,6-diaryl-
hexatriyne [Ar—(C=C);—Ar] have proved challenging due to the
instability of some of these systems and/or their precursors.!
Oligo(arylenebutadiynylene)s (Ar-C=C-C=C-), are a class
of carbon-rich backbones which have rarely been studied.
Encouraged by our recent work™ on the isolation and unex-
pected stability'* of a series of terminal aryl/heteroaryl bu-
tadiynes (Ar-C=C-C=CH) we postulated that analogous ter-
minal bis(butadiynes) (HC-C=C-C=C-Ar-C=C-C=CH) might
be isolable species’ and, if so, they could be valuable precursors
to oligo(arylenebutadiynylene)s. Herein we describe the synthesis
and isolation of a series of aryl/heteroaryl bis(butadiynes) 4a—

Department of Chemistry, Durham University, Durham, UK DHI 3LE.
E-mail: m.r.bryce@durham.ac.uk; Fax: +44 (0)191 384 4737; Tel: +44
(0)191 334 2018

T Electronic supplementary information (ESI) available: Experimental
details; characterisation data including crystallography; copies of UV-vis
absorption and NMR spectra. CCDC reference numbers 675274-675276.
See DOI: 10.1039/b802968g

e {Ar = 2,5-dimethoxy-1,4-phenylene, 4,4-biphenylene, [2,7-(9,9-
dimethyl)fluorenylene], 2,5-pyridylene and 4,6-pyrimidylene} in-
cluding the first crystal structure of a terminal aryl bis(butadiyne),
compound 4d.

Results and discussion

Our protocol (Scheme 1) is an extension of the route we have
developed for arylbutadiynes.”® The polar 2-hydroxy-2-propyl
protecting group facilitates purification of the reaction mixtures.
Reaction of the aryl/heteroaryl diiodides 1a—e with 2-methyl-3,5-
hexadiyn-2-ol 2% (2.5-3.0 equiv.) under standard Sonogashira
conditions" [triethylamine, Cul, Pd(PPh;),Cl,, 20 °C (for 1b, 1e)
or 50 °C (for 1a, ¢, 1d)] gave precursors 3a—e (60-93% yields).
For the crucial deprotection step (i.e. loss of acetone) the standard
conditions were a catalyticamount of NaOH in refluxing toluene."
The optimum time for this deprotection was ca. 10 min: longer
reaction times produced an increased amount of intractable black
solid. In all cases a mixture was obtained of the di-deprotected
4a—e and mono-deprotected products 5a—e, which were cleanly
separated by column chromatography. Pyridyl derivative 5d was
isolated as a mixture of regioisomers arising from deprotection of
the substituent at C2 or C5. When refluxing benzene was used as
the solvent for these reactions the yield of 4a increased to 64%. The
yields of 4b—e were similar in either benzene or toluene. Compound
3d was insoluble in benzene. However, the yield of 4d was raised to
50% when the deprotection was carried out in refluxing THE."
The yields of 4a and 5a were unchanged when either NaOH,
KOH or NaH was used as the base in refluxing toluene. All of
the products in Scheme 1 were characterised by 'H and "C NMR
spectroscopy and mass spectrometry. Compounds 4a—e have been
stored as solids at —15 °C for several months without observable
decomposition. At room temperature samples darkened in colour
within ca. 24 h although they can be stored as dilute solutions for
several days or even weeks.
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Scheme 1  General scheme for the synthesis of aryl/heteroaryl bis(butadiynes). Isolated yields: 3a—e (60-93%); 4a 24% (64% from reaction in refluxing
benzene); 4b 65%; 4¢ 62%; 4d 27% (50% from reaction in refluxing THF); 4e 22%; 5a 52%; Sb 30%; 5S¢ 37%; 5d 20% (as a mixture of regioisomers); Se

15%.

X-Ray crystal structures] were obtained for the terminal
bis(butadiyne) 4d and the terminal mono(butadiyne) species Sa
and 5d (notably 5d crystallised as one regioisomer) (Fig. 1). The
crystals of 4d, 5a and 5d were sufficiently stable for routine X-
ray analysis within a few days of their isolation. The molecular
‘rod’ in 4d is essentially linear, whereas in 5a it is S-shaped:
C(9)=C(10) and C(13)=C(14) are nearly parallel, but deviate by

Cl0 c9 c8

===

Fig. 1 X-Ray molecular structures of 4d, 5a and 5d (50% probability
thermal ellipsoids).

i Crystal data: 4d, C,;H;sN, M = 175.18, monoclinic, P2,/¢, a = 3.7926(8),
b =20.217(4), c = 12.385(3) A, f = 94.91(1)°, U = 946.2(3) A3, Z = 4,
D. =1.230 gcm™, x = 0.073 mm~', 8467 reflections (20 < 50°), R,,, =
0.1512, R(F) = 0.0686 [683 data with I > 2a(I)], wR(F*) = 0.2080 (1685
unique data); 5a, C,,H,,0;, M = 292.32, monoclinic, C2/¢, a = 17.555(2),
b =9.126(1), c = 19.831(2) A, f = 101.46(1)°, U = 3113.7(6) A’, Z =8,
D, =1.247 gecm™, 4 = 0.084 mm~', 11371 reflections (20 < 55°), R, =
0.0676, R(F) = 0.0444 [1987 data with I > 2a(I)], wR(F?*) = 0.0945 (3571
unique data); 5d, C,sH,;NO, M = 233.26, triclinic, P-1, a =5.7609(7), b =
9.0756(10), ¢ = 12.6163(14) A, a=87.79(1), p = 77.87(1), y = 77.99(1)°,
U =630.77(12) A’>, Z =2, D, = 1.228 g cm™3, u = 0.077 mm™"', 7737
reflections (20 < 60°), R;,, = 0.0236, R(F) = 0.0436 [2626 data with I >
2a(I)], wR(F*) = 0.1171 (3464 unique data).

9.0°and 6.1° from the C(2) - - - C(5) direction. Compound 5d shows
a C-shaped bending, the C(9)=C(10) and C(13)=C(14) bonds
forming an angle of 166.3°. The (localised) single and triple bonds
in the butadiyne moieties have the usual lengths, not affected
significantly by the 2-hydroxy-2-propyl group.

All three structures contain continuous hydrogen-bonded mo-
tifs (Fig. 2 and ESIf). Molecules of 4d pack in a herringbone
fashion to form layers parallel to the (010) plane. One acetylenic
H group forms a nearly-linear C-H - - - N hydrogen bond, the other
participates in a C-H - - - n(C=C) interaction of rather awkward
geometry. Molecules of 5d are linked by =C-H - - - O hydrogen
bonds into linear chains, whose periodicity is eminently suitable for
cross-linking by O-H - - - N bonds. No such match is possible for
the isomer with the N atom ortho to the protected butadiyne unit,
which may be the reason why 5d crystallised as one regioisomer.

Fig. 2 Hydrogen bonds (dashed lines) in the structures of 4d (top) and
5d (bottom).

Compounds 4a and 5a served as building blocks for the
synthesis of oligo(arylenebutadiynylene) derivatives using stan-
dard Sonogashira cross-coupling protocols. Compound 4a was

This journal is © The Royal Society of Chemistry 2008
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Scheme 3  Synthesis of 10.

end-capped by two-fold reaction with 4-iodopyridine to give 7
in 53% yield (Scheme 2).* Compound 5a (2 equiv.) reacted with
reagent 8 to give 9 in 72% yield. Hexyloxy chains were attached
to 8 to enhance the solubility of the products. Bis-deprotection
of 9 gave compound 10 which was isolated as an amorphous
yellow solid in 56% yield and identified by '"H and *C NMR
spectroscopy and mass spectrometry. Both compounds 9 and 10
are shelf-stable at room temperature for at least several months,
which suggests that they will prove to be a valuable building block
in this series. Clearly, further cross-coupling reactions of 10 to
yield longer oligo(arylenebutadiynylene)s can be envisaged.
UV-vis absorption spectra in chloroform solution provide
evidence that there is increased conjugation in the bis-butadiyne
series, compared to their mono-butadiyne analogues. For example,
2,5-bis(buta-1,3-diynyl)pyridine 4d shows a 34 nm red shift for
the lowest energy peak compared to 3-(buta-1,3-diynyl)pyridine*
(Fig. 3). Similarly, the biphenyl system 4a shows a 21 nm red shift
compared to its mono(butadiyne) analogue (see ESIT).

424
@
O
c
©
8
o
(723
e
<
250 300 350 400 450 500
A/ nm

Fig.3 UV-vis absorption spectra of 3-(buta-1,3-diynyl)pyridine (dashed
line), 4d (solid line) and compound 10 (dotted line) in chloroform solution.

The terminal 2-hydroxy-2-propyl groups have no significant
effect on the absorption spectra of this series of compounds
as shown by a comparison of the protected compounds 3a—e
and their deprotected counterparts 4 and 5, and a comparison
of 9 and 10 (see ESIt). Extended m-conjugation in the oligo(p-
phenylenebutadiynylene) derivatives 9 and 10 (Scheme 3) is
clearly evident from their substantially red-shifted absorptions,
especially of the lowest energy band, compared to the segments
3a and 4a (4a: A, 293, 310, 379 nm; see ESIT). The numerous
absorption peaks in the spectra of 9 and 10 are typical of oligo(p-
phenyleneethynylene) derivatives bearing alkoxy substituents: the
absorptions at A,,,, 427 (9) and 424 nm (10) can be assigned to a
HOMO-LUMO transition.*

In summary, the synthesis and isolation of a range of terminal
aryl- and heteroaryl-bis(butadiynes) (HC-C=C-C=C-Ar-C=C-
C=CH) have been achieved for the first time. These compounds
are sufficiently stable for characterisation by 'H NMR, "C
NMR and UV-vis spectroscopy and mass spectrometry, and in
one case (compound 4d) an X-ray crystal structure has been
obtained. Furthermore, we have established an expedient route to
oligo(arylenebutadiynylene) derivatives, which are an essentially
unexplored class of carbon-rich molecules.

We thank EPSRC for funding this work.
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We have developed a novel electrolytic system for anodic substitution reactions using acoustic
emulsification. This new system involves the generation of a carbocation by anodic oxidation of a
substrate, and then its reaction with a nucleophile droplet formed by ultrasonication. In this system,
even if the oxidation potential of the nucleophile is lower than that of the substrate, the substrate was
predominantly oxidized to give the corresponding cation intermediate because the nucleophile phase,
which was insoluble in the electrolytic medium, was electro-inactive. In addition, the overoxidation of
the desired products was considerably suppressed by the extraction of products from the electrolyte
solution into the nucleophile phase. As a result, the anodic substitution reaction of several carbamates
with allyltrimethylsilane was carried out to provide the corresponding products in good to moderate

yields.

Introduction

Nucleophilic reactions between chemically and electrochemically
generated carbocations from organic substrates and nucleophiles
are one of the most important reactions in organic syntheses.’
Since carbocations are usually unstable intermediates, the ox-
idative generation of carbocations often has to be conducted
in the presence of nucleophiles so that the nucleophile can trap
the carbocation immediately as it is generated. However, the
oxidation potentials of the nucleophiles are usually lower than
those of the organic substrates, and therefore the presence of
nucleophiles would prevent oxidation of the organic substrates. In
this regard, introduction of an electro-auxiliary into substrates*®
and the “cation pool” method®'? have been developed, but these
necessarily include laborious multi-step reactions.

On the other hand, recently we have reported that direct elec-
tropolymerization of water-insoluble monomers proceeded suc-
cessfully in aqueous electrolytes using acoustic emulsification.'>*
Ultrasonication of the water-insoluble monomer—aqueous elec-
trolyte mixtures allowed the formation of very stable emulsions
without added surfactants, and smooth electropolymerization in
the emulsions took place via direct electron transfer between the
electrode and the water-insoluble monomer droplets. In this kind
of biphasic electron transfer system, the supporting electrolyte
should be dissolved not only in the aqueous phase but also in
the monomer droplets and should contribute to the formation of
an electric bilayer inside the droplets. Hence, when the droplet did
not contain any supporting electrolytes, the direct electron transfer
occurred only to a small extent.

These findings gave us the incentive to develop a novel electro-
chemical system that would realize anodic substitution reactions
without affecting the oxidation of the nucleophile in a one-step
electrochemical operation. In this system, illustrated in Fig. 1
the nucleophile is insoluble in the electrolytic medium and is

Department of Electronic Chemistry, Tokyo Institute of Technology, 4259,
Nagatsuta, Midori-ku, Yokohama, 226-8502, Japan. E-mail: atobe@echem.
titech.ac.jp; Fax: +81-45-924-5407; Tel: +81-45-924-5407

Electro-inactive droplet

Nucleophile phase
(without electrolyte)

Acoustic
emulsification
n)
Em—

Sub Electrolysis

T Sub
b
\________/
T Emulsion
Electrolytic medium
Eleciron transfer

Electrode: Sub Sub* /Bulksnlulion:‘1||I)‘+Nu—>]”|

Sub: Substrate, Nu: Nucleophile, Sub': Carbocation, P: Product.

Fig. 1 Schematic illustration of the anodic substitution reaction system
using acoustic emulsification.

dispersed as submicrometer sized droplets by ultrasonication. In
this situation, if the nucleophile droplet does not contain any
supporting electrolyte, it becomes electro-inactive, and therefore
the substrate is oxidized preferentially at the anode. Consequently,
the desired coupling-product can be formed if the carbocation
generated can be rapidly trapped by the coexisting nucleophile
droplet before its decomposition. Thus, this system could realize
the anodic substitution reaction and overcome the constraints
such as the oxidation potentials of the nucleophiles and the
stability of the carbocations.

In fact, we preliminarily reported that this concept
worked successfully in the anodic substitution reaction of N-
(methoxycarbonyl)pyrrolidine 1 (oxidation potential E,, = 1.91 V
vs. Ag/AgCl) with allyltrimethylsilane 2 (E,, = 1.75 V vs.
Ag/AgCl) (Scheme 1)."* The successful results prompted us to
perform a systematic study of the anodic substitution reaction
of a variety of carbamates. Herein, we report the full details of
the anodic substitution reaction of carbamates using acoustic
emulsification.
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Scheme 1 Anodic substitution reaction of N-(methoxycarbonyl)pyrro-
lidine 1 with allyltrimethylsilane 2.

Results and discussion

Investigation of suitable electrolytic medium for our
electrosynthetic system

In this system, the electrolytic medium needs to possess solubi-
lizing ability for the substrate 1, but should not exhibit it for a
nucleophile such as allyltrimethylsilane 2. From the above point
of view, we explored suitable electrolytic media, and as a result
an ionic liquid like 1-ethyl-3-methylimidazolium tetrafluoroborate
(EMIM BF,) was found to show the desired properties as shown in
Fig. 2. Recently, one of us (M.A.) reported that ionic liquids have
an excellent stabilizing ability for carbocations.’® Together, these
facts indicated that EMIM BF, is a suitable electrolytic medium
for our system.

Linear sweep voltammetry

We measured linear sweep voltammograms of compounds 1, 2
and a mixture of them. Since both 1 and 2 can be dissolved in
CH;CN, 2 which has lower oxidation potential, was oxidized as
shown in Fig. 3a. In contrast, Fig. 3b indicates that the anodic
oxidation of 2 hardly occurred in EMIM BF,. As mentioned
above, 2 was insoluble in the electrolytic medium. Moreover boron
atom was not detected in the nucleophile phase by inductively
coupled plasma spectrometry (ICP). This result suggested that the
nucleophile phase contained very little of the electrolyte (EMIM
BF,). Hence, the droplet of 2 should be electro-inactive and thereby

(@) W m)
()
G | 2ma

@ (iii)
/ (i)
I T T 1 | T T T
13 E/VvsSCE 22 12 E/VvsSCE 20

[2ma

Fig. 3 Linear sweep voltammograms of (i) 0.1 M N-(methoxy-
carbonyl)pyrrolidine 1, (ii) 0.1 M allyltrimethylsilane 2, and (iii) 0.1 M
1 with 2 in (a) 0.1 M n-Bu,NBF,~CH;CN solution and (b) EMIM BF,
under ultrasonication. Scan rate was 0.1 Vs7'.

1 was oxidized preferentially even in the presence of 2 in the same
reactor as shown in Fig. 3b. This accords with our observations.

Preparative scale electrolysis

We then carried out on a preparative scale the anodic substitution
reaction (Scheme 1). 1 mmol of N-(methoxycarbonyl)pyrrolidine
1 was galvanostatically electrolyzed at 5 mA in the presence
of allyltrimethylsilane 2 by passing 2 F mol™' of charge under
ultrasonication with 150 W ¢cm~ intensity. As shown in entry 1
of Table 1, the desired product 3 was obtained in only 11% yield
and 76% of substrate was recovered from the CH;CN solution.
In this case, nucleophile 2 was probably oxidized preferentially.
In sharp contrast, the use of the emulsion system resulted in
an improvement of the conversion of 1 as shown in entry 2.
However, the low yield persisted. The low yield was ascribed
to the fact that the amount of 2 was insufficient to trap the
carbocations generated. In fact, the addition of further amounts
of 2 was effective for improving the yield and gave 3 in 70%
yield when 10 equivalents of 2 were added (entry 4). It should be
noted that the nucleophilic substitution reaction barely proceeded

Electrolytic media | |

Nucleophile | +

Electrolytic media

CH,CN

A" . — R —

'l

Allyltrimethylsilane

®)

EMIM BF,

Allyltrimethylsilane

Nucleophile

CH,CN

Allyltrimethylsilane

EMIM BF,
+
Allyltrimethylsilane

Fig. 2 Dissolution and phase separation of allyltrimethylsilane in (a) CH;CN, and (b) EMIM BF, (CH;CN and EMIM BF, layers were colored by

methylene blue).
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Table 1 Anodic substitution reaction of N-(methoxycarbonyl)pyrrolidine with allyltrimethylsilane

Entry Electrolytic media 2 (mmol) Yield of 3 (%)” Conversion of 1 (%)*
1 0.1 M Bu,NBF,-CH;CN 10 11 24
2 EMIM BF, 2 16 88
3 EMIM BF, 5 32 81
4 EMIM BF, 10 70 (62)° 78
5¢ EMIM BF, 10 11 69
67 EMIM BF, 10 8 57

“ Determined by GC. ® Isolated yield in parentheses. ¢ Mechanical stirring (1500 rpm) was used instead of ultrasonication. ¢ Electrolysis was conducted

without ultrasonication in acoustically pre-emulsified solution.

under mechanical stirring conditions, although the substrate was
oxidized smoothly as shown in entry 5. In this case, mechanical
stirring could not form an emulsion because of the high viscosity
of the EMIM BF,. We presume that the cation that was generated
decomposed before being trapped by the nucleophile.

It is noteworthy that emulsion droplets formed by ultrasoni-
cation can often exist for a long period, and hence continuous
sonication is not necessary to maintain the emulsion after droplet
formation.'?

Subsequently, we carried out the anodic substitution reac-
tion without continuous ultrasonication in an acoustically pre-
emulsified solution. However, the product yield was very low
(entry 6 of Table 1) compared to the case with continuous
ultrasonication (entry 4). This can be ascribed to de-emulsification
of the nucleophile droplets during the electrolysis. Indeed, as
shown in Fig. 4, the de-emulsification was observed immediately
after acoustic emulsification in EMIM BF,; few emulsion droplets
were found in the beaker after 60 min, although the presence
nanometer size droplets of allyltrimethylsilane was confirmed
by dynamic light scattering (DLS) measurement from a freshly
prepared emulsion (see Fig. 5). These results suggested that the
nucleophile emulsion droplets are relatively unstable in EMIM
BF,, and therefore continuous ultrasonication is required for
maintaining the emulsion during the electrolysis.

Fig.4 Photographic observations of emulsification and de-emulsification
of allyltrimethylsilane in EMIM BF,. (a) Before acoustic emulsification,
(b) right after acoustic emulsification, and (c) after 60 min.

Avoidance of overoxidation

The oxidation potential of product 3 (E,, = 1.90 V vs. Ag/AgCl)
is very close to that of substrate 1 implying that overoxidation of
3 could be a problem for this reaction.” However, in our case, the
overoxidized products were not detected at all. From this fact, it
can be considered that introduction of an allyl group into 1 greatly
decreases its solubility in the electrolytic medium (EMIM BF,)
and, consequently, allylated product 3 would be extracted from
EMIM BF, into the nucleophile phase. To confirm this conjecture,
we measured the partition ratio of 1 and 3 between EMIM BF,

23 100

(&3]
Cum.?

. 0
.0 38u0.0
dCnm)
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Fig.5 DLS number size distribution of allyltrimethylsilane droplets from
freshly prepared emulsion showing a monomodal distribution with an
average diameter of 62.9 £ 30.7 nm.

and the nucleophile phase (Fig. 6). As a result, it was found that
about 75% of 3 was extracted into the nucleophile phase while only
16% of 1 was dissolved in this phase. Moreover, this conjecture
was also supported by the linear sweep voltammetry. As shown in
Fig. 7, trace i, the anodic oxidation of 3 proceeded smoothly in the
absence of nucleophile droplets of allyltrimethylsilane. In contrast,
the oxidation current was decreased appreciably in the presence
of the droplets (Fig. 7, trace ii). This also means apparently that
allylated product 3 was extracted from the EMIM BF, electrolytic
medium into the nucleophile phase. Thus, it is likely that the allyl
group serves as a “phase tag” for extraction of the product from the
electrolytic medium, and the in situ extraction results in reducing
the chances of overoxidation of the product.?*

Anodic substitution reaction of other carbamates with
allyltrimethylsilane

In order to demonstrate the generality of this new methodology,
we investigated the anodic substitution reactions of other carba-
mates with allyltrimethylsilane. As shown in Table 2, the anodic
substitution reactions of both cyclic and linear carbamates with
allyltrimethylsilane proceeded smoothly to give the corresponding
allylated products in good to moderate yields, while the anodic
substitution reaction of compound 12 did not proceed and the
starting material was mostly recovered after the electrolysis. This
may be due to the higher oxidation potential of 12. Actually,
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Fig.6 Schematicillustration of the experimental procedures for the measurement of partition ratio of 1 and 3 between EMIM BF, and allyltrimethylsilane
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Fig. 7 Linear sweep voltammograms of (i) 0.1 M methyl 2-(2-propenyl)-
pyrrolidinecarboxylate 3 and (ii)) 0.1 M methyl 2-(2-propenyl)pyrro-
lidinecarboxylate 3 with 0.1 M allyltrimethylsilane 2 in EMIM BF, under
ultrasonication. Scan rate was 0.1 V s7'.

as shown in Fig. 8, trace ii, the current for the oxidation of
12 was small because the electrolytic medium (EMIM BF,) was
discharged more easily although the current for 1 oxidation was
clearly confirmed, as shown in Fig. 8, trace i.

®

- (i)

I I I |
16 E/VvsSCE 2.5

Fig. 8 Linear sweep voltammograms of (i) 0.1 M N-(methoxy-
carbonyl)pyrrolidine 1 with 0.1 M allyltrimethylsilane 2 and (ii) 0.1 M
N-carbomethoxy-L-proline methyl ester 12 with 0.1 M 2 in EMIM BF,
under ultrasonication. Scan rate was 0.1 V s'. Dashed line indicates the
response in the absence of substrates.

From these generality experiments, it can be stated that this
new electrolytic system using acoustic emulsification is effective
for a wide range of anodic substitution reactions of carbamates
except for some substrates such as amino acid derivative 12
whose oxidation potentials are higher than that of the electrolytic
medium.

Conclusions

We have developed a novel electrolytic system for anodic
substitution reactions using acoustic emulsification. This new
methodology has many practical advantages and characteristics:
(a) nucleophilic reaction can be achieved by a one-step electro-
chemical operation in a single reactor; (b) the selective oxidation
of substrates without affecting the oxidation of nucleophile; (c) the
smooth trapping of carbocations with nanometer size nucleophile

droplets formed by ultrasonication; (d) a reduction in the chance
for overoxidation of products by the introduction of a “phase tag”.
It is hoped that this facile and novel electrolytic system will open
a new aspect not only of synthetic electrochemistry but also of
general synthetic chemistry.

Experimental
Materials

Pt mesh was purchased from The Nilaco Co. 1-Ethyl-3-
methylimidazolium tetrafluoroborate (EMIM BF,) was purchased
from Kanto Chem. Co. and used after drying under vacuum
for 24 h. CH;CN and Et,0 were purchased from Kanto
Chem. Co. and used as received. Allyltrimethylsilane (2), N-
(acetyl)pyrrolidine (4) and tetrabutylammonium tetrafluoroborate
(n-Bu,NBF,) were purchased from Tokyo Kasei Kogyo Co. and
used as received. N-(methoxycarbonyl)pyrrolidine (1), methyl
2-(2-propenyl)pyrrolidinecarboxylate (3), 1-(2-allyl-pyrrolidin-1-
ylethanone (5), N-(methoxycarbonyl)piperidine (6), methyl 2-
(2-propenyl)piperidinecarboxylate (7), dimethyl-carbamic acid
methyl ester (8), but-3-enyl-methyl-carbamic acid methyl ester
(9), diethyl-carbamic acid methyl ester (10), ethyl-(1-methyl-
but-3-enyl)-carbamic acid methyl ester (11), N-carbomethoxy-L-
proline methyl ester (12), and 5-allyl-pyrrolidine-1,2-dicarboxylic
acid dimethyl ester (13) were prepared according to literature
procedures, respectively.” 2 The 'H NMR and mass spectral data
of all of the prepared compounds were consistent with the expected
structure.**

Investigation of suitable electrolytic medium for our
electrosynthetic system

The 0.2 mL of allyltrimethylsilane was added to the 0.8 mL of
electrolytic medium including a piece of methylene blue (methylene
blue was used as an indicator for the phase separation).

Linear sweep voltammetry of /V-(methoxycarbonyl)pyrrolidine (1)
and allyltrimethylsilane (2)

Linear sweep voltammograms for the oxidation of 1 (1 mmol), 2
(1 mmol) and a mixture of them were measured with a three-
electrode system using a platinum plate (1 x 1 cm?) working
electrode, a platinum plate (2 x 2 cm?) counter electrode, and a
saturated calomel electrode (SCE) as a reference electrode in 10 mL
of 0.1 M n-Bu,NBF,~CH;CN solution or EMIM BF, under
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Table 2 Anodic substitution reactions of several carbamates with allyltrimethylsilane using acoustic emulsification

)

T™MS
substrate /\/ P product
(1 mmol) (10 equiv) EMIM BF,
0.2mA cm?, Pt-Pt,
Entry Substrate Electricity/F mol™! Product Yield (%)*
1 2 70
» (D
CooMe COOMe
1 3
2 2 43
() D
CoMe CoMe
4 5
3 ® 3 SN §
N NN
COOMe COOMe
6 7
gb.c \N/ 4 \N/\/\ 66
COOMe COOMe
8 9
5 SN 45 J\/\ 41
|
COOMe /\'T‘ A
10 COOMe
1
6 3 /\HJO‘ Trace?
Q‘COOMe = N~ YCOOMe
| |
COOMe COOMe
12 13

“Determined by GC. ® After 2 F mol~' of electricity was passed, 10 equivalent of nucleophile was further added. ¢ Current density was 0.08 mA cm~2.

4 Substrate was recovered almost completely.

ultrasonication (ultrasonic stepped horn, 20 kHz, 150 W cm™
intensity) at a solution temperature of 25 + 1 °C. The linear sweep
voltammograms of 3 and 12 were recorded with same system used
for measurement of the starting substrate 1.

General procedure for the anodic substitution reaction

A divided H-type glass cell with a glass frit diaphragm in a cooling
bath was equipped with a Pt mesh anode (ca. 25 cm?), a Pt mesh
cathode (ca. 50 cm?), and an ultrasonic stepped horn (3.2 mm
diameter) connected with a 20 kHz oscillator (SONIFIER-250D,
Branson Ultrasonics Co.). A photograph and illustration of the
electrochemical cell are shown in Fig. 9.
N-(Methoxycarbonyl)pyrrolidine 1 and the other compounds 4,
6, 8,10, and 12 were galvanostatically electrolyzed at SmA in 0.1 M
n-Bu,NBF,~CH,CN solution and EMIM BF, (12 c¢cm®) in the
presence of 2 by passing 2 F mol~! of charge under ultrasonication
with 150 W cm™ intensity at a solution temperature of 25 +
1 °C unless otherwise stated. Mechanical stirring at 1500 rpm
(Magnestir, MGP-306 Sibata Scientific Technology Ltd.) was also
used instead of ultrasonication. After electrolysis, products 3, 5, 7,

9, 11, and 13 formed were extracted with Et,O (10 x 10 mL) and
analyzed by gas chromatography (GC-2014 with Tween 80, 3 m
column, Shimadzu Co., Japan).

Measurement of supporting electrolyte concentration in
nucleophile (allyltrimethylsilane) phase

1 mL of allyltrimethylsilane was added to 5 mL of EMIM BF,.
Next, the solution was left to stand for 12 h at 25 &+ 1 °C, and then
0.5 mL of allyltrimethylsilane phase was pipetted into the 25 mL
plastic graduated flask and diluted with CH;CN. Subsequently, the
concentration of boron in the sample solution was measured by
inductively coupled plasma spectrometry (ICPS-8100, Shimadzu
Co.). The detection limit of spectrometer used in this work is

1 ppb.

Measurement of partition ratio

First 0.3 mmol of 1 or 3 was added to the mixture of 3 mL of EMIM
BF, and 0.5 mL (ca. 3 mmol) of allyltrimethylsilane. Next, the
solutions were left to stand for 12h at25 4+ 1°C, and then 0.1 mL of
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Fig. 9 (a) Photograph and (b) illustration of the electrochemical cell
assemblies used for the anodic substitution reaction using acoustic
emulsification. i: platinum mesh anode, ii: platinum mesh cathode,
c: ultrasonic stepped horn.

allyltrimethylsilane phase was pipetted into 5 mL glass graduated
flask and diluted with CH;CN. Subsequently, the partition ratios
of substrate 1 or product 3 between electrolytic medium (EMIM
BF,) and nucleophile phase (allyltrimethylsilane) were determined
by gas chromatography (GC-2014 with Tween 80, 3 m column,
Shimadzu, Japan).

Measurement of droplet size and distribution

Droplet size and distribution were determined by the dynamic
light scattering (DLS) method at 25 °C with a light scattering

photometer (DLS-7000, Otsuka Electronics Co.) without diluting
the mixture.
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We have synthesized a peptide-based supramolecular building block consisting of a cyclic Arg-Gly-Asp
(cRGD) peptide segment and a B-sheet-forming peptide segment. The block peptide was shown to
self-assemble into a cRGD-coated nanoribbon structure, as revealed by circular dichroism (CD),
dynamic light scattering (DLS), and transmission electron microscopy (TEM) studies. We have shown
that this cRGD-coated nanoribbon can encapsulate hydrophobic guest molecules and deliver them into
cells. Colocalization of the nanoribbon with LysoTracker and the selective intracellular delivery results
suggests that the cRGD-coated nanoribbon is likely to be internalized into the cells through integrin

receptors.

Introduction

Self-assembled nanostructures have great potential to be utilized
in many types of biotechnological applications."* Generation
of precisely defined and controllable nanostructures has been
possible by rational design of supramolecular building blocks.>”
Among the various types of building blocks, those based on
peptides have increasingly been investigated. One of the funda-
mental advantages of peptide-based building blocks is that their
constituent amino acids are bio-derived biocompatible materials.
Moreover, the immense amount of information on protein struc-
ture and folding currently available can be adapted in designing
the shape and size of peptide supramolecular nanostructures.
Examples of peptide-based nanostructures include a variety of
micelles from peptide amphiphiles,®® coiled-coils from a-helical
peptide bundles,” nanotubes from cyclic peptides,"* nanotubes
and nanocages from dipeptides,'? vesicular structures from diblock
peptides of polyarginine and polyleucines,’® thermoresponsive
elastin-like aggregates,' closed-micelles from peptide-PEG block
copolymers,'* and nanofibers from B-sheet peptides.'s*

Among them, B-sheet peptides are suitable for constructing 1-
dimensional (1D) nanoribbon structures (B-ribbons).’*** Com-
pared to spherical nanostructures, 1D nanostructures have certain
advantages in that they persist longer in vivo® and can be
used in agglutinating cells.*?* Rational design of B-sheet peptide
building blocks has made it possible to prevent lateral aggregation,
to control the length of 1D B-ribbons, and to switch between
aggregated and disaggregated states. One of the important issues in
developing supramolecular biomaterials is their functionalization.
It has been shown that B-ribbons can encapsulate hydrophobic
guest molecules in the interfacial space within the ribbon and,
when functionalized with the cell-penetrating peptide (CPP) Tat,

“Centre for Supramolecular Nano-Assembly, Department of Chem-
istry, Yomsei University, Shinchon 134, Seoul, 120-749, Korea.
E-mail: mslee@yonsei.ac.kr; Fax: +82 2 393 6096, Tel: +82 2 2123 2647
*Brain Korea 21 Project for Medical Science, Institute for Cancer Research,
Yonsei Cancer Centre, Yonsei University College of Medicine, Seoul, Korea
T Electronic supplementary information (ESI) available: CD and DLS
spectra; CLSM image. See DOI: 10.1039/b802470g

efficiently deliver guests into cells.? Although the advantage of
CPPs is their efficient cell internalization, they lack cell specificity.
Therefore, it is a question whether B-ribbons can be functionalized
to become specific to certain cell types, such as cancer cells.

As an example of specific delivery, we explore here the RGD-
integrin system. The a,f; integrin receptor is expressed only on
proliferating endothelial cells such as those present in growing
tumors.”® The a,B; integrin is one of the most specific markers
of tumor vasculature and is an attractive candidate in cancer-
targeting strategies.”” It has been shown that small peptides con-
taining the Arg-Gly-Asp (RGD) amino acid sequence specifically
bind to a,B; integrin.® Thus, there has been growing interest in
targeting RGD conjugates for drug delivery, gene delivery, and
imaging applications. The multivalent presentation of RGD on
nanoparticles has been shown to enhance its binding affinity to
endothelial cells and extend its blood half-life.*® In this regard,
the self-assembly of RGD peptides would be an effective way
of achieving multivalent presentation of RGD peptides. Inspired
by these facts, here we investigate whether 1D B-ribbons can be
functionalized to become a cancer-cell-specific and multivalent
drug carrier by coating it with RGD peptides.

Results and discussion
Synthesis of supramolecular building blocks

The linear precursor peptide was synthesized on Rink amide
MBHA resin using standard Fmoc protocols (Scheme 1a). Small
peptides such as RGD generally possess a very high conforma-
tional flexibility. For this reason, cyclization of RGD has been
shown to be effective in limiting the conformational flexibil-
ity, consequently lowering the unfavorable entropy loss upon
binding.**3! Cyclization of RGD was performed by intramolecular
S-alkylation, in which the thiol group of the cysteine residue dis-
places bromide from the N-terminal bromoacetyl group to form a
cyclic thioether peptide.® The cyclization reaction was performed
while the protected peptide was bound to the resin to achieve
a ‘pseudo-dilution’ effect.®® This synthetic approach required an
appropriate orthogonal protection strategy for the side chain thiol
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Scheme 1 (a) Synthesis of ¢cRGD-FKE and a model of B-ribbon
formation by self-assembly. The model was constructed by using Ma-
terials Studio 4.0. (i) 1% DIPEA in NMP; (ii) 95% TFA, 2.5%
1,2-ethanedithiol, 2.5% thioanisole. Hydrophobic guest molecules (red)
are shown to be encapsulated within the cRGD-FKE f-ribbon.
Pbf: 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl, tBu; z-Butyl,
Boc; r-butyloxycarbonyl. (b) Structures of cRDD-FKE and TAM-
RA-FKE. TAMRA,; 5-carboxytetramethylrhodamine.

of the cysteine, which would allow selective deprotection of this
residue without removing side chain-protecting groups of the other
residues or cleaving the linear precursors from the resin. To this
end, the methoxytrityl (Mmt)-protected cysteine was employed
during the linear precursor synthesis, which can be selectively
removed by the treatment with 1-2% TFA without affecting the
side chain protecting groups in other amino acids.* The cyclization
reaction commenced by the exposure of the resin-bound peptide to
1% DIPEA/NMP. The resin-bound cyclized product was liberated
from the resin by treatment with cleavage cocktail (95% TFA, 2.5%
1,2-ethanedithiol, 2.5% thioanisole) and purification by reverse-
phase HPLC, yielding cRGD-FKE. The molecular weight was
confirmed by MALDI-TOF mass spectrometry (Fig. 1). The
purity of the peptides was >95% as determined by analytical
HPLC. cRGD-FKE consists of a cRGD segment, a flexible
linker segment (Ser-Gly-Ser-Gly; SGSG), and a B-sheet-forming
segment (Phe-Lys-Phe-Glu-Phe-Lys-Phe-Glu; FKFEFKFE). A

a) 7000
6000 o
5000 o
> 4000 -
D
c
9
£ 3000
2000 4
1000
0 ik Loalls
1000 2000 3000 4000 5000
miz
b) 12000
10000
8000
>
£
2 6000
2
£
4000
2000
0 T T
1000 2000 3000 4000 5000
m/z
C) 6000
5000
4000
2
2 3000
2
£
2000
1000
TRV TR .

1000 2000 3000 4000 5000

Fig. 1 MALDI-TOF MS spectra of (a) cRGD-FKE, (b) cRDD-FKE,
and (c) TAMRA-FKE.

control building block, cRDD-FKE, was synthesized similarly
(Scheme 1b). It has been shown that (FKFE), peptides form a
B-ribbon structure upon self-assembly. %24

Self-assembly of the peptide building blocks

The formation of B-ribbons was studied by circular dichroism
(CD), transmission electron microscopy (TEM), and dynamic
light scattering (DLS). CD spectrum showed negative minimum
of ellipticity at 214 nm, which indicates the presence of f-sheet
interaction (Fig. 2a). Another negative minimum around 200 nm is
likely to come from a flexible structure, such as the linker segment.
The B-sheet interaction drove the formation of a discrete B-
ribbon structure, as revealed by TEM investigation (Fig. 2b). DLS
investigation showed that the size of the B-ribbon is distributed
from several hundred nanometres to more than a micrometre
(Fig. 2¢). Although analysis of B-sheet fibers by DLS is often not
straightforward,* we can get a rough estimate of size distribution
of the fibers by DLS.

Intracellular delivery

We next investigated whether cRGD-FKE B-ribbons can efficiently
be internalized into the cell. To visualize the internalization, we
synthesized a fluorescently labeled B-sheet peptide (TAMRA-
FKE) in which the cRGD segment of cRGD-FKE was replaced by
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Fig. 2 Self-assembly of cRGD-FKFE to form cRGD-coated B-ribbons. a) CD spectrum of cRGD-FKE. b) TEM micrograph of the B-ribbons. c)
Distribution of hydrodynamic radius (Ry) of the B-ribbons by DLS. The average Ry; was 605 nm.

S-carboxytetramethylrhodamine (Scheme 1b). cRGD-FKE and
TAMRA-FKE were co-assembled?3¢ at a 200 : 1 ratio, and the co-
assembled B-ribbon was incubated with mammalian cells (HeLa).
CD and DLS analyses show that the B-sheet nanostructures are
well preserved after the co-assembly process (Fig. S11). Confocal
laser scanning microscopy (CLSM) image of the treated cells
showed that the B-ribbons efficiently entered into the cells (Fig. 3a).
The B-ribbons existed mostly in the cytoplasmic compartment.
The punctual distribution pattern suggests an endocytic entry
pathway.’” To corroborate the endocytic entry mechanism, a co-
localization study was performed with LysoTracker (Fig. 3b,c).
LysoTracker is an acidotropic reagent for labeling and tracing
acidic organelles such as late endosomes and lysosomes in live cells.
As shown in Fig. 3c, a substantial fraction of the red fluorescence
from the B-ribbons co-localizes (yellow) with the fluorescence
from LysoTracker (green), further confirming endocytic entry of
the B-ribbon. The endocytic entry mechanism suggests that the
cRGD-coated B-ribbon is likely to be internalized through integrin
receptors.

Fig. 3 Endocytic cell entry of cRGD-FKFE. (a) Red fluorescence from
co-assembled cRGD-FKE/TAMRA-FKE -ribbon. (b) Green fluores-
cence from LysoTracker Green DND-26. (c) Overlay of (a) and (b). Scale
bar: 50 pm.

To address the potential of cRGD-coated B-ribbons as a
drug carrier specific for the integrin receptor, hydrophobic guest
molecules (Nile red) were encapsulated within the p-ribbon, and
intracellular delivery potency was investigated. As shown in
Fig. 4, red fluorescence from Nile red was distributed over the
entire cytoplasmic compartment of the cells when the cells were
treated with Nile red-encapsulated cRGD B-ribbons. The result
indicates efficient intracellular drug delivery potency of the [-
ribbon. Next, we asked whether the RGD peptide sequence showed
specificity. For this purpose, cRDD-FKE peptide was synthesized
as a negative control (Scheme 1b). The cRGD-FKE B-ribbon or

Fig. 4 Intracellular delivery of encapsulated Nile red in HeLa cell. Scale
bar: 50 pm.

cRDD-FKE f-ribbon was encapsulated with the same amount of
Nile red, and added to Jurkat cells. The Jurkat cell line has been
reported to have a large number of integrin receptors and was
able to bind to RGD-containing peptide.*® Fluorescence-activated
cell sorter (FACS) analysis of Nile red delivery shows that cRGD-
FKE B-ribbon has much higher delivery activity than cRDD-FKE
B-ribbon (Fig. 5). Quantitative analysis of fluorescence from the
cells in the boxed region, R1, shows that the Nile red delivery
efficiency of cRGD-FKE B-ribbon is about 5 times higher than that
of cRDD-FKE f-ribbon. The RGD sequence-specific delivery of
the hydrophobic guests suggests that RGD-coated B-ribbon can
be developed as a drug delivery carrier specific for the integrin
receptor.

In conclusion, we have shown that peptide B-ribbons can be
functionalized to become a selective intracellular drug delivery
carrier. Given the biocompatible nature of peptide B-ribbons’
constituent amino acids and their unique 1D shape, they have
potential to be developed as biocompatible, specific, and versatile
nanocarriers. Moreover, this finding should lead to the wide
utilization of B-sheet peptide nanoribbons in various biological
applications that require both functionality and specificity.

Experimental
Syntheses of cyclic peptides

Linear precursor peptide was synthesized on Rink amide MBHA
resin using standard Fmoc protocols on an Applied Biosystems
model 433A peptide synthesizer. The sequences of the linear
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precursors for cRGD-FKE and c¢cRDD-FKE syntheses were
GRGDCSGSGFKFEFKFE and GRDDCSGSGFKFEFKFE,
respectively. Standard amino acid protecting groups were em-
ployed except cysteine, in which an acid-labile methoxytrityl
(Mmt) group was used. The peptide-attached resin (20 pmol
of N-terminal amine groups) was swollen in N-methyl-2-
pyrrolidone (NMP) for 30 min. Before addition to the resin,
a mixture of bromoacetic acid (28 mg, 200 umol) and N,N’-
diisopropylcarbodiimide (15.5 pL, 100 pmol) in NMP was in-
cubated for 10 min for carboxyl activation. The reaction was
continued for 1 h with shaking at room temperature. The reaction
was performed in a 6 mL polypropylene tube with a frit (Restek,
USA). The resin was then washed successively with NMP and
dichloromethane (DCM). For orthogonal deprotection of the
Mmt group from the cysteine, the resin was treated with 1% triflu-
oroacetic acid (TFA)-5% triisopropylsilane (TIS)-DCM (2 mL)
several times (~10 x 1 min) until the yellow color in the solution
disappeared. The resin was washed and the intramolecular cycliza-
tion reaction was performed in 3 mL of 1% diisopropylethylamine
(DIPEA)-NMP overnight with shaking at room temperature. The
resin was then successively washed with NMP and acetonitrile,
and dried in vacuo. The dried resin was treated with cleavage
cocktail (TFA-1,2-ethanedithiol-thioanisole; 95 : 2.5 : 2.5) for
3 h, and was triturated with fert-butyl methyl ether. The peptides
were purified by reverse-phase HPLC (water—acetonitrile with
0.1% TFA). The molecular weight was confirmed by MALDI-
TOF mass spectrometry. The purity of the peptides was >95% as
determined by analytical HPLC. Concentration was determined
spectrophotometrically in water—acetonitrile (1 : 1) using a molar
extinction coefficient of phenylalanine (195 M~' cm™") at 257.5 nm.

Synthesis of TAMRA-FKE

Fmoc-NH-triethylene glycol-COOH* (13 mg, 30 pmol) was
activated with HBTU (10.2 mg, 27 umol) in NMP (2 mL) in the
presence of DIPEA (10.5 pL, 60 pmol) for 10 min and then the
mixture was added to a resin-bound peptide (FKFEFKFE-Rink
amide MBHA resin, 10 pmol). The reaction was continued for
2 h with shaking at room temperature and the resin was washed
with DMF. Fmoc was removed with 20% piperidine in DMF
(30 min), followed by DMF washes. For labeling the peptide with
tetramethylrhodamine (TAMRA), the resin-bound peptide was
reacted with 5-carboxytetramethylrhodamine, succinimidyl ester
(10.6 mg, 20 umol) in the presence of DIPEA (7 uL, 40 umol) in
DMF (2 mL). The resin was then successively washed with NMP

and acetonitrile, and dried in vacuo. The dried resin was treated
with cleavage cocktail (TFA-1,2-ethanedithiol-thioanisole; 95 :
2.5 : 2.5) for 3 h, and was triturated with tert-butyl methyl
ether. The peptide was purified by reverse-phase HPLC (water—
acetonitrile with 0.1% TFA). The molecular weight was confirmed
by MALDI-TOF mass spectrometry. The purity of the peptide
was >95% as determined by analytical HPLC. Concentration was
determined spectrophotometrically in water—acetonitrile (1 : 1)
using a molar extinction coefficient of TAMRA (80400 M~ cm™")
at 547 nm.

Circular dichroism (CD) spectroscopy

CD spectra were measured using a JASCO model J-810 spec-
tropolarimeter. The peptide (30 um) was dissolved in phosphate-
buffered saline (PBS) and the spectrum was recorded from 250 nm
to 190 nm using a 0.1 cm path-length cuvette. Scans were repeated
three times and averaged. Molar ellipticity was calculated per
amino acid residue.

Dynamic light scattering (DLS)

Dynamic light scattering was performed at room temperature with
a ALV/CGS-3 Compact Goniometer System equipped with a
He—Ne laser operating at 632.8 nm. The scattering angle was 90°.
Before measurement, the sample (30 uM in PBS) was centrifuged
at 16110g for 20 min to sediment any dust particles. The size
distribution was determined by using a constrained regularization
method.*

Transmission electron microscopy (TEM)

For TEM, 3 pL of an aqueous solution of sample was placed
onto a holey carbon-coated copper grid, and 3 pL of 2% (w/w)
ruthenium tetroxide solution was added for positive staining. The
sample was deposited for 1 min, and excess solution was wicked
oft by filter paper. The dried specimen was observed with a JEOL-
JEM 2010 instrument operating at 120 kV. The data were analyzed
with DigitalMicrograph software.

Encapsulation experiment

To the dye Nile red (30 ng, 0.1 nmol) dissolved in acetonitrile
(50 pL) in a microcentrifuge tube was added 50 pL of peptide
(10 nmol) in water, and the solution was sonicated. The acetonitrile
was evaporated by opening the microcentrifuge tube cap overnight
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until the volume of the solution became about 40-50 pL. The
solution was then lyophilized to dryness to remove any traces
of acetonitrile. The dried residue was redissolved in water at the
desired concentration.

Colocalization study

HeLa cells were seeded on sterile 12 mm diameter coverslip in
35 mm dishes (5 x 10* cells per glass), and incubated for 24 h at
37 °C. The cells on the coverslip were washed 3 times with PBS and
incubated at 37 °C with the co-assembled cRGD-FKE/TAMRA-
FKE B-ribbon (¢c(RGD-FKE : TAMRA-FKE = 200 : 1). The final
concentration of cRGD-FKE was 2.5 uM. Afterward, cells were
washed with PBS, and treated with 500 nm LysoTracker Green
DND-26 (Molecular probes, Eugene, OR) for 1 min at room
temperature. After PBS washing, the coverslip was inverted and
placed onto glass slides over the fluorescent mounting medium
(Dako, Carpinteria, CA). The cells were visualized under a
confocal microscope (LSM 510 META, Carl Zeiss, Germany).

FACS analysis of intracellular delivery of hydrophobic guest
molecules

Jurkat cells (4 x 10*) were seeded on 96-well plate in RPMI
medium 1640. The cells were treated with Nile red-encapsulated f3-
ribbons (10 um) for 3 h. The cells were then washed three times with
PBS and 0.5 mL of FACS buffer (94.5% PBS, 5% cell dissociation
buffer, and 0.5% FBS) was added. The Nile red fluorescence
from the cells was analyzed by a FACSCalibur flow cytometer
(Becton Dickinson) in FL3 channel. Typically 5 x 10° cells were
sorted, and data were analyzed with CELLQUEST software. For
quantification of uptake efficiency, the percentage of cells gated
in the boxed region of R1 (Fig. 5) was multiplied by the Y mean
value (FL3 value).

Acknowledgements

We gratefully acknowledge the National Creative Research Initia-
tive Program of the Korean Ministry of Science and Technology
for financial support of this work.

References

1 S. Zhang, Nat. Biotechnol., 2003, 21, 1171-1178.

2 H. G. Borner and H. Schlaad, Soft Matter, 2007, 3, 394-408.

3 1. W. Hamley and V. Castelletto, Angew. Chem., Int. Ed., 2007, 46,
4442-4455.

4 Y.-b. Lim and M. Lee, Org. Biomol. Chem., 2007, 5, 401-405.

5 T. Shimizu, M. Masuda and H. Minamikawa, Chem. Rev., 2005, 105,
1401-1443.

6 J. A. A. W. Elemans, A. E. Rowan and R. J. M. Nolte, J. Mater. Chem.,
2003, 13, 2661-2670.

7 M. Lee, B.-K. Cho and W.-C. Zin, Chem. Rev., 2001, 101, 3869—
3892.

8 G. A. Silva, C. Czeisler, K. L. Niece, E. Beniash, D. A. Harrington,
J. A. Kessler and S. 1. Stupp, Science, 2004, 303, 1352-1355.

9 Y.-b. Lim, E. Lee and M. Lee, Angew. Chem., Int. Ed., 2007, 46, 9011—
9014.

10 M. M. Stevens, N. T. Flynn, C. Wang, D. A. Tirrell and R. Langer,
Adv. Mater., 2004, 16, 915-918.

11 M. R. Ghadiri, J. R. Granja, R. A. Milligan, D. E. Mcree and N.
Hazanovich, Nature, 1993, 366, 324-327.

12 S. Ghosh, M. Reches, E. Gazit and S. Verma, Angew. Chem., Int. Ed.,
2007, 46, 2002-2004.

13 E. P. Holowka, V. Z. Sun, D. T. Kamei and T. J. Deming, Nat. Mater.,
2007, 6, 52-57.

14 D. W. Urry, C.-H. Luan, T. M. Parker, D. C. Gowda, K. U. Prasad,
M. C. Reid and A. Safavy, J. Am. Chem. Soc., 1991, 113, 4346-4348.

15 A. Harada and K. Kataoka, Science, 1999, 283, 65-67.

16 D. M. Marini, W. Hwang, D. A. Lauffenburger, S. Zhang and R. D.
Kamm, Nano Lett., 2002, 2, 295-299.

17 C. W. G. Fishwick, A. J. Beevers, L. M. Carrick, C. D. Whitehouse, A.
Aggeli and N. Boden, Nano Lett., 2003, 3, 1475-1479.

18 H. Dong, S. E. Paramonov, L. Aulisa, E. L. Bakota and J. D.
Hartgerink, J. Am. Chem. Soc., 2007, 129, 12468-12472.

19 J. H. Collier and P. B. Messersmith, Adv. Mater., 2004, 16, 907-910.

20 J. Hentschel, E. Krause and H. G. Borner, J. Am. Chem. Soc., 2006,
128, 7722-7723.

21 J. M. Smeenk, M. B. J. Otten, J. Thies, D. A. Tirrell, H. G. Stunnenberg
and J. C. M. van Hest, Angew. Chem., Int. Ed., 2005, 44, 1968-1971.

22 Y.-b. Lim, E. Lee and M. Lee, Angew. Chem., Int. Ed., 2007, 46, 3475—
3478.

23 Y.-b. Lim, S. Park, E. Lee, H. Jeong, J.-H. Ryu, M. S. Lee and M. Lee,
Biomacromolecules, 2007, 8, 1404-1408.

24 Y.-b. Lim, S. Park, E. Lee, J.-H. Ryu, Y.-R. Yoon, T.-H. Kim and M.
Lee, Chem.—Asian J., 2007, 2, 1363-1369.

25 Y. Geng, P. Dalhaimer, S. Cai, R. Tsai, M. Tewari, T. Minko and D. E.
Discher, Nat. Nanotechnol., 2007, 2, 249-255.

26 M. L. Janssen, W. J. Oyen, 1. Dijkgraaf, L. F. Massuger, C. Frielink,
D. S. Edwards, M. Rajopadhye, H. Boonstra, F. H. Corstens and O. C.
Boerman, Cancer Res., 2002, 62, 6146-6151.

27 R. Shukla, T. P. Thomas, J. Peters, A. Kotlyar, A. Myc and J. R. Baker
Jr., Chem. Commun., 2005, 5739-5741.

28 R. Pasqualini, E. Koivunen and E. Ruoslahti, Nat. Biotechnol., 1997,
15, 542-546.

29 X. Montet, M. Funovics, K. Montet-Abou, R. Weissleder and L.
Josephson, J. Med. Chem., 2006, 49, 6087-6093.

30 D. Boturyn, J.-L. Coll, E. Garanger, M.-C. Favrot and P. Dumy, J. Am.
Chem. Soc., 2004, 126, 5730-5739.

31 R. Haubner, W. Schmitt, G. Holzemann, S. L. Goodman, A. Jonczyk
and H. Kessler, J. Am. Chem. Soc., 1996, 118, 7881-7891.

32 K. D. Roberts, J. N. Lambert, N. J. Ede and A. M. Bray, J. Pept. Sci.,
2006, 12, 525-532.

33 D. Maclean, J. J. Baldwin, V. T. Ivanov, Y. Kato, A. Shaw, P. Schneider
and E. M. Gordon, Pure Appl. Chem., 1999, 71, 2349-2365.

34 K. Barlos, D. Gatos, O. Hatzi, N. Koch and S. Koutsogianni, Int. J. Pept.
Protein Res., 1996, 47, 148—-153.

35 A. Lomakin and D. B. Teplow, Protein Pept. Lett., 2006, 13, 247.

36 H. Kodama, S. Matsumura, T. Yamashita and H. Mihara, Chem.
Commun., 2004, 2876-2877.

37 S. Veldhoen, S. D. Laufer, A. Trampe and T. Restle, Nucleic Acids Res.,
2006, 34, 6561-6573.

38 N. Assa-Munt, X. Jia, P. Laakkonen and E. Ruoslahti, Biochemistry,
2001, 40, 2373-2378.

39 Y.-b. Lim, S. Park, E. Lee, H. Jeong, J.-H. Ryu, M. S. Lee and M. Lee,
Biomacromolecules, 2007, 8, 1404-1408.

40 T. G. Braginskaya, P. D. Dobitchin, M. A. Ivanova, V. V. Klyubin, A. V.
Lomakin, V. A. Noskin, G. E. Shmelev and S. P. Tolpina, Phys. Scr.,
1983, 28, 73.

1948 | Org. Biomol. Chem., 2008, 6, 1944-1948

This journal is © The Royal Society of Chemistry 2008






PAPER

www.rsc.org/obc | Organic & Biomolecular Chemistry

Hydroindation of allenes and its application to radical cyclizationf

Naoki Hayashi,” Yusuke Hirokawa,* Ikuya Shibata,** Makoto Yasuda® and Akio Baba*“

Received 26th February 2008, Accepted 11th March 2008
First published as an Advance Article on the web 9th April 2008
DOI: 10.1039/b803314e

Hydroindation of allenes and radical cyclization of 1,2,7-trienes (allenenes) were accomplished by
HInCl, with high regioselectivity to afford a variety of cyclic compounds. The resulting vinylic indiums
could be used for successive coupling reactions in a one-pot procedure. The use of HInCl, generated

slowly in situ is extremely effective for the radical cyclization.

Introduction

Radical carbon—carbon bond-forming reactions have been widely
used in synthetic chemistry.! In particular, tandem reactions,
including cyclization, have been widely studied, in which organic
halides and/or unsaturated bonds such as dienes, enynes and
diynes are generally used as starting substrates, while allene
functionalities have rarely been used for cyclization.>® In most
of the reported cyclizations, tri-n-butyltin hydride (Bu;SnH) has
been exclusively used as a conventional radical agent.* However,
reaction of allenes with Bu,;SnH gives organotin compounds as
a mixture of isomers (eqn (1)). Recently we reported the central-
carbon selective stannation of allenes using dibutyliodotin hydride
(Bu,SnIH) and the successive one-pot coupling with an aromatic
iodide (eqn (2)—(4)).’ The characteristic feature of the Bu,SnIH
promoted reaction is the stereoselectivity of hydrostannation
which was well controlled by the substituents of the allenes, and
unsymmetrically tri- and tetrasubstituted alkenes 5b and Sc were
obtained stereoselectively in a one-pot procedure (eqn (3) and (4)).

R = n-CgHy7
Sn =SnBu,

BuzSnH (1 eq)
PN _EtB(O1eq y\ /LL‘%\
o n-CgH R + Sn
= Ly Vs hexane REY) (D)
1a 2a 20% 3a' 7% 4a' 35%

(E/Z = 65/35)

H

N BuySniH (1 eq) BuyISn y\

- 'N-CaHyq7 ——————— CgHq7 + CgH

= 877 TTHE am n-CgHiz n-CgHq7 (2)
i, 14 h SniBu,

H
1a 2a 65%
(E/Z = 58/42)

3a 14%

Phi (1 eq)
TBAF (3 eq)
cat. Pdy(dba)y CHCI3

Bu,SnlH (1 eq)
Z Et;B (0.1 eq)  BuyISn cat. PhsP Ph
. —_ = e
¢/>< THF (1 M) 80°C, 12 h (3)
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On the other hand, we have recently developed dichloroindium
hydride (HInCl,) as an alternative radical reagent that is more
environmentally benign than Bu;SnH. In addition, HInCl, can
provide several types of radical reactions that cannot be attained
using Bu;SnH.¢ In this paper, we report the first hydroindation of
allenes and radical cyclization of 1,2,7-trienes (allenenes). HInCl,
presents similar regioselectivity to Bu,SnIH and is more effective
than Bu,SnIH in the radical cyclization to give cyclized products.
The resulting vinylindium product can also be used for further
coupling reactions in a one-pot procedure.

Results and discussion

Initially, we examined the hydroindation of various allenes by
HInCl, generated in situ, as shown in Table 1. The reactivity of
HInCl, was found to be strongly dependent upon the hydride
source in transmetallation with InCl;. Among the metal hydrides
examined, Et;SiH was found to be the most effective hydride
source, furnishing a mixture of 2-undecene (6a) (65%) and 1-
undecene (7a) (20%) in the reaction of n-octylallene (1a) (entries
1-4). The hydroindation proceeded in a radical manner as
demonstrated by complete suppression by a radical inhibitor
(entry 5). The ratio of 6 : 7 depended on the substituents of
allene 1, and a bulky tertiary alkyl group afforded internal alkene
6d with good regioselectivity (entry 6). Interestingly, the oxygen-
substituted substrate le afforded only the E-isomer of 6e by
coordination of oxygen to indium (entry 7). The reaction of
disubstituted allenes 1f and 1g also gave alkenes 6f and 6g in
moderate yields (entries 8 and 9). To confirm the regioselectivity
of hydroindation, the resulting reaction mixture in entry 3 was
treated with iodine, furnishing two types of vinyl iodides, 2a” and
3a”, in which iodine was attached to the central carbon (Scheme 1).
This result indicates that the indation took place selectively at the
central carbon of the allene moiety.

Although central-carbon selective metallation could be
achieved, the successive hydrogenation was not regioselective
and produced a mixture of two types of vinylindiums. If the
reaction took place via allyl radical species, this drawback could
be overcome by the application to cyclization, which could cause
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Table 1 Hydroindation of allenes”

Table 2 Radical cyclization of allenenes using HInCl,*

InCls
P Et,SiH
4-/\R _EB o H MmNR NNy
MeCN, rt, 2 h
1 6 7
Yield (%)
Entry Allene 1 6(E:2) 7
1° / la 6a 40 Ta 6
%'/\"'CBHW
2¢ la 6a4 Ta 2
3 1a 6a 65 (57 :43) 7a 20
44 1la 6a 30 (70 : 30) Ta 8
5e la 6a3 Ta 0
6 2 1d 6d 71 (60 : 40) 7d5
7%,
7 ~_-0Bn le 6e 79 (>99: 1y 7e 10
=
8 Q 1f of 32 7f 10
2
9 X 1g 6g 57¢

“InCl—Et;SiH-MeCN system was used to generate HInCl,. Reagents:
allene 1 (1 mmol), InCl; (2 mmol), Et;SiH (2 mmol), Et;B (0.1 mmol),
MeCN (2 mL). ® InCl;-Bu;SnH-THF system was used to generate
HInCl,. ¢ InCl;-NaBH,~MeCN system at —30 °C was used to generate
HInCl,. ¢ InCl,OMe-PhSiH;-THF system was used to generate HInCl,.
¢ Galvinoxyl (0.1 mmol) was added./ High stereoselectivity should depend

=

on the chelation shown here. In =— OBn ¢ Cyclononene was obtained.

InCl3 (2 mmol)
Et3SiH (2 mmol)
Et;B (0.1 mmol)

\‘_._,'
Y\H'CSHW

Z
4'/\"'C8H17

MeCN, rt, 2 h inCl
1a (1 mmol) nk
—_—
= n-C8H17 + Y\H-CSH17
InCI2 InCI2
I, (2 mmol)
105N Wn-Can * Y\n'CBHW
T | |
2a" 67% 3a" 22%
(E/Z = 42/58)
Scheme 1 Regioselective indation of the central carbon of the allene.

the regioselective intramolecular addition of the intermediate allyl
radicals to alkenes.

Asexpected, when 1,2,7-triene (allenene) 8a was treated with the
InCl,-Et;SiH system, the desired cyclic product 9a was obtained
in 60% yield under the conditions noted in Table 2 (entry 1).
This result indicates that the regioselective reaction with the
allyl radical was caused by cyclization. When an InCl,OMe-
hydrosilane system was used, cyclic product 9a was also obtained
in 81% yield (entry 2). When allenene 8b was treated with the

Ar InClL,OMe
PhSiH —
N / EtB _HY A
\L J/ THF (Y mL), rt
z z
8 9
Allenene 8
Entry Ar V4 Y t/h  Yield (%) (dr)
1 8a Ph C(COOEt), 30 20 9a 60 (56 : 44)
2 8a Ph C(COOEt), 10 20 9a 81 (56 : 44)
3 8b Ph (0] 2 2 Complicated
4b 8b Ph (0] 10 2 Complicated
5 8b Ph (6] 10 20 9b >99 (87 : 13)
6 8b Ph (6] 2 2 9b 32 (89:11)
7 8b Ph (0] 2 20 9b 47 (87 : 13)
8 8 p-CICH, O 10 20 9¢>99(83:17)
9 8 p- (0] 10 20 9d 62 (87 :13)
MeOCH,
10 8¢  l-naphthyl O 10 20 9e >99 (85:15)

“Reagents: allenene 8 (1 mmol), InCl,OMe (2 mmol), PhSiH; (2.4 mmol),
Et;B (0.1 mmol). ® Indium hydride was generated by the InCl; (2 mmol),
Et;SiH (2 mmol), MeCN (30 mL) system instead of InCl,OMe-PhSiH;—
THEF respectively. ¢ Stereochemistry is given in the ESI.

InClL-Et;SiH system, only a complicated mixture was obtained,
regardless of the amount of solvent, perhaps due to its strong
Lewis acidity (entries 3 and 4).%” In contrast, when an InCl,OMe—
hydrosilane system was used, cyclic product 9b was obtained
quantitatively (entry 5). Sterecoselectivity was found to improve
up to 87 : 13 in comparison with 8a. We have already shown
that this InCl,OMe-hydrosilane system has an advantage under
neutral and mild conditions, where in contrast to the InCl,—
Et;SiH system, a strong Lewis acid such as silyl chloride was
not formed during the formation of HInCl,.%¢ In the reaction
of 8a, cyclopentane derivative 9a was obtained by both systems,
where the choice of method for generating HInCl, did not matter
because allenene 8a did not have an ether moiety, which might
have been decomposed by acidic conditions (entries 1 and 2).
In the InCl,OMe-hydrosilane system, the diluted conditions and
long reaction period were essential because the conditions noted
in entries 6 and 7 gave only 32% and 47% yields respectively.
Allenenes 8¢ and 8d functionalized by substituents such as ClI
and OMe also gave cyclic products, 9¢ and 9d, in moderate to
excellent yields (entries 8 and 9). Naphthalene derivative 8e gave
the corresponding product 9e in a quantitative yield (entry 10).
When Bu,SnTH, which has regioselectivity similar to HInCl,,*
was applied to the reaction of 8b, non-cyclized vinyltin 11b was
obtained in 28% yield with cyclized product 10b in 43% yield
(Table 3, entry 1). As anticipated, more concentrated conditions
gave a reduced amount of the cyclic product 10b (entries 2 and 3).
A plausible cyclization mechanism for HInCl,-promoted cy-
clization using allenene 8 is illustrated in Scheme 2. The HInCl,
formed in situ affords an indium radical ("InCl,). The resulting
indium radical adds to the central carbon of the allene moiety
to give stable allylic radical A, which reacts with the remaining
internal alkene moiety to give cyclized radical B. Probably due to
the higher hydrogen donating ability of Bu,SnIH than HInCl,,
hydrogenation of intermediate A occurred in the Bu,SnIH-
promoted reaction. Thus HInCl,, which is generated slowly by the
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Table 3 Radical cyclization of allenene 8b using Bu,SnIH*

SniBuy SniBu Ph
Bu,SnIH (Z mmol) 2
\.\ /I Et;B Ph .
\I\ /[/ THF (Y mL), 1t /I/
(0] O O
8b 10b 11b
Yield (%)
Entry Y Z t/h 10b 11b
1 10mL 1 mmol 20 43 28
10mL 2 mmol 20 26 42
3 2mL 2 mmol 68 10 68
“ Reagents: allenene 8b (1 mmol), Et;B (0.1 mmol).
Ar
\\I\ f InCl, /]Ar
PhS:H3 7 8 ° J/A
InCl,OMe z
EtySiH
+ HInCl, *InCl,
InCl3 .
Slow Generation
InCl,

WAF
InCl, B

Scheme 2 A plausible mechanism for cyclization.

transmetallation, is more effective for this cyclization step than
Bu,SnIH. After cyclization, radical B is hydrogenated by HInCl,
followed by protonation to give cyclic product 9.

Finally, we tried a one-pot coupling of the generated cyclized
vinylindium species.® After cyclization, instead of the above-
mentioned protonolysis of the resulting product, Pd-catalyzed
coupling with p-nitrophenyl iodide was performed under heating
(Scheme 3). As a result, the desired product 12b was obtained in
a moderate yield (36%). Although a more appropriate coupling
procedure should be developed, this result presents a direct route
to gem-disubstituted alkenes via hydroindation, cyclization and
coupling reactions. The yield of the desired coupling product 12b
was not very high at this stage, because of steric hindrance in the

Ph
\\L y
(@)

8b (1 mmol)

ClyInOMe (2 mmol) Clyln Ph
PhSiH; (2.4 mmol)

THF (10 mL), rt, 20 h

Pd(PPhs)s (4 mol%)
Lil (3 mmol) ON Ph
p-ICsH4NO, (3 mmol) 2

DMF (2 mL), 100°C, 5 h

o)
12b 36% (dr = 93/7)

Scheme 3  Successive coupling reaction of vinylindium.

vinylic indium species. However, this result proved the utility of
the bulky group substituted-vinylindium for the coupling reaction
at the internal carbon.

Conclusions

In summary, the usefulness of hydroindation of allenes was
indicated. As an application of hydroindation, the first radical
cyclization of 1,2,7-trienes (allenenes) was accomplished. In the
radical cyclization, HInCl, is superior to Bu,SnIH. The nature
of HInCl, slowly generated in situ is extremely effective for the
radical cyclization to give a vinylindium which could be used for
a coupling reaction.

Experimental
General

IR spectra were recorded as thin films on a Horiba FT-720
spectrometer. All '"H and "C NMR spectra were recorded with
a JEOL JMTC-400/54/SS (400 and 100 MHz, respectively) in
deuterochloroform (CDCl;) containing 0.03% (w/v) of tetram-
ethylsilane as an internal standard. Mass spectra were recorded on
a JEOL JMS-DS-303 spectrometer. Column chromatography was
performed using MERCK Silica gel 60. Purification of products by
a recycle GPC system was performed by JAPAN ANALYTICAL
INDUSTRY CO., LTD. LC-908. Yields were determined by 'H
NMR analysis using an internal standard. Stereochemistry of
products was determined from the NOE-difference spectrum or
coupling constant in the 'H NMR spectrum.

Typical procedure for radical cyclization of allenene 8b using
Bu,SnIH (Table 3)

A 30 mL round bottom flask was dried by flame under re-
duced pressure. After the flask was filled with nitrogen, THF
(10 mL) was added. Bu,SnH, (0.234 g, 1.0 mmol) and Bu,Snl,
(0.486 g, 1.0 mmol) were added successively to generate Bu,SnIH
(2.0 mmol) by the redistribution reaction. To the mixture was
added allenene 8b (0.186 g, 1.0 mmol) and the resulting mixture
was stirred at rt for 20 h. To the resulting solution was added
CHCI, (5 mL) to completely decompose the remaining tin hydride
and the volatiles were removed under reduced pressure. Products
were determined from "H NMR spectroscopy. Purification was
performed by recycle GPC eluting with CHCI;. Products 10b and
11b were not isolated as pure compunds. The identifiable signals
in the crude mixture are given here. "H NMR (CDCl;, 400 MHz)
0 6.65 (d, J = 15.7 Hz, 1H, 11b), 6.28-6.16 (m, 2H, 11b), 5.81 (s,
1H, 10b), 5.56 (s, 1H, 10b).

Typical procedure for hydroindation of allenes using HInCl,
(InCL;-Et;SiH system, Table 1)

A 10 mL round bottom flask charged with InCl; (0.442 g, 2 mmol)
was heated at 110 °C in vacuo for 1 h. After the flask was filled
with nitrogen, MeCN (2 mL) and Et;SiH (0.233 g, 2.0 mmol)
were added and the mixture was stirred at rt for 5 min. Then
the allene (1.0 mmol) and Et;B (0.1 mL, 1M solution in hexane,
0.1 mmol) were added successively. The resulting mixture was
stirred at rt for 2 h. After IM HCI aq was added, the reaction
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mixture was extracted with ether (10 mL x 3). The combined
organic layer was dried over MgSO, and concentrated. The
product was determined from '"H NMR spectroscopy. Purification
was performed by silica gel column chromatography eluting with
hexane. Further purification was performed by distillation under
reduced pressure.

((E)-1,1-Dimethyl-but-2-enyl)benzene, 6d-E. IR (neat) 1597
(C=C) cm™'; "H NMR (CDCl;, 400 MHz) 6 7.35 (d, J = 8.0 Hz,
2H), 7.29 (dd, J = 8.0 and 7.5 Hz, 2H), 7.17 (t, J = 7.5 Hz,
1H), 5.64 (dq, J = 15.5 and 1.4 Hz, 1H), 5.45 (dq, J = 15.5 and
6.3 Hz, 1H), 1.71 (dd, J = 6.3 and 1.4 Hz, 3H), 1.38 (s, 6H); °C
NMR (CDCl;, 100 MHz) 0 149.40, 141.08, 127.97, 126.11, 125.57,
120.95, 40.27, 28.86, 18.03; MS (EI, 70 eV) m/z 160 (M*, 39), 145
(M* — CHj;, 100), 117 (22); HRMS calced for C,,H ¢ 160.1252,
found: m/z 160.1257 (EI, (M*), +0.5 mmu).

((£)-1,1-Dimethyl-but-2-enyl)benzene, 6d-Z. IR (neat) 1601
(C=C) cm™'; "TH NMR (CDCl;, 400 MHz) 6 7.39 (d, J = 8.0 Hz,
2H), 7.28 (dd, J = 8.0 and 7.2 Hz, 2H), 7.16 (t, J = 7.2 Hz,
1H), 5.69 (dq, J = 11.4 and 1.7 Hz, 1H), 5.41 (dq, J = 11.4 and
7.2 Hz, 1H), 1.43 (s, 6H), 1.20 (dd, J = 7.2 and 1.7 Hz, 3H); *C
NMR (CDCl;, 100 MHz) 6 150.42, 140.56, 127.99, 126.11, 125.26,
124.77,39.92, 31.12, 14.19; MS (EI, 70 eV) m/z 160 (M*, 36), 145
(M* — CHs;, 100), 117 (23); HRMS calcd for C,Hs: 160.1252,
found: m/z 160.1250 (EI, (M*), —0.2 mmu).

Typical procedure for radical cyclization of allenenes 8 using
HInCl, (InCl,OMe-PhSiH; system, Table 2)

A 30 mL round bottom flask charged with InCl; (0.442 g,
2.0 mmol) and NaOMe (0.108 g, 2.0 mmol) was dried by heating
at 110 °C under reduced pressure for 1 h. After the flask was filled
with nitrogen, THF (10 mL) was added to dissolve the InCl;.
The resulting mixture was stirred at rt for 0.5 h. Then PhSiH;
(0.260 g, 2.4 mmol), allenene 8 (1.0 mmol) and Et;B (0.1 mL,
1M solution in hexane, 0.1 mmol) were added successively, and
the resulting solution was stirred at rt for 20 h. After 1M HCl
aq was added, the reaction mixture was extracted with ether
(10 mL x 3). The combined organic layer was dried over MgSO,
and concentrated. The cyclized product was determined from
"H NMR spectroscopy. Purification was performed by silica gel
column chromatography eluting with hexane. Further purification
was performed by distillation under reduced pressure.

Diethyl 3-benzyl-4-vinylcyclopentane-1,1-dicarboxylate, 9a.
81%; (major) IR (neat) 1732 (C=0) cm™'; '"H NMR (CDCl;,
400 MHz) ¢ 7.30-7.14 (m, 5H), 5.69 (ddd, J = 17.1, 10.2 and
8.2 Hz, 1H), 5.09 (dd, J = 17.1 and 1.9 Hz, 1H), 5.05 (dd, J =
10.2 and 1.9 Hz, 1H), 4.22-4.09 (m, 4H), 2.92 (dd, J = 13.5 and
3.6 Hz, 1H), 2.50 (dd, J = 13.5 and 7.5 Hz, 1H), 2.36-2.21 (m,
3H), 2.05 (dd, J = 13.5and 10.9 Hz, 1H), 2.00-1.87 (m, 2H), 1.23
(t, J = 7.0 Hz, 3H), 1.19 (t, J = 7.0 Hz, 3H); “C NMR (CDCl;,
100 MHz) ¢ 172.63, 172.47, 140.74, 139.96, 128.81, 128.24,
125.83, 115.83, 61.41, 61.36, 58.21, 50.04, 46.71, 40.30, 39.56,
39.17, 14.00, 13.96; MS (EI, 70 eV) m/z 330 (M*, 28), 256 (52),
239 (36), 211 (26), 183 (33), 182 (20), 173 (36), 165 (63), 143 (79),
91 (CH,Ph, 100); HRMS caled for C, H,O,: 330.1831, found:
m/z 330.1813 (EI, (M*), —1.8 mmu); (minor) This compound
was a minor product and was not purely isolated. The identifiable
signals in the crude mixture after GPC are given here. 'H NMR

(CDCl, 400 MHz) J 5.85 (ddd, J = 17.1, 10.3 and 8.5 Hz, 1H),
5.08 (dd, J = 10.3 and 1.9 Hz, 1H), 5.04 (dd, J = 17.1 and 1.9 Hz,
1H), 2.51 (dd, J = 14.0 and 7.2 Hz, 1H), 2.08 (dd, J = 13.8 and
8.2 Hz, 1H), 1.24 (t, J = 7.0 Hz, 3H), 1.21 (t, J = 7.0 Hz, 3H);
C NMR (CDCl, 100 MHz) § 172.77, 172.69, 141.16, 138.10,
128.87, 128.22, 125.75, 115.84, 61.45, 61.42, 58.75, 46.57, 44.81,
38.80, 38.24, 36.30, 14.02, 13.97; MS (EI, 70 eV) m/z 330 (M*,
22), 256 (59), 239 (49), 229 (24), 184 (23), 183 (37), 182 (30),
173 (46), 165 (65), 143 (56), 91 (CH,Ph, 100); HRMS calcd for
C,oH,40,: 3301831, found: m/z 330.1820 (EI, (M*), —1.1 mmu).

3-Benzyl-4-vinyltetrahydrofuran, 9b. >99%; (major, 9b-trans)
the stereochemistry of the products was determined from NOE
observations. See ESIT. IR (neat) 1639 (C=C) cm~', 1053 (C-O—
C) cm™'; "H NMR (CDCl;, 400 MHz) 6 7.27 (dd, J = 7.5 and
7.4 Hz, 2H), 7.19 (t, J = 7.4 Hz, 1H), 7.14 (d, J = 7.5, 2H), 5.69
(ddd, J = 17.1 and 10.1 and 8.5 Hz, 1H), 5.08 (dd, J = 17.1 and
1.7 Hz, 1H), 5.05 (dd, J = 10.1 and 1.7 Hz, 1H), 4.03 (dd, J =
8.2 and 8.2 Hz, 1H), 3.88 (dd, J = 8.5 and 7.5 Hz, 1H), 3.54
(dd, J = 8.2 and 8.7 Hz, 1H), 3.53 (dd, J = 8.5 and 7.9 Hz, 1H),
291 (dd, J = 13.8 and 4.8 Hz, 1H), 2.58-2.48 (m, 2H), 2.31-2.22
(m, 1H); "C NMR (CDCl;, 100 MHz) § 140.28, 137.85, 128.62,
128.38, 126.09, 116.46, 73.35, 72.85, 50.32, 47.24, 37.75; MS (EI,
70 eV) m/z 188 (M*, 1), 157 (27), 129 (30), 104 (32), 92 (51), 91
(PhCH,, 100); HRMS calcd for C;;H,(O: 188.1201, found: m/z
188.1210 (EI, (M*), +0.9 mmu); anal. caled for C;3;H,,0: C, 82.94;
H, 8.57, found: C, 82.92; H, 8.31%; (minor, 9b-cis) This compound
was a minor product and was not isolated as a pure compound.
The identifiable signals in the crude mixture after GPC are given
here. '"H NMR (CDCl;, 400 MHz) ¢ 5.89 (ddd, J = 17.1, 10.3
and 9.4 Hz, 1H), 3.96 (dd, J = 8.5 and 6.5 Hz, 1H), 3.81 (dd,
J =8.6and 7.2 Hz, 1H), 3.74 (dd, J = 8.5 and 4.8 Hz, 1H), 2.78
(dd, J = 13.5 and 5.3 Hz, 1H); “C NMR (CDCl,;, 100 MHz) 6
140.78, 136.13, 128.75, 128.49, 125.97, 116.88, 72.67, 71.93, 46.74,
44.82, 34.25; MS (EI, 70 eV) m/z 188 (M*, 2), 157 (27), 105 (25),
104 (29), 92 (47), 91 (CH,Ph, 100); HRMS calcd for C;;H,;O:
188.1201, found: m/z 188.1198 (EI, (M*), —0.3 mmu).

3-(4-Chlorophenylmethyl)-4-vinyltetrahydrofuran, 9c. >99%;
the stereochemistry of the products was determined from com-
parison of '"H NMR spectrum with 9b. These compounds were
not isolated as pure compounds and were obtained as a mixture
of diastereomers (9c-trans : 9c-cis = 83 : 17). The observed data
are given here. IR (neat) 1639 (C=C) cm', 1095 (C-O-C) cm™!,
1053 (C-O-C) cm™!; anal. caled for C;;H,;CIO: C, 70.11; H, 6.79;
Cl, 15.92, found: C, 69.84; H, 6.58; Cl, 16.20%; (major, 9c-trans)
'H NMR (CDCl;, 400 MHz) 6 7.24 (d, J = 8.2 Hz, 2H), 7.07 (d,
J = 8.2 Hz, 2H), 5.67 (ddd, J = 17.0, 10.1 and 8.5 Hz, 1H), 5.07
(dd, J =17.0and 1.7 Hz, 1H), 5.05 (dd, J = 10.1 and 1.7 Hz, 1H),
4.02 (dd, J = 8.5 and 8.2 Hz, 1H), 3.86 (dd, J = 8.5 and 7.5 Hz,
1H), 3.54 (dd, J = 8.5 and 8.5 Hz, 1H), 3.49 (dd, J = 8.5 and
8.2 Hz, 1H), 2.87 (dd, J = 13.8 and 5.1 Hz, 1H), 2.56-2.46 (m,
2H), 2.28-2.18 (m, 1H); *C NMR (CDCl;, 100 MHz) 6 138.69,
137.69, 131.87, 129.95, 128.50, 116.60, 73.17, 72.85, 50.26, 47.13,
37.13; MS (EI, 70 eV) m/z 222 (M*, 9), 138 (27), 125 (CH,C¢H,C],
100), 91 (22); HRMS calcd for C;;H;5ClO: 222.0811, found: m/z
222.0808 (EI, (M*), —0.3 mmu); (minor, 9¢-cis) "H NMR (CDCl,,
400 MHz) 6 5.86 (ddd, J =17.0,10.1 and 9.2 Hz, 1H), 5.16 (dd, J =
10.1 and 1.7 Hz, 1H), 5.10 (dd, J/ = 17.0 and 1.7 Hz, 1H), 3.96 (dd,

1952 | Org. Biomol. Chem., 2008, 6, 1949-1954

This journal is © The Royal Society of Chemistry 2008





J =8.5and 6.5 Hz, 1H), 3.80 (dd, J = 8.5 and 7.0 Hz, 1H), 3.74
(dd, J = 8.5 and 4.8 Hz, 1H), 2.74 (dd, J = 13.5 and 5.6 Hz, 1H);
3C NMR (CDCL, 100 MHz) § 139.20, 135.94, 131.75, 117.10,
72.69, 71.81, 46.66, 44.71, 33.62; MS (EL, 70 eV) m/z 222 (M*, 3),
167 (32), 139 (30), 138 (29), 127 (36), 125 (CH,C,H,Cl, 100), 91
(20); HRMS caled for C,,H,;CIO: 222.0811, found: m/z 222.0818
(EL, (M), + 0.7 mmu).

3-(4-Methoxyphenylmethyl)-4-vinyltetrahydrofuran, 9d. 62%;
the stereochemistry of the products was determined by compari-
son of the "H NMR spectrum with 9b; (major, 9d-trans) IR (neat)
1639 (C=C)cm™', 1250 (C-O-C)cm™', 1111 (C-O-C)cm™', 1038
(C-0-C)cm™'; '"HNMR (CDCl,, 400 MHz) 6 7.06 (d, J = 8.7 Hz,
2H), 6.82(d, J = 8.7 Hz, 2H), 5.69 (ddd, J/ = 17.0, 10.1 and 8.5 Hz,
1H), 5.08 (dd, J = 17.0 and 1.4 Hz, 1H), 5.05 (dd, J = 10.1 and
1.4 Hz, 1H), 4.02 (dd, J = 8.5 and 8.2 Hz, 1H), 3.87 (dd, J = 8.5
and 7.5 Hz, 1H), 3.79 (s, 3H), 3.54 (dd, J = 8.5 and 8.5 Hz, 1H),
3.51(dd, J = 8.5 and 8.2 Hz, 1H), 2.85 (dd, / = 13.8 and 4.8 Hz,
1H), 2.56-2.43 (m, 2H), 2.28-2.18 (m, 1H); “C NMR (CDCl,,
100 MHz) ¢ 157.89, 137.92, 132.32, 129.53, 116.39, 113.73, 73.34,
72.85,55.19,50.21,47.43,36.80; MS (EI, 70 eV) m/z 218 (M*, 16),
121 (CH,C:H,OMe, 100); HRMS calcd for C,,HsO,: 218.1307,
found: m/z 218.1313 (EI, (M*), +0.6 mmu); (minor, 9d-cis) this
compound was a minor product and was not isolated as a pure
compound. The identifiable signals in the crude mixture after GPC
are given here. '"H NMR (CDCl;, 400 MHz) 6 5.88 (ddd, J = 16.9,
10.4 and 9.2 Hz, 1H), 5.15 (dd, J = 10.4 and 1.9 Hz, 1H), 5.11
(dd, J = 16.9 and 1.9 Hz, 1H), 3.96 (dd, J = 8.5 and 6.8 Hz,
1H), 2.72 (dd, J = 13.5 and 5.6 Hz, 1H); “C NMR (CDCl;,
100 MHz) ¢ 136.20, 132.80, 129.52, 116.81, 72.70, 71.98, 46.73,
45.04,33.32; MS (EI, 70 eV) m/z 218 (M*, 14), 163 (22), 148 (24),
121 (CH,C4H,OMe, 100); HRMS calcd for C,,H,30,: 218.1307,
found: m/z 218.1309 (EI, (M*), +0.2 mmu).

3-(Naphthalen-1-ylmethyl)-4-vinyltetrahydrofuran, 9e. >99%;
the stereochemistry of the products was determined from com-
parison of the "H NMR spectrum with 9b; (major, 9e-trans) IR
(neat) 1639 (C=C)cm™', 1065 (C-O-C)cm ', 1041 (C-O-C)cm;
"H NMR (CDCl;, 400 MHz) 6 7.97 (d, J = 8.2 Hz, 1H), 7.84 (d,
J=8.5Hz, 1H),7.72 (d, J = 8.2 Hz, IH), 7.53-7.45 (m, 2H), 7.37
(dd, J =8.2and 7.0 Hz, 1H), 7.27 (d, J = 7.0 Hz, 1H), 5.73 (ddd,
J =17.0, 10.0 and 8.5 Hz, 1H), 5.14 (dd, J = 17.0 and 1.7 Hz,
1H), 5.10 (dd, J = 10.1 and 1.7 Hz, 1H), 4.07 (dd, J = 8.5 and
8.0 Hz, 1H), 3.80 (dd, J = 8.5 and 7.5 Hz, 1H), 3.60 (dd, J =
8.5 and 8.2 Hz, 1H), 3.54 (dd, J = 8.5 and 8.5 Hz, 1H), 3.45 (dd,
J = 14.0 and 4.6 Hz, 1H), 2.85 (dd, J = 14.0 and 9.9 Hz, 1H),
2.65 (dddd, J = 8.5, 8.5, 8.2 and 8.0 Hz, 1H), 2.50-2.40 (m, 1H);
“C NMR (CDCl;, 100 MHz) ¢ 137.80, 136.43, 133.84, 131.67,
128.80, 127.02, 126.21, 125.87, 125.52, 125.39, 123.48, 116.72,
73.58,72.90, 50.85, 46.20, 34.98; MS (EI, 70 V) m/z 238 (M*, 32),
142 (100), 141 (CH,Np, 96); HRMS calcd for C;;H,30: 238.1358,
found: m/z 238.1362 (EI, (M*), +0.4 mmu); (minor, 9e-cis) This
compound was a minor product and was not isolated as a pure
compound. The identifiable signals in the crude mixture after GPC
are given here. '"H NMR (CDCl,, 400 MHz) 0 6.03 (ddd, J = 16.9,
10.1 and 9.2 Hz, 1H), 3.99 (dd, J = 8.5 and 7.0 Hz, 1H), 3.31 (dd,
J =13.8 and 4.3 Hz, 1H), 3.05-2.98 (m, 1H); *C NMR (CDCl;,
100 MHz) 6 136.78, 136.12, 133.90, 131.74, 128.84, 126.92, 126.42,
123.55, 117.26, 72.46, 72.06, 47.08, 43.83, 31.22; MS (EI, 70 eV)
m/z 238 (M*, 35), 155 (28), 142 (88), 141 (CH,Np, 100), 115 (25);

HRMS calcd for C,;H5O: 238.1358, found: m/z 238.1371 (EI,
(M*), +1.3 mmu).

Typical procedure for radical cyclization of allenene 8b and
successive coupling (InCl,OMe-PhSiH; system, Scheme 3)

A 30 mL round bottom flask charged with InCl; (0.442 g,
2.0 mmol) and NaOMe (0.108 g, 2.0 mmol) was dried by heating
at 110 °C under reduced pressure for 1 h. After the flask was filled
with nitrogen, THF (10 mL) was added to dissolve the InCl;.
The resulting mixture was stirred at rt for 0.5 h. Then PhSiH;
(0.260 g, 2.4 mmol), allenene 8b (1.0 mmol) and Et;B (0.1 mL,
1 M solution in hexane, 0.1 mmol) were added successively, and
the resulting solution was stirred at rt for 20 h. After DMF (2 mL)
was added, the THF was removed under reduced pressure. Then
ICH,NO,-p (0.204 g, 1.0 mmol), Pd(Ph;P), (0.046 g, 4 mol%) and
LiI (3.0 mmol) were added and the mixture was stirred at 100 °C for
5 h. After the reaction, the resulting solution was filtrated through
celite. After concentration of the filtrate, the yield of product 12b
was determined from the "H NMR spectrum (36% yield). Further
purification was performed by silica gel column chromatography
eluting with hexane-AcOEt =9 : 1.

3-Benzyl-4-(1-(4-nitrophenyl)vinyl)tetrahydrofuran, 12b. 36%;
(major) IR (neat) 1597 (C=C) cm™!, 1516 (NO,) cm™', 1346
(NO,) em™, 1111 (C-O-C) cm™', 1061 (C-O-C) cm™'; '"H NMR
(CDCl;, 400 MHz) 6 8.09 (d, J = 8.9 Hz, 2H), 7.31-7.19 (m, SH),
7.10 (d, J = 8.2 Hz, 2H), 5.45 (s, 1H), 5.38 (s, IH), 4.15 (dd, J =
8.7 and 7.2 Hz, 1H), 4.01 (dd, J = 8.5 and 7.0 Hz, 1H), 3.77 (dd,
J = 8.7 and 6.0 Hz, 1H), 3.65 (dd, J = 8.5 and 6.0 Hz, 1H), 3.03
(ddd, J =7.2,6.8 and 6.0 Hz, 1H), 2.81 (dd, / = 13.8 and 7.2 Hz,
1H), 2.70 (dd, J = 13.8 and 8.0 Hz, 1H), 2.57-2.48 (m, 1H); “C
NMR (CDCl;, 100 MHz) 6 148.15, 147.48, 146.88, 139.63, 128.68,
128.47, 127.06, 126.32, 123.48, 115.56, 73.04, 73.00, 48.79, 46.85,
38.96; MS (EI, 70 eV) m/z 309 (M*, 1), 218 (M* — CH,Ph, 33),
130 (35), 92 (45), 91 (PhCH,, 100); HRMS calcd for C,yH,;y)NO;:
309.1365, found: m/z 309.1359 (EIL, (M*), —0.6 mmu); (minor) this
compound was a minor product and was not isolated as a pure
compound. The identifiable signals in the crude mixture after silica
gel column chromatography are given here. '"H NMR (CDCl;,
400 MHz) ¢ 5.61 (s, 1H), 5.28 (s, 1H); MS (EI, 70 eV) m/z 309
(M*, 5), 278 (36), 177 (24), 160 (20), 146 (22), 133 (26), 132 (21),
131 (23), 130 (78), 129 (22), 128 (24), 117 (100), 115 (37), 105 (92),
92 (21), 91 (PhCH,, 98); HRMS calcd for C,yH;yNO;: 309.1365,
found: m/z 309.1364 (EI, (M*), —0.1 mmu).
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The macrocyclic host cucurbit[7]uril forms very stable complexes with the diprotonated (Kcgy' = 1.8 x
10* dm’® mol™), monoprotonated (Kcpp® = 1.0 x 107 dm?® mol™), and neutral (Kcpy® = 1.2 x

10° dm® mol~") forms of the histamine H,-receptor antagonist ranitidine in aqueous solution. The
complexation behaviour was investigated using "H NMR and UV-visible spectroscopy as a function of
pH and the pK, values of the guest were observed to increase (ApK,, = 1.5 and ApK,, = 1.6) upon
host-guest complex formation. The energy-minimized structures of the host—guest complexes with the
cationic guests were determined and provide agreement with the NMR results indicating the location of
the CBJ[7] over the central portion of the guest. The inclusion of the monoprotonated form of ranitidine
slows the normally rapid (E)—(Z) exchange process and generates a preference for the (Z) isomer. The
formation of the CB[7] host—guest complex greatly increases the thermal stability of ranitidine in acidic
aqueous solution at 50 °C, but has no effect on its photochemical reactivity.

Introduction

The cucurbit[r]uril family (CB[#], n = 5-8, 10) of macrocyclic host
molecules' have been of increasing interest since the development
of methods for increasing the yields of the minor congeners (n =
5, 7, 8, 10),>* compared with the major CB[6] product, at the
beginning of the millennium. The CB[6], CB[7], and CBJ[8] hosts,
with hydrophobic cavities comparable in size to a-, B-, and y-
cyclodextrins, respectively, and two restrictive portals lined with
ureido carbonyl groups, have been shown to form remarkably
stable complexes with a variety of guest molecules in aqueous
solution. In addition to the hydrophobic interactions within the
cavity, the carbonyl groups are capable of stabilizing the host—
guest complex through hydrogen bonding, ion—dipole, and dipole—
dipole interactions with appropriate guests. The cucurbit[7]uril
(Scheme 1), with its superior solubility in aqueous solution,
includes guests such as protonated aminoadamantane cations*
and substituted cationic ferrocenes® with binding constants up to
105 M.

There has been increasing recent interest in using cucurbit-
[nlurils to aid in the delivery of molecules of biological
and medicinal interest, through host-guest formation. Cucur-
bit[7]uril and cucurbit[8]Juril molecules have been used to form
host—guest complexes with mononuclear (cis-Pt(NH;),Cl, and
cis-Pt(NH,),(OH,)CI*), dinuclear (trans-[{PtCI(NH;), },(u-NH,-
(CH,)sNH,)I** and trans-[{PtCI(NH;), },u-dpzm]** (dpzm = 4,4'-
dipyrazolylmethane)) and trinuclear (¢trans-[trans-{PtCI(NH,), },-
trans-{Pt(dpzm),(NH;), }]**) platinum(i1) complexes.® While the
hydrolyzed Pt(NH;),(OH,)Cl* appears to bind to the por-
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Scheme 1  Structures of cucurbit[7]uril (CB[7], left) and monoprotonated
ranitidine (RH* (Z isomer) right). The numbers on ranitidine indicate the
complexation-induced shifts (Ady,,) in the proton resonances upon binding
in acidic solution (RH,**, pD = 2).

tals of CB[7], the other species are included in the cavities
of CB[7] and CBI[8]. The inclusion of trans-[{PtCI(NH,),},(u-
NH,(CH,)sNH,)]** in CB[7] and CBJ[8] reduces the rate of its
reactions with cysteine and glutathione. Urbach and co-workers
have used 1 : 1 host—guest complexes of CB[8] and methylviologen
to form ternary complexes with tripeptides with specific recogni-
tion of the N-terminus aromatic amino acids such as tryptophan.’
Nau’s group have recently employed CB[7] in assays for amino
acid decarboxylase and studied the effects of CB[7] on the activity
of trypsin and related enzymes.® The very stable complexation
of ferrocenes with CB[7] (10°~10" dm?® mol™") has led to the
development of a method for the non-covalent immobilization
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of ferrocenylated proteins to a CB[7]-modified gold surface, as
a potential replacement for the biotin—avidin pair in biological
assays.’

Ranitidine hydrochloride (N,N-dimethyl-5-[2-(1-methylamino-
2-nitrovinylamino)ethylthiomethyl]furfuryl-amine hydrochloride
(RH*), Scheme 1) is one of a number of molecules used as a
histamine H,-receptor antagonist in the treatment of excess stom-
ach acid production, in connection with peptic ulcers and related
diseases.!” The acid-base''™* and degradation chemistry'®'” and
the "H NMR spectroscopy'®? of ranitidine in aqueous solution
have been well studied.

There has been considerable interest in the use of host—guest
complexes for improving the stability of drugs and facilitating
their delivery and release.” Among the strategies explored has
been the inclusion of drugs in macrocyclic host molecules such
as cyclodextrins.®? Another concern is the environmental fate
of drug molecules and in the case of ranitidine, photochemical
degradation has been investigated in both natural waters® and
in the presence of TiO,.** In this study, we have investigated the
host—guest chemistry of cucurbit[7]uril with ranitidine in aqueous
solution, determining the stability constants and pK, values of the
included diprotonated and monoprotonated forms, and studied
the thermal stabilization and photochemical degradation of the
CBJ7]-included ranitidine in aqueous solution.

Results and discussion
UV-visible and ESI-MS spectra of the host—guest complexes

The inclusion of the ranitidine in cucurbit[7]uril can be conve-
niently monitored using UV-visible spectroscopy. The addition of
CBJ[7] to a solution of ranitidine at pH 2.5 results in decreases
in the peaks at 228 and 313 nm (peaks for the furan and
nitroethylenediamine chromophores, respectively) up toa 1 : 1
host—guest ratio (Fig. 1), and this stoichiometry is also confirmed
by a Job’s plot.”® The UV-visible spectrum of the ranitidine guest
molecule in this study is very dependent on its state of protonation
in aqueous solution (Scheme 2)."
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Fig. 1 UV-visible titration of ranitidine (2.0 x 10—° M) with cu-
curbit[7]uril in aqueous solution at pH 2.5. Inset: dependence of the
absorbance at 314 nm on the host-guest ratio.
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Scheme 2 The host—guest and acid dissociation equilibria in the complex
formation between CB[7] and ranitidine (R) in aqueous solution.

The free ranitidine exists as a monocationic species in neutral
solutions with protonation at the terminal dimethylamino group.
In acidic solutions, the diaminovinyl group undergoes protonation
and the pK,, value for the diprotonated ranitidine (RH,>*) has
been reported as 1.95 + 0.01,"* 2.19 £ 0.04,"® and 2.3."* The
second acid dissociation to form the neutral guest occurs with pK,,
values reported as 8.13 £ 0.05," 8.20,"* and 8.35 + 0.01.%° We*
and others* have shown that the pK, values of protonated guest
molecules included in the cavity of cucurbiturils may be modulated
through non-covalent interactions with the polar carbonyl-lined
portals. The effect of the inclusion of RH,** in CB[7] on the first
acid dissociation constant was investigated with a UV pH titration
(Fig 2), monitoring the changes in the absorbances at 228 and
308 nm with pH in the range of 1-6. The titration gives a value of
pK, “®" =3.48 £ 0.02. The titration of the {RH-CB[7]}* with base
in the pH range of 812 results in an increase in the peak at 228 nm,
corresponding to a release of the guest upon its deprotonation.
From the pH dependent UV spectral changes (Fig. 2), the value
of pK,,*®™ is estimated to be 9.8 4 0.2.

0.8
[ ]

0.6 7
§ v
©
2
2 04
Q
<

0.2

0.0 . . , . .

0 2 4 6 8 10 12

pH

Fig.2 pH titrations of the {RH,-CB[7]}** host-guest complex monitored
at 228 (O) and 308 (@) nm (curves correspond to a pK, of 3.48), and the
{RH-CBJ[7]}* host-guest complex at 228 nm (V) (curve corresponds to a
pK, of 9.8).

The increases in the pK, values for the ranitidine guest upon
its inclusion in CB[7] are comparable to several other pK,
shifts reported for the inclusion of amine guests, such as 2-
aminoanthracene (ApK, = 3.0)* and acridine orange (ApK, =
2.6)*" in CB[7]. The decrease in the acidity of the protonated amine
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groups is attributed to stabilization of the N-H bond through
hydrogen-bonding and ion—dipole interactions with the carbonyl
groups on the CBJ[7] portals.

The electrospray ionization mass spectrum of a mixture of
ranitidine hydrochloride and CB[7] in water revealed peaks at
m/z = 740 and 1478, with masses and molecular ion patterns
consistent with the {RH,-CB[7]}** and {RH-CB[7]}* host-guest
complexes, respectively.”® The doubly charged ion could involve a
second protonation of the guest or protonation of the host in the
inclusion complex.

"H NMR spectra of the host—guest complexes

In the "H NMR spectra of cucurbituril host-guest complexes, the
complexation-induced shift changes (CIS, Ad = dyound — Orree) 10t the
proton resonances of the guest molecule are very informative as to
the average location of the guest with respect to the CB[7] cavity.
Upfield shifts (Ad < 0) are observed for guest protons located in
the shielding region of the cavity, while guest protons located near
the carbonyl oxygens of the portals experience deshielding and
downfield CIS values (Ad > 0). For ranitidine, in each of its states
of protonation, slow exchange behaviour in the '"H NMR spectra
was exhibited, with resonances for both the free and bound guests
observed when less than one equivalent of the host molecule was
present (Fig. 3)

The values of Ady,, (Scheme 1) clearly indicate that the central
portion of the ranitidine is located in the CB[7] cavity, while the
charged or neutral end units are located outside of the cavity near
the carbonyl-lined portals. The complexation is stabilized by ion—
dipole and dipole-dipole interactions of the protonated and polar
head groups of the guests with carbonyl laced portals. In addition,
the CIS values of approximately —1.0 ppm in the vicinity of the —
CH,-S-CH,CH,- central linker in the guest suggest that the sulfur
atom is located within the CB[7] cavity. With the quadrupolar
nature of the cucurbituril cavity, the sulfur may be involved in

4 3
@ »
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dipolar—quadrupolar interactions with the CB[7] cavity. We have
recently observed that small polar neutral molecules such as
ketones bind reasonably strongly to CB[7] (10°~10* dm® mol™"),
as a result of contributions from dipole-quadrupole interactions,
with the oxygen of the guest directed towards the center of the
cavity wall.® The '"H NMR spectra of ranitidine in the presence
of CBJ[7] at pH 12 reveals smaller changes in the chemical shifts of
the proton resonances of the neutral guest, compared with those
of the protonated forms, suggesting a much weaker and shallower
inclusion of this form.

The nitroethylenediamine group in ranitidine can exist as
either the £ or Z isomer, and is observed to crystallize in both
forms, depending on the nature of the counter ion and the
solvent.?3* Crisponi et al.®® have suggested that both forms are
in rapid equilibrium in aqueous solution on the NMR timescale
at higher pH (monoprotonated form), but upon protonation of the
diaminovinyl group, the interconversion of the £ and Z forms is
slowed down due to the formation of intramolecularly hydrogen-
bonded species, yielding pairs of resonances (equal amounts) for
protons H6, H10, and H13.

The CBJ[7] inclusion of ranitidine in the mono- and diprotonated
forms appears to further lock the two isomers through ion—
dipole and hydrogen bonding interactions between the protonated
nitroethylenediamine group and the carbonyl groups of the CB[7]
portals. The "H NMR spectra of both the {RH,-CB[7]}** and
{RH-CBJ[7]}* forms of the host—guest exhibit pairs of resonances,
indicating that the inclusion has slowed the exchange between the
E and Z forms to such an extent that both are observable on
the NMR timescale below pD 8. Coupled with the slow in-and-
out guest exchange on the '"H NMR timescale, the two isomers
of the included ranitidine guests would have slightly different
complexation induced chemical shift changes. As a result, even
the resonances for the protons located some distance from the
double bond, such as those on the furan ring, show pairs of peaks
(Fig. 3), due to slightly different average positions in the CB[7]

—
[

Fig. 3

T T T T L L}

16 ppm

'"H NMR spectra of diprotonated ranitidine (RH,*") in the absence (bottom) and presence of 0.7 equivalents (middle) and 1.4 equivalents (top)

of cucurbit[7]uril in D,O (pD = 2). The proton resonances are numbered as in Scheme 1, with the primed numbers in the top spectrum indicating the £

isomer.
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cavity. While the free ranitidine exhibits equal amounts of the
E and Z isomers, the inclusion in CB[7] shifts the equilibrium
towards the Z isomer, with only about 20% E form observed for
{RH,-CB[7]}** (as shown in Fig. 3) and approximately 40% E for
{RH-CBJ[7]}"*. In the former species, the Z isomer appears to allow
for more favourable ion—dipole interactions between the guest and
the host portal.

Host—guest stability constants

Cucurbit[7]uril has been shown to form exceedingly stable host—
guest complexes with cationic and dicationic guest molecules
in aqueous solution. The large stability constants preclude
measurements by standard spectroscopic titrations, and require
the use of competitive binding experiments using techniques
such as isothermal calorimetry or UV-visible, fluorescence, or
'H NMR spectroscopy. The stability constants of the host—
guest complexes of CB[7] with diprotonated (pD = 1.5) and
monoprotonated (pD = 4.7) ranitidine were measured in this
study by using 'H NMR competitive binding measurements
with 3-trimethylsilylpropionic-2,2,3,3-d, acid, whose binding con-
stant has been reported previously (Kcpy = (1.82 £ 0.22) x
10" dm’ mol™") as the competing guest. The values of Kcyy' =
(1.8 £ 0.3) x 10* dm® mol™ and Ky = (1.0 £ 0.3) x
10" dm® mol™' for the di- and monoprotonated ranitidines,
respectively, are comparable to values reported for other cationic
guests of similar size.**** The value of Kcg® for the neutral
ranitidine was determined to be (1.2 £ 0.1) x 10* M! from a
UV spectrophotometric titration at pH 13. Host-guest stability
constants for CB[7] with neutral guest molecules in the range of
10>-10° M~! have been reported previously.?®3

The host—guest stability constants for CB[7] and B-cyclodextrin
(B-CD) have been compared because of the similarity in their
cavity volumes. Jicsinszky and Kolbe have reported a stability
constant of 134 M~ for ranitidine with B-cyclodextrin at 30 °C in
neutral D,0.3* Energy-minimization calculations suggested that
for {RH-B-CD}*, only a shallow inclusion complex is formed.
With CB[7], the ability to form much stronger ion—dipole and
dipole-dipole interactions with the carbonyl-lined portals gives
rise to the much more stable host-guest complexes with cationic
guests, such as the protonated ranitidine species, compared with
B-CD.

Energy-minimized structures of the host—guest complexes

The gas-phase structures of the CB[7] host-guest complexes with
the diprotonated and monoprotonate forms of ranitidine (Fig. 4)
have been determined from energy-minimization calculations
(HF/3-21G** basis set).’ The resulting locations of the guests in
the CB[7] cavity are consistent with the "H NMR spectra and the
complexation-induced chemical shifts (Ady;, ) of the guest protons,
with the furan ring and its methyl substituents residing in the
cavity, leaving the end groups outside near the portals. The main
differences between the structures of the host—guest complexes of
the mono- and diprotonated are the portions of the guest included
in the cavity and the orientation of the nitroethylenediamine
end unit. With the diprotonated guest, both charged ends of the
molecule are located adjacent to the carbonyl-lined portals, while

Fig. 4 Energy minimized structures of the cucurbit[7]uril-ranitidine
host-guest complexes {RH,-CB[7]}** (top) and {RH-CBJ[7]}* (bottom)
calculated in the gas-phase (HF/3-21G** basis set).

in the mono-protonated guest, the nitroethylenediamine group is
less closely associated with the portal.

Thermal and photochemical stability of included ranitidine

As a result of the instability of the solid drug formulations
containing ranitidine hydrochloride towards humidity, several
investigations of its stability in aqueous solution have been
carried out.”” Tt has been reported by Hayward er al.'® that
ranitidine is particularly susceptible to decomposition in acidic
solutions (pH 2-4) at elevated temperatures. The main products
of the reaction are 5-N,N-dimethylaminomethyl-2-furylmethanol
and 3-methylamino-5,6-dihydro-2 H-1,4-thiazin-2-one. A proton
induced shift in the double bond followed by ring closure between
the sulfur and the carbon bearing the original nitro group leads to
the formation of the dihydrothiazin-2-one oxime, with nucleophilic
attack of the solvent resulting in the furylmethanol product.
At 50 °C and pH = 1.5, the degradation reaction has a half-
life of about 4 days (monitored by UV (Fig. 5) and '"H NMR
spectroscopy), whereas in the presence of a slight excess of CBJ[7],
no observable degradation products are observed in the 'H NMR
spectrum, after 2 weeks. The stabilization of the ranitidine under
these conditions likely results from the prevention of attack of
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Fig. 5 Change in absorbance (normalized) at 316 nm for (@) ranitidine
(RH,*") and (O) {RH,-CB[7]}** (5.0 x 10~ mol dm™) as a function of
time at 50 °C and pH 1.5.

the solvent and steric hindrance of the formation of the cyclic
intermediate.

The irradiation of ranitidine in aqueous solution (254 nm,
pH 1.5) is unaftected by the presence of CB[7], which is consistent
with the proposed degradation involving the nitroacetamidine
portion of the guest,”** which resides outside of the CBI[7]
cavity. This is of importance in environmental remediation of
natural waters containing the excreted ranitidine drug, for which
photochemical degradation has been demonstrated.?

Conclusions

The cucurbit[7]uril host molecule forms very stable complexes
with the histamine H,-receptor antagonist ranitidine over a wide
pH range in aqueous solution. The stability constants diminish as
the charge on the guest is reduced through deprotonation, while
the acid dissociation constants increase by about 1.5 pK units
upon guest inclusion. The E to Z interconversion of the mono-
and diprotonated ranitidine is slowed upon inclusion in the CB[7],
with the Z isomer preferred. The inclusion significantly stabilizes
ranitidine from thermal degradation at 50 °C, but has no effect on
the photochemical reactivity.

Experimental section
Materials

The cucurbit[7]uril was synthesized and characterized according
to the method of Day et al.* The ranitidine hydrochloride
(99%, Sigma) and sodium 3-trimethylsilylpropionate-2,2,3,3-d,
(Aldrich) were used as received.

Methods

The 'H and 2D COSY NMR spectra were recorded on a Bruker
Avance 400 spectrometer in D,0. The electrospray ionization
mass spectra were recorded on a Waters 2Q Single Quadrupole
spectrometer equipped with a ESI/APcI multiprobe. The UV-
visible spectra were acquired on a Hewlett-Packard 8452A diode-
array spectrometer. The modeled structures of the host—guest

complexes were computed by energy-minimizations using Gaus-
sian 03 programs® run on the computing facilities of the High
Performance Virtual Computing Laboratory (HPVCL) at Queen’s
University.

The structures of the complexes were originally constructed
using ChemDraw and Chem3D (ChemOffice 7.0, CambridgeSoft)
programs and thereafter imported into Gaussian 03.* The basis
set used for the calculations was HF/3-21G**.

The host—guest stability constants for the cucurbit[7]uril com-
plexes with the diprotonated and monoprotonated ranitidine
(Kcppy' and Kceppy®, respectively) were determined by competitive
"H NMR binding studies using 3-trimethylsilylpropionic-2,2,3,3-
dy acid (Keg = (1.82 £ 0.22) x 10" M) as the competing
guest as described by Isaacs and co-workers.* The Kcpy* value
for the neutral ranitidine at pH 13 was determined from a UV
spectrometric titration with CB[7]. The change in the absorbance
at 312 nm with [CB[7]] was subjected to a non-linear least squares
fittoa 1l : 1 binding isotherm.*
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Carbonylruthenium tetrakis(pentafluorophenyl)porphyrin Ru(TPFPP)(CO) was utilized for the aerobic
oxidation of alcohols. The in situ activation of the catalyst with mCPBA provided a species capable of
catalyzing the oxidation of alcohols with molecular oxygen. The choice of solvent and additive was
crucial to obtaining high activity and selectivity. Secondary aromatic alcohols were oxidized in the
presence of the ruthenium porphyrin and tetrabutyl ammonium hydroxide in the solvent
bromotrichloromethane, enabling high yields to be achieved (up to 99%). Alternatively, alcohols could
be oxidized in perfluoro(methyldecalin) with the ruthenium porphyrin at higher temperatures (140 °C)

and elevated oxygen pressures (50 psi).

Introduction

The oxidation of an alcohol to a carbonyl compound is an
important transformation, and although there are many dif-
ferent methods for such functional group manipulations, cat-
alytic procedures that are environmentally friendly, atom ef-
ficient, and occur under aerobic conditions, are significantly
less common. The use of molecular oxygen as a stoichiometric
oxidant is very attractive since innocuous byproducts result
(H,0 or H,0,).! Modern, metal-catalyzed aerobic oxidation of
alcohols has recently been reviewed,* and these reviews outline
significant progress in the elaboration of homogeneous and/or
heterogeneous catalysts in general, and in ruthenium catalysts in
particular.*® Since Groves’ pioneering discovery of the aerobic
epoxidation of olefins catalyzed by the cytochrome P450 analog
dioxo(tetramesitylporphyrinato)ruthenium,® numerous investiga-
tions have focused on aerobic and anaerobic oxidative transfor-
mations catalyzed by ruthenium porphyrin complexes.” Although
Hirobe® and Groves® have reported high turnover numbers (TONs)
using 2,6-disubstituted pyridine-N-oxides as the stoichiometric
oxidant, similarly effective aerobic oxidations of alcohols remain
largely unreported.!®!!

Results and discussion

We recently prepared an immobilized Ru(meso-tetraaryl-
porphyrin) complex and investigated its catalytic activity in the
epoxidation of olefins and oxidation of alcohols and alkanes using
2,6-dichloropyridine-N-oxide.”* Unfortunately, our attempts to
utilize this catalyst to mediate oxidation reactions using molecular
oxygen failed. Stimulated by the high performance of ruthenium
complexes in polyhalogenated porphyrins,®*® we next studied
the catalytic activity of carbonylruthenium (tetrakispentafluo-
rophenyl)porphyrin Ru(TPFPP)(CO) 1 for the homogeneous

“Department of Chemistry, University of North Carolina at Chapel Hill,
Chapel Hill, NC, 27599-3290, USA. E-mail: mgagne@unc.edu

*Institut des Sciences et Ingénieries Chimiques, Ecole Polytechnique Fédérale
de Lausanne (EPFL), 1015, Lausanne, Switzerland

aerobic oxidation of alcohols. The stability of these halogenated
derivatives to oxidative destruction and their modified redox
potentials were properties that we hoped would successfully
overcome the inactivity of the 1%-generation catalyst. In this
article we outline our efforts to discover an active aerobic
oxidation catalyst, with an emphasis on deconvoluting the role of
ruthenium-catalyzed and autooxidation pathways. We document
experimental conditions under which either (and likely both)
mechanisms contribute to a highly efficient oxidation (quantitative
oxidation was documented at 0.01 mol% ruthenium loading).
The catalytic activity of 1 was examined for the aerobic
oxidation of benzhydrol 3 to benzophenone 4 in various solvents
under an O, atmosphere (1 atm) at different temperatures (Table 1).
The conversion of 3 to 4 was monitored by '"H NMR of the
reaction mixture using fert-butylbenzene as an internal standard.
Complex 1 itself was almost inactive at 60 °C until oxidized to the
dioxoruthenium form 2 (entry 1). Complex 2 was prepared in situ
by oxidation of 1 with two equivalents of meta-chloroperbenzoic
acid (mCPBA) at 60 °C and used without isolation (eqn 1)."*

(1

1, Ru(TPFPP)(CO)

2, Ru(TPFPP)O,

The choice of solvent was essential to the activity of the catalyst.
Hirobe® and later Tida® reported that the mineral acids HCI and
HBr could be used to enhance the activity of ruthenium porphyrin
complexes, presumably by forming more active halo-ruthenium
porphyrin complexes. Dihalogen ruthenium porphyrins can also
be prepared from carbonyl ruthenium precursors by reaction
with CCl, or CBr,.*»* Che has improved the catalytic activity
of ruthenium carbonyl porphyrin by first refluxing in CCl,."”
In this contribution we report that CBrCl; may also be used
as a soft non-acidic activator and solvent and that it can
improve the activation of the ruthenium porphyrin complex; non-
acidic activators being especially important for the oxidation of
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Table 1 Optimization of the catalytic system

Entry Catalyst Solvent/additives Temperature/°C Time/h Yield of 4 (%)
1 1 CBrCl, 60 18 4
2 2° CCl, 60 4 1.5
3 2° CD;CN 60 4 2
4 2° PhCl 100 4 4
5 2¢ C,FyOMe-CBrCl; (9: 1, v/v) 60 4 <l
6 2° CBrCl, 60 3 10
7¢ 2° CBrCl, 80 22 31
8 2¢ CBrCl, 100 18 74
9¢ 2¢ CBrClL;-D,0-NaOD (250 mol%) 90 4 63

104 2° CBrCl;-D,0-NaOD (250 mol%) 100 3 30

11 2° CBrCl,—H,0-Bu,NOH (25 mol%) 90 24 99

12 1 CBrCl,—H,0-Bu,NOH (25 mol%) 90 24 96

13 (TPFPP)H, + mCPBA CBrCl;—H,0-Bu,NOH (25 mol%) 90 24 22

14 Fe(TPFPP)Cl + mCPBA CBrCl;—H,0-Bu,NOH (25 mol%) 90 24 66

“ Determined by 'H NMR, internal standard zerz-butylbenzene, S/C ratio = 100. ® Catalyst 2 prepared in situ from 1. © Conversion was accompanied by
the side products 5, 6, and 7. “ Reaction stopped after destruction of ruthenium porphyrin.

acid-sensitive compounds. Of the studied solvents (Table 1, entries
2-6), only CBrCl; provided significant oxidation of 3.

The combination of CBrCl; and 2 was nearly inert without
0,, as demonstrated by heating 3 with CBrCl; and catalyst 2 at
100 °C under argon. Analysis after 20 h showed a 4% conversion
to benzophenone, which could be attributed to stoichiometric
oxidation of 3 with dioxoruthenium complex 2. Catalytic ox-
idations of 3 to 4 in CBrCl;, however, were accompanied by
significant amounts of the undesirable 5, 6 and 7 (eqn 2)."® Higher
temperatures accelerated the oxidation (Table 1, entries 6-8) but
also increased the proportion of side products. These compounds
could be suppressed with an inorganic base (entries 9 and 10), but
at the cost of accelerated catalyst destruction. Catalyst longevity
could be recovered by adding an aqueous solution of Bu,NOH
(25 mol% to 3) to act as a phase transfer reagent and base. Under
these optimum conditions the selectivity increased to 99% (entry
11), and 1 did not need preactivation with mCPBA to be effective
(entry 12). Free porphyrin ligand (TPFPP)H, and iron porphyrin
complex Fe(TPFPP)Cl are also catalytically active (entries 13 and
14), but observed conversions of 3 are less than for the ruthenium
catalyst.

Ph Ph
OH o (0] Br Cl le)
D . SHEND LD SR QR
Ph” ~Ph 1atmO, Ph” “Ph  Ph” “Ph Ph” “Ph pp~ “ph
3 solvent 4 5 6 7

As shown in Fig. 1, the progression of the oxidation was
investigated at different loadings of catalyst. In each case an
induction period was observed and a relatively constant growth of
benzophenone ensued.

The viability of an autooxidation process was investigated
by similarly following the reaction in the absence of catalyst
(see Table 2). In this manner it was established that over the
first 24 h period, the autooxidation was much slower (6%
conversion) than with ruthenium (Fig. 1, entry 1 in Table 2).
When this same reaction was quantified after 65 h, however,
complete oxidation had occurred (entry 1). The autocatalytic
nature of this oxidation was traced to a benzophenone-mediated
photo-autooxidation under normal fumehood light (entry 2). It
was additionally established that the autooxidation was almost

©
o

==1 %, dark
==0.1 %, dark

=0-0.01 %, dark
== No catalyst

Oxidation to Ph2C=0, %
n (23 B (%] (-3 ~ (-]
o o o o o o o

-
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o
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Fig.1 Oxidation of 3 to 4 with different S/C ratios.

completely suppressed (7% conversion at 48 h) in the dark even
with added benzophenone (entry 3). Repeating catalytic reactions
under the optimum conditions, but wrapped in foil, indicated
that the ruthenium-mediated oxidation was insensitive to light
(entries 4 and 5). BHT (2,6-di-tert-butyl-4-methylphenol) also
effectively terminated the autooxidation pathway (entry 6), while
it only inhibited the ruthenium-catalyzed oxidation (entry 7). The
outcome of these experiments were thus consistent with a scenario
wherein ruthenium-catalyzed oxidation occurs in parallel with,
and perhaps independent of, a radical chain autooxidation that
does not take place in the dark or in the presence of a radical
trap. Conditions could be engineered to exclude the autooxidation
pathway but under typical conditions it seems, at least for the
photo sensitizer benzophenone, that both pathways occur to some
degree.

This optimized catalytic system (Table 2, footnote a) was used in
the oxidation of a set of secondary alcohols (Table 3). To evaluate
the maximal turnover number (TON), experiments with decreas-
ing catalyst concentration (higher substrate to catalyst ratio, S/C)
were carried out. With a S/C ratio of 10000, an 82% yield was
achieved for benzhydrol 3; even higher yields were observed for
8 and 10. The corresponding ketones 4, 9, and 11 were isolated
in high yields. 4,4'-Dimethoxybenzhydrol 12 also oxidized to the
ketone 13 in good yield; however, the oxidation was complicated

1962 | Org. Biomol. Chem., 2008, 6, 1961-1965
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Table 2 Control experiments outlining the role of autoxidation pathways

Entry Catalyst Conditions® Time/h Yield of 4 (%)°
1 None Standard 24 6
65 99
2 None Standard + 25 mol% Ph,CO 12 100
3 None Standard + 25 mol% Ph,CO, dark 48 7
4 204 Standard 20 92
5 26 Dark 24 82
6 None Dark + 10 mol% BHT 72 NR
7 2¢ Dark + 10 mol% BHT 24 61

“ All reactions were performed with the standard conditions (0.2 mmol of 3, 10 mL of CBrCl;, 0.05 mL of 1 M aqueous solution of BuyNOH) at 90 °C.
® Determined by 'H NMR, internal standard terz-butylbenzene. ¢ Catalyst 2 was prepared in situ from 1. ¢S/C = 10 000.

Table 3 Oxidation of alcohols in the CBrCl;—Bu,NOH system*

Entry Substrate S/C Yield of ketone (%)® Product
1 3 100 95 4
2 3 1000 99 (97%) 4
3 3 10000 82 4
4 OH 1000 95 (929) 0

8 9
5 8 10000 99 9
6 OH 1000 99 (98°) ©)?><

10 11
7 10 10000 99 11
8 1000 77 (73°)

OH
Meon*‘o .
12

0]
MeO .l ll OMe

“ Alcohol (200 umol), catalyst 2, CBrCl; (10 mL), BuyNOH 1 M aqueous solution (0.05 mL), 90 °C, 24 h. ® Determined by 'H NMR, internal standard

tert-butylbenzene. ¢ Isolated yield.

by the formation of unidentified side products. Oxidation of other
alcohols — 1-phenylethanol and benzyl alcohol — resulted in
complex product mixtures.

In addition to the above CBrCl; activation approach, we sought
reaction conditions that might be less susceptible to autooxidation
pathways. Cognizant of the safety risks of hydrocarbon-based
solvents and knowing that highly fluorinated solvents have high
oxygen solubility (as well as being non-flammable),'® we developed
alternative conditions based on the relatively high boiling (137-
160 °C) perfluoro(methyldecalin) PFMD. Like numerous fluori-
nated solvents, PFMD is immiscible with regular organic solvents
at room temperature and miscible at elevated temperatures, thus
facilitating the separation of products and the recovery of the
fluorous solvent.” As before, the catalytic activity of 2 was
investigated with alcohol 3. Table 4 collects the data showing
that the catalytic activity of 2 was dependent on both reaction
temperature and oxygen pressure. Expressed as a TON (initial
S/C = 100), the conversion of 3 to 4 increased as the oxygen
pressure was increased from 12.5 to 25 to 50 psi (TONs 9, 28,

and 45, respectively). Increasing the temperature from 120 to

Table 4 Oxidation of alcohol 3 by oxygen in PFMD solvent

Entry Catalyst* O, pressure/psi Temp./°C TON to 4
1 2 12.5 140 9
2 2 25 140 28
3 2 50 140 45
4 2 50 160 42
5 2 50 120 15
6 1 50 140 12
7 None 50 140 b
8¢ 2 50 140 35
94 2 50 140 27

10¢ 2 50 140 15

“Catalyst 2 was prepared in situ from 1. * Only ether 7 was isolated.
¢ Benzophenone (10 mol%) was added. “ BHT (10 mol%) was added.
¢ Reaction was carried out in the dark.

140 °C tripled the yield of ketone, but additional increases were
not beneficial. Under optimum conditions (140 °C, 50 psi of O,),
the unactivated ruthenium carbonyl catalyst 1 could be directly
used, but it was less effective (entry 6).

This journal is © The Royal Society of Chemistry 2008
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Table 5 Oxidation of alcohols in the PFMD system”

Entry Substrate TON?® Product
1 3 45 4

2 8 99 9

3 10 42 11

4 12 68 13

“ Alcohol (200 pmol), catalyst 2 (2 pmol, S/C = 100), PFMD (5 mL),
0, (50 psi), 140 °C, 24 h. ® Determined by 'H NMR, internal standard
tert-butylbenzene.

An important component of reaction efficiency was a
concurrent condensation process that converted 3 into
tetraphenyldimethyl ether 7. In fact, only 7 and 4 were observed
at the completion of the reaction. This thermal process converts
the more reactive substrate into one that is considerably less so,
as demonstrated by oxidation reactions of the isolated ether 7
(12% conversion after 24 h). The condensation occurs quickly
in the absence of catalyst (<3 h at 140 °C). Hypothesizing
that accelerating the reverse hydration process might lead to a
more efficient oxidation process, the reaction was repeated with
added water, and a slight inhibition was observed (28% of 4
after 24 h); the high temperatures almost certainly help to drive
the dehydration. As described above, it was established that 3
quantitatively converted to 7 under heating without catalyst (entry
7); and most importantly no autooxidation was observed. Since
addition of benzophenone did not accelerate oxidation (entry
8), and reactions in the dark or in the presence of BHT were
only slowed (entries 9, 10), we propose a metal-catalyzed aerobic
oxidation under these conditions.

To evaluate the scope of this variant on the catalytic system,
we investigated the oxidation of a number of alcohols (Table 5).
Non-enolizable alcohols 3, 8, 10, and 12 were smoothly oxidized
to their corresponding ketones, fluorenol 8 being particularly well
behaved (entry 2). It is worth noting that no dimer analogous to
7 was observed with the other alcohols, and unreacted alcohol
was observed in these cases. Oxidation of other alcohols — 1-
phenylethanol and benzyl alcohol — resulted in the formation of
multiple products, although corresponding carbonyl compounds
were detected by '"H NMR. For example, benzaldehyde and ben-
zoic acid (along with other unidentified products) were observed
for benzyl alcohol.

Conclusions

In summary, we report that the combination of 2 with 25 mol%
Bu,NOH in CBrCl; effectively oxidizes secondary alcohols to
ketones in good to excellent yields with molecular oxygen. Control
experiments indicated that under the optimum reaction conditions
ruthenium catalysis and autooxidation were both viable, though
conditions could be engineered (radical traps or absence of light)
wherein the autooxidation pathway was shut down and only
ruthenium catalysis converted alcohol to ketone, high turnover
efficiencies being achieved. Alternatively, these alcohols could be
oxidized using 2 and oxygen in a fluorinated solvent (PFMD).
Numerous control experiments suggested that autooxidation did
not occur under these modified conditions.

Experimental
General

The synthesis of complex 1 was performed as described.” meta-
Chloroperbenzoic acid (mCPBA, 77%, Aldrich) was used without
purification. Perfluoro(methyldecalin) (PFMD, 80%, Aldrich)
was degassed by a standard freeze—pump-thaw procedure and
saturated with oxygen prior to use. The identity of the prod-
uct ketones were confirmed by comparison with commercially
available compounds. '"H NMR analyses were performed on a
Bruker 400 MHz AVANCE spectrometer. The UV analyses were
performed with Hewlett Packard 8453 UV-Visible spectrometer.

In situ activation of ruthenium carbonyl porphyrin complex 1

Complex 1 (2.2 mg, 2 umol) was first dissolved in CBrCl; (5 mL)
at 60 °C (oil bath), and then mCPBA (0.9 mg, 4 umol) was added
in one portion to the solution. At 60 °C complete oxidation of
1 to dioxoruthenium complex 2 required only a few seconds. The
oxidation could be monitored by UV/Vis or more routinely by the
color change from crimson to brown. The solution of 2 was used
within 1 hour of preparation.

General procedure for the oxidation of alcohols in CBrCl,

To a catalyst solution, containing 2 pmol (S/C ratio = 100), 0.2
umol (S/C ratio = 1000) or 0.02 pmol (S/C ratio = 10000) of 2
in CBrCl; (10 mL), prepared by dilution of the stock solution (see
above), was added an aqueous solution of tetrabutylammonium
hydroxide (50 umol, 50 uL of a 1 M solution) and substrate
(200 pmol). Oxygen was bubbled through the reaction mixture for
15 min while heating to 90 °C. The mixture was stirred at 90 °C
for 24 h under an oxygen atmosphere (1 atm). After complete
consumption of starting material, the reaction mixture was
cooled to rt, concentrated under vacuum and chromatographed
(hexanes-EtOAc) to give the ketone.

General procedure for the oxidation of alcohols in
perfluoro(methyldecalin)

A catalyst solution, containing 2 pmol of 2 in chloroform (0.2 mL,
prepared as described above) was added to a high pressure glass
reaction vessel equipped with a pressure gauge, and diluted with
PFMD (5 mL). Alcohol (200 pmol, S/C ratio = 100) was added in
one portion, and the reaction vessel was then filled with oxygen (50
psi) and heated to 140 °C (oil bath). Once 140 °C was achieved, the
pressure was then released and the vessel was refilled with oxygen.
The reaction mixture was stirred at 140 °C under oxygen for 24 h,
the pressure was then released and the reaction mixture cooled to
room temperature. The organics were extracted with CDCl; (2 x
1 mL) and the mixture analyzed by '"H NMR.
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2-0-tert-Butyldimethylsilyl-4,6-bis- O-pyrenoyl-myo-inositol-1,3,5-orthoformate (6) and 2-O-tert-
butyldimethylsilyl-4-O-[4-(dimethylamino)benzoyl]-6- O-pyrenoyl-myo-inositol-1,3,5-orthoacetate (10)
adopt conformationally restricted unstable chairs with five axial substituents. In the symmetrical diester
6, the two m-stacked pyrenoyl groups are electron acceptor—donor partners, giving a strong
intramolecular excimer emission. In the mixed ester 10, the pyrenoyl group is the electron acceptor and
the 4-(dimethylamino)benzoyl ester is the electron donor, giving a strong intramolecular exciplex
emission. The conformation of the mixed ester 10 was assessed using '"H NMR spectroscopy
("H-NOESY) and computational studies. which showed the minimum inter-centroid distance between
the two aromatic systems to be ~3.9 A. Upon addition of acid, the orthoformate/orthoacetate trigger
in 6and 10 was cleaved, which caused a switch of the conformation of the myo-inositol ring to the more
stable penta-equatorial chair, leading to separation of the aromatic ester groups and loss of excimer and

exciplex fluorescence, respectively. This study provides proof of principle for the development of novel

fluorescent molecular probes.

Introduction

Exciplex- and excimer-based molecular probes'™ offer a number
of advantages over common detection approaches, which utilise
conventional fluorescence dyes as reporter groups. On correct
three-dimensional alignment of exci-partners, these probes can
produce specific fluorescence emission at much longer wavelengths
than individual fluorescence partners separated in space by more
than ~4 A. This means that the colour of the fully assembled
excimer or exciplex detector is visibly different to that of the
individual components, and thus direct visualisation approaches
may be possible for detection.

Another advantage of excimer- and exciplex-based detection
approaches is substantially reduced background fluorescence at
the detection wavelength.' Earlier, excimer-based oligonucleotide
molecular probes have been reported for the detection of nucleic
acids.™ Recently, we developed an alternative approach based on
an exciplex detector:™* oligonucleotide split-probes (exciprobes)
equipped with the exciplex partners were shown to be capable
of emitting characteristic exciplex fluorescence (at ~480 nm) on
correct self-assembly by their bio-target. Exciprobes were also
assessed for their ability to detect certain nucleic acid sequences
and discriminate mutations at the level of PCR products and
plasmid DNA molecules.*

An exceptional sensitivity of excimer or exciplex detectors to
the spatial separation between the exci-partners makes it possible
to monitor fine conformational re-arrangements within molecules.
These unique properties can be used, for example, to develop novel
molecular probes capable of signalling the presence of certain
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chemical or biological factors (e.g. high cellular levels of H*, metal
ions or certain enzymes). Here we propose a simple concept to
monitor conformational ring-flip of a myo-inositol cyclohexane
chair using excimer and exciplex molecular detectors. myo-Inositol
has five equatorial hydroxy groups in its most stable chair con-
formation. The 1,3,5-orthoformate or 1,3,5-orthoacetate of myo-
inositollocks the chair in the unstable penta-axial conformation by
simultaneously protecting the cis-1,3,5-trihydroxy groups.’®'* This
protecting group was chosen to exploit the acid-labile nature of or-
thoesters, which leads to an acid-sensitive conformational trigger,
a potentially useful tool to monitor an elevated level of H* in phys-
iologically abnormal tissues. In 2-O-fert-butyldimethylsilyl-4,6-
bis-O-pyrenoyl-myo-inositol-1,3,5-orthoformate (6), two closely
located m-stacked pyrenoyl fluorescent groups form an ex-
cimer (an excited state dimer) on specific excitation at
335 nm. In the mixed ester 2-O-tert-butyldimethylsilyl-4-O-
[4-(dimethylamino)benzoyl]-6-O-pyrenoyl-myo-inositol-1,3,5- or-
thoacetate (10), the 4-(dimethylamino)benzoyl (electron donor)
and pyrenoyl (electron acceptor) groups form an exciplex (ex-
cited state complex) on pyrene excitation at 335 nm. An acid-
induced cleavage of orthoformate or orthoacetate trigger in 6
and 10, respectively, switches the conformationally locked penta-
axial myo-inositol ring to the more stable penta-equatorial chair
conformation, which is accompanied by a loss of interaction
between the donor/acceptor aromatic partners with subsequent
disappearance of the excimer or exciplex fluorescence band. A
preliminary account of this research has been published.™

Results and discussion

Synthesis of myo-inositol-pyrene-based derivatives

myo-Inositol-1,3,5-orthoformate 2 and mpyo-inositol-1,3,5-
orthoacetate 3 were prepared by the reaction of myo-inositol 1
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with triethyl orthoformate or triethyl orthoacetate, respectively, in
the presence of acid catalyst.’®!! The 2-equatorial hydroxyl groups
were protected using terz-butyldimethylsilyl chloride to give the
diols 4 and 5 (Schemes 1 and 2).”* The bispyrenoyl excimer 6 was
prepared in 48% yield by esterification of the 4,6-diaxial hydroxyl
groups of 4 using pyrene-1-carboxylic acid, DCC and DMAP" in
equal proportions, with the monopyrenoyl ester 7 being isolated
as a by-product in 16% yield (Scheme 1). Attempts to promote the
formation of bispyrenoyl ester 6 with a larger excess of coupling
reagents led to the formation of an unwanted amide, N-acylurea,
formed due to slow acyl migration.” Acidic esterification
conditions were avoided so as to minimise the decomposition of
the orthoformate/orthoacetate moiety (Scheme 1). The adopted
coupling procedure using DCC and DMAP was an effective
method for the esterification of sterically demanding, acid-labile
substrates.'*6

H
OH 0%\0
HO a-C o d
HO. OHOH — HO —— TBDMSO
HO

OH

H
oi}‘o
o

1 2 OH 4 OH
H H
01}\0 01}\0
o o
TBDMSO TBDMSO.

Scheme 1 Synthesis of excimer 6 and deprotection to 8. Reagents and
conditions: (a) triethyl orthoformate, p-TsOH, dry DMF; (b) benzoyl
chloride, dry pyridine; (c) isobutylamine, methanol; (d) TBDMSCI,
2,6-lutidine, dry DMF; (e) pyrene-1-carboxylic acid, DCC, DMAP, dry
DCM; (f) 80% TFA-water.

The mixed diester 10 was prepared by reaction of diol 5 with
donor 4-(dimethylamino)benzoic acid in the presence of DCC
to give monoester 9 (Scheme 2). The first esterification of the
diol proceeded well, due to the high acidity of the hydrogen-
bonded OH in diol 5.">'7 The reaction of the monoester 9 with
the less reactive pyrene-1-carboxylic acid (Scheme 2) under the
DCC/DMAP coupling conditions''® gave 10 in a yield of 50%.

Hydrolysis and release of the 1,3,5-orthoformate or 1,3,5-
orthoacetate conformational lock was achieved by acid-catalysed
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Scheme 2 Synthesis of exciplex 10 and deprotection to 11. Reagents
and conditions: (a) triethyl orthoacetate, p-TsOH, dry DMF; (b) benzoyl
chloride, dry pyridine; (c) isobutylamine, methanol; (d) TBDMSCI,
2,6-lutidine, dry DMF; (e) 4-(dimethylamino)benzoic acid, DCC, DMAP,
dry DCM; (f) pyrene-1-carboxylic acid, DCC, DMAP, dry DCM; (g) 80%
TFA-water.

hydrolysis."®* The bispyrenoyl ester 6 and mixed pyrenoyl 4-
(dimethylamino)benzoyl ester 10 were treated with 80% trifluo-
roacetic acid in water' to give 8 and 11, respectively (Schemes 1
and 2). The orthoacetate group cleaves to give the acetyl ester first,
with subsequent hydrolysis to acetic acid.?® Besides cleavage of
the orthoformate/orthoacetate groups, the zert-butyldimethylsilyl
groups of 6 and 10 were also cleaved. '"H NMR monitoring of
the hydrolysis of orthoacetate 10 by 80% TFA in D,O at 25 °C
showed that after 5 min the orthoacetate unit had cleaved, with
subsequent conformational change of the constrained penta-axial
orthoester 10 to the more stable penta-equatorial chair 11. The
4-(dimethylamino)benzoyl and pyrenoyl esters were largely intact
after 38 h; however, a small amount of ester hydrolysis occurred
over time. Novel compounds 5-11 were fully characterised by 'H
and “C NMR spectroscopy, mass spectrometry and elemental
analysis.

NMR and fluorescence analysis

Proton signal assignments for compounds 5-11 were achieved
using 1D NMR and 'H COSY. The results of proton assignments
for 5-11 are presented in the Experimental section and described
in the ESI.¥ Chemical shifts and coupling constants for some

This journal is © The Royal Society of Chemistry 2008
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Table 1 Chemical shifts (in ppm) and spin—spin coupling constants (in Hz) for selected protons within compounds 6-11

Compound Ins H-4 Pyr H-8 Pyr H-16 NMe, Ar H-17 Ar H-18
Bis-pyrenoyl analogue (6) 0 5.94 (1), 0 8.74 (d), 0 7.93 (d), — — —
J=38 J=94 J=84
Mono-pyrenoyl analogue (7) 0 5.93-5.97 (m) 09.26 (d), 0 8.55(d), — — —
J=94 J=8.1
Deprotected analogue (8) 0 5.66 (t), 09.11 (d), 0 8.66 (d), — — —
J=99 J=9.6 J=28.1
4-(Dimethylamino)benzoyl monomer (9) 0 5.70-5.74 (m) — — 9 3.05(s) 9 7.79 (d), 0 6.63 (d),
J=2838 J=9.0
Pyrenoyl-4-(dimethylamino)-benzoyl ester (10) d5.67 (1), 0 8.89 (d), 0 8.34 (d), 02.16(s) 07.15(d), 0 5.30 (d),
J=39 J=94 J=8.1 J=93 J=09.1
Deprotected analogue (11) 0 5.64 (1), 09.26 (d), 0 8.70 (d), 0 3.03 (s) 0 7.91 (d), 06.71 (d),
J=9.7 J=94 J=28.1 J=92 J=92
selected protons in compounds 6-11 are shown in Table 1. The g 400 2 400
numbering of protons is shown in Scheme 3. é 300 g 300
19 g 200 % 200
hiMez g 100 | ¢ 100
S i S
18 T o . r ; T o0+ . :
350 450 550 650 370 470 570
OH 17 Wavelength (nm) Wavelength (nm)
HO 4 .. . . .
HSOH ° Fig. 1 Left: Emission spectra of 2-O-fert-butyldimethylsilyl-4,6-bis-
1 Yo O-pyrenoyl-myo-inositol-1,3,5-orthoformate (6; solid) and its deprot-
0. ected analogue, 4,6-bis-O-pyrenoyl-myo-inositol (8; dashed). Right:
16 Emission spectra of 2-O-tert-butyldimethylsilyl-4- O-[4-(dimethylamino)-

10 1

Scheme 3 Numbering of protons of analogues 10 and 11 used for 'H
NMR signal assignment.

In the '"H NMR spectrum, some aromatic protons of the
bispyrenoyl analogue 6 and mixed ester 10 showed substantial
upfield shifts (see Table 1) compared with the respective monoester
analogues 7 and 9, presumably due to m-stacking interactions
between aromatic rings in 6 and 10. For example, protons H-17,
H-18 and -N(CH;), (H-19) of DMAB (see Scheme 3 for proton
numbering) within 10 showed upfield shifts of 0.64, 1.33 and
0.89 ppm, respectively, compared to those in 9. Pyrenoyl protons
H-8 and H-16 within 10 were shifted to higher field by 0.37 and
0.21 ppm, respectively, compared to those in 7. The upfield shifts
of pyrenoyl protons within the bispyrenoyl analogue 6 were even
more pronounced: protons H-8 and H-16 showed upfield shifts of
0.52 and 0.62 ppm, respectively, compared to those in 7, indicating
strong m-stacking interactions between closely located pyrenoyl
rings within 6. The inositol proton (H-4) of 6 and 10 gave triplets
with small J,, ., coupling constants of 3.8 Hz, consistent with a
penta-axial chair conformation (Table 1).

Fluorescence studies also supported close spatial location of
exci-partners within 6 and 10, showing the formation of excimer
and exciplex, respectively. Emission spectra of the compounds
were recorded at a low concentration (1 x 10> M) in chloroform
to avoid any intermolecular interactions (Fig. 1). The emission
spectra of 6 and 10 showed characteristic bands attributed to the
locally excited state of the pyrene monomer with emission A,

benzoyl]-6-O-pyrenoyl-myo-inositol-1,3,5-orthoformate (10; solid) and
its deprotected analogue 4-0O-[4-(dimethylamino)benzoyl]-6-O-pyrenoyl-
myo-inositol (11; dashed). Spectra were recorded at a concentration of 1 x
10~° M in chloroform at 20 °C. Excitation and emission slit widths were
3 nm for 6 and 10, and 1.5 nm for 8 and 11.

at 386 nm and 396 nm for the analogues 6 and 10, respectively.
In addition, excimer and exciplex emissions were observed for
compounds 6 and 10 with green fluorescence at 524 nm and
520 nm, respectively. The intensity of the excimer fluorescence
emission for 6 was higher than the exciplex emission for 10. These
fluorescence studies demonstrated that an excimer or exciplex
can be formed in the ring-constrained penta-axial conformation
of myo-inositol due to the close proximity of the reporter
groups.

Fluorescence experiments monitoring the conformational
change induced by acid deprotection of the orthoac-
etate/orthoformate groups in 6 and 10 to give 8 and 11, respec-
tively, showed the disappearance of the excimer and exciplex emis-
sion seen for 6 and 10, with the observation of blue fluorescence at
386 nm attributed to a locally excited state of the pyrene monomer
(Fig. 1). The excitation spectrum of 8 showed a strong blue shift
(ca. 43 nm) of the major excitation band compared to that for
the protected analogue 6. This shift is presumably attributed to
disappearance of m—n stacking interactions of the two pyrenoyl
moieties in the ground state of 8. In addition, there was a significant
downfield shift of the aromatic protons in the '"H NMR spectrum
of 8 and 11 compared with 6 and 10, respectively, confirming
loss of m—m stacking in the deprotected analogues (see Table 1).
Inositol H-4 triplets, with J,,_,, values of 9.9 Hz for 8 and 9.7 Hz
for 11, were also consistent with the more stable penta-equatorial
ring-flipped chair conformation (Table 1).
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Table 2

Inter-proton distances between the two aromatic systems and inositol moiety and aromatic system calculated for conformers 10a, 10b and 10c

in CHCI; along with the respective relative intensities of cross-peaks, observed in the "H NOESY spectrum (CDCl;)

Inter-proton distances/A

Cross-peak assignment (coordinate/ppm) Relative intensity of observed NOESY cross-peak”

Intramolecular contacts 10a 10b 10c

DMAB (H-17)-Ins (H-2) 2.89 3.16 2.40 1(7.00-4.30)
Pyr (H-8)-Ins (H-5) 4.26 3.90 3.68 2 (8.70-4.85)
Pyr (H-16)-Ins (H-2) 2.76 4.73 3.93 3(8.70-4.35)
Pyr (H-8)-Ins (H-2) 516 560 558  4(8.34-4.35)
Pyr (H-9)-N(CHs;), (H-19)  3.00 7.44 3.19 5(8.10-1.92)
Pyr (H-16)-DMAB (H-17) 340 284 329  6(8.15-7.00)
Pyr (H-15)-DMAB (H-18)  3.67 6.43 391 7 (7.80-5.10)
CH; (H-21)-DMAB (H-17) 3.68 3.55 4.92 8 (1.40-7.00)
CH, (H-21)-Pyr (H-16) 388 681 691  9(1.40-8.15)

<<<vnun<z<z

“Relative intensities of observed cross-peaks for proton-proton interactions are ranked as very small (V), small (S), medium (M) and large (L)
corresponding to 3.5 <r <50 A, 25<r<35A,23<r<28Aand 1.0 <r <19 A, respectively. The relative intensities for methyl group

(centered at the carbon of the methyl group) proton—proton interactions are 3.5 < r < 5.5 A, 25<r<40 A, 23<r<33

Aand 1.0 <r <24 A,

respectively.22 Peak intensities are classified relative to reference cross-peak A, reflecting DMAB (H-17)-DMAB (H-18) intra-residue interactions (2.45 A).

2D NMR spectroscopic analysis of the ground state conformation
of 10

The '"H NOESY spectrum of 10 is provided in the ESI}, and
demonstrates that the aromatic rings of the exciplex partners are
in close spatial proximity, which allows n—n-stacking interactions.
This is in agreement with the substantial upfield shifts observed
for some aromatic protons of 10 (see above) compared to those
of the mono-substituted derivatives 7 and 9 (Table 1). Analysis of
the "H NOESY spectrum revealed a number of inter-residue NOE
interactions (positive cross-peaks 1-9) between DMAB, pyrenoyl
and inositol moieties, as summarised in Table 2 and discussed in
the ESIf. This provided evidence of close spatial proximity of the
4-(dimethylamino)benzoyl (an electron donor) and pyrenoyl (an
electron acceptor) groups within the conformationally restricted
unstable chair conformation locked by the 1,3,5-orthoacetate
protecting group. Relative intensities of observed NOESY inter-
residue cross-peaks were used to estimate distance ranges for
interacting protons of the 4-(dimethylamino)benzoyl and pyrenoyl
groups® (see Table 2). Cross-peak A, reflecting intra-residue
interactions between DMAB (H-17) and DMAB (H-18) protons
(with a distance of 2.45 A between them), was used as a reference
peak.

Pyr (H-16), and especially Pyr (H-8), protons were found to be
the most downfield signals, reflecting the influence from the closely
located carbonyl group. Signals of Pyr (H-9) and Pyr (H-15) were
assigned via their interactions with Pyr (H-8) and Pyr (H-16),
respectively. The assignment of the individual pyrene protons Pyr
(H-10)-Pyr (H-14) was not possible due to extensive overlapping
of these signals in the aromatic region of 7.5-8.2 ppm and due to
close location of the respective cross-peaks to the diagonal in the
COSY and NOESY spectra.

Computational conformational analysis. Conformational
analysis of 10 was performed using molecular dynamics (Sybyl
7.3, Tripos Associates).”> Annealed structures were energy-
minimized using the Tripos®® force field. Three low energy
conformers for exciplex 10 are presented in Fig. 2.

The conformer 10a (Fig. 2) with lowest energy (E=
—1.146 kcal mol™') had a distance between the centroids of

Fig. 2 Three minimum energy conformations of 10 calculated using the
Tripos force field. Inter-centroid distances between the aromatic rings of
the exci-partners are given in A.

the donor and acceptor groups of 4.34 A. The second most
stable conformation, with a significantly higher energy (E =
6.799 kcal mol™') (10b) gave a longer distance between the
centroids of 8.10 A. The third most favourable conformer, with
an energy of E = 6.917 kcal mol', had a distance of 3.97 A
between the centroids.

Correlation between NMR and molecular modelling data. Ta-
ble 2 represents some proton—proton distances calculated for
conformers 10a, 10b and 10¢ in chloroform, together with the
respective relative intensities of cross-peaks, observed in the 'H
NOESY spectrum recorded in CDCls.

It can be seen that distances calculated for conformation 10a
(the lowest energy structure) entirely satisfied experimental NOE
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observations, suggesting that this structure could represent the
average conformation of 10 in solution. Distances calculated for
conformation 10b show some correlation with the experimental
data; however, there are four interactions (Pyr (H-15)-DMAB
(H-18); Pyr (H-16)-Ins (H-2); Pyr(H-9)-N(CH;), (H-19); CH;
(H-21)-Pyr (H-16), shown in bold italics), which do not match
experimental data. Structure 10c showed some correlation with
experimental NOESY NMR data (Table 2). The discrepancies
shown in bold italics are: DMAB (H-17)-Ins (H-2); Pyr (H-8)-Ins
(H-5); CH; (H-21)-DMAB (H-17); CH; (H-21)-Pyr (H-16). The
solution structure could be a combination of 10a (major) and 10b
and 10c (minor) conformers.

2D NMR spectroscopic analysis of ground state conformation of 11

Analysis of the '"H NOESY spectrum of deprotected compound
11 revealed cross-peaks corresponding to the intra-residue inter-
actions within the pyrenoyl moiety, the 4-(dimethylamino)benzoyl
group and the inositol ring as summarized in the ESIf. The
NOESY spectrum of 11 showed that there were no through-
space interactions between the 4-(dimethylamino)benzoyl and 6-
pyrenoyl groups for this deprotected analogue, consistent with the
more stable penta-equatorial ring-flipped chair conformation. All
inter-residue NOE interactions between the exciplex partners seen
for 10 disappeared for its deprotected analogue 11, indicating spa-
tial separation of DMAB and pyrenoyl groups after deprotection.

Computational studies also showed substantial separation
between the exciplex partners as well as a higher degree of
conformational freedom for structure 11. A number of low-energy
conformations were found for 11, which were close in energy with
the distance between the centroids of the aromatic systems ranging
from 11.1 A to 13.0 A (Fig. 3 as an example).

Fig. 3 One low-energy conformer of structure 11 obtained from con-
formational analysis using the Tripos force field in chloroform. The
inter-centroid distance for the conformer is given in A.

Conclusions

Excimer and exciplex formation has been used to monitor confor-
mational change during the ring-flip of a myo-inositol cyclohexane
chair. Dramatic changes in the fluorescence and NMR spectra
are consistent with the penta-axial conformation of 6 and 10
undergoing an ring flip caused by acid-induced hydrolysis of
orthoformate/orthoacetate trigger to the energetically preferred
penta-equatorial conformation of 8 and 11 (Schemes 1 and 2).
This is the first example where excimer and exciplex fluorescence
has been used to monitor the triggering of a conformationally
locked cyclohexane ring (with an minimum inter-centroid distance
between the reporter groups of ~3.9 A) to the more stable penta-
equatorial chair conformation (with an inter-centroid distance

between the reporter groups of ~11-12.9 A). Complete loss of
excimer and exciplex fluorescence was observed for compounds 6
and 10, respectively, upon acid-triggered conformational change.
2D NMR spectroscopy ("H NOESY) and molecular modelling
gave the structural explanations of the obtained fluorescence
observations, providing necessary background for further develop-
ment of inositol-based molecular detectors. Studies are in progress
towards the development of novel fluorescent molecular probes
for detection of certain chemical or biological factors, for example
high cellular levels of H* in vacuoles in cells and hypoxic tumour
cells, metal ions or certain enzymes.

Experimental
Materials and methods

Chemicals were purchased from Aldrich Chemical Co., Gilling-
ham, UK. Syntheses were monitored by thin layer chromatog-
raphy on pre-coated 60 F,s, silica gel aluminium-backed plates
(Merck, Darmstadt). Visualisation of spots for thin layer chro-
matography was performed using a UV GL-58 Mineral-Light
lamp. Melting points were determined using a Gallenkamp Melt-
ing Point apparatus microscope (UK). IR spectra were recorded
using a Bruker Tensor 27 spectrometer (resolution 4 cm~'). NMR
spectra were recorded using a Bruker Avance-300 spectrometer
(7.05 T) equipped with a 5 mm single-axis Z-gradient quattro
nucleus probe, operating at 300 MHz for 'H and at 75 MHz
for ®C. The spectrometer was operated using XWIN NMR
system software. Chemical shifts (J) are reported in parts per
million (ppm), with peak positions relative to Me,Si (0.00 ppm)
as internal reference. Abbreviations used for splitting patterns
are: s, singlet; d, doublet; t, triplet; m, unresolved multiplet. Mass
spectra were recorded at the School of Chemistry, University of
Manchester, using a Micromass PLATFORM 1I (ES and APCI)
and Thermo Finnigan MAT95XP (accurate mass) instrument.
Elemental analyses were recorded in the School of Chemistry,
University of Manchester, using an EA 1108 Elemental Analyzer
(Carlo Erba Instruments).

Synthesis

2-O-tert-Butyldimethylsilyl-myo-inositol-1,3,5-orthoacetate (5).
A mixture of myo-inositol-1,3,5-orthoacetate 3 (3.0 g, 0.0147 mol),
tert-butyldimethylsilyl chloride (2.3 g, 0.0148 mol) and 2,6-lutidine
(4.5 mL, 0.0382 mol) was suspended in dry DMF (30 mL) and
stirred at room temperature for 48 h. A white turbid mass was
observed after 30 min. The reaction mixture was filtered and
the filtrate was concentrated under reduced pressure to remove
DMF. The resultant gum was diluted with cold water (30 mL)
and stirred at room temperature for 4 h. The colourless solid was
filtered and dried to give 3.0 g (65%) of 5. Mp 242-245 °C; 'H
NMR (CDCl;) ¢ 4.55 (2H, t, J 3.8 Hz, H-4,6), 4.18-4.21 (2H,
m, H-2,5), 4.15-4.16 (2H, m, H-1,3), 1.47 (3H, s, CH; H-7), 0.95
(9H, s, Bu"), 0.15 (6H, s, SiMe,). *C NMR (CDCl;) ¢ 108.1 (C-
7), 75.2 (C-1,3), 69.0 (C-5), 68.5 (C-4,6), 59.5 (C-2), 25.5 (CMe;,),
24.2 (Me), 18.4 (CMe;), —5.1 (SiMe,). MS (electrospray) m/z
[M + CI]~ 353.1. Accurate mass caled for C,,H,,O,CISi: 353.1193:
Found 353.1196.
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2- O-tert-Butyldimethylsilyl-4,6-bis- O-pyrenoyl-myo-inositol-
1,3,5-orthoformate (6) and 2-O-tert-butyldimethylsilyl-4-O-
pyrenoyl-myo-inositol-1,3,5-orthoformate (7). DCC (0.69 g,
3.4 mmol) and DMAP (0.05 g, 0.16 mmol) were added to a
solution of pyrene-1-carboxylic acid (1.0 g, 4.1 mmol) in dry DCM
(20 mL). The mixture was stirred at room temperature under a
nitrogen atmosphere. 2-O-fert-Butyldimethylsilyl-nyo-inositol-
1,3,5-orthoformate (4) (0.50 g, 1.6 mmol) was added to the above
solution and the mixture was stirred at room temperature for
24 h. Completion of the reaction was monitored by TLC, R; 0.64
(hexane—-EtOAc 3 : 1). The reaction mixture was filtered and the
filtrate concentrated under reduced pressure. The residue was
purified by flash column chromatography (hexane-EtOAc 3 : 1)
to give 0.60 g (48%) of 6. Mp 262-265 °C. IR v 1718 (C=0) cm™'.
'"H NMR (CDCl;) (assignments using 'H COSY) J 8.74 (2H, d,
J 9.4 Hz, Pyr H-8), 7.93 (2H, d, J 8.4 Hz, Pyr H-16), 7.88-7.12
(14H, m, Pyr H-9-H-15), 5.94 (2H, t, J 3.8 Hz, H-4,6), 5.80 (1H,
d, °J;, 1.1 Hz, CH-7), 5.40-5.44 (1H, m, H-5), 4.70-4.73 (1H,
m, H-2), 4.51-4.53 (2H, m, H-1,3), 1.09 (9H, s, Bu'), 0.33 (6H, s,
SiMe,). *C NMR (CDCl;) ¢ 165.8 (C=0), 133.8, 130.8, 130.1,
129.4,129.1, 127.3, 126.0, 125.8, 125.7, 124.5, 123.7, 123.5, 122.8,
122.7, 120.8 (Pyr-C), 103.4 (C-7), 76.5 (C-4,6), 72.4 (C-5), 69.1
(C-2), 66.0 (C-1,3), 26.1 (CMe;), 18.7 (CMe;), —4.5 (SiMe,). MS
(APCI) m/z [M + H]* 761.0. Anal. Calcd for C,;H,O4Si: C,
74.19; H, 5.30. Found C, 73.83; H, 5.21%. Compound 7 (0.14 g,
16%) was also isolated. Mp 218-221 °C. IR v 3491(O-H), 1710
(C=0) cm™'. '"H NMR (CDCl;) (assignments using COSY) ¢
9.26 (1H, d, J 9.4 Hz, Pyr H-8), 8.55 (1H, d, J 8.1 Hz, Pyr H-16),
8.07-8.32 (7H, m, Pyr H-9-H-15), 5.93-5.97 (1H, m, H-4), 5.80
(1H, d, °J,, 1.1 Hz, CH-7), 4.72-4.74 (1H, m, H-5), 4.66-4.68
(1H, m, H-2), 4.49-5.01 (1H, m, H-1), 4.44-4.46 (1H, m, H-3),
4.50-4.52 (1H, m, H-6), 0.95 (9H, s, Bu'), 0.18 (6H, s, SiMe,). *C
NMR (CDCl;) ¢ 165.9 (C=0), 134.9, 131.6, 131.0, 130.3, 130.2,
130.0, 128.1, 127.0, 126.7, 126.6, 124.9, 124.8, 122.4, 124.2, 124.0,
121.7 (Pyr-C), 103.0 (C-7), 74.6 (C-4), 72.4 (C-5), 69.6 (C-2),
68.6 (C-1), 68.0 (C-3), 61.3 (C-6), 25.9 (CMe;), 18.5 (CMe,),
—4.6 (SiMe,). MS (APCI) m/z [M + HJ* 533.0. Anal. calcd for
C;H;,0,81.0.5H,0: C, 66.52; H, 6.15. Found C, 66.41; H, 5.72%.

2-O-tert-Butyldimethylsilyl4-O-{4-dimethylamino)benzoyl}-myo-
inositol-1,3,5-orthoacetate (9). DCC (0.72 g, 3.5 mmol) and
DMAP (0.1 g, 0.3 mmol) were added to a solution of 4-
(dimethylamino)benzoic acid (0.58 g, 3.5 mmol) in 20 mL of
dry DCM at room temperature under a nitrogen atmosphere.
2-O-tert-Butyldimethylsilyl-myo-inositol-1,3,5-orthoacetate  (5)
(1.0 g, 3.1 mmol) was added and the reaction mixture was stirred
at room temperature for 24 h. The reaction mass was filtered,
and the filtrate concentrated under reduced pressure. The residue
was purified by flash column chromatography (hexane-EtOAc 3 :
1) to give 0.91 g (62%) of 9. Mp 258-261 °C. IR v 3491(O-H),
1710 (C=0) cm™"'. '"H NMR (CDCl;) ¢ 7.79 (2H, d, J 8.8 Hz,
Ar H-17), 6.63 (2H, d, J 9.0 Hz, Ar H-18), 5.70-5.74 (1H, m,
H-4), 4.53-4.55 (1H, m, H-5), 4.36-4.38 (2H, m, H-2), 4.27-4.29
(1H, m, H-1,3), 4.16-4.18 (1H, m, H-6), 3.05 (6H, s, NMe,), 1.50
(3H, s, CH; H-7), 0.93 (9H, s, Bu'), 0.13 (6H, s, SiMe,). *C NMR
(CDCl;) 6 164.9 (C=0), 153.7 (Ar C-4), 131.6 (Ar C-2,6), 115.0
(Ar C-1), 111.0 (Ar C-3,5), 108.7 (C-7), 76.6 (C-4), 75.3 (C-5),
73.0 (C-2), 68.6 (C-1), 68.0 (C-3), 60.2 (C-6), 40.1 (NMe,), 25.4
(CMe,), 24.2 (Me), 18.4 (CMe;), —4.6 (SiMe,). MS (electrospray)

m/z [M + HJ* 466.3. Accurate mass calcd for C,;H;,O;NSi:
466.2256: Found 466.2253.

2-O-tert-Butyldimethylsilyl-4- O-[4-(dimethylamino)benzoyl]-6-

O-pyrenoyl-myo-inositol-1,3,5-orthoacetate (10). DCC (0.30 g,
1.5 mmol) and DMAP (0.06 g, 0.13 mmol) were added to a stirred
solution of pyrene-1-carboxylic acid (0.37 g, 1.5 mmol) in dry
DCM (20 mL) under nitrogen. 2-O-tert-Butyldimethylsilyl-4-O-
[4-(dimethylamino)benzoyl]-myo-inositol-1,3,5-orthoacetate  (9)
(0.6 g, 1.3 mmol) was added and the reaction mixture was stirred
at room temperature for 24 h. The reaction mass was filtered and
the filtrate concentrated under reduced pressure. The residue was
purified by flash column chromatography (hexane-EtOAc 3 : 1)
to give 0.44 g (50%) of 10. Mp 202-206 °C. IR v 3491(O-H), 1710
(C=0) cm™'. '"H NMR (CDCl;) (assignments using 'H COSY
and "H NOESY) ¢ 8.89 (1H, d, J 9.4 Hz, Pyr H-8), 8.34 (1H, d, J
8.1 Hz, Pyr H-16), 8.24-7.92 (7TH, m, Pyr H-9-H-15), 7.15 (2H,
d, J 9.3 Hz, Ar H-17), 5.81 (1H, t, J 3.8 Hz, H-6), 5.67 (1H, t,
J 3.9 Hz, H-4), 5.30 (2H, d, J 9.1 Hz, Ar H-18), 5.06-5.08 (1H,
m, H-5), 4.54-4.56 (1H, m, H-2), 4.49 (1H, t, J 1.8 Hz, H-3),
4.30-4.31 (1H, m, H-1), 2.16 (6H, s, NMe, H-19), 1.62 (3H, s,
CH; H-7), 1.00 (9H, s, Bu' H-21), 0.215 (6H, s, SiMe, H-20).
BC NMR (CDCl;) ¢ 166.4 (Pyr C=0), 165.1 (Ar C=0), 152.1
(Ar C-4), 134.2, 131.0, 130.8, 130.7, 130.3, 129.6, 128.0, 126.9,
126.3, 124.6, 124.4, 123.8, 123.7, 122.8 (Pyr-C), 114.3 (Ar C-3,5),
109.2 (C-7), 73.1 (C-6), 69.6 (C-4), 67.9 (C-5), 66.6 (C-2), 61.1
(C-1,3), 38.9 (NMe,), 26.1 (CMe;), 24.4 (Me), 18.6 (CMe;), —4.6
(SiMe,). MS (electrospray) m/z [M + H]* 694.1. Anal. calcd for
C,HiNOsSI: C, 69.24; H, 6.25; N, 2.02; Found C, 68.85; H, 6.06;
N, 1.94%.

4,6-Bis-O-pyrenoyl-myo-inositol (8). Orthoformate (6) (0.5 g,
0.70 mmol) was treated with 80% trifluoroacetic acid (5 mL) and
the mixture was stirred at room temperature for 4 h. The reaction
mixture was concentrated under reduced pressure. The residue
was diluted with toluene (4 x 10 mL). The excess toluene was
distilled off under reduced pressure, and the solid was crystallised
from hexane to give 0.34 g (82%) of 8. Mp 272 °C (decomp.);
IR v 3497 (O-H), 1701 (C=0) cm "'H NMR (DMSO-d,-D,0)
(assignments using COSY) ¢ 9.11 (2H, d, J 9.6 Hz, Pyr H-8), 8.66
(2H, d, J 8.1 Hz, Pyr H-16), 8.1-8.4 (14H, m, Pyr H-9-H-15), 5.66
(2H, t, J 9.9 Hz, H-4,6), 4.05-4.07 (1H, m, H-2), 3.86-4.03 (3H,
m, H-1,3,5). "C NMR (DMSO-d,—D,0) 6 166.9 (C=0), 133.3,
130.5, 129.8, 129.5, 129.3, 129.0, 128.0, 127.1, 126.6, 126.3, 126.1,
125.0, 124.6, 124.1, 123.7, 123.3 (Pyr-C), 76.4 (C-4,6), 73.2 (C-5),
70.3 (C-2), 69.4 (C-1,3). MS (electrospray) m/z [M + Na]" 659.0.
Accurate mass calcd for C, H,3s0O4Na: 659.1676: Found 659.1673.

4-O-|4{Dimethylamino)benzoyl]-6-O-pyrenoyl-myo-inositol (11).
Orthoacetate (10) (0.4 g, 0.60 mmol) was treated with 80%
trifluoroacetic acid (4 mL) and the mixture was stirred at room
temperature for 4 h. The reaction mixture was made basic by the
addition of triethylamine (2 mL) and concentrated under reduced
pressure. The residue was diluted with toluene (3 x 5 mL). The
excess toluene was distilled off under reduced pressure and the
residue was purified by column chromatography (EtOAc-CH,Cl,
1:1)togive0.18 g(58%) of (11). Mp 232 °C (decom); IR v3493 (O-
H), 1704 (C=0) cm™"'. '"H NMR (DMSO-d(/D,0) (assignments
using COSY and NOESY) ¢ 9.26 (2H, d, J 9.4 Hz, Pyr H-8),
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8.70 (1H, d, J 8.1 Hz, Pyr H-16), 8.1-8.4 (7TH, m, Pyr H-9-H-15),
791 (2H, d, J 9.2 Hz, Ar H-17), 6.71 (2H, d, J 9.2 Hz, Ar H-
18), 5.86 (1H, t, J 9.8 Hz, H-6), 5.64 (1H, t, J 9.7 Hz, H-4),
425 (1H, t, J 2.5 Hz, H-2), 4.11-3.89 (3H, m, H-1,3,5), 3.03
(6H, s, NMe, H-19). ®C NMR (DMDO-d,-—D,0) 6§ 167.2 (Pyr
C=0), 166.0 (Ar C=0), 153.1 (Ar C-4), 133.3, 131.1, 130.5,
129.8, 129.6, 129.4, 129.1, 128.0, 127.1, 126.8, 126.5, 126.2, 124.9,
124.5, 124.2, 123.7, 123.2 (Pyr-C), 116.6 (Ar C-1), 110.6 (Ar C-
3,5), 76.2 (C-6), 74.8 (C-4), 72.9 (C-5), 70.3 (C-2), 69.5 (C-1),
69.4 (C-3). MS (electrospray) m/z [M + HJ* 556.2. Accurate mass
caled for C;,H;,O4N: 556.1966: Found 556.1966. Anal. calcd for
C;,H,sO4N.1.25H,0: C, 66.47; H, 5.50; N, 2.42; Found C, 66.20;
H, 5.30; N, 2.62%.

UYV fluorescence studies

Fluorescence emission and excitation spectra were recorded
in thermostatted 2 mL quartz cuvettes using a controlled-
temperature Cary-Eclipse fluorescence spectrophotometer. Emis-
sion and excitation spectra were recorded in phosphate buffer
pH 7.4 (0.1 M). The excitation wavelength used was 335 nm. Slit-
widths were 10 nm. The automatic shutter-on function was used
to minimise photo-bleaching of the sample. UV-visible spectra
were recorded in 1 mL quartz cuvettes using a Cary 4000 UV-
visible spectrophotometer equipped with a Peltier-thermostatted
cuvette holder. pH was measured using a Hanna-instruments HI
9321 microprocessor pH meter, calibrated with standard buffers
(Sigma) at 20 °C.

Computational studies

Computational conformational analysis was completed using
Sybyl 7.3, Tripos Associates.? Starting structures were constrained
and energy-minimized using the Tripos* force field. Chloroform
(¢ = 4.8) was used as a solvent and Gasteiger—Huckel charges
were applied. The number of iterations was 10000 and the
calculation was terminated when the difference in energy between
two conformations was no more than 0.005 kcal mol~'. The next
step was simulated annealing with heating to 1000 K for 2000 fs
followed by cooling to 0 K for 10000 fs. The conformations
obtained were then minimized again using the above procedure
(Tripos force field).
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The reduction chemistry of the new anti-tuberculosis drug PA-824, together with a more water-soluble
analogue, have been investigated using pulse and steady-state radiolysis in aqueous solution. Stepwise
reduction of these nitroimidazo-dihydrooxazine compounds through electron transfer from the CO,"~
species revealed that, unlike related nitroimidazoles, 2-electron addition resulted in the reduction of the
imidazole ring in preference to the nitro group. In mildly acidic solution a nitrodihydroimidazo intermedi-
ate was formed, which was reduced further to the amine product. In both alkaline and neutral solution, an
intermediate produced on 2-electron reduction was resistant to further reduction and reverted to parent
compound on extraction or mass spectrometric analysis of the solution. The unusual reduction chemistry
of these nitroimidazole compounds, exhibiting ring over nitro group reduction, is associated with alkoxy
substitution in the 2-position of a 4-nitroimidazole. The unique properties of the intermediates formed
on the reduction of PA-824 need to be considered as playing a possible role in its bactericidal action.

Introduction

Multi-drug resistance has become a major setback in controlling
tuberculosis, a disease which kills approximately two million
people annually and is the greatest single infection worldwide.!
There is an urgent need for new drug leads to be identi-
fied, followed by the rational design of improved therapeu-
tics. PA-824, ((6S)-2-nitro-6-{[4-(trifluoromethoxy)benzyljoxy}-
6,7-dihydro-5H-imidazo[2,1-b][1,3]oxazine) (1) (Scheme 1), shows
good bactericidal activity against both latent and replicating My-
cobacterium tuberculosis,? is active in preclinical murine models**
and entered Phase I clinical trial in 2005. The mechanism by which
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1 imparts its bactericidal effect is poorly understood, but has
been shown to be dependent on drug activation by a specific
protein, Rv3547,° which in turn is sensitive to Fy-dependent
glucose-6-phosphate dehydrogenase (FGD) activity in the bac-
terium. Analogy between the activity of the S5-nitroimidazole,
metronidazole (6), and 1 is often drawn, simply on the basis of both
compounds being nitroimidazoles.® The reduction chemistry of the
majority of nitroaromatics, including 6 and the 4-nitroimidazole
5, is known to be dominated by the stepwise reduction of the
nitro group, with intermediates such as the nitroso form being
cytotoxic nucleophiles. Evidence for multi-electron reduction of
1 has come from voltammetric studies, which reveal reduction of
both the nitro group’ and the imidazole ring.® In these studies,
aprotic solvents are used to stabilize the reduced intermediates for
investigation. While 6 has been extensively studied in protic sol-
vents using electrochemical®!® and radiolytic techniques,'*? there
has been little work on identifying the reduction intermediates
and products formed from 1. Recently, a stable metabolite of
the related clinical candidate drug OPC-67683, a nitroimidazo-
dihydrooxazole, has been identified as the desnitro analogue;®
however, there is no information on more active intermediates
which could possibly play a role in the cytotoxicity of this drug. It
is known that in aqueous solution 5-nitroimidazoles, such as 6, are
generally of higher one-electron reduction potential, E(1), than 4-
nitroimidazoles;'* however, the influence of the fused oxazine ring
on E(1) of 1 is unknown. In this study we have used both pulse
and steady-state radiolysis in aqueous solution to investigate the
reduction of 1, its more soluble analogue without the lipophilic
sidechain (2) and the related compound 2-methoxy-1-methyl-4-
nitro-1H-imidazole (4). Also, UV-vis spectral studies and mass
spectrometry analysis are used to follow both the reduction of
the compounds and identify the intermediates/products which
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are formed. DFT calculations are carried out to gain insight on
the nature of the radical species formed upon their one-electron
reduction.

Results and discussion
(a) Radical absorption spectra

One-electron reduction of 1 and 2 was carried out by electron
transfer from the CO, "~ species, which reacted with both com-
pounds with a rate constant of 2.0 x 10° M~! s~!'. The obtained
time-resolved difference spectra (between the pre-irradiated parent
compound and its radical) are the same for both compounds
over a wide range in pH (4-11), and a representative spectrum
is presented in Fig. 1. The radical species measured 20 pus and
10 ms after the pulse, I, shows a narrow increase in absorption
centred at 270 nm, a broad but weaker absorption at 440 nm
and bleaching centred at 340 nm. Spectral changes are seen with
increasing acidity below pH 4 as an increase in absorption at
290 nm and a decrease at 415 nm, leading to a proposed radical
pK, of I of 1.65 £ 0.2 (Fig. 1, Insert B).
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Fig. 1 Transient absorption spectra (presented as the change in ab-
sorbance relative to unirradiated solution) observed following the pulse
radiolysis (2.5 Gy in 200 ns) of N,O-saturated aqueous solution containing
2 (100 uM), sodium formate (0.1 M) buffered at pH 7 (phosphate, 5 mM).
Identical measurements were made at 50 pus and 10 ms (O) following the
electron pulse. Insert A: Oscilloscope trace of the change in transmittance
vs. time following pulse radiolysis (arrow). Insert B: Changes in absorption
with pH.

One-electron reduction of 1 and 2 was also carried out using
the e™,, in deaerated solutions containing 2-methylpropan-2-ol
(0.1 M) as an"OH/H" radical scavenger. This produces what is
generally considered to be a relatively inert alkyl radical (Fig. 2).
The same spectrum as for I above is initially produced followed
over 5 ms by a shift in the absorption centred at 270 nm to a
greater absorption at 290 nm. The change in radical absorption
was investigated by studying the reaction of the alkyl radical of
2-methylpropan-2-ol (produced in N,O-saturated solution) with
2. The alkyl radical was found to react slowly (ca. 7 + 1.5 x
10° M~ s71) to produce II, which has an absorption band in
the 270-290 nm region with an extinction coefficient of ca.
1500 M~! cm™" (Fig. 3). The absorption of I can account for most
of the spectral changes observed in Fig. 2 and possesses a pK of
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Fig.2 Transient absorption spectra observed following the pulse radioly-
sis (2.5 Gy in 200 ns) of deaerated aqueous solution containing 1 (100 pM),
2-methylpropan-2-ol (0.1 M) buffered at pH 10 (pyrophosphate, 5 mM).
Measurements made at 2 us (O) and 5 ms (@) following the electron pulse.
Insert: Oscilloscope trace of the change in transmittance vs. time following
pulse radiolysis (arrow).
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Fig. 3 Transient absorption spectra observed following the pulse radi-
olysis (2.5 Gy in 200 ns) of N,O-saturated aqueous solution buffered at
pH 10 (pyrophosphate, SmM) containing (a) 2-methylpropan-2-ol (0.1 M),
measured at 1 ps (O), and (b) 1 (100 uM) and 2-methylpropan-2-o0l (0.1 M),
at 5 ms (@). Insert: Change in absorbance vs. pH for (b).

6.9 £ 0.1 (insert Fig. 3). However, some radical-radical reactions
between I and the alkyl radical occur under pulse radiolysis
conditions, as evidenced by the decrease in the visible absorption
band at 440 nm after 5 ms.

(b) Conductivity measurements

Changes in conductance following pulse radiolysis were compared
to those observed following the oxidation of DMSO in N,O-
saturated solution as a standard. When the differences in radical
yield are taken into account, similar changes to that of the standard
were found for the compounds in solutions adjusted to pH 4.3-5.5
with HCIO, and pH 10.5 with NaOH (data not shown). Oxidation
of DMSO by the *OH radical results in the rapid formation
of sulfinic acid (pK, 2.28) which increases the conductance of
the pre-pulse solution under acidic conditions, and decreases
the conductance under basic conditions (due to neutralization)."
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These results imply that the one-electron reduced species, I, of
both 1 and 2 at pH >4 are radical anions.

(c) One-electron reduction potential, E(1)

It is widely recognized that E(1) at pH 7 is a controlling parameter
in the activation of several classes of bioreductive drugs. Redox
equilibria were established between species I of both 1 and 2 and
the redox indicator tetraquat (E(1) = —635 = 6 mV*®) on the
20 ps timescale following their reduction by the e~,,. Equilibrium
constants, K = 81.4 £ 14.4 and 102 + 10 gave similar values for
E(1) of =534 &+ 7 mV and —527 + 6 mV for 1 and 2 respectively.
While these potentials are relatively low, restricting the range of
proteins which could possibly carry out one-electron reduction
of 1, they are considerably higher than the E(1) of the Fy, 5-
deazaflavin cofactor at —650 mV."” However, 5-deazariboflavin is
only known as a 2-electron competent cofactor in protein function,
with a two electron reduction potential of —310 mV."® This fact
points to the possible importance of a reduction intermediate at
the 2-electron level.

If enzymatic reduction of 1 does occur in the bacterium, its
radical anion would be subject to back-oxidation by O,. We have
determined this rate constant to be 1.9 £ 0.2 x 10" M~ s!
from measurements of the pseudo-first-order decay rates of the
radical anion absorption at 450 nm for a range of oxygen
concentrations. The rate constant is similar to that measured for
other 4-nitroimidazoles of similar E(1)."

(d) DFT calculations for the radical anion of 2

The distribution of the HOMO on one-electron-reduced 2 was
calculated using DFT at the UB3LYP/6-31G(d,p) level. Electron
distribution is shared mainly between the nitro substituent and
over the C2-C3 region of the imidazole ring (using systematic
numbering for 2 — see Scheme 1) (Fig. 4). The HOMO population
at C3 is slightly higher than that on the N and O atoms of the nitro
group, making C3 a favourable position for protonation or other
electrophilic attack. The spin density distribution in the radical
anion indicates that radical-radical reactions can occur at several
sites on the compound; at C2 and C3 as well as at the atoms of the
nitro group (see ESIY).

Fig. 4 HOMO of the radical anion (one-electron-reduced species)
of the structure 2, surface isovalue = 0.05. Calculated using DFT
UB3LYP/6-31G(d,p)

(e) Steady-state radiolysis, HPLC and mass analysis of products

The reduction of compounds 1, 2 and 4 by the CO,"~ species
upon accumulated radiation dose was monitored using UV-vis
spectrophotometry. For 1 and 2 the loss in absorption of the
parent compound, centred at 340 nm, resulted in the formation
of products which absorbed maximally at lower wavelengths, with
the maintenance of isobestic points. The pH-dependent spectral
data for 2 is given in Fig. 5. Products could be separated from
their parent compounds using HPLC but some of these, formed
by radiolysis under high pH conditions, were unstable in the
pH 3.5, ammonium formate—acetonitrile-water solvent used in the
analysis. Typical chromatograms, obtained on the radiolysis of 1
at different pH, are displayed in Fig. 6. Converting the absorption
at 340 nm into concentration and plotting its loss against radiation

absorbance /a.u.

250 300 350 400 450 250 300 350 400 450
Anm

Fig. 5 Changes in UV-vis absorption spectra, observed during the
v-irradiation (absorbed doses 0-150 Gy) of N,O-saturated aqueous
solutions of the compound 2 (50 uM), containing sodium formate (50 mM)
and phosphate buffer (5 mM) at different pH.

Signal Intensity

time1?min 18 2
Fig.6 Reverse-phase HPLC chromatograms (A—E) of products obtained
following the reduction of 1 (~30 uM) by the CO,"~ radical, generated
in N,O-saturated solutions containing sodium formate (50 mM) and
phosphate buffer (5 mM) under different pH conditions: (A) unirradiated,
(B) pH 4.0, at the 2-electron reduction level, (C) pH 4.0, 6-electron
reduction, (D) pH 7.0, 2-electron reduction, and (E) pH 10.5, 2-electron
reduction. The chromatograms were obtained at the A,,, of the products,
and each chromatogram has been scaled for maximum signal intensity.
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Table 1 Radiolytic yield for the loss of compounds 1, 2, 4 and formation of products following reduction by the CO,*~ radical in aqueous solution

Compd Goss” /UM Amax/ M of Ton mass</ Gt /UM Amax/ M Of Ton mass"/
(Ton mass*) pH Gy™! products g mol™! Gy™! products g mol™!
1 (360.6) 4.0 0.30 £ 0.01 262V 362.6¢ 0.13+0.01 250 VI 330.5¢
1 7.0 0.23 +0.01 I\% 346.6

293 111 (360.6)"
1 10.5 0.31 £ 0.01 293 1 (360.6) 0f — (360.6Y
2(200.4) 4.0 0.33+0.01 262V 202.4¢ 0.14 +0.01 250 VI 170.4¢
2 5.8 0.19 + 0.01 262V 202.4

I\% 186.4¢
2 7.0 0.29 +0.01 1\% 186.4

29311 (200.4)/
2 8.0 0.29 4+ 0.01 293 111 (200.4y
2 10.5 0.33+0.01 293 1 (200.4y 0f — (200.4y
4 (158.4) 4.0 0.34 +0.01 262 160.44 0.16 +0.01 258 214.4
4 7 0.33+0.01 262 (158.4y

290
4 10.5 0.62 4+ 0.02 290 (158.4y 0 (158.4y

“ Loss of compounds measured at 332 nm. ® Hydroxylamine is assumed to absorb only weakly. ¢ Positive ion. ¢ Only mass peak. ¢ Predominant peak in
mass spectrum.’ Product reverts to parent compound upon mass spectrometry. ¢ Loss of initially formed product V measured at 262 nm (pH 4). * Product
arising from secondary reduction. ‘ No loss in absorption at 290 nm on further irradiation.

dose enabled G values (radiation yield in pM Gy™") for the loss of
1 and 2 to be calculated (Table 1). Comparing these values with
the G value of the radiolytically-produced CO,"~ species (0.66 uM
Gy 1)* indicates that that 2 electrons are required to convert all
of the parent compound into products for solutions at pH >7.
The predominant product at these pH values, III, identified by
its strong absorption band at 293 nm, is assumed to be unstable
to mass spectrometry analysis, as the same molecular mass as
the parent compound was obtained on analysis. Similar spectral
changes (but with a maximum absorption of the product at 295 nm
at greater intensity) have been reported upon treatment of 1 with
strong alkali (pH >12),” which points to it, and possibly III, being
a product which can also be formed by hydrolysis. We have found
that this product, formed by the action of alkali on 1, only partially
reforms the 332 nm band of 1 upon decreasing the pH of the
solution to <7. Also III was found to be unstable over time at pH 7
(half-life ca. 1 h). No reduction of III was observed to occur upon
further irradiation, i.e. radiolytic reduction by the CO,"~ species
was arrested at the 2-electron-reduced level. This is markedly
different to observations made with other nitroimidazoles where
reduction by the CO,"~ species in steady-state radiolysis is to
the 4-electron-reduced level.”> Under acidic conditions, pH 4,
a single product is formed with slightly greater than 2-electron
stoichiometry and absorbs maximally at 262 nm. Mass analysis
of this product, V, shows it to have gained 2 mass units over
both 1 and 2. Further reduction of V with 4 electrons leads again
to the formation of VI, which absorbs maximally at 250 nm.
This process most likely proceeds via intermediates IIb, V, and
reduction of the nitro group to the hydroxylamine, followed by
water elimination to form the amine, VI. The molecular mass
and overall 6-clectron stoichiometry identifies this final product
as the amine derivative of the compounds. Reduction of 1 and
2 at pH 5.8 leads to the formation of a different predominant
product, IV, with ca. 4-electron stoichiometry. Mass analysis of
IV is consistent with the formation of the hydroxylamine derivative
of the compounds. (A minor amount of IV, relative to III is also

formed at pH 7). The hydroxylamine is expected to have a UV-
vis absorption spectrum of much lower intensity than that of the
parent nitroimidazole'? but this could not be determined from our
experiments. Thus a range of different intermediates and products
are formed via multiple 1-electron reduction events of 1 and 2,
which are dependent on the pH of the solution (Scheme 2). Similar
data was obtained for 4 in regard to product formation at the 2-
electron reduction level. However, products produced on further
reduction of 4 must fragment and undergo radical-radical events.
since the major product is of increased mass. A product with the
same increased mass was obtained upon the 6-electron reduction
of 5, which underlines the instability of these reduced small-sized
nitroimidazoles in the mass spectrometer.

The above results point to the importance of the oxazine ether
ring in the reduction chemistry of 1 and 2. Voltammetric studies
in protic media on the reduction of the 2-methylhydroxy analogue
of 5?! showed it to exhibit typical nitroimidazole behaviour, i.e.
proceeding through the formation of its radical anion, followed
by further reduction and disproportionation reactions to form the
nitroso, hydroxylamine and amine derivatives. We also find that
the reduction of 5 under our experimental conditions did not lead
to the formation of either III or V (data not shown).

(f) NMR studies on products formed by steady-state radiolysis

NMR analysis was attempted on the single product V produced
upon the reduction of 2 (1.5 mM) by the CO,"~ species under low
pH conditions. The product formed proved to be much more polar
than 2 and resisted extraction from the aqueous solution into non-
protic solvents. The solution was concentrated to dryness and the
residue purified by reverse phase semi-preparative HPLC, using
a buffer-free eluant. A single peak almost eluting with the void
volume of the column was collected, concentrated to dryness, and
the residue was subjected to detailed '"H and *C NMR analysis
(1D and 2D). Despite eluting as a single peak on HPLC, the
NMR analysis indicated the presence of two major products.
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Resonances associated with the 6-membered oxazine ring were
generally maintained in both compounds, indicating this ring to
be intact. One component of the mixture contained a singlet at
0 8.25 ppm in the 'H spectrum, which correlated to a signal at §
165.0 ppm in the ®C spectrum. This is proposed to result from
the C3 olefinic proton of the product resulting from reduction
of the N1-C8a double bond. A singlet at 6 5.5 in the '"H NMR
spectrum (correlated to a signal at 6 80.0 ppm in the *C spectrum)

is proposed to result from the new proton now at the C8a position.
The resonance at ¢ 5.5 displayed a 3-bond coupling correlation
with the carbon resonance at 6 165.0, indicating them to be in the
same molecule. In the second component of the mixture an ABX
coupling system in the '"H NMR spectrum was consistent with
the -NCH,CHNO,-system which would result from reduction of
the C2—C3 bond. Overall, the NMR spectra are consistent with
V containing the products resulting from reduction of each of the
double bonds of the imidazole ring. This is also consistent with
the observed mass of this product, being two units higher than
the starting material 2. Another possibility for this product, that
it results from cleavage of the C8a—O bond of the oxazine ring,
could be discounted, since an authentic sample of the alcohol
which would be produced was available for comparison.

The reaction with 2 of the alkyl radical formed upon reaction of
the "OH radical with 2-methylpropan-2-ol was further studied by
isolating the product formed for NMR analysis. The steady-state
radiolysis of a N,O-saturated solution containing 2 (400 uM), 2-
methylpropan-2-ol (0.2 M), buffered at pH 7 (5 mM phosphate)
was followed spectroscopically to the point when all of 2 was
lost from solution, as evidenced by the loss of the 332 nm
absorption band. A scale-up preparation of 1.5 mM 2 in 1 M
2-methylpropan-2-ol was irradiated for product analysis (see Ex-
perimental). Thin layer chromatography revealed only one major
product of marginally greater polarity than the starting material,
and this product was recovered from the irradiation solution
and purified by chromatography on silica gel. Low resolution
mass spectrometry indicated the mass of the product to be 271,
corresponding to the addition of 2-methylpropan-2-ol to 2, and
this was confirmed by high resolution mass spectrometry, which
gave an accurate mass consistent with a formula of C;;H;;N;Os
for this material. The '"NMR spectrum of the purified product
showed loss of the H-3 proton of the imidazole ring, although
the characteristic resonances of the 6-membered oxazine ring and
methyl ether group were still present. A new exchangeable singlet
suggested the presence of an isolated hydroxyl group, and a new
2-proton AB quartet centred at ¢ 3.1 (/ = 14.1 Hz) indicated the
presence of an isolated methylene group, in an environment which
was moderately electron-deficient. Finally, two new three-proton
singlets at ~0 1.1 indicated the presence of two new methyl groups.
Taken together, these features clearly identified the product as the
2-nitroimidazole, VII (Scheme 3), formed by incorporation of 2-
methyl-2-propanol at the 3-position of the imidazole ring.

Conclusions

The reduction chemistry of PA-824 exhibits atypical behaviour
to that of structurally related nitroimidazole compounds. Voltam-
metric studies® have shown that the imidazole ring of 1 is subject
to reduction as well as the nitro group, and the present study gives
new information on the sequential reduction of these moieties.
Our results, obtained upon the step-wise reduction of 1, clearly
show that imidazole ring reduction occurs in preference to nitro
group reduction to the 2-electron-reduced level, over a range of pH
values. This behaviour can be related to the 2-alkoxy substitution
of the 4-nitroimidazole ring, as parallel results on reduction are
obtained with the 2-methoxy analogue, 4. While the lipophilic
side chain of 1 is most likely necessary to direct and bind the
compound to a specific protein, the subsequent activation of
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the 4-nitroimidazole moiety could be a pathway leading to the
bactericidal effects of 1 on M. tuberculosis.

It is presently unknown if the reduction intermediates charac-
terised in this study play a role in the bactericidal action of 1. Of
particular interest are the intermediates formed at the 2-electron-
reduction level, since these are produced for 4-nitroimidazoles
substituted with a 2-alkoxy group. The ability of the presumed
hydroxylated intermediate, III, to undergo facile reversion to
its parent compound, 1, raises the possibility that it might act
as a hydrating agent for an unsaturated species. By analogy
with fatty acid biosynthesis in E. coli,”? it is thought that the
biosynthesis of cell wall mycolic acids in M. tuberculosis proceeds
through the dehydration of hydroxymycolate by a dehydratase to
produce ketomycolate.”® It has been found that treatment with 1
interferes with this process, resulting in the accumulation of the
hydroxymycolate.> While this could arise from the inhibition of
the uncharacterised dehydratase or from depletion of a cofactor,
rehydration of the ketomycolate by a hydrated intermediate of 1,
such as III, can be considered as an alternate possibility.

Experimental
Synthesis

All reagents used were of analytical grade. Sodium formate,
sodium hydroxide, perchloric acid and phosphate buffers were
obtained from Merck and potassium thiocyanate from Riedel-de
Haen. All other reagents were obtained from Aldrich Chemical
Company. All solutions were prepared in water purified by the
Millipore “Milli-Q” system. Solution pH values were adjusted
using the phosphate salts (5 mM) and either NaOH or HCIO,
when necessary. Analyses were carried out in the Microchemical
Laboratory, University of Otago, Dunedin, NZ. Melting points

were determined on an Electrothermal 2300 Melting Point
apparatus. '"NMR spectra were obtained on a Bruker Avance
400 spectrometer at 400 MHz. Spectra are referenced to Me,Si.
Chemical shifts and coupling constants were recorded in units
of ppm and Hz, respectively. High resolution mass spectra were
determined on a VG-70SE mass spectrometer using an ionizing
potential of 70 eV at a nominal resolution of 1000. Atmospheric
pressure chemical ionisation mass spectra (APCI-MS) were de-
termined for methanol elutions on a ThermoFinnigan Surveyor
MSQ spectrometer. Solutions in organic solvents were dried
with anhydrous Na,SO,. Solvents were evaporated under reduced
pressure on a rotary evaporator. Thin-layer chromatography was
carried out on aluminium-backed silica gel plates (Merck 60 F,s,),
with visualization of components by UV light (254 nm) and
exposure to I,. Column chromatography was carried out on silica
gel (Merck 230-400 mesh). PA-824 (1)** and 1-methyl-4-nitro-1H-
imidazole (5)* were synthesised as described.

(6S)-6-Methoxy-2-nitro-6,7-dihydro-5 H -imidazo[2,1-5][1,3]-
oxazine (2). Sodium hydride (0.10 g of a 60% dispersion in
mineral oil, 2.57 mmol) was added in one portion to a solution of
the alcohol (3)** (0.24 g, 1.29 mmol) and iodomethane (0.20 ml,
2.83 mmol) in dry DMF (5.0 ml), which had been cooled to
5 °C. After 2 min the cooling bath was removed and the solution
was stirred at room temperature for 1 h. Water was added and the
solution was extracted with ethyl acetate. The extract was washed
five times with brine, and then worked up to give an oil which
was chromatographed on silica. Elution with ethyl acetate gave
2 (0.19 g, 74%) as an off-white solid, following trituration with
diethyl ether, mp 127-129 °C. '"H NMR (400 MHz, DMSO-D;)
o ppm 8.01 (s, 1H), 4.60 (dt, J = 12.0, 2.3 Hz, 1H), 4.42 (dt, J =
12.0, 0.4 Hz, 1H), 4.24-4.15 (m, 2H), 4.03-4.00 (m, 1H), 3.34 (s,
3H). APCI-MS Found: [M + H]* = 200. Found: C, 42.46; H, 4.76;
N, 21.16. C;H,N;0, requires C, 42.21; H, 4.55; N, 21.10%.

2-Methoxy-1-methyl-4-nitro-1H-imidazole (4). Methanol
(1.0 ml, 0.026 mol) was added in portions under nitrogen to a
stirred suspension of sodium hydride (0.27 g of a 60% dispersion
in mineral oil, 6.97 mmol) in dry tetrahydrofuran (5.0 ml). After
5 min a solution of 2,4-dinitro-1-methylimidazole*® (0.30 g,
1.74 mmol) in dry tetrahydrofuran (3.0 ml) was added and the
mixture was stirred at room temperature for 2 h. Water was added
and the solvents were removed in vacuo to leave a small volume
of aqueous residue. This was extracted with ethyl acetate and
the extract was worked up and chromatographed on silica. Ethyl
acetate—petroleum ether 1 : 9) eluted fore-fractions, while ethyl
acetate gave the product 4 (0.25 g, 91%), which crystallised from
ethyl acetate—petroleum ether as white plates, mp 130-131 °C. 'H
NMR (400 MHz, CDCl;) 6 ppm 7.45 (s, 1H), 4.12 (s, 3H), 3.52
(s, 3H). APCI-MS Found: [M + H]* = 158. Found: C, 38.43; H,
4.50; N, 26.63. CsH;N;O; requires C, 38.22; H, 4.49; N, 26.74%.

1-[(6S)-6-Methoxy-2-nitro-6,7-dihydro-5 H-imidazo[2,1-5][1,3]-
oxazin-3-yl]-2-methyl-2-propanol (VII). A solution of the 4-
nitroimidazole (2) (6.0 mg, 0.030 mmol) in 1 M tert-butanol—-
water (20 ml) was y-irradiated to 5.38 kGy. The solvents were
removed in vacuo and the residue was partitioned between ethyl
acetate and water. The extract was worked up to give an oil which
was chromatographed on silica. Ethyl acetate eluted fore-fractions,
while methanol-ethyl acetate (5 : 95) eluted VII) as a yellow oil
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(3.4 mg, 47%). "H NMR (400 MHz, DMSO-Dy) 6 ppm 4.69 (s,
1H, exch. with D,0), 4.55 (ddd, J = 11.8, 2.6, 2.6 Hz,1H), 4.41
(ddd, J =13.7,2.2,2.2 Hz, 1H), 4.36 (dd, J = 11.8, 0.8 Hz, 1H),
4.07 (dd, J = 13.7, 3.3 Hz, 1H), 4.00 (m, 1H), 3.34 (s, 3H), 3.16 (d,
J =14.1 Hz, 1H), 3.04 (d, J/ = 14.1 Hz, 1H), 1.19 (s, 3H), 1.16 (s,
3H). APCI-MS Found: [M + H]* = 272. HREI-MS Found M* =
271.1165. C,;H,;N;O; requires 271.1168.

Methods

Pulse radiolysis experiments, at room temperature (22 £+ 1 °C),
were carried out using the University of Auckland’s 4 MeV
linear accelerator of pulse length 200 ns to deliver a typical
absorbed dose of 2.5 Gy for spectral studies and 2.5-10 Gy for
kinetic studies. The optical and conductivity detection systems
and method of dosimetry have been described previously.?”?
Steady-state radiolysis experiments were performed using a “Co
v-source delivering a dose rate of 7.6 Gy min~'. Aqueous samples
were evacuated and purged with appropriate O,-free gasses in
glass tubes for three cycles. The tubes were fitted with a side
arm incorporating a supracil spectrophotometer cell for UV-vis
measurements. The G(loss) values obtained by the spectrophoto-
metric method, in which isobestic spectral points were maintained.
Optical spectra were recorded on an Ocean Optics HR4000GC-
UV-NIR spectrometer. Product analysis was by HPLC (Agilent
1100 liquid chromatograph coupled to an Agilent 1100 diode
array detector) utilizing a reverse-phase Alltima C18 column (5 ,
150 mm x 3.2 mm i.d.) and a gradient of aqueous (0.045 M
ammonium formate, pH 3.5) and organic (80% acetonitrile—
MilliQ water) solvent phases at a flow rate of 0.5 mL min™".
DFT calculations were carried out using the Gaussian 03 software
package.”

Radiation chemistry. The radiolysis of water produces three
well-characterized reactive radical species® used to initiate radical
reactions, as well as molecular products (UM per absorbed dose of
1 Gy (J Kg™') given in parenthesis).

H,0 — e,,~ (0.28) + *OH (0.28) + H" (0.055) + H, (0.04)
+ H,0,(0.07) + H* (0.28)

One-electron reductions of the compounds (A) were carried out
by:

(i) the e,,~, while at the same time scavenging the oxidizing
radicals with 2-methylpropan-2-ol,

e +A > A

*OH/H" + (CH,),COH — H,0/H, + *CH,(CH,),COH

(ii) electron transfer from the CO,"~ species (E° CO,/CO,* ") =
—1.90 V*') in N,O-saturated solutions (to quantitatively convert
the e™,, to "OH radicals) containing 50 mM sodium formate, to
convert the *OH radicals and H-atoms to CO,"".

N,O+e, - "OH+OH +N,
*OH (H') + HCOO~ — H,0 (H,) + CO,"~

COy " +A— A~ +CO, + H*

Radical spectra are presented as the change in extinction
coefficient vs. wavelength, relative to the unreduced compound,

by converting the changes in absorption due to the radical yields
of the e,;~ (0.28 uM Gy')** and CO,"~ (0.66 uM Gy™).?

One-electron reduction potentials, E(1). The one-electron re-
duction potentials of 1 and 2, E(A/A""), vs. NHE, were de-
termined at pH 7.0 (5 mM phosphate buffer) by establishing
redox equilibria between three mixtures of the one-electron-
reduced compounds and the reference compound tetraquat
(E(TeQ*/TeQ*) = —635 £ 7 mV)* and calculating AE values
from the equilibrium constants, K., using the Nernst equation
and allowing for ionic strength effects.

TeQ™ + A === TeQ> +A™
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A catalytic diastereoselective sulfonium ylide epoxidation of aldehydes furnished original vinyl
epoxides, having an MBH backbone. These highly functionalised building blocks were used for a
formal synthesis of the antibiotic conocandin, and opened up a stereodivergent route towards
B-hydroxy-o-methylene lactones, core units of naturally occurring compounds. Under acidic conditions,
the oxiranes were mainly transformed, with moderate to good yields, into frans B-hydroxy-o-methylene
lactones. On the other hand, a user-friendly palladium-catalysed CO, insertion and cyclisation
sequence gave the cis B-hydroxy-a-methylene lactone counterparts along with an interesting cis—trans

equilibration of the n-allyl intermediates.

Introduction

Belonging to the wide-ranging naturally occurring family of o-
methylene-y-butyrolactones, the B-hydroxy-o-methylene lactone
scaffold I is found within compounds having a large array of
biological functions (Fig. 1).! Their pharmaceutical activities
are related to their structures, from the simpliest motif to some
more elaborate ones. For instance, the simple motif of tulipalin
B? provides fungicidal activity, whereas the more complex waol

n=9
)\j\OH OH
(o) o “""Me
tulipalin B lincomolide B
A
(o] Z
OH conocandin
1 .OH OH 2
02 0
o :\)\3R1 —> o R > o= 3 Lk
0y Y OH Y
1 B-hydroxy- Il Functionalised 'Y = OH, OEt, NR,

o-methylene lactone MBH structure MBH-vinyl epoxide backbone

Fig.1 B-Hydroxy-o-methylene lactones.
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A3 (a trans lactone) and lincomolide B* (a cis lactone) feature,
respectively, potent activity against cancer tumor cell lines and
antitubercular properties.® In addition, the open-chain diol II
displays the highly synthetically versatile Morita—Baylis—Hillman
(MBH) backbone,®* namely an o-methylene-p-hydroxycarbonyl
structure, which is flanked by an extra alcohol function. These
densely functionalised alk-1-en-3,4-diols have proved to be useful
intermediates in organic synthesis.”

The synthetic endeavours towards [B-hydroxy-a-methylene-y-
butyrolactones include the stereochemical control of C-4 and C-5
(in the relative and absolute sense) within such highly decorated
five-membered rings. Early on, the stercoselective synthesis of
these compounds was based on modifications of sugar derivatives.?
In the 1980s, aldolisation reactions of esters derivatives to chiral
aldehydes (with an a-alkoxy group) were developed and furnished
a C-C bond-formation approach via disconnection 1 (I, Fig. 1).
The lactone ring was subsequently formed by cyclisation of the
obtained diol II, from which the alkene moiety was regenerated
by B-elimination of a heteroatom (at the B or o position).® The
direct inter- and intra-molecular addition of acrylates to chiral
aldehydes in the presence of an amine (MBH reaction) was
achieved with good anti:syn selectivities.'* With respect to these
methods, a chiral acrylamide derived from Oppolzer’s sultam
auxiliary was involved in a highly diastereoselective MBH reaction
to form a readily available precursor of tulipaline B (Fig. 1).% The
addition of vinyl anion (Br-Li exchange of the corresponding
vinyl bromide) to chiral aldehydes was also studied for the
elaboration of target I in few steps.!! Alternatively, a sequence
involving a diastereoselective Schenck ene-reaction (singlet oxy-
gen) to allylic alcohols was developed in order to introduce
the alcohol at C-4 (disconnection 2).»> On the other hand, the
enantioselective Sharpless dihydroxylation of alkenes turned out
to be the method of choice for the introduction of the diol moiety
(disconnections 2 and 4). In that context, Liu and co-worker
prepared an acetylenic diol from an ene-yne substrate with good
ee. They subsequently performed an elegant cycloalkenation of
the corresponding propargyltungsten intermediate with acetylenic
aldehydes. The obtained oxacarbenium salt was subsequently
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demetallated to B-hydroxy-o-methylene lactones.'® Briickner and
co-workers studied a straightforward regioselective dihydroxyla-
tion of o,f}',a,B-unsaturated esters which led, after cyclisation, to
lactones with moderate to good enantiomeric excesses.” The cis
and rrans derivatives were obtained with respect to the geometry
of the starting dienes. Krische and Rhee have recently described
an effective reductive cyclisation of acetylenic aldehydes catalysed
by enantiopure rhodium complexes (disconnection 1).»* All these
methods have been providing elegant and new approaches to B-
hydroxy-o-methylene lactone scaffolds but, in some cases, they
suffer from a lack of generality due to the specificity of the starting
materials. Moreover, the level of selectivities obtained so far leaves
space for improvement.

We recently became interested in the use of epoxides Il (R' =
NMe,), which are readily available by sulfonium ylide epoxidation
of aldehydes R'CHO (Fig. 1).!® This skeleton displays both a vinyl
epoxide and an MBH building block, which offer many synthetic
transformation opportunities. Moreover, this motif is present
within conocandin (Fig. 1), a potent antibiotic isolated by Miiller
and co-workers in 1976 from a strain of Hormococcus conorum."’
In that context, we envisaged an alternative approach to [-
hydroxy-o-methylene lactone structures based on disconnections 2
and 3. The open-chain intermediate diol I would be formed via a
stereoselective ring-opening transformation of vinyl epoxides III,
to allow a concise access to the lactone ring after cyclisation. To
our knowledge, few publications bring confidence in the feasibility
of this sequence. Kende and Toder described a single example
showing the ability of a trans ester-epoxide III (Y = OEt, R' =
Me, Fig. 1) to undergo cyclisation to a racemic trans B-hydroxy-
a-methylene lactone in the presence of a Bronsted acid.' Carlson
and Yang synthesized in situ carboxylic acid derivatives III (Y =
OH, Fig. 1), from epoxidation of the corresponding aldehydes,
which, upon an acidic work-up, furnished the methylene lactone I
with moderate cis and trans ratios.” These lactonisation sequences
were used as a key step towards bioactive compounds.?®

Making use of allylic bromide derivatives having an acrylamide
moiety (Scheme 1),'® we recently described an organocatalytic
sulfonium ylide epoxidation allowing a straightforward connective
formation of vinyl epoxides III (Y = NMe,) via C-C and C-O
bond formation.?»* We established that the presence of an amide
(instead of an ester or acid) was crucial to preserve the acry-
late moiety integrity, which otherwise underwent polymerisation
events in these basic conditions. But the ability of these robust
epoxy-acrylamides to undergo lactonisation, in a stereospecific
way, is uncertain. We report herein in full our attempts and

Br
0]
R R
o M T
H R (cat)  sommmmmmmmoemmmoooooos \
o NMe, : Stereospecific cyclisation ? !
' cis or trans lactone? 1'
Base [ ;
R @®_R
S P/\O o} ‘\\R OH
o / ) ’ ?
N T —_ 1 eeeee- .
R’ 4
O o R
1) Y (o} NMe,
n |
Scheme 1 Strategy.

successes to develop a route to f-hydroxy-a-methylene lactones via
this epoxidation—cyclisation sequence, providing a stereodivergent
entry to these compounds. The application of this epoxidation
towards a novel formal synthesis of conocadin will also be
described.

Results and discussion
Synthesis of epoxidation precursors

At the onset of this project, we developed a straightforward access
to allylic bromide derivatives 2, our epoxidation precursors. This
synthesis was based on a successful two step MBH-bromination
sequence from the weakly reactive tertiary dimethyl acrylamide
(Scheme 2).'%* This reaction has been easily extended to morpho-
nyl acrylamide.

OH Br
DABCO, (CH,0),
A PhOH (cat) PBrs, DMF
) NR, t-BuOH/H,0 (o) NR; 61-68% o NR,
50-80 °C
1 2
67-71% AR /?- ________ :
/(N/Me \N/\ |
H | !
12 Me b OE

Scheme 2 Synthesis of 2-bromomethylacrylamide derivatives.

Sulfonium ylide epoxidation

Both allylic precursors 2a and 2b reacted smoothly in one day
at ambient temperature with various aromatic aldehydes, or cin-
namaldehyde, in the presence of caesium carbonate and a substoi-
chiometric amount of thiolane (Scheme 3).'® This organocatalytic
open-air process furnished the corresponding epoxides 3 with
high trans selectivities (Table 1, entries 1-6) regardless of the
amide moiety (entries 1 vs. 11).* Aliphatic aldehydes, such as
valeraldehyde, underwent epoxidation in 60 to 78% yield but with
lower diastereoisomeric ratios (entries 7 and 12). Branched (more
hindered) aldehydes gave lower yields due to a slower reaction
of the ylide reagent (entries 8 and 10). Unfortunately, longer
reaction times led only to moderate improvements in yield due
to decomposition of the allylic reactant. Therefore, we used a
stoichiometric amount of sulfonium salt, preformed in situ in water
from 2 (entry 9),” and improved the yield of epoxide 3h from 51
to 71%, albeit with lower dr.

Br o)
o 02 Z S WR
s

Nal, 052CO3
MeCN, i, 24h O~ 'NR;

+

H” OR!
07 NR,

Scheme 3 Epoxidation of aldehydes (see Table 1).

These outcomes are in agreement with the recently proposed
mechanism by Aggarwal and Harvey explaining the diastere-
oselectivity of the epoxidation of aldehydes by aryl sulfonium
ylides. 2
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Table 1 Epoxidation of aldehydes (see Scheme 3)*

Entry NR, R! Product Yields? (%) dr (trans/ cis)
1 NMe, C¢H; 3a 90 >95:5
2 NMe, 4-CF,C4H, 3b 92 93:7
3 NMe, 4-NO,C¢H, 3c 83 94:6
4 NMe, 4-MeOC4H,¢ 3d 734 (339) >95:5
5 NMe, 2-Furyl 3e 75¢ 95:5
6 NMe, PhCH=CH 3f 859 (67°) 92:8
7 NMe, n-Butyl 3g 78 77:23
8 NMe, i-Butyl 3h 51 78 :22
9 NMe, i-Butyl 3h 71 63:37

10 NMe, Cy 3i 39 62 :38

11 NC,H;O CqsH; 35 93 >95:5

12 NC,H;0 n-Butyl® 3k 66 71:29

“ General reaction conditions: 0.25 mmol of benzaldehyde (0.5 M), allylbromide (1.3 eq.), thiolane (0.2 eq.), Cs,CO; (1.8 eq.), Nal (0.2 eq.), MeCN, rt,
24 h. ® Isolated yield after column chromatography on silica gel. © After 48 h.  NMR yield with an internal standard. ¢ Purification on neutral alumina.
I Preformation of the sulfonium salt in water between allylbromide (1 eq.), thiolane (1 eq.) for 5 h, followed by the addition of ~-BuOH (9 : 1 --BuOH-H,0),

aldehyde (1 eq.), NaOH (2 eq.).

Lactonisation of the obtained vinyl epoxides

Having the original epoxides 3 in hand, we undertook the
direct lactonisation reaction under acidic conditions according
to Scheme 4.

OH
0
WR' H,S0, OH
5% aq (v/v) . -
o] R! o) R!
07 NR, 0 0
3@ 4(%) 5()

3a R =NMe,, R' = Ph

3b R = NMe,, R'= p-CF3CeHy
3g R = NMe,, R = n-Buty!

3] R= NC4H80, R'=Ph

3k R = NC4HgO, R' = n-Butyl

Scheme 4 Lactonisation under acidic conditions (see Table 2).

We screened many Bronsted and Lewis acids, eventually finding
that the best conditions involved the use of an aqueous sulfuric
acid solution (Table 2).* The epoxides 3a and 3j led to the
corresponding major trans lactone 4a (R' = Ph) in poor yield
irrespective of the amide moiety (entries 1-3). The slow diastere-
ospecific cyclisation at room temperature (entry 1) was speeded
up at 60 °C (entries 1 vs. 2-3) but this was detrimental to the
trans/ cis ratio. At this stage, the relative stereochemistry was fully
determined by NMR NOE experiments.” The epimerisation event
was not observed when an electron-poor aryl group was present

Table 2 Lactonisation of epoxides 3 in acidic conditions (see Scheme 4)

(entry 4). Much better results were obtained with oxiranes 3g and
3k, having an alkyl chain, which were transformed into the main
trans derivatives 4c¢ in a diastereospecific manner and with more
than 60% yield (entries 5 and 7). We also observed the formation
of the furanone isomer 5 (R' = n-Bu).** The amount of this
derivative increased with the reaction time (entry 6). We supposed
that the furanone 5 is the thermodynamic product of the whole
process, coming from the B-hydroxy-o-methylene lactone, via acid-
catalysed isomerisation of the allylic alcohol unit.*! Accordingly,
this forced us to run these reactions for a short period of time
(20 minutes) to minimize the amount of furanone 5.

This method constitutes a very simple entry to trans B-hydroxy-
a-methylene lactones and affords useful yields with derivatives
having an alkyl group at the 5 position giving, moreover, diastere-
ospecific cyclisations. The access to frans lactones having an aryl
groups at C-5 was limited by poor yields, and/or epimerisation of
the main trans epoxides. In order to get a reasonable working
hypothesis, we established a mechanistic explanation of these
outcomes (Scheme 5).

We assumed that a molecule of water (solvent) adds directly to
the activated allylic carbon under acid catalysis, in an Sy2 manner,
to lead to the corresponding diol 6 with inversion of configuration
(trans pathway).® Although not required, we suppose that an
extra hydrogen bond between the incoming water nucleophile and
the amide could also stabilize the transition state. Then, the diol
easily cyclises into lactone and the cleavage of the robust amide
function is facilitated due to the intramolecular nature of this
step.® In the case of a phenyl group (R' = Ph) a carbocation at

Entry Epoxide 3“ (trans/ cis) Time Temp. Lactone 4“ (trans/ cis) Yield®(%) 4/5

1 3a(95:5) 21h rt 4a (92:8) 15 100:0
2 3a(95:5) 30 min 60 °C 4a (64 :36) 13 100: 0
3 3j(95:5) 30 min 60 °C 4a (72 :28) 24 100:0
4 3b(93:7) 60 min 60 °C 4b (90 : 10) 20 100: 0
5 3g (78:22) 20 min 60 °C 4c¢ (79 : 21) 62 90:10
6 3g(78:22) 6.5h 60 °C 4c (76 :24) 30 38:62
7 3k (71:29) 20 min 60 °C 4c (72:28) 66 92:8

“Determined by 'H NMR spectroscopy of the crude product. ? Isolated yield of both trans and cis lactone.
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Scheme 5 Mechanistic proposal.

the benzylic position would be stabilized for a period of time
long enough to allow the attack of a molecule of water on
either face of the sp® carbon (trans/cis pathway). Once again,
the diol 6 would easily cyclise into a mixture of trans and cis
lactones with regard to the previous epimerisation event.** Some
indirect proof of this hypothesis arose from previous studies
that we performed to determine the absolute configuration of
the enantioenriched epoxide 3a (Scheme 6)."* Our first attempts
towards an enantioselective epoxidation gave the best result with
NaOH as a base, but showed that the addition of a bulkier C,-
symmetrical sulfide 7 (with respect to thiolane) to allylic bromide
2a was slow. A moderate yield was obtained (34% yield) and
concurrent side reactions with the unreacted reactants occurred.*
Therefore, we established a user-friendly protocol in order to
preform the sulfonium salt before adding other reagents. It was
shown that a mixture of sulfide 7 and 2a resulted in complete

\‘““@\
S

s, 1 PhCHO, 2 NaOH
— o
—_— B
H,0, rt, 24 h ' -BuOH, rt, 3d
MesN 6]
: 2a 1:99 (7:8) Me,N Yo 8 43%
0
Ph
\SAS/ MP“ Pd,dbas.CHCl3 (2.5 mol%)
\1 + Me,NOC n-BugPH*BF,~ (2.5 mol%)
CONMe, RS
HCOOH/NEt; (1:2)
THF, 1t
78% ee 88:12 30% ee
(translcis) 3a 86%
R_Ph
H HCl aqg. 2M
OH ©, 0, Sy
Me,N (e} 60°C, 2 h, 88% e} o R"Ph
971% ee
~-oooe- Smomeeee- 10 88%, 56% ee
Me,NLi, 55% ee

Scheme 6 Determination of the absolute configuration of the enantioen-
riched epoxide 3a.

formation of the corresponding sulfonium salt 8 in the presence
of water.”® This protocol allowed the subsequent in situ addition
of the other components, and led to an improved yield and
enantioselectivity (Scheme 6). The enantiomeric excess of both
trans and cis vinyl oxiranes 3a (whose absolute configuration was
a priori unknown) was determined by HPLC. We then successfully
carried out Tsuji’s palladium-catalysed reduction on the mixture of
epoxides 3a to form the corresponding secondary alcohol 9.%¢ This
alcohol underwent smooth cyclisation, with slight racemisation,
into a-methylene lactone 10, for which the absolute configuration
had previously been determined in the literature.’” The addition
of lithium dimethylamide allowed the reverse synthesis of the sec-
ondary alcohol with the same absolute configuration (comparison
of HPLC analysis), showing, thereby, that the lactonisation mainly
took place with a retention of configuration. Therefore, we could
deduce the absolute configuration of the original epoxides 3a.
To explain these results, the lactonisation (9 to 10) should go
mainly through the attack of the alcohol to the amide (retention
of configuration).?* The concomitant formation of the other
enantiomer) occurs likely via the formation of a carbocation
followed by the attack of a molecule of water, which is reminiscent
of the proposal in Scheme 5. On the other hand, we can not rule
out the direct attack of the amide moiety onto the carbocation,
followed by the hydrolysis of the obtained iminium into lactone
10.3* Nevertheless, this shows that the amide bond is easily cleaved
in the presence of a y-hydroxy group, and therefore that our
challenge would be the clean formation of the corresponding diol
6 (Scheme 5) to form a B-hydroxy-a-methylene-y-butyrolactone.

The successful formation of m-allyl intermediates with vinyl
epoxide 3a (Scheme 6) prompted us to envisage a carbon dioxide
insertion into this catalytically formed reagent, as shown in
Scheme 7.%* Thereby, the carbonate derivatives 11 would be
obtained, and this masked diol could easily be cyclised into a
lactone.

(0]
'CO,’ ok o
R R!
) Pd,dbaz.CHCI3 (0.5 mol %)
3 () - 11 (1)
ligand, solvent:H,O (5:2)
RoN ]

' R R

! B-elimination ﬁ n r\[(

! o] o]
products R,N o o

Scheme 7 CO, insertion (see Tables 3 and 4).

Our first attempt, with a poorly coordinated phosphite ligand
under CO, atmosphere, led to the corresponding carbonate 11a
with 63% yield and a very good 92 : 8 ratio of trans/cis isomers
(Table 3, entry 1). However, this process was accompanied by
the formation of ketones 12 (Scheme 7), arising from a f-
elimination reaction. Pleasingly, a much better result was obtained
by making use of bicarbonate as a user-friendly carbon dioxide
surrogate (entry 2), which was originally described by Trost and
McEachern.* Only traces of 12 could be seen in the NMR of
the crude product. Probing the scope of these conditions, we
observed no reaction with sodium carbonate as a base (entry 3)
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Table 3 CO, insertion into epoxide 3a (R' = Ph)*

Entry Ligand CO, source Solvent Conv.?(%) Yield® (%) rd 11ac¢ (trans/ cis) 11a:12a: 12b°
1 P(Oi-Pr), CO,* CH,Cl, 100 63 92:8 84:3:13

2 P(Oi-Pr); NaHCO; CH,Cl, 100 80 92:8 >99:1:1

3 P(Oi-Pr), Na,CO; CH,Cl, 7 — — —

4 P(Oi-Pr), NaHCO; THF 0 — — —

5 P(Oi-Pr); NaHCO; MeCN 0 — — —

6 PPh; NaHCO; CH,Cl, 90 52 90:10 76:6:19

7 dppe NaHCO; CH,Cl, 93 — 94:6 62:6:32

8 dppb NaHCO; CH,Cl, 5 — — —

“The reactions were performed at rt for 30 hours with the epoxide 3a having a >95 : 5 ratio (trans:cis). * For both trans and cis carbonates. ¢ Determined
on the "H NMR of the crude product. 4 Under CO, atmospheric pressure without water as solvent.

or with more coordinating solvents (entries 4-5). The use of a
more electron-rich phosphine such as PPh; led to an increase in
side products 12 (entry 6). Eventually, we found that bidentate
phosphine ligands resulted in a slower reaction, or an increase in
B-elimination products, depending on their bite-angle (entries 7
and 8). It seems that a strongly coordinating environment (solvent
or ligand) renders more difficult either the coordination or the
oxidative insertion to the vinyl epoxide moiety, by hindering
and/or saturating the metal. Moreover, for successful m-allyl
derivative formation, the subsequent reaction of CO, is retarded,
favouring the B-elimination process.*

We next focused on the scope and limitation of this easily
performed reaction with various epoxides 3 (Table 4). The reaction
worked well with both dimethyl or morpholinyl amides (entries 1
and 2). It was found that an electron-withdrawing group on the
aryl moiety slowed down the process (entry 3), or completely
suppressed the CO, insertion in favour of the B-elimination
reaction (entry 4). This constitutes a chemical limitation of this
metal-ligand couple. However, a very interesting observation
was made with epoxides 3g—i having an alkyl moiety. With »n-
butyl (entry 5), i-butyl (entry 6) and cyclohexyl groups (entry
7), a virtually complete re-equilibration of the initial trans/cis
mixture of epoxides into trans carbonates took place. Although
this palladium-promoted isomerisation is well-described with
vinyl aziridines,*" this event has been scarcely reported with
vinyl epoxides.”? In our case, this original process is highly
useful, as the sulfonium ylide epoxidation of aliphatic aldehydes
usually occurs with moderate diastereoselectivities. Therefore,
we achieved an excellent trans/cis ratio for this CO, insertion
step.

An explanation of this phenomenon could stem from the
observation depicted in Scheme 8. The distribution of both m-

Table 4 CO, insertion into of epoxide 3*

| !
(0] (0]
O)J\O ; O)]\O .
i\_/.‘\R [\WwR
RoN (¢] RoN [¢]
11 cis 11 trans

Scheme 8 Mechanistic proposal.

allylpalladium complexes (via m—c-m interconversion), or the
cyclisation transition states thereof, would be dictated by the
minimization of the 4(1,3) repulsion between amide and R! groups
of the cis-carbonate precursor. On one hand, the selectivity would
be controlled by the fastness of the cyclisation step into carbonates
11 and a kinetic dynamic resolution would take place (as long as a
fast equilibrium occurs). On the other hand, the trans and cis ratio
of compounds 11 could also reflect the thermodynamic stability
of both w-allylpalladium intermediates.

We carried out the direct transformation of these masked diols
11 into their corresponding methylene lactones 4. However, under
various conditions (Brensted and Lewis acids), we obtained the
lactones in low yields. It turned out that the carbonate deprotection
was slower than the diol lactonisation so that the accumulated
lactone 4 decomposed during the reaction time. Therefore, we

Entry Epoxide (trans/ cis) R! NR, Conv.?(%) Yield® (%) Carbonate 11 (trans/ cis)*
1 3a(>95:5) Ph NMe, 100 80 112 (92:8)

2 3j(>95:5) Ph NC,H;O 100 77 11j(>95:5)

3 3b(93:7) 4-CF,C,H, NMe, 45 — 11b (94 : 6)

4 3¢ (96:4) 4-NO,C¢H, NMe, 100 0° —

5 3g(77:23) n-Bu NMe, 100 91 11g (95 5)

6 3h (78 : 22) i-Bu NMe, 100 85 11h (95:5)

7 3i (62 :38) Cy NMe, 100 71 11i (>98:2)

“ General reaction conditions: 1.15 mmol of epoxides 3, NaHCO; (6 eq.), Pd,dba, -CHCI; (0.5 mol%), P(Oi-Pr;) (3 mol%), CH,Cl,-H,O (5 : 2), rt, 30 h.
b For both trans and cis carbonates. ¢ Exclusive formation of ketones 12. ¢ Determined on the NMR of the crude product.
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focused our attention on a two-step, but one-pot procedure
(Scheme 9).4

Ji

11aR"=Ph (99 : 1dr)
LR 11g R' = n-Bu (>95 : 5 dr)
11h R" = -Bu (95 : 5 dr) One-pot
NMe, procedure
2 LiOH.H,0
H,0, rt, 4-5h
R H2S04 (8% aa) j\—g\ j\—)‘
OH " s0120min R?
NMe, 60°C (+)
R'=Ph 4a 56% (99 : 1 dr) 5a (< 1%)
R'=n-Bu 49 74% (>95:54dr) 59 (traces)
R'=iBu  4h66%, (95:5dr) 5h (traces)

Scheme 9 Synthesis of cis lactone.

An easy saponification proceeded in the presence of lithium
hydoxide in water to furnish the desired diol 6 in situ. All attempts
to isolate this compound were unsuccessful due to its high polarity.
The addition of dilute sulfuric acid solution then smoothly
performed the lactonisation into products 4. Once again, the
reaction time for the cyclisation step had to be as short as possible
to prevent a formation of a large amount of furanone 5, likely to
be the thermodynamic product (seen on the NMR of the crude
product). This lactonisation sequence was achieved at 60 °C in a
stereospecific fashion even with the phenyl-substituted carbonate.
In contrast to acid-catalysed lactonisation of epoxides 3 (Scheme 5
vs. Scheme 9), one can suppose that the diol 6 ring-closing step is
fast enough to prevent any epimerisation. However, the lactones
4g-h with a 5-alkyl group gave the best results once again, certainly
due to their higher stability in acidic conditions compared to
aryl lactones (Scheme 9). It is noteworthy that the overall process
furnished cis lactones, thanks to the epoxide transformation into
carbonate taking place with retention of configuration. So, this
approach is complementary to the acid-catalysed cyclisation of
vinyl epoxides 3, which mainly afforded trans lactones. Therefore,
we have developed a stereodivergent methodology to both cis and
trans lactones from our trans vinyl oxiranes 3.

Synthetic application

The epoxidation methodology allowed us to achieve an alternative
formal synthesis of the naturally occurring metabolite conocandin
(Fig. 1), based on disconnections 1 and 2 (Scheme 10)."” The
elaboration of this potent antibiotic has been studied by two
groups, who have pointed out the challenging stereocontrol of
the trisubstituted C~C double bond and the vinyl epoxide units,*
requiring multi-step strategies. However, the sulfonium ylide
epoxidation of 17 (Scheme 10), at a later stage of the synthesis,
afforded the opportunity of a convergent synthesis of this aldehyde
from commercial pentan-1,5-diol and 1-octyne. For that purpose,
we wanted to use Negishi’s methodologies,** namely zirconium-
catalysed carboalumination and zinc cross-coupling reactions.
The precursor 14 was readily formed in high regioselectivity by

\\\/\/\/

\ b, (1 step)

. I\)\/\/\/
wa tBuR1Zn
\M/ OM ﬁ)J\/

NMe, 2a
15R—THP
d f
e |

Oﬁ) tcl)>1\/\/¢1\/\/\/

2
(+) 18 60 : 40 dr (trans:cis)

HO™ """ 0H

J a (3 steps)

NMe,

Scheme 10 Formal synthesis of conocandin. Reagents and conditions: a)i.
DHP, p-TSA; ii. MsCl, Et;N; iii. Nal (ref. 46); b) i. Me;Al (3 eq.), Cp,ZrCl,
(0.2 eq.), H,O (1.5 eq.), CH,Cl,, 0 °C, 1h; ii. I, THF (76%), (ref. 45); c)
i. 13 (1.5 eq. with respect to 14), ZnCl, (1.9 eq.), t-BuLi (6 eq.), ether,
—78 °C; ii. 14 (1 eq.), Pd(PPh;), (0.02 eq.), ether (73%, estimated with
an NMR internal standard); d) p-TSA, MeOH (50% from 14); e) TPAP,
NMO, acetone (58%); f) i. allyl bromide 2a, thiolane (1 eq.), H,O, rt, 5 h;
ii. Aldehyde 17 (1 eq.), NaOH (2 eq.), +-BuOH (+~-BuOH-H,0 9 : 1), rt,
39 h (62%).

a carboalumination—iodation sequence, in the same flask, based
on Wipf’s protocol.* Then, the known iodide 13* was expected
to react with vinyl iodide 14 by means of a metal-catalysed
cross-coupling reaction to form the challenging trisubstituted
alkene.”® In our hands, the only successful protocol made use
of the in situ pre-formation of the fert-butyl alkylzinc derivative
from 13 (-BuR'Zn) according to Smith’s conditions.”” After
optimisation, this reagent allowed a palladium-mediated coupling
process to take place with vinyl iodide 14 to give 15 in 73% yield
(determined by NMR with an internal standard). Nearly 10%
of diene and the hydrolysed C;H;;OTHP derivatives were also
formed, and, unfortunately the latter was inseparable from 15 by
column chromatography. However, the THP deprotection led to
the known alcohol 16,"7¢ which was easily purified on silica gel.
TPAP oxidation furnished the aldehyde 17,*® which turned out to
be unstable on silica. Then, 17 was subsequently engaged in the
sulfonium ylide epoxidation reaction to give the target epoxide
18 in 62% yield and a moderate diastereoselectivity in favour
of the trans isomer. Although the epoxidation deserves further
optimisation, this reaction is performed late in the synthesis and
thus allows a convergent strategy towards the precursor aldehyde
17.% Therefore, the alkyl chains flanking the alkene moiety could
be easily and rapidly modified en route to the elaboration of
analogues of conocandin. The hydrolysis of the amide moiety
is currently under investigation by taking advantage of the
trans-amido-esterification sequence used in the aforementioned
lactonisation.

Conclusions

We have described a straightforward organocatalytic sulfur ylide
epoxidation of aldehydes, furnishing vinyl epoxides with an MBH
backbone. This useful building block allowed a stereodivergent
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synthesis of both cis and trans B-hydroxy-o-methylene lactones,
the core structure of some naturally occurring compounds. The
cis lactones were formed in two steps via the corresponding
carbonates, which were synthesized by a user-friendly palladium-
catalysed carbon dioxide insertion into epoxides making use of
NaHCO; as a CO, source. During this process, an interesting
isomerisation of cis oxiranes into trans carbonates was observed,
resulting in a synthesis of cis lactones with high selectivities.
The main trans lactones were obtained by a direct cyclisation
of the corresponding oxiranes functionalised by aryl or alkyl
groups. The latter gave the best results in terms of yields and
diastereospecificity. This study has also pointed out the limitations
of the currently used conditions, by showing that certain aryl-
functionalised epoxides could not be transformed in good yield
(low reactivity or product instability). Seeking to extend the scope
of this methodology, we have also succeeded in the synthesis of
enantioenriched trans (S,S)-vinyl epoxides by a C, symmetrical
sulfide, but in moderate yields and selectivities so far. We are
currently focusing on the improvement of these results. Indeed,
the non-racemic epoxides would open straightforward enantios-
elective routes towards either trans or cis B-hydroxy-o-methylene
lactones. Moreover, the convergent synthesis of the metabolite
conocandin, achieved in this paper, could be extended to both
enantiomers of this potent antibiotic.

Experimental
General

NMR spectra were recorded on Bruker DPX 250 ('H: 250 MHz,
BC: 63 MHz) or Bruker DRX 400 ("H: 400 MHz, “C: 100 MHz)
instruments in CDCI; unless indicated otherwise. Multiplicities in
C were determined by DEPT135 experiments. IR spectra were
recorded on a Perkin-Elmer Spectrum-One ATR spectrophotome-
ter. Mass spectra were recorded on a Varian GC/MS/MS instru-
ment equipped with CP 3800 (GC) and Saturn 2000 (MS/MS)
modules. Microanalyses were obtained using a ThermoQuest
instrument. Exact mass spectra were recorded on a Waters Q-
TOF Micro apparatus (LC/MS) with an Xterra MS column.
Purification by flash chromatography of compounds was achieved
with Merck 60 silica gel (4063 pm). Thin layer chromatography
(TLC) was performed on silica gel 60 F,s, (1.1 mm, Merck).
Compounds 1-2a and 3a-g have been previously described.’®
All reagents were used without any purification unless noted
otherwise.

4-]2-(Hydroxymethyl)acryloyl)lmorpholine (1b). Paraformal-
dehyde (901 mg, 30 mmol), DABCO (693 mg, 6 mmol) and phenol
(141 mg, 1.5 mmol) were introduced into a 10 mL flask with a
stirring bar. The vessel was fitted with a septum and gently flushed
with argon. A +-BuOH-H,O (3 : 7) solvent mixture (370 pL) and
4-acryloylmorpholine (780 uL, 6.0 mmol) were then added via a
syringe. The resulting mixture was stirred for 27 h at 55 °C (oil bath
temperature) and was then allowed to cool to room temperature.
Water was co-evaporated with toluene under vacuum. The crude
mixture was then filtered over Celite with dichloromethane and
concentrated in vacuo. Purification by column chromatography
(AcOEt-EtOH 5 : 1, R; = 0.33) afforded the desired product
(688 mg, 67%) as colorless crystals. Mp 91-92 °C. §,(250 MHz):
5.49 (s, 1H), 5.17 (s, 1H), 4.28 (d, 2H, J = 5.3 Hz), 3.65 (brs, 8H),

3.05 (t, 1H, J = 5.3 Hz, OH, disappears after D,O exchange).
0c(100 MHz): 169.9 (C), 143.4 (C), 115.6 (CH,), 66.99 (CH,),
66.96 (CH,), 63.9 (CH,), 47.9 (CH,), 42.2 (CH,). Vp,c/cm~" (neat)
3313,2859, 1597, 1431, 1279, 1110, 1068, 1032, 911, 844. MS (ESI)
m/z (%): 172 (37,[M + H]*), 154 (30), 114 (100), 100 (14), 88 (60),
85 (30). Found: C, 55.74; H, 7.61; N, 8.14. Calcd for CyH,;NO;:
C, 56.13; H, 7.65; N, 8.18.

4-]2-(Bromomethyl)acryloyl)Jmorpholine (2b). The alcohol 1b
(644 mg, 3.76 mmol) was dissolved in anhydrous diethyl ether
(3 mL) in a round-bottomed flask under nitrogen pressure.
Dimethylformamide (1.46 mL, 18.90 mmol) was added and the
mixture was cooled to —5 °C. A solution of PBr; (176 uL,
1.90 mmol) in anhydrous diethyl ether (685 pL) was then added
dropwise. A white precipitate then appeared. The reaction was
stirred at room temperature and monitored by TLC (AcOEt-
EtOH 4 : 1). After 15 h, the mixture was quenched by hydrolysis
with water (S mL). The layers were separated and the aqueous layer
was extracted with ethyl acetate (3 x 25 mL). The organic layers
were combined and washed with water (2 x 100 mL) to remove
dimethylformamide. Then, the organic layers were dried over
MgSO.,, filtered and concentrated in vacuo. Purification by column
chromatography (AcOEt-pentane 4 : 1, R; = 0.33) provided 2b
(595 mg, 68%) as white crystals. Mp 41-43 °C. 6,(400 MHz): 5.51
(s, IH), 5.12 (s, 1H), 4.20 (s, 2H), 3.67 (brs, 8H). 6(100 MHz):
168.0 (C), 139.6 (C), 118.2 (CH,), 67.1 (CH,), 66.9 (CH,), 47.8
(CH,), 42.3 (CH,), 33.2 (CH,). V. /cm™! (neat): 2855, 1643, 1614,
1433, 1110, 1030, 842. MS (ESI) m/z (%): 234 (12, [M + H]*), 147
(100), 119 (47), 100 (3). (Found: C, 41.03; H, 5.30; N, 6.20. Calc
for CsH,,BrNO,: C, 41.05; H, 5.17; N, 5.98).

General procedure for the synthesis of vinyl epoxides 3. To a
solution of the allylic bromide (0.33 mmol, 1.3 eq.), the aldehyde
(0.25 mmol, 1 eq.) and sodium iodide (7.5 mg, 0.05 mmol, 0.2 eq.)
in acetonitrile (0.5 mL), was added tetrahydrothiophene (4.5 pL,
0.05 mmol, 0.2 eq.). The reaction mixture was stirred for 5 min,
then, caesium carbonate (147 mg, 0.45 mmol, 1.8 eq.) was added.
The resulting mixture was vigorously stirred at 20 °C for 24 h. The
salts were filtered and washed with CH,Cl,, and the filtrate was
concentrated in vacuo. Purification by column chromatography
afforded the desired epoxides. Note: the asymmetric synthesis of
vinyl epoxide 3a is described after compound 4c.

N,N-Dimethyl-2-(3-isobutyloxiranyl)acrylamide (3h). After
24 h of reaction and purification by column chromatography
(AcOEt—pentane 1 : 1, R; = 0.28), the inseparable trans and cis
epoxides (78 : 22) were obtained as a colorless oil (25.2 mg, 51%).
0u(400 MHz): trans 5.40 (s, 1H), 5.14 (s, 1H), 3.13 (d, / = 1.6 Hz,
1H), 3.05-2.86 (m, 7H), 1.80-1.65 (m, 1H), 1.45-1.25 (m, 2H),
0.86-0.84 (m, 6H). cis 5.32 (s, 1H), 5.26 (s, 1H), 3.56 (d, J =
4.4 Hz, 1H), 3.10-3.05 (m, 1H), 3.05-2.86 (m, 6H), 1.80-1.65 (m,
1H), 1.45-1.25 (m, 1H), 1.25-1.15 (m, 1H), 0.86-0.84 (m, 6H).
Jc(100 MHz): trans 168.7 (C), 142.4 (C), 116.4 (CH,), 59.6 (CH),
57.9 (CH), 41.0 (CH,), 38.7 (CH,), 34.4 (CH,), 26.2 (CH), 22.8
(CH;), 22.3 (CH,). cis 169.6 (C), 138.7 (C), 117.3 (CH,), 58.5
(CH), 55.7 (CH), 35.2 (CH,), 34.7 (CH,), 34.7 (CHs;), 26.4 (CH),
22.64 (CH;), 22.57 (CH;). Vy/cm™" (neat): 2956, 1643, 1619,
1397, 1111, 905. MS (ESI) m/z (%): 198 (100, [M + HJ*), 180 (27),
153 (26), 152 (23), 135 (50), 123 (25), 111 (43), 107 (62), 97 (19).
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HRMS (ESI): caled for C;;H,)NO, [M + H]*: 198.1494, found:
198.1485.

Stoichiometric epoxidation protocol for 3h. Thiolane (25 pL,
0.28 mmol) was added to a solution of the allylic bromide (53.1 mg,
0.28 mmol) in water (50 pL) at rt. Under vigorous stirring, the
initial heterogeneous solution became homogeneous after 5 h. ¢-
BuOH (450 pL), benzaldehyde (25 pL, 0.25 mmol) and NaOH
(20 mg, 0.5 mmol) were subsequently added to the solution.
The mixture was vigorously stirred for 24 h at room temperature
and then diluted with water. The aqueous layer was extracted by
dichloromethane and the combined organic layers were dried over
MgSO,, filtered and concentrated in vacuo. Purification by column
chromatography (AcOEt-pentane = 1 : 1, R; = 0.28) afforded the
desired epoxides (35 mg, 71%) as an inseparable mixture of trans
and cis diastereoisomers (63 : 37). See above for analyses.

N,N-Dimethyl-2-(3-cyclohexyloxiranyl)acrylamide (3i). After
24 h of reaction and purification by column chromatography
(AcOEt—pentane 1 : 1, Ry(cis) = 0.43, Ri(trans) = 0.37), parts
of the trans and cis epoxides (60 : 40) were obtained separately
as colorless oils (21.9 mg, 39%). 64(400 MHz): trans 5.46 (s, 1H),
5.21 (s, 1H), 3.31 (d, J = 2.0 Hz, 1H), 3.00 (s, 3H), 2.95 (s, 3H),
2.79 (dd, J = 2.0 and 6.7 Hz, 1H), 2.00-1.61 (m, 5H), 1.24-1.06
(m, 6H). cis 5.45 (t, J = 1.3 Hz, 1H), 5.34 (s, I1H), 3.71 (dd, J =
1.3 and 4.4 Hz, 1H), 3.08 (s, 3H), 3.00 (s, 3H), 2.83 (dd, J = 4.4
and 8.5 Hz, 1H), 1.88-1.84 (m, 1H), 1.73-1.62 (m, 4H), 1.20-1.12
(m, 6H). 6.(100 MHz): trans 168.9 (C), 142.8 (C), 116.4 (CH,),
65.0 (CH), 56.8 (CH), 40.2 (CHj;), 38.9 (CH,), 34.7 (CH), 29.3
(CH,), 28.9 (CH,), 26.3 (CH,), 25.7 (CH,), 25.6 (CH,). cis 169.5
(C),138.7(C), 117.5(CH,), 64.2 (CH), 56.5 (CH), 39.0 (CH3;), 35.1
(CH;), 35.1 (CH), 30.4 (CH,), 28.7 (CH,), 26.3 (CH,), 25.5 (CH,),
25.5 (CH,). Vi /cm™ (neat): 2924, 1644, 1617, 1396, 1102, 870.
MS (ESI) m/z (%): 224 (57, [M + H]"), 206 (52), 161 (100), 133
(63), 128 (34), 97 (24), 91 (15). HRMS (ESI): calcd for C;;H,,NO,
[M + HJ*: 224.1651, found: 224.1649.

4-[2-(3-Phenyloxiranyl)acryloyllmorpholine (3j). After 24 h of
reaction and purification by column chromatography (AcOEt-
pentane 2 : 1, R; = 0.39), the epoxides were obtained as yellow
crystals (60.3 mg, 93%) as an inseparable mixture of trans and cis
diastereoisomers (95 : 5). 64(400 MHz): trans 7.35-7.27 (m, SH),
5.61 (s, IH), 5.36 (s, 1H), 4.00 (d, J = 2.0 Hz, 1H), 3.90-3.53 (m,
8H), 3.52(d, J = 2.0 Hz, 1H). cis 5.57 (s, IH), 5.16 (s, 1H), 4.30 (d,
J=4.5Hz,1H), 3.20 (d, J = 4.5 Hz, 1H). The other protons could
not be observed for the cis diastereoisomer. (100 MHz): trans
167.1 (C), 141.4 (C), 136.4 (C), 128.7 (CH), 128.6 (CH), 125.7
(CH), 118.2 (CH,), 67.05 (CH,), 67.02 (CH,), 62.1 (CH), 59.9
(CH), 47.8 (CH,), 42.2 (CH,). IR (neat): 2855, 1643, 1615, 1434,
1111, 1031, 844, 754, 698. MS (ESI) m/z (%): 260 (32, [M + HJ"),
242 (9), 173 (100), 145 (22), 117 (21), 100 (47), 91 (21), 88 (10).
HRMS (ESI): caled for C;sHsNO; [M + H]*: 260.1287, found:
260.1279

4-|2-(3-Butyloxiranyl)acryloyllmorpholine (3k). After 48 h of
reaction and purification by column chromatography (AcOEt-
pentane 2 : 1, R = 0.26), the epoxides were obtained as a yellow
oil (39.5 mg, 66%) as an inseparable mixture of trans and cis
diastereoisomers (71 : 29). 64(400 MHz): trans 5.53 (s, 1H), 5.27
(s, 1H), 3.70-3.45 (m, 8H), 3.26 (d, J = 2.1 Hz, 1H), 3.02 (ddd,
J = 2.1, 48 and 6.5 Hz, 1H), 1.72-1.30 (m, 6H), 091 (t, J =

7.1 Hz, 3H). cis 5.47 (s, 1H), 5.37 (s, 1H), 3.02 (dd, J = 3.3 and
10.6 Hz, 1H). The other protons could not be observed for the cis
diastereoisomer. d-(100 MHz): trans 167.3 (C), 142.0 (C), 117.2
(CH,), 66.8 (CH,), 66.8 (CH,), 60.3 (CH), 57.8 (CH), 47.6 (CH,),
41.9 (CH,), 31.5 (CH,), 27.8 (CH,), 22.4 (CH,), 13.9 (CH,). cis
168.0 (C), 138.1 (C), 117.7 (CH,), 66.8 (2 CH,), 59.7 (CH), 56.1
(CH), 47.6 (CH,), 41.9 (CH,), 28.3 (CH,), 26.3 (CH,), 22.5 (CH,),
13.9 (CH;). Vo /cm™' (neat): 2958, 1644, 1619, 1432, 1112, 1031,
844. MS (ESI) m/z (%): 240 (100, [M + H]"), 222 (29), 194 (7), 170
(21), 153 (39), 135 (60), 114 (76), 107 (34), 97 (7). HRMS (ESI):
caled for C3H,,NO; [M + HJ*: 240.1600, found: 240.1606.

Representative procedure for the lactonisation of vinyl epoxides
3 to 4 under acidic conditions (Table 2). The vinyl epoxide
(0.09 mmol, 1 eq.) and an aqueous solution of H,SO, (2 mL,
5% v/v) were introduced into a Schlenk flask at 20 °C and were
stirred at 60 °C (oil bath). After allowing to cool, the aqueous
layer was extracted with CH,Cl, (3 x 2 mL). The combined
organic layers were washed with a saturated aqueous solution of
NaHCO; (6 mL), dried over MgSO,, filtered and concentrated
in vacuo. Purification by column chromatography (AcOEt—
pentane) provided the desired lactones as a mixture of trans and
cis diastereoisomers.

4-Hydroxy-3-methylene-5-phenyl-y-butyrolactone (4a). After
30 min of reaction with epoxide 3a, purification by column
chromatography (AcOEt—pentane 1 : 1, Ri(trans) = 0.47, Ri(cis) =
0.33) gave the trans and cis lactones 4a partly separated as yellow
oils (24%, 72 : 28 dr). 34 (400 MHz): trans 7.41-7.34 (m, SH), 6.49
(d,J =2.2Hz, 1H), 6.00 (d, / = 2.2 Hz, 1H), 5.22 (d, J = 5.2 Hz,
1H), 4.74 (brs, 1H), 2.76 (brs, 1H). cis 7.45-7.30 (m, 5H), 6.52 (d,
J=2.0Hz, 1H),6.02(d,J =2.0Hz, 1H), 5.60 (d, J = 6.1 Hz, 1H),
5.05 (brs, 1H), 1.46 (d, J = 6.1 Hz, 1H). 6.(100 MHz): trans 168.5
(C), 138.3 (C), 137.2 (C), 129.1 (CH), 129.0 (CH), 126.1 (CH,),
125.6 (CH), 85.8 (CH), 75.8 (CH). cis 168.9 (C), 137.6 (C), 133.1
(C), 129.4 (CH), 129.1 (CH), 127.2 (CH,), 126.8 (CH), 82.4 (CH),
70.5 (CH). v,.,/cm™' (neat): 3422, 1748, 1146, 1069, 996, 696. MS
(ESI™) m/z (%): 189 (100, [M-H]"), 161 (10), 159 (5), 145 (17), 143
(10), 133 (25), 127 (12), 117 (16), 115 (4). HRMS (EST"): calcd for
CH,0; [M — H]: 189.0552, found: 189.0549.

4-Hydroxy-3-methylene-5-(4-trifluoromethylphenyl)-y-butyro-
lactone (4b). After 60 min of reaction with epoxide 3b, purifica-
tion by column chromatography (AcOEt-pentane 2 : 3, Ri(trans) =
0.32, Ri(cis) = 0.28) gave the trans and cis lactones 4b separately
as colorless oils (20%, dr 90 : 10). 64(250 MHz): trans 7.69 (d,
J = 8.4 Hz, 2H), 7.52 (d, J = 8.4 Hz, 2H), 6.53 (d, J/ = 2.6 Hz,
1H), 6.04 (d, J = 2.6 Hz, 1H), 5.29 (d, J = 5.2 Hz, 1H), 4.73
(brs, 1H), 2.66 (d, J = 6.4 Hz, 1H). cis 6.56 (d, J = 1.7 Hz,
1H), 6.07 (d, J = 1.7 Hz, 1H), 5.64 (d, J = 4.6 Hz, 1H), 5.12
(brs, 1H). The other protons could not be observed for the cis
diastereoisomer. 0x(235 MHz): —62.7. 6.(100 MHz): trans 167.9
(C), 141.3 (C), 137.8 (O), 131.3 (q, *Jcr = 32.6 Hz, C), 126.6
(CH,), 126.1(q,*Jcr =3.7Hz, CH), 125.8 (CH), 124.0(q, 'Jc.r =
272.4 Hz, C), 84.7 (CH), 75.8 (CH). v,,,/cm™" (neat): 3239, 1754,
1330, 1114, 1071, 979, 838. MS (ESI") m/z (%): 256 (100, [M —
H]"), 229 (16), 213 (67), 201 (27), 193 (28), 165 (30), 145 (16).
HRMS (ESI"): calcd for C,,H;O;F; [M — H]: 257.0426, found:
257.0419.
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4-Hydroxy-3-methylene-5-butyl-y-butyrolactone  (4c). After
20 min of reaction with epoxide 3k and purification by column
chromatography (AcOEt—pentane 2 : 1, R; = 0.42), the inseparable
trans and cis lactones 4c were obtained as a colorless oil (66%,
72 : 38 dr). 04(400 MHz): trans 6.43 (d, J = 2.2 Hz, 1H), 5.98 (d,
J = 2.2 Hz, 1H), 4.56-4.50 (m, 1H), 4.26 (ddd, *Jy 4 = 4.4 Hz,
*Jucn, = 5.4 Hz and *Jy oy, = 7.8 Hz, correlated by 'H NMR
decoupling experiment, 1H), 2.31 (d, J/ = 6.8 Hz, 1H), 1.85-1.60
(m, 2H), 1.60-1.30 (m, 4H), 0.93 (t, J = 7.2 Hz, 3H). cis 6.40 (d,
J = 1.7 Hz, 1H), 598 (d, J = 1.7 Hz, 1H), 4.84-4.83 (m, 1H),
4.44 (dt,*Jyy =*Jwcwe = 5.5Hz and *Jy ¢, = 8.4 Hz, correlated
by irradiated proton spectra, 1H), 2.21 (brs, 1H), 1.84-1.73 (m,
2H), 1.72-1.26 (m, 4H), 0.94 (t, J = 7.1 Hz, 3H). 6.(100 MHz):
trans 168.8 (C), 139.1 (C), 126.0 (CH,), 85.6 (CH), 73.2 (CH),
33.5 (CH,), 27.1 (CH,), 22.5 (CH,), 14.0 (CHj;). cis 169.3 (C),
139.1 (C), 126.3 (CH,), 82.5 (CH), 69.5 (CH), 28.4 (CH,), 27.6
(CH,), 22.7 (CH,), 14.0 (CH;). Vp,/cm™' (neat): 3426, 2957,
1740, 1271, 1167, 1112, 984. MS (ESI) m/z (%): 171 (79, [M +
HJ*), 153 (80), 135 (77), 125 (19), 111 (79), 109 (16), 107 (100),
101 (11). HRMS (ESI): calcd for CoH;sO5 [M + HJ*: 171.1021,
found: 171.1020. The furanone side product was also isolated:
3-(hydroxymethyl)-5-butylfuran-2(5H)-one (5). 0x(400 MHz):
7.28-7.25 (m, 1H), 4.97 (brt, J = 5.6 Hz, 1H), 4.43 (brs, 1H),
2.46 (brs, 1H), 1.81-1.60 (m, 2H), 1.52-1.28 (m, 4H), 0.91 (t,
J = 6.8 Hz, 3H). 6.(100 MHz): 172.9 (C), 149.4 (CH), 133.5 (O),
82.3 (CH), 57.3 (CH,), 33.1 (CH,), 27.3 (CH,), 22.5 (CH,), 14.0
(CH3). Vpay/cm™ (neat): 3435, 1732, 1018. MS (ESI) m/z (%):171
(100, [M + HJ*), 153 (61), 135 (31), 111 (34), 107 (49). HRMS
(ESI): caled for CoH,50; [M + H]*: 171.1021, found: 171.1019.

Asymmetric synthesis of N,N-dimethyl-2-(3-phenyloxiranyl)-
acrylamide (3a). A solution of (2R,5R)-2,5-dimethylthiolane 7
(100 mg, 0.86 mmol) with allylic bromide 2a (215 mg, 1.12 mmol)
in water (172 pL) was stirred at 20 °C for 24 h. The starting
biphasic mixture became gradually a homogenous solution. -
BuOH (1.55 mL), benzaldehyde (88 uL, 0.86 mmol), and sodium
hydroxide powder (69 mg, 1.72 mmol) were then added. The
reaction mixture was stirred at 20 °C for 3 days. Water (5 mL)
was added and the aqueous layer was extracted with CH,Cl,
(3 x 5mL). The combined organic layers were dried over MgSO,,
filtered and concentrated in vacuo. Purification by column chro-
matography (AcOEt-pentane 3 : 1, R; = 0.43) afforded the desired
epoxides 3a (81 mg, 43%) as an inseparable mixture of enantio-
enriched frans and cis isomers (88 : 12). The epoxides were then
analyzed by HPLC in order to determine the enantiomeric excess.
HPLC: AS-H Daicel Chiralpak column 250 x 4.6 mm, 5 pm.
t.(trans) = 12.3 and 16.3 min [(S,S) and (R,R) enantiomers]. UV
maximum absorption of trans: 202 nm. Absolute configurations:
38,28 for the major enantiomer. #,(cis) = 19.5 and 44.4 min [(R,S)
and (S, R) enantiomers]. UV maximum absorption of cis: 202 nm.
Absolute configurations: 3S,2R for the major enantiomer.

4-Hydroxy- N,N -dimethyl-2-methylidene-4-phenylbutanamide
(9). Pd,(dba);.CHCIl; (6.6 mg, 6.38 pmol) and
butylphosphonium tetrafluoroborate (2 mg, 6.38 pumol) were
introduced into a Schlenk flask under nitrogen. A solution of
formic acid (20 pL, 0.51 mmol) and triethylamine (142 mL,
1.02 mmol) in anhydrous THF (0.5 mL degassed) were added
via a syringe. The resulting purple mixture was stirred for
5-10 min. A solution of the enantioenriched vinylepoxide 3a

tri-n-

(56 mg, 0.26 mmol, 78% ee for the trans, 30%, ee for the cis)
in THF (0.5 mL) was then added dropwise and the reaction
mixture became yellow. The reaction was stirred at 20 °C and
was monitored by TLC (AcOEt—pentane 4 : 1). After 2.5 h, the
solution was passed through a short pad of silica with CH,Cl,,
and the filtrate was concentrated in vacuo. Purification by column
chromatography (AcOEt-pentane 4 : 1, R, = 0.19) afforded
the desired alcohol 9 (48 mg, 86%, 71% ee) as a colorless oil.
ou(250 MHz): 7.42-7.21 (m, SH), 5.31 (s, 1H), 5.21 (s, 1H), 5.03
(d, J = 3.4 Hz, 1H), 4.88 (m, 1H, after D,O exchange: dd, J =
2.7 and 9.1 Hz), 3.08 (s, 3H), 3.03 (s, 3H), 2.69 and 2.53 (AB part
of ABX system, 2H, J,x = 2.7, Jpx = 9.1 and J,3 = 14.0 Hz).
0c(63 MHz): 172.9 (C), 144.3 (C), 140.6 (C), 128.3 (CH), 127.3
(CH), 125.9 (CH), 119.6 (CH,), 74.1 (CH), 44.7 (CH,), 39.4
(CHj;), 35.2 (CH3). Ve /cm™ (neat): 3378, 2931, 1598, 1396, 1057,
700. MS (ESI) m/z (%): 220 (30, [M + HJ*), 202 (100), 174 (2),
173 (8), 129 (1). HRMS (ESI): caled for C,;H;;NO,Na (MNa*):
242.1157, found: 242.1154. HPLC: AD-H Daicel Chiralpak
column 250 x 4.6 mm, 5 pm. ¢, = 13.4 and 15.9 min [(S) and
(R) enantiomers]. UV maximum absorption: 202 nm. Absolute
configuration: (R) for the major enantiomer.

3-Methylene-5-phenyl-y-butyrolactone (10). The p-hydroxy-
amide 9 (40 mg, 0.182 mmol) was added to an aqueous solution
of 2 M HCI (4.2 mL). The mixture was warmed to 60 °C and
stirred for 2 h. After allowing to cool, the aqueous layer was
extracted with CH,Cl, (3 x 5 mL). The resulting organic layer
was washed with a saturated aqueous solution of K,CO; (15 mL),
dried over MgSO,, filtered and concentrated in vacuo. Purification
by column chromatography (AcOEt-pentane 1 : 1, R, = 0.40)
afforded the lactone (28 mg, 88%, 56% ee) as yellow crystals,
identified by comparing its NMR spectrum with that of the known
compound.’” Mp 54-55 °C. dy(250 MHz): 7.40-7.31 (m, 5H), 6.32
(t,J =2.5Hz, 1H), 5.70 (t, J = 2.5 Hz, 1H), 5.49 (dd, J = 6.5 and
8.0 Hz, 1H), 3.23 (ddt, J = 2.5, 8.0 and 17.0 Hz, 1H), 2.80 (ddt,
J =2.5,6.5and 17.0 Hz, 1H). [a]¥ —10.5 (¢ = 1, CHCL,), lit. (R)
enantiomer [a]® —19.0 (¢ = 1, CHCL,).*” HPLC: OD-H Daicel
Chiralpak column 250 x 4.6 mm, 5 pm. n-heptane—iso-propanol
95:5at15°C. t, = 18.5 and 21.3 min [(R) and (S) enantiomers].
UV maximum absorption: 208 nm. Absolute configuration: (R)
for the major enantiomer.

4-Hydroxy-N,N -dimethyl-2-methylidene-4-phenylbutanamide
(9) from the lactone 10. Dimethylamine (73 uL, 0.144 mmol,
2.0 M commercial solution in THF) and anhydrous THF
(0.25 mL) were introduced via a syringe into a Schlenk flask
under nitrogen. The mixture was cooled to —78 °C and n-BuLi
(64 uL, 0.144 mmol, 2.25 M) was added dropwise. After stirring
for 10 min, a solution of the lactone 10 (25 mg, 0.144 mmol, 56%
ee) in THF (0.5 mL) was dropped into the mixture at —78 °C. The
resulting mixture was stirred at —20 °C for 2.5 h, and hydrolyzed
with a saturated aqueous solution of NH,Cl (1.2 mL). It was
then allowed to reach room temperature. The aqueous layer was
extracted with CH,Cl, (3 x 5 mL) and the resulting organic
layer was dried over MgSQ,, filtered and concentrated in vacuo.
After purification by column chromatography (AcOEt-pentane
4 : 1, R = 0.20), the pure alcohol was obtained (13 mg, 41%).
HPLC analysis showed that the (R)-enantiomer was the major
enantiomer, with 55% ee.
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General procedure for the synthesis of vinylcarbonates 11.
Pd,(dba);-CHCI; (6 mg, 5.75 umol, 0.005 eq.) and NaHCO;
(580 mg, 6.9 mmol, 6 eq.) were introduced into a Schlenk flask
under nitrogen. Triisopropylphoshite (9 pL, 34.5 umol, 0.03 eq.)
was then added via a syringe under nitrogen pressure. These
compounds were dissolved with anhydrous CH,Cl, (6.5 mL,
degassed). The purple mixture was vigorously stirred at 20 °C,
and became bright yellow after 10 min, the time needed for the
complete formation of the organometallic complex. At this stage,
a solution of vinyl epoxide 3 (1.15 mmol, 1 eq.) in anhydrous
CH,Cl, (5 mL, degassed) was added dropwise via a syringe. Water
(4.6 mL) was finally added to the mixture, which was vigorously
stirred at 20 °C for 30 h. The biphasic mixture was then passed
through a short pad of (silica/Celite 1 : 9) which was washed with
CH,Cl,. The filtrate was concentrated in vacuo. Purification by
chromatography column afforded the desired carbonate 11. Note:
The products 12a and 12b, which resulted from the B-elimination
pathway, were also obtained in this reaction, depending on
the epoxide (see Table 3): N,N-Dimethyl-2-methylene-4-oxo-4-
phenylbutanamide (12a). 6;(250 MHz): 7.95-7.43 (m, SH), 5.39 (s,
1H), 5.31 (s, 1H), 4.12 (s, 2H), 3.25 (brs, 3H), 3.05 (brs, 3H). MS
(E)) m/z (%): 217 (43, M*), 174 (98), 173 (100), 172 (100), 144 (52),
131 (23), 112 (49), 105 (100), 78 (100), 73 (66). N,N,2-Trimethyl-4-
oxo-4-phenylbut-2-enamide (12b). 6;(250 MHz): mixture of £ and
Z 7.95-7.43 (m, SH), 6.84 (s, 1H), 3.06 (s, 3H), 2.92 (s, 3H), 2.34
(d, J = 1.5 Hz, 3H, diastereoisomer A), 2.18 (d, / = 1.5 Hz, 3H,
diastereoisomer B). MS (EI) m/z (%): 217 (43, M*), 174 (98), 173
(100), 172 (100), 144 (52), 131 (23), 112 (49), 105 (100), 78 (100),
73 (66).

N,N-Dimethyl-2-(2-0xo0-5-phenyl-1,3-dioxolan-4-yl)acrylamide
(11a). After 30 h of reaction and purification by column
chromatography (CH,CL,-EtOH 40 : 1, R, = 048), the
inseparable trans and cis carbonates 1la were obtained as
a light-brown powder (80%, 92 : 8 dr). 04(400 MHz): trans
7.43-7.40 (m, SH), 6.00 (d, J = 7.2 Hz, 1H), 5.54 (d, J = 0.8 Hz,
1H), 5.44 (d, J = 0.8 Hz, 1H), 4.99 (dt, / = 0.8 and 7.2 Hz,
1H), 3.10 (s, 3H), 3.03 (s, 3H). cis 7.37-7.31 (m, 3H), 7.25-7.21
(m, 2H), 6.06 (dt, J = 1.8 and 8.2 Hz, 1H), 5.86 (d, J = 8.2 Hz,
1H), 5.79 (d, J = 1.8 Hz, 1H), 5.32 (d, J = 1.8 Hz, 1H), 2.68 (s,
3H), 2.24 (s, 3H). 6c(100 MHz): trans 167.7 (C), 154.0 (C), 138.1
(C), 135.6 (C), 129.6 (CH), 129.2 (CH), 126.0 (CH), 120.6 (CH,),
84.9 (CH), 82.2 (CH), 39.1 (CHj;), 35.1 (CHs;). Vpa/cm™ (neat):
2948, 1804, 1620, 1177, 1042, 761, 699. MS (ESI) m/z (%): 262
(24, [M + HJ*), 218 (19), 200 (100), 173 (15), 172 (34), 157 (3),
145 (24), 117 (9). HRMS (ESI): caled for C,H,,NO, [M + H]*:
262.1079, found: 262.1080. Found: C, 64.57; H, 5.15; N, 5.48.
Caled for C,,H;sNO,: C, 64.36; H, 5.79; N, 5.36.

N,N-Dimethyl-2-(2-0x0-5-(4-trifluoromethylphenyl)-1,3-dioxo-
lan-4-yl)acrylamide (11b). After 30 h, the reaction was incom-
plete (45% of conversion, 94 : 6 dr) and the carbonate was not
separable from the starting epoxide. It was thus described from
the crude product. 64(250 MHz): trans 7.69 (d, J = 8.4 Hz, 2H),
7.58 (d, J = 8.4 Hz, 2H), 6.11 (d, J = 7.1, 1H), 5.59 (s, 1H), 5.50
(s, 1H), 4.94 (d, J = 7.1, 1H), 3.12 (s, 3H), 3.05 (s, 3H). cis 6.04
(dt, J = 1.6 and 8.0 Hz, 1H), 5.96 (d, J = 8.0 Hz, 1H), 5.79 (d,
J = 1.6 Hz, 1H). The other protons could not be observed for the
cis diastereoisomer.

N,N-Dimethyl-2-(2-oxo-5-butyl-1,3-dioxolan-4-yl)acrylamide
(11g). After 30 h of reaction and purification by column
chromatography (AcOEt-pentane 3 : 1, R, = 0.42), the
inseparable trans and cis carbonates were obtained as a colorless
oil (91%, =95 : 5 dr). 64(400 MHz): trans 5.67 (s, 1H), 5.44 (s,
1H), 4.86-4.84 (m, 2H), 3.11 (s, 3H), 3.02 (s, 3H), 1.85-1.71 (m,
2H), 1.55-1.37 (m, 4H), 0.92 (t, J = 7.1 Hz, 3H). cis 5.89 (s, 1H),
5.61 (s, 1H), the other protons could not be observed for the cis
diastereoisomer. 0.(100 MHz): trans 167.7 (C), 154.2 (C), 139.0
(C), 119.2 (CH,), 81.9 (CH), 81.8 (CH), 39.1 (CHs;), 35.0 (CH,),
33.4 (CH,), 26.6 (CH,), 22.2 (CH,), 13.8 (CHj3). Vp./cm™' (neat):
2933, 1795, 1618, 1173, 1048, 770. MS (ESI) m/z (%): 242 (100,
[M + HJ*), 217 (24), 198 (6), 117 (3). HRMS (ESI): calcd for
C,HxNO, [M + H]*: 242.1392, found: 242.1389.

N,N-Dimethyl-2-(2-oxo-5-isobutyl-1,3-dioxolan-4-yl)acrylamide
(11h). After 30 h of reaction and purification by column
chromatography (AcOEt-pentane 3 : 1, R, = 0.45), the
inseparable trans and cis carbonates were obtained as a colorless
oil (85%, 95 : 5 dr). 6,(400 MHz): trans 5.62 (s, 1H), 5.39 (s, 1H),
491 (ddd, J = 3.8, 6.8 and 9.4 Hz, 1H), 4.75 (d, J = 6.8 Hz,
1H), 3.06 (s, 3H), 2.97 (s, 3H), 1.86-1.79 (m, 1H), 1.72-1.64 (m,
1H), 1.57-1.51 (m, 1H), 0.93 (d, J = 6.8 Hz, 6H). cis 5.81 (s, 1H),
5.57 (s, 1H), the other protons could not be observed for the cis
diastereoisomer. 0.(100 MHz): trans 167.7 (C), 154.2 (C), 138.8
(C), 119.4 (CH,), 82.5 (CH), 80.6 (CH), 42.7 (CH,), 39.1 (CH,),
35.0 (CH;), 24.8 (CH), 22.9 (CH,), 21.8 (CH3). Vyo/cm™ (neat):
2958, 1796, 1618, 1177, 1121, 1047, 770. MS (ESI) m/z (%): 242
(60, [M + HJ]*), 198 (61), 180 (100), 135 (6). HRMS (ESI): calcd
for C,,H,NO, [M + H]*: 242.1392, found: 242.1380.

N,N-Dimethyl-2-(2-oxo0-5-cyclohexyl-1,3-dioxolan-4-yl)acryla-
mide (11i). After 30 h of reaction and purification by column
chromatography (AcOEt-pentane 3 : 1, R, = 0.35), the trans
carbonate was obtained as a slightly yellow oil (71%, > 98 : 2 dr).
01(400 MHz): trans 5.65 (d, J = 1.2 Hz, 1H), 5.42 (s, 1H), 5.00
(d, J =5.6 Hz, 1H), 4.62 (t, J/ = 5.6 Hz, 1H), 3.09 (brs, 3H), 3.00
(brs, 3H), 1.81-1.66 (m, 6H), 1.23-1.11 (m, 5H). (100 MHz):
trans 167.9 (C), 154.4 (C), 139.8 (C), 119.1 (CH,), 85.0 (CH), 79.4
(CH), 41.3 (CH), 39.2 (CH,), 35.1 (CH,), 27.9 (CH,), 27.0 (CH,),
26.1 (CH,), 25.6 (CH,), 25.4 (CH,). V., /cm™' (neat): 2928, 1791,
1618, 1166, 1052, 769. MS (ESI) m/z (%): 268 (41, [M + H]*), 224
(17), 206 (100), 178 (5), 161 (56), 133 (27). HRMS (ESI): calcd for
C,H,NO, [M + HJ*: 268.1549, found: 268.1547.

4-[1-(Morpholin-4-ylcarbonyl)vinyl]-5-phenyl-1,3-dioxolan-2-one
(11j). After 30 h of reaction and purification by column
chromatography (CH,CL-EtOH 80 3, Ry = 0.31), the
inseparable trans and cis carbonates were obtained as a yellow oil
(77%, >95 : 5 dr). 04(400 MHz): trans 7.49-7.38 (m, SH), 5.98 (d,
J =17.2 Hz, 1H), 5.51 (s, 1H), 5.41 (s, 1H), 497 (d, J = 7.2 Hz,
1H), 3.90-3.45 (m, 8H). cis 6.05 (dt, J = 1.6 and 8.2 Hz, 1H),
5.85(d, J = 8.2 Hz, 1H), 5.83 (d, / = 1.6 Hz, 1H), 5.33 (d, J =
1.6 Hz, 1H). The other protons could not be observed for the cis
diastereoisomer. d.(100 MHz): trans 166.3 (C), 153.8 (C), 137.7
(©), 135.4 (C), 129.7 (CH), 129.3 (CH), 126.0 (CH), 120.8 (CH,),
84.8 (CH), 82.1 (CH), 66.9 (CH,), 66.7 (CH,), 47.9 (CH,), 42.2
(CH,). Vo /cm™! (neat): 2858, 1798, 1614, 1438, 1269, 1163, 1112,
1030, 698. MS (ESI) m/z (%): 304 (41, [M + HJ*), 260 (25), 242
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(100), 173 (12), 164 (9), 145 (7), 114 (6). HRMS (ESI): calcd for
C1oH\NO; [M + HJ*: 304.1185, found: 304.1170.

Representative procedure for cyclisation of vinylcarbonates 11
to lactones 4. Vinylcarbonate (118 mg, 0.48 mmol) and water
(2.5 mL) were first introduced in a Schlenk flask. Lithium
hydroxide (23.4 mg, 0.98 umol) was then added and the cloudy
mixture was stirred vigorously at 20 °C (the solution became
homogeneous). The carbonate deprotection step was monitored
by TLC (AcOEt-pentane 4 : 1). After complete deprotection, a
solution of sulfuric acid (7.6 mL, 5% v/v) was dropped onto the
solution at 20 °C. The reaction mixture was then stirred at 60 °C
by putting directly the Schlenk flask into a warm oil bath. The
lactonisation step was also monitored by TLC (AcOEt-pentane
4 : 1). After cooling, the solution was dissolved with water and
extracted with CH,Cl,. The organic layers were washed with a
saturated aqueous solution of NaHCO; (foam formation), dried
over MgSO,, filtered and concentrated in vacuo. Purification by
column chromatography (AcOEt-pentane) afforded the desired
lactones as a mixture of trans and cis diastereoisomers.

4-Hydroxy-3-methylene-5-phenyl-y-butyrolactone (4a). After
4 h for the deprotection step followed by 2 h for the lactonisation,
purification by column chromatography (AcOEt—pentane 1 : 1,
Ri(trans) = 0.47, Ri(cis) = 0.33), provided the trans and cislactones
separately as yellow oils (56% global yield, 1 : 99 dr). See above
for the analyses.

4-Hydroxy-3-methylene-5-butyl-y-butyrolactone  (4g). After
4 h for the deprotection step followed by 50 min for the
lactonisation, purification by column chromatography (AcOEt—
pentane 2 : 1, R; = 0.42) provided the ftrans and cis lactones
separately as colorless oils (74%, 5 : 95 dr). See above for the
analyses.

4-Hydroxy-3-methylene-5-isobutyl-y-butyrolactone (4h). After
5 h for the deprotection step followed by 50 min for the
lactonisation, purification by column chromatography (AcOEt—
pentane 2 : 3, R; = 0.35) provided the inseparable mixture of trans
and cis lactones as a colorless oil (66%, 6 : 94 dr). 6,(400 MHz):
trans 6.39 (d, J = 2.4 Hz, 1H), 5.97 (d, J/ = 2.3 Hz, 1H), 4.49-4.44
(m, 1H), 4.35-4.30 (m, 1H) the other signals overlapped with the
major cis lactone. ¢is 6.38 (d, J = 1.6 Hz, 1H), 5.98 (d, / = 1.2 Hz,
1H), 4.85-4.75 (brt, 1H), 4.55-4,50 (m, 1H), 2.70 (d, J = 5.6 Hz,
1H), 1.92-1.82 (m, 1H), 1.72-1.65 (m, 1H), 1.60-1.53 (m, 1H),
0.98 (d, J = 4.4 Hz, 3H), 0.97 (d, J = 4.4 Hz, 3H). 6.(100 MHz):
cis 169.8 (C), 139.1 (C), 126.0 (CH,), 81.0 (CH), 70.0 (CH), 37.3
(CH,), 24.7 (CH), 23.4 (CHj;), 22.0 (CHj;). Vyo/cm™! (neat): 3429,
2958, 1742,1272,1169, 1121, 986. MS (EI) m/z (%): 171 (59, [M +
HJ"), 153 (100), 135 (21), 125 (25), 107 (78). HRMS (ESI): calcd
for CoH,;50; [M + HJ*: 171.1021, found: 171.1016.

1-Iodo-2-methyloct-1-ene (14). According to Wipf’s pro-
tocol,** Me;Al (75 mL, 2 M solution in toluene, 150 mmol) was
added to a solution of Cp,ZrCl, (2.92 g, 10 mmol) in 200 mL
of dry dichloromethane at rt. After cooling to 0 °C, water was
slowly added dropwise (1.35 mL, 75 mmol). The reaction was
allowed to warm to rt and, after 20 minutes, octyne (5.51 g,
50 mmol) was added. The reaction was stirred for 30 minutes
and treated with a solution of iodine (14.15 g, 60 mmol) in THF
(75mL). After 30 minutes, the reaction was poured into a saturated

aqueous solution of K,CO; (500 mL). After filtration over a pad of
Celite, the organic layer was separated, washed with brine, dried
over magnesium sulfate and concentrated in vacuo. Purification
by column chromatography (pentane, R; = 0.75) yielded 14 as a
colorless oil (9.8 g, 78%). 0x(400 MHz): 5.84 (q, J = 1.1, 1H),
2.19 (t, J = 6.6 Hz, 2H), 1.80 (d, J = 1.0 Hz, 3H), 1.42 (m, 2H),
1.28-1.18 (m, 6H), 0.88 (t, J = 6.7 Hz, 3H). (100 MHz): 148.6
(C), 74.3 (CH), 39.6 (CH,), 31.6 (CH,), 28.7 (CH,), 27.7 (CH,),
23.8 (CH,), 22.6 (CHj;), 14.0 (CH;). Vpa /cm™ (neat) 3057, 2955,
2926, 2855, 1617, 1456, 1376, 1271, 1142, 1110, 1017, 892, 838,
765, 724, 680, 666.

2-(7-Methyl-tridec-6-en-1-yl)|tetrahydro-2 H-pyran (15). ZnCl,
(1 M solution in ether, 0.75 mL, 0.75 mmol) was added to a
solution of alkyl iodide 13 (180 mg, 0.60 mmol) in 0.7 mL of
dry ether at —78 °C. The mixture was stirred 30 minutes and
treated dropwise with ~-BuLi (1.2 M solution in pentane, 2 mL,
2.4 mmol). The solution was gently allowed to warm to rt, and then
cannulated over a mixture of vinyl iodide 5 (101 mg, 0.4 mmol) and
Pd(PPh;), (9 mg, 0.008 mmol) in dry ether. The reaction was stirred
overnight, protected from light. Water was added carefully and the
organic layer was separated. The aqueous layer was extracted by
ether. The combined organic layers were dried over MgSQ,, filtered
and concentrated in vacuo. Rapid column chromatography of the
crude product (Et,O-pentane = 1: 1, R, = 0.25) yielded 163 mg of
the coupling product 15 (73% yield determined by NMR with an
internal standard), contaminated with the hydrolyzed side-product
CsH,,OTHP. 6,(400 MHz): 5.10 (tq, J = 1.1 and 7.1, 1H), 4.58
(dt, J = 2.9 and 4.6, 1H), 3.86 (m, 1H), 3.74 (ddd, J = 6.9, 9.5
and 13.8, 1H), 3.49 (m, 1H), 3.38 (ddd, J = 6.6, 9.3 and 13.3,
1H), 1.96 (m, 4H), 1.57 (m, 2H), 1.57 (m, 5H), 1.44 (m, 6H), 1.25
(m, 10H), 0.88 (t, 3H, J = 6.7). 3.(100 MHz): 135.5 (C), 124.4
(CH), 98.9 (CH), 67.8 (CH,), 62.4 (CH,), 39.9 (CH,), 31.9 (CH,),
30.9 (CH,), 29.9 (CH,), 29.8 (CH,), 29.1 (CH,), 28.1 (CH,), 28.0
(CH,), 26.0 (CH,), 25.7 (CH,), 22.8 (CH,), 19.8 (CH,), 16.0 (CH5),
14.2 (CHs). Vo /cm™ (neat) 2925, 2855, 1668, 1465, 1455, 1441,
1381, 1364, 1352, 1322, 1283, 1260, 1200, 1184, 1164, 1136, 1120,
1078, 1065, 1034, 1022, 988; 974, 905, 869, 844, 816; 727. HRMS
(ESI): caled for C,yH;0, [M + Na]*: 319.2613, found: 319.2616.
A diene side product 7 was also isolated (Et,O-pent 1 : 4, R; =
0.80): 10-dimethyl-hexadeca-7,9-diene. 6;(400 MHz): 5.99 (s, 2H),
(t, J =17.1, 4H), 1.72 (s, 6H), 1.42 (m, 4H), 1.26 (m, 12H), 0.89
(t, J = 6.8, 6H). 0-(100 MHz): 136.8 (C), 120.8 (CH), 40.5 (CH,),
32.0 (CH,), 29.3 (CH,), 28.2 (CH,), 22.8 (CH,), 16.5 (CH;), 14.3
(CHj;). Ve /cm™! (neat) 2956, 2924, 2855, 1615, 1457, 1379, 1105,
1017, 862, 724. MS (ESI) m/z (%): 250 (M).

7-Methyl-tridec-6-en-1-01 (16). p-Toluenesulfonic acid (2.98 mg,
0.016 mmol) was added to the obtained mixture of 15 and
the reduced product (46.6 mg) in methanol (0.5 mL) at room
temperature. The solution was heated at 45 °C until complete
conversion (checked by TLC). After addition of ether, the organic
layer was washed with water, an aqueous solution of NaHSO;
and brine. The organic layer was dried over MgSO,, filtered and
concentrated in vacuo. Purification by column chromatography
(Et,O—pentane 1 : 2, R; = 0.31) yielded alcohol 7 in 50% yield
from 14. 6,;(400 MHz): 5.10 (tq, J = 1.1 and 7.1, 1H), 3.63 (t, J/ =
6.6, 2H), 1.96 (m, 4H), 1.60-1.55 (m, 2H), 1.57 (s, 4H), 1.43-1.25
(m, 12H), 0.87 (t, J = 6.8, 3H). (100 MHz): 135.6 (C), 124.3
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(CH), 63.2 (CH,), 39.9 (CH,), 32.9 (CH,), 31.9 (CH,), 29.8 (CH,),
29.1 (CH,) 28.1 (CH,), 27.9 (CH,), 25.5 (CH,), 22.8 (CH,), 16.0
(CH,), 14.2 (CHj;). Vyo/cm™! (neat) 3323, 2955, 2925, 2855, 1668,
1457, 1379, 1122, 1073, 1055, 1011, 885, 841, 724. The analysis
was in agreement with previous reports.*

7-Methyl-tridec-6-enal (17). Alcohol 16 (70 mg, 0.33 mmol)
was diluted with acetone (10 mL) at 0 °C in the presence of N-
methyl-morpholine-N-oxide (117 mg, 1 mmol). Then tetrapropy-
lammonium perruthenate (6 mg, 0.017 mmol) was added and
the reaction mixture was stirred until complete conversion of the
starting material. The solution was concentrated in vacuo and
pentane was added. The obtained crude mixture was filtered over
a pad of Celite. Rapid purification by column chromatography
(Et,0O—pentane 1 : 1, R; = 0.68) gave aldehyde 17 as a light yellow
oil (40 mg, 58%). This unstable aldehyde was subsequently used
in the following epoxidation step. 0,;(400 MHz): 9.76 (t, J = 1.8,
1H), 5.09 (tq, J = 1.1 and 7.1, 1H), 2.42 (td, J = 1.8 and 7.3,
2H), 2.03-1.93 (m, 4H), 1.67-1.59 (m, 2H), 1.57 (s, 3H), 1.43-1.26
(m, 10H), 0.88 (t, J = 7.1, 3H). (100 MHz): 203.0 (C), 136.1
(C), 123.7 (CH), 44.0 (CH,), 39.8 (CH,), 31.9 (CH,), 29.8 (CH,),
29.1 (CH,), 28.1 (CH,), 27.7 (CH,), 22.8 (CH,), 21.8 (CH,), 16.1
(CH;), 14.2 (CHj;). Vo /cm™ (neat) 3323, 2955, 2925, 2855, 1668,
1457, 1379, 1122, 1073, 1055, 1011, 885, 841, 724. The analysis
was in agreement with the previous description.*

N,N-Dimethyl-2-[3-(6-methyldodec-5-en-1-yl)oxiran-2-yl}-acry-
lamide (18). Thiolane (19 pL, 0.21 mmol) was added to a
solution of allylic bromide 2a (40.1 mg, 0.21 mmol) in water
(40 pL) at rt. With vigorous stirring, the initial heterogeneous
solution became homogenous within 6 h. -BuOH (360 pL),
aldehyde 17 (40.0 mg, 0.19 mmol) and NaOH (16 mg, 0.40 mmol)
were subsequently added to the solution. The mixture was
vigorously stirred for 39 hours at room temperature and diluted
with water. The aqueous layer was extracted by dichloromethane
and the combined organic layers were dried over MgSO,,
filtered and concentrated in vacuo. Purification by column
chromatography (AcOEt-heptane 1 : 1, R; = 0.32) afforded a
colourless oil corresponding to the desired epoxides (35 mg, 71%)
as an inseparable mixture of frans and cis diasterecoisomers (60 :
40). 04(400 MHz): trans 5.49 (s, 1H), 5.24 (s, 1H), 5.07 (t, J =
5.8, 1H), 3.26 (d, J = 2 Hz, 1H), 3.12-2.96 (m, NMe, and 1H
oxirane, 7H), 2.00-1.91 (m, 4H), 1.71-1.60 (m, 1H), 1.55 (s, 3H),
1.54-1.21 (m, 14H), 0.86 (t, J = 6.8, 3H). cis 5.43 (d, J/ = 1.2 Hz,
1H), 5.35 (s, IH), 5.07 (t, J = 5.8 Hz, 1H overlapped with the
trans), 3.68 (dd, J = 1.2 and 4.4 Hz, 1H), 3.12-2.96 (m, NMe,
and 1H oxirane, 7H overlapped with the trans), 2.00-1.91 (m,
4H, overlapped with the trans), 1.71-1.60 (m, 1H, overlapped
with the trans), 1.55 (s, 3H, overlapped with trans), 1.54-1.21
(m, 14H, overlapped with the trans), 0.91 (t, J = 7.6 Hz, 3H).
0c(100 MHz): trans 169.5 (C), 142.7 (C), 135.7 (C), 124.1 (CH),
116.7 (CH,), 60.8 (CH), 58.1 (CH), 39.8 (CH,), 38.9 (CHy;), 34.7
(CH,), 31.9 (CH,), 29.7 (CH,), 29.0 (CH,), 28.0 (CH,), 27.8
(CH,), 26.7 (CH,), 25.5 (CH,, 22.7 (CH,), 16.0 (CH};), 14.2 (CHj;).
Cis 168.9 (C), 138.8 (C), 135.6 (C), 124.0 (CH), 117.5 (CH,),
59.8 (CH), 56.4 (CH), 39.8 (CH,), 38.9 (CHj;), 35.0 (CH;), 32.1
(CH,), 29.8 (CH,), 27.8 (CH,), 26.0 (CH,), 16.0 (CH; overlapped
with the trans), 14.2 (CH; overlapped with trans). The chemical
shift of four carbons of the cis isomer could not be determined
because of the overlapping with the frans isomer. v,,,,/cm™" (neat)

2925, 2855, 1646, 1622, 1397, 1105, 924. HRMS (ESI): caled for
C,HysNO, [M + HJ*: 322.2746, found: 322.2758. MS (ESI) m/z
(%): 172 (37, [M + HI*), 154 (30), 114 (100), 100 (14), 88 (60), 85
(30).

Acknowledgements

We gratefully acknowledge financial support from the “Ministere
de la Recherche”, CNRS (Centre National de la Recherche Scien-
tifique), the “Région Basse-Normandie” and the European Union
(FEDER funding). We also warmly thank L. Peauger, M. Auvril,
B. Delchambre, A. Hamon, E. Da Silva, and E. Souron for their
contribution in the synthesis of the precursors.

References and notes

1 For reviews on lactones, see: (a) Collins, J. Chem. Soc., Perkin Trans. 1,
2004, 1377; M. 1. Konaklieva and B. J. Plotkin, Mini-Rev. Med. Chem.,
2005, 5, 73. For reviews dedicated to a-methylene-y-butyrolactones, see:
(b) N. Petragnani, H. M. C. Ferraz and G. V. J. Silva, Synthesis, 1986,
157; (¢c) H. M. R. Hoffmann and J. Rabe, Angew. Chem., Int. Ed. Engl.,
1985, 24, 94.

2 (a) P. Barbier and C. Benezra, J. Med. Chem., 1986, 29, 868; (b) L. J.
Brzezinski, S. Rafel and J. W. Leahy, J. Am. Chem. Soc., 1997, 119,
4317; (¢) S. Steurer and J. Podlech, Eur. J. Org. Chem., 1999, 1551, and
references cited herein.

3 (a) X. Gao, M. Nakadai and B. B. Snider, Org. Lett., 2003, 5, 451;
(b) X. Gao and B. B. Snider, J. Org. Chem., 2004, 69, 5517.

4 (a) F.-C. Chen, C.-F. Peng, I.-L. Tsai and 1.-S. Chen, J Nat. Prod.,
2005, 68, 1318; (b) For cytotoxic activities, see: I.-L. Tsai, C.-H. Hung,
C.-Y. Duh and L.-S. Chen, Planta Med., 2002, 68, 142.

5 For other selected examples of bio-active B-hydroxy-a-methylene
lactones, see: (a) F. R. Garcez, W. S. Garcez, M. Martins, M. F. C.
Matos, Z. R. Guterres, M. S. Mantovani, C. K. Misu and S. T.
Nakashita, Planta Med., 2005, 71, 923; (b) V. T. Amiguet, P. Petit,
C. A. Ta, R. Nunez, P. Sanchez-Vindas, L. P. Alvarez, M. L. Smith,
J. T. Arnason and T. Durst, J. Nat. Prod., 2006, 69, 1005; (¢) H. N.
Kamel, D. Ferreira, L. F. Garcia-Fernandez and M. Slattery, J. Nat.
Prod.,2007,70,1223; (d) G.-F. Dai, H.-W. Xu, J.-F. Wang, F.-W. Liu and
H.-M. Liu, Bioorg. Med. Chem. Lett., 2006, 16,2710; (¢) V. T. Amiguet,
P. Petit, C. A. Ta, R. Nunez, P. Sanchez-Vindas, L. P. Alvarez, M. L.
Smith, J. T. Arnason and T. Durst, J. Nat. Prod., 2006, 69, 1005.

6 For recent reviews on MBH reactions and applications, see: (a) D.
Basavaiah, A. J. Rao and T. Satyanarayana, Chem. Rev., 2003, 103,
811; (b) G. Masson, C. Housseman and J. Zhu, Angew. Chem., Int. Ed.,
2007, 46, 4614; (c) D. Basavaiah, K. V. Rao and R. J. Reddy, Chem.
Soc. Rev., 2007, 36, 1581, and references cited therein.

7 For a review on the synthesis and the use of alk-1-en-3,4-diols, see: M.
Lombardo and C. Trombini, Chem. Rev., 2007, 107, 3843.

8 For representative references, see: (¢) V. Nair and A. K. Sinhababu,
J. Org. Chem., 1980, 45, 1893; (b) W. W. Wood and G. M. Watson,
J. Chem. Soc., Chem. Commun., 1986, 1599; (¢) W. W. Wood and G. M.
Watson, J. Chem. Soc., Perkin Trans. 1, 1987, 2681.

9 From B-nitro ester: (a) D. Seebach, R. Henning and T. Mukhopadhyay,
Chem. Ber., 1982, 115, 1705; (b) S. D. Burke, G. J. Pacofsky and A. D.
Piscopio, J. Org. Chem., 1992, 57, 2228. From B-amino ester: (¢) C.
Papageorgiou and C. Benezra, J. Org. Chem., 1985, 50, 157; (d) A.
Bernardi, M. G. Beretta, L. Colombo, C. Gennari, G. Poli and C.
Scolastico, J. Org. Chem., 1985, 50, 4442. From o-sulfide ester: (e) P.
Barbier and C. Benezra, J. Org. Chem., 1983, 48, 2705.

10 (a) R. S. Porto and F. Coelho, Synth. Commun., 2004, 34, 3037; (b) P.R.
Krishna, V. Kannan and G. V. M. Sharma, J. Org. Chem., 2004, 69,
6467.

11 (a) Z. Su and C. Tamm, Helv. Chim. Acta, 1995, 78, 1278; (b) A.
Sakakura, Y. Takayanagi, H. Shimogawa and H. Kigoshi, Tetrahedron,
2004, 60, 7067.

12 (a) W. Adam, J. Renze and T. Wirth, J. Org. Chem., 1998, 63, 226; (b) W.
Adam and P. Klug, Synthesis, 1994, 567.

13 (@) B. Liu, M.-J. Chen, C.-Y. Lo and R.-S. Liu, Tetrahedron Lett., 2001,
42, 2533; (b) M.-J. Chen, C.-Y. Lo, C.-C. Chin and R.-S. Liu, J. Org.
Chem., 2000, 65, 6362.

1992 | Org. Biomol. Chem., 2008, 6, 1981-1993

This journal is © The Royal Society of Chemistry 2008





14 C. Harcken and R. Briickner, Tetrahedron Lett., 2001, 42, 3967.

15 J. U. Rhee and M. J. Krishe, J. Am. Chem. Soc., 2006, 128, 10674.

16 M. Davoust, J.-F. Briére and P. Metzner, Org. Biomol. Chem., 2006, 4,
3048, and references cited therein.

17 For biological activity of conocandin, see: («) J. M. Miiller, H. Fuhrer, J.
Gruner and W. Voser, Helv. Chim. Acta, 1976,59, 2506; (b) F. Molinari,
F. Aragozzini and D. Potenza, Ann. Microbiol. Enzymol., 1996, 46,
57. For the previous synthesis, see: (¢) L. Banfi, W. Cabri, G. Poli, D.
Potenza and C. Scolastico, J. Org. Chem., 1987,52, 5452; (d) K. Tanaka,
H. Horiuchi and H. Yoda, J. Org. Chem., 1989, 54, 63.

18 A. S. Kende and B. H. Toder, J. Org. Chem., 1982, 47, 163.

19 R. M. Carlson and Q. Yang, Tetrahedron Lett., 1994, 35, 7919.

20 (a) F.-D. Boyer and 1. Hanna, J. Organomet. Chem., 2006, 691, 5181;
(b) M. Johansson and O. Sterner, J. Antibiot., 2002, 55, 663; (¢) M.
Johansson and O. Sterner, Org. Lett., 2001, 3, 2843; (d) C. Lee, K. Y.
Lee, S. J. Kim and J. N. Kim, Bull. Korean Chem. Soc., 2007, 28, 71.

21 For a review on vinyl epoxides, see: B. Olofsson and P. Somfai, in
Aziridines and Epoxides in Organic Synthesis, ed. A. K. Yudin, Wiley-
VCH, Weinheim, 2006, pp. 315; see also ref. 16 for further discussions.

22 For recent reviews on sulfonium ylide epoxidation, see: (@) V. K.
Aggarwal and C. L. Winn, Acc. Chem. Res., 2004, 37, 611; (b) E. M.
McGarrigle, V. K. Aggarwal, in Enantioselective Organocatalysis, ed.
P. 1. Dalko, Wiley-VCH, Weinheim, 2007, p. 357; (¢) E. M. McGarrigle,
E. L. Myers, O. Illa, M. A. Shaw, S. L. Riches and V. K. Aggarwal,
Chem. Rev., 2007, 107, 5841.

23 For precedents concerning epoxidation mediated by vinyl sulfonium
ylide reagents, see: (a) J. Zanardi, D. Lamazure, S. Mini¢ere, V. Reboul
and P. Metzner, J. Org. Chem., 2002, 67, 9083; (b) V. K. Aggarwal, E.
Alonso, I. Bae, G. Hynd, K. M. Lydon, M. J. Palmer, M. Patel, M.
Porcelloni, J. Richardson, R. A. Stenson, J. R. Studley, J.-L. Vasse and
C. L. Winn, J. Am. Chem. Soc., 2003, 125, 10926; (¢) K. Li, X.-M. Deng
and Y. Tang, Chem. Commun., 2003, 2074; (d) V. K. Aggarwal, 1. Bae,
H.-Y. Lee, J. Richardson and D. T. Williams, Angew. Chem., Int. Ed.,
2003, 42, 3274; (¢) X.-M. Deng, J. Cai, S. Ye, X.-L. Sun, W.-W. Liao,
K. Li, Y. Tang, Y.-D. Wu and L. X. Dai, J. Am. Chem. Soc., 2006, 128,
9730; (f) see ref. 16 for further discussions.

24 For previous related conditions with primary acrylamides, see: C.
Faltin, E. M. Fleming and S. J. Connon, J. Org. Chem., 2004, 69,
6496.

25 For the use and comments in ylide-promoted epoxidation by a pre-
formed sulfonium salt in water, see: V. Schulz, M. Davoust, M. Lemarié,
J.-F. Lohier, J. Sopkova de Oliveira Santos, P. Metzner and J.-F. Briére,
Org. Lett., 2007, 9, 1745.

26 (a) V. K. Aggarwal, J. N. Harvey and J. Richardson, J Am. Chem.
Soc., 2002, 124, 5747; (b) V. K. Aggarwal and J. Richardson, Chem.
Commun., 2003, 2644.

27 For recent experimental insight and alternative explanations, see:
(a) C. M. Crudden and D. R. Edwards, Org. Lett., 2007, 9, 2397,
(b) D. R. Edwards, P. Montoya-Peleaz and C. M. Crudden, Org. Lett.,
2007, 9, 5481.

28 See ref. 16 for further explanations.

29 See ESI for more experimental details.

30 Review on furanone: J. B. Sweeney, A. E. Nadany and N. B. Carter,
J. Chem. Soc., Perkin Trans. 1,2002, 2324,

31 When the pure epoxide 3g was heated at 60 °C in aqueous H,SO,
(5% v/v), the formation of the furanone 5 was observed, proving that
an equilibrium took place. However, we can not rule out an alternative
direct Sy2' addition of water to the epoxide 3g to give 5 after cyclisation.

32 For selected references concerning the intermolecular ring-opening
reaction of vinyl epoxides by alcohol or water, see: (@) K. Fagnou and
M. Lautens, Org. Lett., 2000, 2, 2319; (b) G. Prestat, C. Baylon, M.-P.
Heck, G. A. Grasa, S. P. Nolan and C. Mioskowski, J. Am. Chem. Soc.,
2004, 69, 5770; (¢) M. Ono, C. Saotome and H. Akita, Tetrahedron:
Asymmetry, 1996, 7, 2595; (d) G. Prestat, C. Baylon, M.-P. Heck and C.
Mioskowski, Tetrahedron Lett., 2000, 41, 3829; (e) R. S. Naraya and B.

Borhan, J. Org. Chem., 2006, 71, 1416; (f) J. R. Falck, S. Manna, A. K.
Siddhanta and J. Capdevila, Tetrahedron Lett., 1983, 24, 5715.

33 For precedents concerning the easy cleavage of an amide bond by
a y-hydroxyl group, see: (¢) K. R. Prasad and A. Chandrakumar,
Tetrahedron, 2007, 63, 1798; (b) E. Vedejs and A. W. Kruger, J. Org.
Chem., 1999, 64, 4790; (¢) R. B. Martin, R. Hedrick and A. Parcell,
J. Org. Chem., 1964, 29, 158; (d) C. R. Hauser and T. C. Adams, J. Org.
Chem., 1977, 42, 3029.

34 Alternatively, the direct intramolecular addition of the amide moiety
onto the carbocation intermediate in Scheme 5 could be envisaged.

35 When slow epoxidation occurred in the presence of NaOH as a base,
the formation of a Cannizzaro-type product (benzoic acid) and a
Willamson-type product from allylic bromide 2a was observed (see
ESI for details).

36 (a) J. Tsuji and T. Mandai, Synthesis, 1996, 1; (b) J. Tsuji, in Palladium
Reagents and Catalysts, Wiley-VCH, 2004; (c) For related conditions,
see: A. Chau, J.-F. Paquin and M. Lautens, J. Org. Chem., 2006, 71,
1924.

37 (a) P. Bravo, G. Resnati and F. Viani, Tetrahedron Lett., 1985, 26,
2913; (b) R. Csuk, C. Schroder, S. Hutter and K. Mohr, Tetrahedron:
Asymmetry, 1997, 8, 1411; (c) K. M. Doxsee, Tetrahedron Lett., 2001,
42, 1411; (d) Chataigner, F. Zammattio, J. Lebreton and J. Villiéras,
Tetrahedron, 2008, 64, 2441.

38 For the original papers on the palladium-catalysed CO, insertion of
vinyl epoxides, see: (¢) B. M. Trost and S. R. Angle, J. Am. Chem.
Soc., 1985, 107, 6123; (b) T. Fujinami, T. Suzuki, M. Kamiya, S.
Fukuzawa and S. Sakai, Chem. Lett., 1985, 199. For a review, see:
(¢) M. Yoshida and M. lhara, Chem.—Eur. J., 2004, 10, 2886. For a
recent review on m-allyl palladium chemistry, see: (d) B. M. Trost and
D. R. Fandrick, Aldrichimica Acta, 2007, 40, 59, and references cited
therein.

39 (@) B.M. Trostand E. J. McEachern, J. Am. Chem. Soc., 1999, 121, 8649.
For other selected examples of this methodology, see: N. Cheeseman,
M. Fox, M. Jackson, I. C. Lennon and G. Meek, Proc. Natl. Acad. Sci.
U S. A., 2004, 13, 5396; (b) Z.-X. Jiang and F.-L. Quing, J. Fluorine
Chem., 2003, 123, 57.

40 The reaction between CO, and a nucleophilic phosphine ligand was
also proposed as an inhibitation process: see ref. 38a.

41 V. B. Reddy Iska, H.-J. Gais and S. K. Tiwari, Tetrahedron, 2007, 48,
7102, and references cited therein.

42 (a) S. Hu, S. Jayaraman and A. C. Oehlschlager, J. Org. Chem., 1999,
64, 2524; (b) For a similar observation with isocyanate, see: B. Olofsson
and P. Somfai, J Org. Chem., 2002, 67, 8574.

43 For a review on the formation of polysubsituted alkenes, see: O. Reiser,
Angew. Chem., Int. Ed., 2006, 45, 2838, and references cited therein.

44 For reviews on Negishi’s methodologies, see: (@) Zirconium-catalysed
carboalumination: E.-1. Negishi, Dalton Trans., 2005, 827; (b) for cross-
coupling reaction of zinc species, see: E.-I. Negishi, X. Zeng, Z. Tan,
M. Qian, Q. Hu and Z. Huang, in Metal-Catalyzed Cross-Coupling
Reactions, Wiley-VCH, Weinheim, 2nd edn, 2004, vol. 2, pp. 815-889;
(¢) G. Lessene, Aust. J. Chem., 2004, 57, 107.

45 (a) P. Wipf and S. Lim, Angew. Chem., Int. Ed. Engl., 1993, 32, 1068;
(b) P. Wipf, C. Kendall and C. R. J. Stephenson, J. Am. Chem. Soc.,
2003, 122, 761.

46 (a) M. Ramaseshan, M. Robitaille, J. W. Ellingboe, Y. L. Dory and P.
Deslongchamps, Tetrahedron Lett., 2000, 41,4737, (b) K. J. Shea, L. D.
Burke and R. J. Doedens, Tetrahedron, 1986, 42, 1841.

47 A. B. Smith, T. J. Beauchamp, M. J. LaMarche, M. D. Kaufman, Y.
Qiu, H. Arimoto, D. R. Jones and K. Kobayashi, J. 4m. Chem. Soc.,
2000, 122, 8654.

48 S. V. Ley, J. Norman, W. P. Griffith and S. P. Marsden, Synthesis, 1994,
639.

49 The synthesis of the aldehyde derivative 17 (via 15 and 16) was
previously described by Scolastico and co-workers in 7 linear steps:
see ref. 17c¢.

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 1981-1993 | 1993






PAPER

www.rsc.org/obc | Organic & Biomolecular Chemistry

Novel polyoxazole-based cyclopeptides from Streptomyces sp. Total synthesis
of the cyclopeptide YM-216391 and synthetic studies towards telomestatinf

Jon Deeley, Anna Bertram and Gerald Pattenden*

Received 13th February 2008, Accepted 6th March 2008
First published as an Advance Article on the web 11th April 2008
DOI: 10.1039/b802477d

A convergent, complementary, synthetic approach to the contiguously linked tris-oxazole units 10, 11
and 12 in telomestatin (1) and YM-216391 (2) is described. The route involves coupling reactions
between oxazole 4-carboxylic acids, viz 16a, 16¢, 16d and oxazole 2-substituted methylamines, viz 16b,
16e, 17, leading to the amides 18 and 21, followed by cyclodehydrations to the corresponding
bis-oxazole oxazolines, e.g. 19, and oxidations of the latter using well-established protocols. The
tris-oxazoles 11 and 12 were next converted stepwise into the hexa-oxazole bis-macrolactams 33.
Although the bis-macrolactams 33 (cf. 28) could be converted into the corresponding
oxazoline-hexa-oxazoles 34 and to the enamides 35, neither of these intermediates could be elaborated
to the hepta-oxazole 30 en route to telomestatin 1. Likewise, neither the hexa-oxazole 47 or application
of an intramolecular Hantzsch oxazole ring-forming reaction from 44b allowed access to the advanced
polyoxazole-macrolactam intermediates 48 and 30a, respectively, towards telomestatin. Combination of
the tris-oxazole based methylamine 70 with the dipeptide carboxylic acid 71 derived from D-valine and
L-isoleucine, leads to the corresponding amide which, in two straightforward steps, is converted into the
w-amino acid 78. Macrolactamisation of 78, using HATU, next produces the cyclopeptide 79 which is
then elaborated to the thiazole and oxazole based cyclopeptide YM-216391 (2). The synthetic
cyclopeptide 2 is shown to be the enantiomer of the natural product isolated from Streptomyces nobilis.

Introduction

Telomestatin (1)! and YM-216391 (2)* are members of an ever-
expanding family of novel macrocycles, containing contiguously-
linked 2,4-disubstituted oxazoles and thiazoles, to be isolated from
nature. Other members include ulapualide A (3),* diazonamide
A (4)* and IB-01211 (5).° Closely related structures are those
cyclic peptides which contain oxazoles, thiazoles, oxazolines and
thiazolines linked by several amide bonds, e.g. dendroamide A
(6),° patellamide B (7)” and ascidiacyclamide 8.,® and the oxazole-
pyridine-thiazole linked cyclopeptide antibiotics, represented by
sulfomycin II (9).°

The contiguously-linked oxazoles 3 and 4, together with the
azole-based cyclic peptides 6, 7 and 8 are mainly of marine
origin, whereas those macrocycles 1, 2, 5, and 9 incorporat-
ing thiazole/thiazoline rings have, so far, been isolated from
microorganisms, e.g. Streptomyces bacteria. Telomestatin 1 is a
potent inhibitor of telomerase, interacting specifically with the
G-quadruplex, and not affecting DNA polymerases or reverse
transcriptases;' it is showing promise in cancer therapy. The
cyclic polyoxazole IB-01211 (5) is toxic against tumour cell lines!
and, like YM-216391 (3) shares a structural homology with
telomestatin. Indeed, all of the cyclic polyazole based secondary
metabolites 1-9 show a diverse array of interesting biological
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activities,'” which has made them attractive targets to synthetic
chemists in recent years.'®

In this paper we describe our synthetic studies towards a variety
of contiguously linked tris-, penta- and hepta-azole units present
in telomestatin and YM-216391, which have culminated in a
total synthesis of YM-216391 (2)" and the synthesis of several
polyoxazole acyclic precursors and macrocyclic intermediates
related to telomestatin 1.

Results and discussion

Synthetic strategy, and studies towards arrays of contiguous
polyoxazole macrocycles

At the outset of our synthetic studies with telomestatin and YM-
216391 only the tris-oxazole based macrolides ulapualide A (3)
and mycalolide A had succumbed to total synthesis.'*'” In these
syntheses the tris-oxazole units were either elaborated from amide
serine precursors by cyclodehydration to oxazoline intermediates
followed by oxidation,™ or by applying iterative Hantzsch oxazole-
ring syntheses.” Both of these approaches were reliable, robust
and high yielding overall. However, the prospect of applying a
similar linear approach to the polyazole units in telomestatin
or YM-216391 was prohibitive. Other synthetic approaches that
have been used to elaborate consecutively linked azoles include:
sequential [3 + 2] cycloaddition reactions between rhodium
carbenoids and nitriles; Pd(0) catalysed cross coupling reactions;
rearrangements of tertiary amides; and base-catalysed cyclisations
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of alkynyl glycine derivatives.?**! To a large degree based on our
contemporaneous synthetic studies towards ulapualide A (3),'¢'®
where we had used a biogenetically-patterned approach to the
tris-oxazole unit, i.e. making the central oxazole by an initial
macrolactamisation from an ®w-amino acid precursor, we designed
a variety of convergent synthetic approaches to the polyoxazole
arrays in 1 and 2, involving macrolactamisations of bis-, tris- and
higher polyoxazoles.

The contiguous tris-oxazole unit 10, i.e. rings A, B, C in YM-
216391 (2) is directly related to the EFG ring system 11 in
telomestatin (1). The same ABC tris-oxazole unit 10 in 2 is also
analogous to the CBA ring system 12 in telomestatin, except that
rings A and B in the latter structure each contain an additional
C-2-methyl substituent, i.e. the oxazole rings are derived in nature
from threonine rather than serine. In our complementary synthetic
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investigations towards telomestatin and YM-216391, therefore,
the closely related substituted tris-oxazoles 10, 11 and 12 became
central synthetic precursors. After examining a range of synthetic
strategies we followed a similar convergent approach to each of
the tris-oxazoles 10, 11 and 12, involving amide coupling reactions
between pre-formed oxazole-4-carboxylic acids, e.g. 16a/16¢, and
oxazole-4-substituted amines, e.g. 16b/17¢ (Scheme 1). The bis-
oxazole amides 18 and 21 were then elaborated to the tris-
oxazoles 20 and 22 respectively following cyclodehydrations to
the corresponding oxazolines e.g. 19 and oxidations of the latter
using the procedures and reagents presented in Scheme 2.2
Saponifications of the methyl ester groups in 22 and 20 then gave
the carboxylic acids 23 and 26 respectively. Likewise, removal of
the N-protecting groups in 20 and 22, led to the corresponding
amines 24 and 25 respectively (Scheme 3).
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Synthetic studies towards telomestatin 1

With the tris-oxazole-based, and suitably protected, amino acids
23, 24, 25 and 26 available, in quantity, via the aforementioned
synthetic investigations, a number of tactics were considered for
their combination, en route to telomestatin 1. In order to allow
the greatest conformational flexibility in key macrocyclisation
steps, however, we decided to first combine the acids 23/26
with the amines 24/25, leading to the respective amides 27/29,
and then to effect macrolactamisations from 27/29 leading to
the corresponding bis-macrolactam 28 as a key intermediate
(Scheme 4). Subsequent manipulation of the hydroxyl protecting
groups in 28, accompanied by sequential oxazole/thiazoline ring-
forming reactions, via intermediates 30/31, would then complete
a complementary, convergent synthetic approach to telomestatin.
Intuitively, we felt that the tactic of leaving the formation of
the thiazoline ring in telomestatin to last i.e. proceeding via the
intermediate 30 was the most prudent. We also felt that the
synthesis of 30 starting from 27 would give us the greater number
of options to determine at which stage we would introduce a thio
ether and/or thioamide unit for thiazoline-ring formation in the
natural product.

Thus, a coupling reaction between the amine 24a and the
carboxylic acid 23a, using EDC-HOBt-NMM?* first gave the
amide 27 in 68% yield. Removal of the Z-carbamate group in

HO R2

RO N CO,Me i
NHR! R'HN
13

27 by hydrogenolysis, followed by saponification of the resulting
amino ester 32a next gave the amino acid salt 32b (Scheme 5).
Macrolactamisation of 32b in the presence of DPPA-HOBLt then
gave an excellent yield of the hexa-oxazole-bis-macrolactam 28.
Removal of the silyl ether protecting group in 28 followed by
treating the resulting alcohol 33a with DAST?* led to the (ring
D) oxazoline 34a in 90% yield. We had hoped that oxidation
of the oxazoline ring in 34a to the corresponding heptaoxazole
30a, followed by manipulation of the remaining amide unit in 30a
would then provide an expeditious synthesis of telomestatin 1.
How wrong we were! We examined a variety of oxidising agents
and conditions, including nickel peroxide,”® DDQ,* and BrCCl;—
DBU? to convert 34a into 30a but all to no avail; on each occasion
either starting material was recovered unchanged or intractable
material resulted. Furthermore, treatment of the alcohol 33a
with PDC failed to give any of the corresponding aldehyde;*’
hence we were not able to investigate a more direct Robinson
Gabriel oxazole-ring forming reaction approach from 33a to 30a
(Scheme 5). Interestingly, when 33a was treated with Dess—Martin
periodinane followed by immediate treatment with PPh;, 1,2-
dibromotetrachloroethane, di-fert-butylpyridine and then with
DBU, work-up gave the enamide 35a resulting from overall
dehydration of 33a. Unfortunately we were not able to convert
the enamide 35a into the corresponding oxazole 30a following
the usual treatment with Br,—Et;N, leading to the intermediate
vinyl bromide 35b, and cyclisation of the latter in the presence of
Cs,CO;. 1828

We surmised that a large part of our problem in completing a
synthesis of telomestatin 1 from the intermediate bis-macrolactam
28 had its origins in the very poor solubility of 28 and of com-
pounds produced from it, making characterisation inconclusive. In
anticipation therefore we changed the protecting groups in the tris-
oxazole precursors 20 and 22 and made the alternative silyl/benzyl
ether protected bis-macrolactam 37, ¢f. 28 (Scheme 6). Much to
our chagrin, although we could convert 37 into the oxazoline-
hexa-oxazole 34b, we simply could not oxidise this compound to
the corresponding hepta-oxazole 30b and therefore complete a
synthesis of telomestatin by this route.

With the persistent problem in attempting to elaborate the
ring D oxazole in structure 30 via the intermediates 28, 34

R'HN
15

a, R=Bn; R'=Boc; R%=H; b, R=TBS; R'=Z; R?=H; ¢, R=Bn; R'=Z; R%=Me; d, R=TBS; R'=Z; R%=Me; e, R=TBS; R'=Z; R%=Ph.
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¢, R=Bn; R'=Z; R%=Me; R®=H; d, R=R%=R%=H; R'=Z;

e, R=TBS; R'=R?=H; R®=Me; f, R=TBS; R'=Z; R*=Me; R%=H;

g, R=TBS; R'=Z; R=R%=H; h, R=TBS; R'=Z; R?=H; R®=Me

R2

0
RO ‘ \K\
N CO,Me

R'HN
17
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¢, R=R'=R2=H

Scheme 1  Reagents and conditions: i, DAST, DCM, —78 °C, 85-95%; ii, BrCCl;, DBU, DCM, 0-25 °C, 60-70%; iii, sequential and selective deprotections

of OR, NHR', CO,Me.
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Scheme 3  Reagents and conditions: i, NaOH, H,O, THF, 93-98%; ii, 10% Pd/C in MeOH, ~95% (for 24a and 25); HCl-dioxane, 98% (for 24b).
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and 35, we decided to examine a more direct macrocyclisation
from corresponding a-bromoketone-amide intermediates, viz. 44b,
using the classical Hantzsch reaction. The methyl ketone precursor
44a to 44b was synthesised in a relatively straightforward manner
starting from the tris-oxazole carboxylic acid 41 produced from
the mono-oxazole 38 and the oxazole amino-alcohol 16b via
the amide 39 and the oxazoline 40 (Scheme 7). A coupling

reaction between the tris-oxazole carboxylic acid 41b and the
secondary amine 42 derived from the previously synthesised
tris-oxazole intermediate 25 next led to the double amide 43a,
which, in two straightforward steps, was converted into the methyl
ketone 44a. Frustratingly, we were not able to convert the methyl
ketone 44a into the corresponding bromide 44b as a prelude
to investigating the subsequent Hantzsch cyclisation to 30. The

1998 | Org. Biomol. Chem., 2008, 6, 1994-2010

This journal is © The Royal Society of Chemistry 2008





CO,R H,N
/:( 9
[0) /N N~
i L v
23a + 248 ———> 27 N7 >0 — 28
N—
/ »j/ L0
TBSO
a, R=Me
"":b, R=Na
v vi
28 —_
)j, hﬁ”
a, R=Bn
b, R=TBS
" a,R=Bn
vi b, R=TMS
OBn
0
/ﬁ)k )1(0
o N \
= 7 ~0 - X . 30a
N N
0 /27&
N N=
H
/ \ N e
O
o}
R
35
a, R=H
b, R=Br

Scheme 5 Reagents and conditions: i, EDC, HOBt, NMM, DCM, 0-25 °C, 68%; ii, Pd/C, MeOH-EtOH; iii, NaOH-H,O, THF, 88% over 2 steps;
iv, DPPA, NMM, DMF, 86%; v, HCl-dioxane; vi, DAST, DCM, —78 °C, 90% over 2 steps; vii, Dess—Martin periodinane, DCM, rt, then PPh;,
1,2-dibromotetrachloroethane, di-fert-butyl pyridine, 0 °C-rt, then DBU, rt, 74% over two steps.

methyl ketone 44a remained unchanged under all but the harsh-
est conditions for bromination, when extensive decomposition
ensued.

At this point in our studies we threw caution to the wind, and
planned to make the isomeric hexa-oxazole 47, corresponding to
telomestatin, and study its macrolactamisation to the precursor
48 to the natural product. Thus, following procedures that had
already been established in our work, the bis-oxazole amide 45b
was first prepared from the carboxylic acid 15d and the amine
16d. A coupling reaction between 45b and 23 next led to the
hexa-oxazole 46 which, in two straightforward steps, was then
converted into 47a (Scheme 8). Manipulation of the protecting
groups in 47a next led to the sodium salt 47b of the w-amino acid

but, frustratingly, all attempts to form the hexa-oxazole-based
macrolactam 48 from 47b met with failure.

Coincident with the abandonment of our synthetic studies
towards telomestatin, Takahashi et al* described the first and,
so far, only reported total synthesis of this novel telomerase
inhibitor. Interestingly, for all intents and purposes, their route was
strategically identical with the route we had followed ourselves.
Thus, Takahashi er al. first prepared the tris-oxazole based
carboxylic acid 49 and the amine 50, and next coupled them to
form the amide 51 (Scheme 9). Manipulation of the protecting
groups in 51, followed by macrolactamistation of the resulting ®-
amino acid then provided the bis-macrolactam 52 (¢f. structure
28). The alcohol residue in 52 was next dehydrated to the enamide
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Scheme 7  Reagents and conditions: i, EDC, NMM, HOBt, 0-25 °C, 67% for 39; 76% for 43a; ii, DAST, DCM, —78 °C; iii, BrCCl;, DBU, DCM, 0-25 °C,
44% over 2 steps; iv, NaOH, THF, H,O0, 25 °C, 85%; v, TBAF, THF, 0-25 °C, 87%; vi, PDC, DCM, 25 °C, 98%.

53 (¢f. structure 35a), which was then converted into the oxazoline
54 (¢f. structure 34) using NBS in MeOH, followed by treatment
of the intermediate a-methyl-B-bromo cyclic peptide with K,CO;.
Elimination of methanol from 54 using camphorosulfonic acid
produced the hepta-oxazole 55 which was finally converted into
telomestatin, following simultaneous deprotection of the -Bu thio
ether and cyclodehydration using Ph;PO-Tf,O in CH,CL* at
room temperature.

Comparison of the routes to telomestatin followed by Taka-
hashi et al. and by ourselves revealed a number of similarities

and also some subtle differences in reaction conditions. Thus,
whereas we had been able to smoothly convert the hydroxymethyl
amide intermediate 33 into the corresponding oxazoline 34 using
DAST,* Takahashi et al. found that treatment of their analogous
intermediate 52 with DAST (or Burgess reagent)* instead gave the
enamide 53. Takahashi et al. were then able to convert the enamide
53 into the hepta-oxazole 55 via the oxazoline intermediate
54, whereas we were not able to convert our enamide 35, or
oxidise the oxazoline 34 into the corresponding hepta-oxazole
30 using a range of conditions. It does seem likely therefore
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that we were simply unfortunate, at the time, with our choice
of reaction conditions attempting to elaborate the hepta-oxazole
30 from the bis-macrolactam intermediate 33, on the way to
telomestatin.

Total synthesis of (—)-YM-216391 (2)

The structure of YM-216391 (2), isolated from Streptomyces
nobilis,> consists of a continuum of five azoles which have
their origins in serine, cysteine and phenylalanine, linked via a
glycine-valine-isoleucine tripeptide tether. At the outset of our
studies the stereochemical assignment of the valine and isoleucine
stereocentres in the natural product had not been established.
We therefore chose a synthetic strategy to 2 that would allow
us to introduce these two stereocentres as late as possible in
the synthesis, and involving a penta-azole intermediate 58 and
a valine-isoleucine dipeptide fragment, i.e. 57. Furthermore, we
initially decided to effect the key macrolactamistion from the w-
amino acid 56, i.e. using the sterically less encumbered glycine
amine-valine carboxylic acid amide bond connection (Scheme 10).
The penta-azole based w-amino acid 56, derived from an L-
(natural) isoleucine-valine dipeptide fragment therefore became
our first macrolactamisation precursor.

Thus, the 2,4-disubstituted oxazoles 539 and 60 and the trisub-
stituted oxazole 61 were first elaborated from their constituent
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amino acids using methodologies which are well precedented in
this paper and in the literature. A coupling reaction between 60
and 59b in the presence of EDC-HOBt-NMMO? led to the
amide 62a which was next converted into the tris-oxazole 63a via
62a, in three straightforward steps (Scheme 11). Saponification
of 63a, followed by coupling the resulting carboxylic acid 63b
with the amine 61b, then led to tetra-oxazole amide 64. Treatment
of 64 with Lawesson’s reagent®?> gave the thioamide 65 which,
after deprotection and reaction with DAST,* was cyclised to the
thiazoline 66 (Scheme 12). Finally, when the thiazoline 66 was
reacted with BrCCl;—~DBU? it was converted into the correspond-
ing thiazole 67a which could be saponified to the carboxylic acid
67b. A coupling reaction between the carboxylic acid 67b and
the L-isoleucine-L-valine dipeptide 68 next gave the substituted
penta-azole 69 which, after double deprotection of the ester and
N-BOC groups gave the w-amino acid 56. Attempts to effect
macrolactamisation of 56, using a variety of traditional reagents,
however, led to intractable mixtures of polymeric material and
none of the anticipated YM-216391 (2).

We reasoned that the failure to obtain macrolactamisation
from the intermediate ®w-amino acid 56 had its origins in poor
conformational flexibility, i.e. the penta-azole ring system in 56
was too rigid. We therefore decided to examine the thioamide
intermediate 73 analogous to 56 in the key macrolactamisation
step, with a view to introducing the thiazole ring in the target as the
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Scheme 11  Reagents and conditions: i, EDC, HOBt, NMM, DCM, 56%; ii, H,, Pd(OH),/C, MeOH-THEF, 81%; iii, DAST, DCM, —78 °C; iv, BrCCl,,

DCM, 57% over two steps; v, NaOH, THF, H,O, 88%.
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final step in the synthesis. The previously synthesised thioamide
65 was therefore first deprotected and the resulting amine 70
was then coupled to the protected dipeptide 71 leading to the
intermediate 72. The methyl ester and the N-BOC protecting
groups in 72 were next removed, in sequence, producing the ©-
amino acid 73, which underwent smooth macrolactamisation in
the presence of HATU® leading to the cyclopeptide 74 in 88%
yield (Scheme 13). Finally, the thioamide unit in 74 was converted
into the corresponding thioazoline 75, using DAST, which then
underwent oxidation, in the presence of MnO, to produce the
YM-216391 structure with the stereochemistry shown in formula
76. When we compared the 'TH NMR spectroscopic data for 76 with
those recorded for natural YM-216391, although there were close
similarities, the two structures were not identical. We surmised that
the two structures differed in their stereochemistry at the valine
residue and that the natural product was most likely derived from
D-rather than L-valine. This situation is perhaps not too surprising,
given the prevalence of cyclopeptides such as ascidiacylamide
(8)® and dendroamide A (6),° which are made up from non-
proteinogenic D-amino acids. We therefore re-synthesised the
dipeptide 77 using D-valine and L-isoleucine, and then reproduced
the sequence of reactions shown in Scheme 13, producing the
cyclopeptide intermediate 79 (Scheme 14). The cyclopeptide 79
differs from structure 74 only according to its stereochemistry at
the isopropyl bearing carbon centre. Following conversion of the
thioamide unit in 79 into the thiazoline 80, oxidation with MnO, in
CH,Cl, finally gave the cyclopeptide 81 [a]¥ —56 (¢ = 0.5, CHCl;)
whose '"H NMR and C NMR spectroscopic data matched
very closely those reported for naturally derived YM-216391.
Following the completion of our synthesis, which allowed us to
establish the relative stereochemistry shown in structure 81 for
YM-216391, Sohda et al.** published details of their investigations

of the structure of YM216391 from Streptomyces nobilis. The
studies of Sohda et al led to the same assignment of relative
stereochemistry for YM216391 as we had determined by synthesis,
but the natural product showed [a]5 +48 (¢ = 0.1, CH;CN), i.e.
equal and opposite in value to that recorded for our synthetic
material. The structural and synthetic studies therefore comple-
mented each other, and established that YM-216391 isolated from
S. nobilis has the absolute sterecochemistry shown in structure
82.

Summary and Conclusions

A range of robust and efficient methods are available to quickly
assemble a variety of amino acid based contiguously linked 2.,4-
substituted tris-oxazoles, viz. 23-26, and to effect their coupling
and cyclisation to hexa-oxazole bis-macrolactam intermediates,
i.e. 33 and 37, en route to telomestatin 1. However, the elaboration
of these advanced structures to the hepta-oxazole-thiazoline ring
systems in telomestatin is thwarted by problems. These problems
were associated with the poor solubilities of rotameric mixtures of
several intermediates, making characterisations extremely difficult
by NMR spectroscopy, and by the important need for proper
choices of protecting groups and specific reaction conditions at an
advanced stage in the overall synthesis.

By contrast, elaboration of the tris-oxazole based protected
amino acid 63 to the cyclic thioamide 74, followed by its conversion
into the naturally occurring thiazole-tetra-oxazole based cyclic
peptide YM-216391 (81) proved to be trouble-free, and the total
synthesis enabled the establishment of the absolute stereochem-
istry, i.e. 82, of this new metabolite isolated from Streptomyces
nobilis.

This journal is © The Royal Society of Chemistry 2008
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77% over two steps; iv, HATU, NMM, DCM, DMEF, 88%; v, DAST, DCM, 50%; vi, MnO,, DCM, 27%.

Experimental
General details

Melting points were determined on a Stuart Scientific SMP3
melting point apparatus and are uncorrected. Optical rotations
were recorded in spectroscopic grade chloroform or ethanol on
a Jasco DIP-370 polarimeter at ambient temperature. [a]pvalues
are recorded in units of 10~' deg cm? g'. Infrared spectra were
obtained using a Perkin-Elmer 1600 series FT-IR instrument
as dilute solutions in spectroscopic grade chloroform. Proton
("H) NMR spectra were recorded on either a Bruker DPX 360
(360 MHz) or a Bruker DRX 500 (500 MHz) spectrometer as
dilute solutions in deuterochloroform, unless stated otherwise. The
chemical shifts are quoted in parts per million (ppm) relative to
residual chloroform (J 7.27) as internal standard. The multiplicity
of each signal is designated by the following abbreviations: s,
singlet; d, doublet; t, triplet; q, quartet; qn, quintet; m, multiplet;
br, broad; app, apparent; obs, obscured. All coupling constants
are quoted in Hertz. Carbon-13 (*C) NMR spectra were recorded
on either a Bruker DPX 360 (90 MHz) or a Bruker DRX 500
(125 MHz) spectrometer as dilute solutions in deuterochloroform,
unless otherwise stated. The chemical shifts are quoted in parts per

million (ppm) relative to internal chloroform standard (6 77.0) on
a broad band decoupled mode. The multiplicities were determined
using a DEPT sequence, and are designated by the following
abbreviations: s, quaternary; d, tertiary methine; t, secondary
methylene; q, primary methyl. Mass spectra were recorded ona VG
Autospec spectrometer using fast atom bombardment (FAB) or
chemical ionisation (CI) techniques; a MM-701CF spectrometer
using chemical ionisation (CI); or a Micromass LCT spectrometer
using electrospray ionistation (ESI). Microanalytical data were
obtained on a Perkin-Elmer 240B elemental analyser.

Flash chromatography was performed on Merck silica gel 60
as the stationary phase and the solvents used were of analytical
grade or were distilled before use. All reactions were monitored
by thin layer chromatography (TLC) using Merck silica gel 60 Fs,
precoated aluminium backed plates which were visualised with
ultraviolet light and then developed with either iodine on silica,
acidic ninhydrin solution, acidic alcoholic vanillin solution, basic
potassium permanganate solution or ethanolic phosphomolybdic
acid solution.

Routinely, dry organic solvents were stored under nitrogen
and/or over sodium wire. When necessary, commonly used
organic solvents were dried prior to use. Tetrahydrofuran (THF),
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diethyl ether, benzene and toluene were distilled from sodium ben-
zophenone ketyl or dried by passing through towers of activated
alumina. Dichloromethane was distilled from calcium hydride.
Anhydrous N,N-dimethylformamide was obtained from Aldrich.
Other organic solvents and reagents were purified by the accepted
literature procedures and organic extracts were dried as stated.
Petrol refers to petroleum ether (bp 40-60 °C). Solvents were
removed on a Biichi rotary evaporator connected to a water pump.
Where necessary, reactions requiring anhydrous conditions were
performed in flame-dried apparatus under a nitrogen atmosphere.

2-((:S)-1-{[2-((:S)-2-Benzyloxy-1-tert-butoxycarbonylaminoethyl)-
oxazole-4-carbonyl]-amino }-2-hydroxyethyl)-oxazole-4-carboxylic
acid methyl ester (18a)

4-Methylmorpholine (0.40 mL, 3.6 mmol) was added to a
stirred suspension of the acid 16a (0.58 g, 1.6 mmol) and 1-
hydroxybenzotriazole (0.24 g, 1.8 mmol) in dry dichloromethane

(40 mL) at 0 °C under a nitrogen atmosphere. 1-[3-(Dime-
thylamino)propyl]-3-ethylcarbodiimide hydrochloride (0.35 g,
1.8 mmol) was added and the mixture was then stirred at
0 °C for 10 min. The hydrochloride salt of amine 16b (0.56 g,
2.5 mmol) was added in one portion, and the mixture was then
allowed to warm to room temperature overnight. The reaction
was quenched with water (30 mL) and the separated organic
layer was washed with 10% aqueous citric acid (3 x 30 mL). The
combined aqueous extracts were extracted with dichloromethane
(3 x 30 mL) and the combined organic extracts were then
washed with saturated sodium bicarbonate solution (30 mL), dried
(MgSO0,) and concentrated in vacuo. The residue was purified by
chromatography on silica gel using ethyl acetate as eluent to give
the amide (1.53 g, 62%) as a colourless foaming solid; [a]Z —36
(¢ = 1.0, CHCL); v, (CHCL;)/cm ™! 3444, 3401, 2954, 1714, 1678
and 1598; 64(360 MHz, CDCI;) 8.20 (1H, s, oxazole-H), 8.10
(1H, s, oxazole-H), 8.04 (1H, d, J 8.6 Hz, CONH), 7.35-7.18
(5H, m, 5 x aryl-H), 5.70 (1H, d, J 9.2 Hz, BocNH), 5.54-5.48
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(1H, m, CONHCH), 5.09-5.02 (1H, m, BocNHCH), 4.53 (1H, d,
J12.1 Hz, OCH, H,Ph),4.49 (1H, d, J 12.1 Hz, OCH, H,Ph), 4.28
(1H, dd, J 11.7 and 4.6 Hz, CH,H,OH), 4.05 (1H, dd, J 11.7 and
4.2Hz, CH,H,OH), 3.88 (3H, s, CO,CH;),3.79 (1H, dd, J 9.7 and
4.4Hz, CH,H,0OBn), 3.73 (1H, dd, J 9.7 and 4.6 Hz, CH,H,OBn),
2.62 (1H, brs, OH) and 1.46 (9H, s, OC(CH};);) ppm; 6.(90 MHz,
CDCl;) 163.1 (s), 162.3 (s), 161.4 (s), 155.2 (s), 150.8 (s), 144.3 (d),
141.7 (d), 137.3 (s), 135.4 (s), 133.0 (s), 128.4 (d), 127.8 (d), 127.5
(d), 80.3 (s), 73.0 (1), 69.8 (1), 62.8 (), 52.2 (q), 49.3 (d) and 28.2
(q) ppm; m/z (ESI) found: 553.1865, C,sH3;N,OyNa [(M + Na)*]
requires 553.1910.

2"-((S)-2-Benzyloxy-1-tert-butoxycarbonylaminoethyl)-
[2,4';2' 4" |teroxazole-4-carboxylic acid methyl ester (20a)

(Diethylamino)sulfur trifluoride (0.48 mL, 3.6 mmol) was added
dropwise over 1 min to a stirred solution of the bis-oxazole
18a (1.6 g, 3.0 mmol) in dry dichloromethane (30 mL) at
—78 °C under a nitrogen atmosphere. The mixture was stirred
at —78 °C for 1 h and then allowed to warm to room temperature.
The mixture was quenched with saturated sodium bicarbonate
solution (20 mL) and the separated organic layer was then
dried (MgSO,) and concentrated in vacuo to leave the crude
oxazoline 19a, which was used immediately without further
purification.

Bromotrichloromethane (0.87 mL, 9.0 mmol) was added to a
stirred solution of the crude oxazoline in dry dichloromethane
(30 mL) at 0 °C under a nitrogen atmosphere and the mixture
was stirred at 0 °C for 5 min. 1,8-Diazabicyclo[5.4.0Jundec-7-ene
(1.4mL, 9.0 mmol) was added dropwise over 2 min and the mixture
was allowed to warm to room temperature overnight. The reaction
was quenched with 10% aqueous citric acid (20 mL) and the
separated organic extract was then washed with saturated sodium
bicarbonate solution (20 mL), dried (MgSO,) and concentrated
in vacuo. The residue was purified by chromatography on silica
gel using dichloromethane-diethyl ether (4 : 1) as eluent to
give the tris-oxazole (1.1 g, 72%) as a colourless solid; mp
202-203 °C (from dichloromethane—petrol); [a]} —25 (¢ = 1.0,
CHCL); v (CHCLy)/cm™ 3441, 3170, 2980, 1715, 1654 and
1579; 6x(360 MHz, CDCl;) 8.43 (1H, s, oxazole-H), 8.33 (1H, s,
oxazole-H), 8.32 (1H, s, oxazole-H), 7.35-7.19 (5H, m, 5 x
aryl-H), 5.57 (1H, d, J 8.2 Hz, BocNH), 5.22-5.13 (1H, m,
BocNHCH), 4.55 (1H, d, J 12.1 Hz, OCH H,Ph), 4.51 (1H, d, J
12.1 Hz, OCH, H,Ph), 4.00-3.93 (1H, m, CH,H,OBn), 3.97 (3H, s,
CO,CH,;), 3.85 (1H, dd, J 9.6 and 4.4 Hz, CH,H,OBn) and 1.46
(9H, s, OC(CH;);) ppm; 6-(90 MHz, CDCl;) 164.0 (s), 161.2 (s),
156.0 (s), 155.3 (s), 155.1 (s), 143.8 (d), 139.6 (d), 139.3 (d), 137.2
(s), 134.3 (s), 130.7 (s), 129.8 (s), 128.3 (d), 127.8 (d), 127.5 (d),
80.3 (s), 73.2 (1), 70.3 (1), 52.3 (q), 49.4 (d) and 28.2 (q) ppm;
m/z (ESI) found: 533.1658, C,sH,sN,OgNa [(M + Na)*] requires
533.1648.

27-[(S)-1-{[2"-((:S)-2-Benzyloxy-1-benzyloxycarbonylaminoethyl)-
5,5"-dimethyl-[2,4';2',4"|teroxazole-4-carbonyl]-amino }-2-(tert-
butyldimethylsilanyloxy)-ethyl]-[2,4';2’,4” |[teroxazole-4-carboxylic
acid methyl ester (27)

-Methylmorpholine (0.11 mL, 1.0 mmol) was added to
a stirred suspension of the carboxylic acid 23a (0.28 g,

0.5 mmol) and 1-hydroxybenzotriazole (0.14 g, 1.0 mmol) in dry
dichloromethane (3 mL) at 0 °C under a nitrogen atmosphere.
1-[3-(Dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride
(0.13 g, 0.65 mmol) was added and the mixture was then stirred at
0°C for 2min. A solution of the amine 24a (0.17 g, 0.4 mmol) in dry
dichloromethane (4 mL) was added dropwise over 2 min at 0 °C,
and the mixture was then allowed to warm to room temperature
overnight. The reaction was quenched with water (5 mL) and the
separated organic layer was then washed with 10% aqueous citric
acid (2 x 5 mL). The combined aqueous extracts were extracted
with dichloromethane (2 x 10 mL) and the combined organic
extracts were then washed with saturated sodium bicarbonate
solution (10 mL), dried (MgSO,) and concentrated in vacuo. The
residue was purified by chromatography on silica gel using ethyl
acetate as eluent to give the amide (0.26 g, 68%) as a colourless
solid; mp 170-172 °C (from ethyl acetate); [a]5 —32 (¢ = 1.0,
CHCI,); found: C, 59.0; H, 5.2; N, 11.3%. C,sHs,N3;O,;Si requires
C, 59.1; H, 5.2; N, 11.5%; v (CHCL)/cm™ 3412, 2931, 1724,
1674 and 1596; 64(360 MHz, CDCI;) 8.45 (1H, s, oxazole-H),
8.36 (1H, s, oxazole-H), 8.35 (1H, s, oxazole-H), 8.33 (1H, s,
oxazole-H), 7.89 (1H, d, J 8.7 Hz, CONH), 7.43-7.22 (10H,
m, 10 x aryl-H), 5.82 (1H, d, J 8.5 Hz, ZNH), 5.61-5.55 (1H,
m, CONHCH), 5.23-5.12 (3H, m, CO,CH,Ph, ZNHCH), 4.58
(1H, d, J 12.2 Hz, CH,OCH H,Ph), 4.52 (1H, d, J 12.2 Hz,
CH,OCH,H,Ph),4.31 (1H, dd, J 10.2 and 3.7 Hz, CH,H,OTBS),
4.13 (1H, dd, J 10.2 and 4.4 Hz, CH,H,OTBS), 4.01-3.93 (4H,
m, CO,CH;, CH,H,OBn), 3.87 (1H, dd, J 9.5 and 4.1 Hz,
CH,H,OBn), 2.82 (3H, s, oxazole-CH;), 2.74 (3H, s, oxazole-
CH,), 0.87 (9H, s, SiC(CH);), 0.08 (3H, s, SiCH;(CHj;)) and 0.02
(3H, s, SiCH;(CH;)) ppm; d.(90 MHz, CDCI;) 163.6 (s), 161.3 (s),
160.9 (s), 156.0 (s), 155.9 (s), 155.4 (s), 154.8 (s), 150.6 (s), 143.8 (d),
141.0 (d), 139.7 (d), 139.3 (d), 137.3 (s), 136.5 (s), 134.4 (s), 130.8
(s), 130.0 (s), 128.5-127.6 (Ar s and d), 125.5 (s), 124.8 (s), 73.2
(), 70.2 (1), 67.2 (1), 64.1 (1), 52.3 (q), 49.7 (d), 49.2 (d), 25.6 (q),
18.0 (s), 11.8 (q), 11.8 (q), —5.5 (q) and —5.7 (q) ppm; m/z (ESI)
found: 992.3419, C,sH5,N;O,Si [(M + H,0)*] requires 992.3372.

Macrocycle (28)

4-Methylmorpholine (0.10 mL, 0.9 mmol) was added to a stirred
suspension of the amino acid 32b (45 mg, 0.053 mmol) in dry N,N-
dimethylformamide (9 mL) at room temperature under a nitrogen
atmosphere. Diphenylphosphoryl azide (46 uL, 0.21 mmol) was
added dropwise over 2 min and the mixture was stirred at
room temperature for 18 h. The mixture was evaporated to
dryness in vacuo and the residue was then partitioned between
dichloromethane (20 mL) and saturated sodium bicarbonate
solution (15 mL). The organic layer was washed with saturated
sodium bicarbonate solution (15 mL) and saturated sodium
chloride solution (20 mL), then dried (MgSO,) and concentrated
in vacuo. The residue partially purified by recrystallisation from
dichloromethane—ether—petrol to give the macrolactam (37 mg,
86%) as a colourless solid; 6,;(360 MHz, CDCl;) 8.65-8.49 (2H,
m, 2 x CONH), 8.32-8.40 (4H, m, 4 x oxazole-H), 7.41-7.00
(5H,m, 5 x aryl-H), 5.65-5.30 (2H, m, 2 x CONHCH), 4.60-4.40
(2H, m, CH,0CH,Ph), 4.83-4.38 (4H, m, CH,OTBS, CH,0Bn),
2.75 (3H, s, oxazole-CH), 2.65 (3H, s, oxazole-CH;), 0.80 (9H, s,
SiC(CH);) and 0.13 to —0.13 (6H, m, SiCH;(CH;)) ppm.
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Desilylated macrocycle (33a)

Hydrogen chloride (4.0 M solution in dioxane) (5 mL) was added
to the ether 28 (37 mg, 0.046 mmol) and the mixture was stirred
at room temperature for 10 min under a nitrogen atmosphere. The
volatiles were evaporated to leave the alcohol (32 mg, 100%) as
a colourless solid, which was used directly in the next reaction
without further purification; d4;(360 MHz, CDC1;-CD;0D (1 :
1)) 8.39-8.00 (4H, m, 4 x oxazole-H), 7.12-6.79 (SH, m, 5 x
aryl-H), 5.35-5.10 2H, m, 2 x CONHCH), 4.40-4.18 (2H, m,
CH,OCH,Ph), 3.99-3.60 (4H, m, CH,0OH, CH,0Bn), 2.50 (3H, s,
oxazole-CH;) and 2.42 (3H, s, oxazole-CH;) ppm.

Oxazole macrocycle 35a

Dess-Martin periodinane (4 mg, 0.008 mmol) was added in
one portion to a stirred solution of the macrocycle 33a (3 mg,
0.004 mmol) in anhydrous dichloromethane (0.5 mL) at room
temperature under an atmosphere of nitrogen. The solution was
stirred at room temperature for 1.5 h and the volatiles were
then removed in vacuo. Triphenylphosphine (5 mg, 0.02 mmol),
1,2-dibromotetrachloroethane (6.5 mg, 0.02 mmol) and di-zert-
butyl pyridine (0.01 mL, 0.04 mmol) were added to the residue
in dichloromethane (0.1 mL) at 0 °C under an atmosphere of
nitrogen. The mixture was stirred and allowed to gradually warm
to room temperature overnight. DBU (0.015 mL, 0.1 mmol)
was added and the mixture was stirred at room temperature
for a further 3.5 h. Water (2 mL) was added and the separated
organic layer was washed with 10% aqueous citric acid solution
(3 x 10 mL) and sodium bicarbonate solution (3 x 10 mL),
then dried (MgSO,) and concentrated in vacuo. The residue was
purified by chromatography on silica using dichloromethane to
4% methanol in dichloromethane as eluent to give the enamide
(2mg, 74%) as a colourless solid; d;(500 MHz, CDCl;) 9.65 (1H, s,
NHC=CH,),8.58 (1H,d, J 7.4 Hz, NHCH), 8.34 (1H, S, oxazole-
H), 8.23 (1H, S, oxazole-H), 8.22 (1H, S, oxazole-H), 8.19 (1H, S,
oxazole-H), 5.40-5.45 (1H, m, CHNH), 4.55 (1H, d, J 12.5 Hz,
CH,OCH H,Ph), 4.51 (1H, d, J 12.5 Hz, CH,OCH, H,Ph), 3.99
(1H, dd, J 11.1 and 4.5 Hz, CHCH,H,OBn), 3.95 (1H, dd, J
11.1 and 5.6 Hz, CHCH, H,OBn), 2.79 (3H, s, oxazole-CH}), 2.69
(3H, s, oxazole-CH).

Oxazoline macrocycle (34a)

(Diethylamino)sulfur trifluoride (24 L, 0.18 mmol) was added to
a stirred solution of the alcohol 33a (32 mg, 0.046 mmol) in dry
dichloromethane (2 mL) at —78 °C under a nitrogen atmosphere.
The mixture was stirred at —78 °C for 3 h and was then allowed
to warm to room temperature. The mixture was quenched with
saturated sodium bicarbonate solution (2 mL) and the separated
aqueous layer was then extracted with dichloromethane (2 x
5 mL). The combined organic extracts were dried (MgSO,) and
then concentrated in vacuo. The residue was partially purified by
recrystallisation from dichloromethane—ethyl acetate—ether to give
the oxazoline (28 mg, 90%) as a colourless solid; J,(360 MHz,
CDCI;)9.29-9.14 (1H, m, CONH), 8.61-8.23 (4H, m, 4 x oxazole-
H), 7.34-7.05 (SH, m, 5 x aryl-H), 5.83-5.32 (2H, m, CONHCH,
oxazoline-CH), 4.99—-4.62 (2H, m, oxazoline-CH,), 4.59—4.43 (2H,
m, CH,OCH,Ph), 4.15-3.76 (2H, m, CH,OBn), 2.75 (3H, s,
oxazole-CH;) and 2.68 (3H, s, oxazole-CH;) ppm.

2"-[(S)-2-Benzyloxy-1-({2"-[(:S)-1-benzyloxycarbonylamino-2-
(tert-butyldimethylsilanyloxy)-ethyl]-5',5”-dimethyl-[2,4';2' ,4"]-
teroxazole-4-carbonyl } -amino)-ethyl]-[2,4';2' 4" |teroxazole-
4-carboxylic acid methyl ester (36a)

4-Methylmorpholine (0.28 mL, 2.6 mmol) was added to
a stirred suspension of the carboxylic acid 23b (0.37 g,
0.64 mmol) and 1-hydroxybenzotriazole (0.26 g, 1.9 mmol) in dry
dichloromethane (10 mL) at 0 °C under a nitrogen atmosphere.
1-[3-(Dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride
(0.25 g, 1.3 mmol) was added and the mixture was then stirred
at 0 °C for 10 min. The amine 24b (0.35 g, 0.78 mmol) was
added in one portion, and the mixture was then allowed to warm
to room temperature overnight. Dichloromethane (50 mL) was
added and the reaction was quenched with water (30 mL). The
separated organic layer was washed with 10% aqueous citric acid
(2 x 30 mL) and saturated sodium bicarbonate solution (30 mL),
then dried (MgSO,) and concentrated in vacuo. The residue was
purified by chromatography on silica gel using dichloromethane—
ethyl acetate (2 : 1) eluent to give the amide (0.54 g, 87%) as
a colourless solid; mp 204-205 °C; [a]; +14 (c = 1.0, CHCL,);
found: C, 58.6; H, 5.1; N, 11.3%. C;sHsN3O,;Si requires C, 59.1;
H, 5.2; N, 11.5%; v, (CHCl;)/cm™" 3412, 2930, 1723, 1674 and
1595; 64(360 MHz, CDCl;) 8.43 (1H, s, oxazole-H), 8.34 (1H, s,
oxazole-H), 8.33 (1H, s, oxazole-H), 8.30 (1H, s, oxazole-H), 7.86
(1H, d, J 8.8 Hz, CONH), 7.42-7.22 (10H, m, 10 x aryl-H), 5.77
(1H,d, J 8.5Hz, ZNH), 5.71-5.64 (1H, m, CONHCH), 5.18 (1H,
m, CO,CH H,Ph), 5.13 (1H, d, J 12.3 Hz, CO,CH,H,Ph), 5.11-
5.03 (1H, m, ZNHCH), 4.60 (2H, s, CH,OCH,Ph), 4.17-3.93
(4H, m, CH,0OTBS, CH,0Bn), 3.96 (3H, s, CO,CH>), 2.79 (3H, s,
oxazole-CHs5), 2.72 (3H, s, oxazole-CH), 0.81 (9H, s, SiC(CH;);),
—0.01 (3H, s, SiCH;(CH;)) and —0.04 (3H, s, SiCH;(CH)) ppm;
0¢(90 MHz, CDCl;) 163.0 (s), 161.1 (s), 161.1 (s), 160.1 (s), 155.8
(s), 155.8(s), 155.7(s), 155.2(s), 154.8 (s), 150.7 (s), 150.6 (s), 143.8
(d), 141.0 (d), 139.7 (d), 139.2 (d), 137.1 (s), 136.3 (s), 136.0 (s),
134.2 (s), 130.6 (s), 129.8 (s), 128.3 (d), 128.3 (d), 128.0 (d), 128.0
(d), 127.7 (d), 127.5 (d), 125.3 (s), 124.5 (s), 73.1 (t), 69.6 (1), 67.0
(1), 64.3 (1), 52.2 (q), S51.4 (d), 47.2 (d), 25.5 (q), 17.9 (s), 11.7 (q),
11.6 (q), —5.7 (q) and —5.8 (q) ppm; m/z (ESI) found: 997.3126,
CyHsNgO;SiNa [(M + Na)*] requires 997.3164.

Macrocycle (37)

4-Methylmorpholine (0.44 mL, 3.8 mmol) was added to a stirred
suspension of the amino acid 36b (0.17 g, 0.19 mmol) in
dry dichloromethane (52 mL) and dry N,N-dimethylformamide
(26 mL) at 0 °C wunder a nitrogen atmosphere. O-(7-
Azabenzotriazol-1-yl)-N,N,N’,N'-tetramethyluronium hexafluo-
rophosphate (0.15 g, 0.39 mmol) was added and the mixture
was stirred at 0 °C for 30 min and then allowed to warm to
room temperature and stirred for 18 h. Dichloromethane (60 mL)
was added and the reaction was quenched with water (60 mL).
The separated organic layer was washed with water (60 mL) and
saturated sodium chloride solution (60 mL), then dried (MgSO,)
and concentrated in vacuo. The residue partially purified by
trituration with ether to give the macrolactam (0.12 mg, 80%) as
a colourless solid; v,,,(CHCI;)/cm™" 3384, 2928, 1671 and 1597,
0u(500 MHz, CDCl;) 8.32 (1H, s, oxazole-H), 8.30 (1H, s, oxazole-
H), 8.26 (1H, s, oxazole-H), 8.26 (1H, s, oxazole-H), 7.95 (1H, d,
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J 8.8 Hz, CONH), 7.89 (1H, d, J 8.7 Hz, CONH), 7.37-7.26
(5H, m, 5 x aryl-H), 5.78-5.71 (1H, m, CONHCH), 5.62-5.55
(1H, m, CONHCH), 4.62 (1H, d, J 12.3 Hz, CH,O0CH,H,Ph),
4.58 (1H, d, J 12.3 Hz, CH,OCH,H,Ph), 4.30-3.93 (4H, m,
CH,OTBS, CH,0Bn), 2.81 (3H, s, oxazole-CH;), 2.74 (3H, s,
oxazole-CHs5),0.90 (9H, s, SiC(CH,);), —0.08 (3H, s, SICH;(CH;))
and —0.03 (3H, s, SiCH;(CH;)) ppm; m/z (ESI) found: 831.2527,
C3HyNgO,SiNa [(M + Na)*] requires 831.2534.

2-[(S)-1-{[2"~(tert-Butoxycarbonylaminomethyl)-[2,4';2' ,4"]-
teroxazole-4-carbonyl]-amino }-2-(fert-butyldimethylsilanyloxy)-
ethyl]-5-phenyloxazole-4-carboxylic acid methyl ester (64)

4-Methylmorpholine (0.77 mL, 7.0 mmol) was added to a
stirred suspension of the acid 63b (0.26 g, 0.70 mmol) and 1-
hydroxybenzotriazole (0.47 g, 3.5 mmol) in dry dichloromethane
(10 mL) and N,N-dimethylformamide (5 mL) at 0 °C
under a nitrogen atmosphere. 1-[3-(Dimethylamino)propyl]-3-
ethylcarbodiimide hydrochloride (0.27 g, 1.4 mmol) was added
and the mixture was then stirred at 0 °C for 10 min. A solution
of the amine 60 (0.28 g, 0.74 mmol) in dry dichloromethane
(5 mL) was added dropwise over 3 min at 0 °C, and the mixture
was allowed to warm to room temperature overnight and then
quenched with water (20 mL). Dichloromethane (30 mL) was
added and the separated organic layer was washed with 10%
aqueous citricacid (2 x 15 mL) and saturated sodium bicarbonate
solution (15 mL), then dried (MgSO,) and concentrated in vacuo.
The residue was purified by chromatography on silica gel using
1 : 1 dichloromethane—ethyl acetate as eluent to give the tetra-
oxazole amide (0.45 g, 87%) as a colourless solid; mp 96-98 °C
(from dichloromethane—petrol); [a]y) +54 (¢ = 1.0, CHCI,); found:
C, 56.9; H, 5.8; N, 11.1%. C;sH;,N¢O,,Si requires C, 57.2; H,
5.8; N, 11.4%; v, (CHCL)/cm™' 3696, 3605, 3506, 2929, 1719,
1680 and 1595; 04(360 MHz, CDCI;) 8.35 (1H, s, oxazole-H), 8.32
(1H, s, oxazole-H), 8.30 (1H, s, oxazole-H), 8.04-8.00 (2H, m,
2 x phenyloxazole-H), 7.83 (1H, d, J 8.7 Hz, CONH), 7.49-7.43
(3H, m, 3 x phenyloxazole-H), 5.59-5.52 (1H, m, CONHCH),
5.27 (1H, br s, BocNH), 4.56 (2H, d, J 5.8 Hz, BocNHCH,), 4.23
(1H, dd, J 10.1 and 4.6 Hz, CH,H,OTBS), 4.10 (1H, dd, J 10.1
and 5.2 Hz, CH,H,0OTBS), 3.94 (3H, s, CO,CH,), 1.47 (9H, s,
OC(CH;);), 0.84 (9H, s, SiC(CH5);), 0.04 (3H, s, SiCH,(CH,))
and 0.03 (3H, s, SiCH;(CH;)) ppm; 6.(90 MHz, CDCl;) 162.8 (s),
162.3 (s), 160.1 (s), 159.8 (s), 156.0 (s), 155.7 (s), 155.4 (s), 154.3
(d), 141.5 (d), 139.7 (d), 139.0 (d), 136.7 (s), 130.8 (s), 130.3 (d),
129.6 (s), 128.3 (d), 128.2 (d), 126.7 (s), 126.5 (s), 80.2 (s), 64.1
(1), 52.1 (q), 49.1 (d), 37.8 (1), 28.1 (q), 25.6 (q), 18.1 (s), —5.6 (q)
and —5.6 (q) ppm; m/z (ESI) found: 757.2639, C;sH,,NqOSiNa
[(M + Na)*] requires 757.2629.

2-[(S)-1-{[2"-(tert-Butoxycarbonylaminomethyl)-|2,4';2',4"|tero-
xazole-4-carbothioyl]-amino }-2-(tert-butyldimethylsilanyloxy)-
ethyl]-5-phenyloxazole-4-carboxylic acid methyl ester (65)

Lawesson’s reagent (0.45 g, 1.1 mmol) was added in one portion to
astirred solution of the amide 64 (0.45 g, 0.61 mmol) in dry tetrahy-
drofuran (10 mL) at room temperature under a nitrogen atmo-
sphere. The mixture was stirred at reflux for 21 h and then cooled
to room temperature. The mixture was concentrated in vacuo
and the residue was then partitioned between dichloromethane

(80 mL) and saturated sodium bicarbonate solution (80 mL). The
aqueous extract was re-extracted with dichloromethane (80 mL)
and the combined organic extracts were dried (MgSO,) and then
concentrated in vacuo. The solid yellow residue was purified by
chromatography on silica gel using 6 : 1 dichloromethane—ether
as eluent to give the thioamide (0.23 g, 50%) as a colourless solid;
mp 151 °C (decomp.) (from dichloromethane—petrol); [a]Z +74
(¢ = 1.0, CHCL,); vinoe (CHCI;)/cm™! 3449, 3345, 2930, 1719, 1653
and 1585; 6,4(360 MHz, CDCl;) 9.46 (1H, d, J 8.1 Hz, CSNH),
8.43 (1H, s, oxazole-H), 8.34 (1H, s, oxazole-H), 8.32 (1H, s,
oxazole-H), 8.03-7.99 (2H, m, 2 x phenyloxazole-H), 7.48-7.42
(3H, m, 3 x phenyloxazole-H), 6.14-6.09 (1H, m, CSNHCH),
5.30 (1H, br s, BocNH), 4.55 (2H, d, J 5.9 Hz, BocNHCH,), 4.33
(1H, dd, J 10.2 and 4.1 Hz, CH ,H,OTBS), 4.19 (1H, dd, J 10.2
and 5.0 Hz, CH,H,OTBS), 3.93 (3H, s, CO,CH,), 1.46 (9H, s,
OC(CH;);), 0.86 (9H, s, SiC(CH);), 0.06 (3H, s, SiCH;(CH;))
and 0.03 (3H, s, SiCH;(CH)) ppm; (90 MHz, CDCl;) 185.3 (s),
162.8 (s), 162.3 (s), 159.3 (s), 156.1 (s), 155.9 (s), 154.1 (s), 142.8
(d), 142.0 (s), 139.7 (d), 139.1 (d), 130.9 (s), 130.4 (d), 129.7 (s),
128.4 (d), 128.4 (d), 126.9 (s), 126.6 (s), 80.4 (s), 63.4 (t), 53.7 (d),
52.3(q), 37.9 (1), 28.2(q), 25.6 (q), 18.1 (s) and —5.5 (q) ppm; m/z
(ESI) found: 773.2461, C;sH,,NqO,SSiNa [(M + Na)*] requires
773.2401.

4-[(S)-2-Hydroxy-1-(4-methoxycarbonyl-5-phenyloxazol-2-yl)-
ethylthiocarbamoyl]-|2,4';2',4"|teroxazol-2"-ylmethylammonium
chloride (70)

Hydrogen chloride (4.0 M solution in dioxane) (3 mL) was added
to the carbamate 65 (0.23 g, 0.3 mmol) and the mixture was stirred
at room temperature overnight under a nitrogen atmosphere.
The mixture was evaporated to leave the amine hydrochloride salt
(0.16 g, 91%) as a colourless solid; mp 191 °C (decomp.); [a]X +80
(¢=0.2, CH,Cl,-MeOH (3 : 1)); vpux(solid)/cm~" 3350, 1727, 1659
and 1581; 04(500 MHz, DMSO-d;) 10.33 (1H, br s, CSNH), 9.18
(1H, s, oxazole-H), 9.15 (1H, s, oxazole-H), 8.94 (1H, s, oxazole-
H), 8.92 (3H, brs, NH;), 7.99-7.95 (2H, m, 2 x phenyloxazole-H),
7.58-7.52 (3H, m, 3 x phenyloxazole-H), 5.97 (1H, brs, OH), 5.59
(1H, t, J 5.9 Hz, CSNHCH), 4.41 (2H, s, NH;CH,), 4.15-4.07
(2H, m, CH,0OH) and 3.82 (3H, s, CO,CH;) ppm; d-(125 MHz,
DMSO-d) 186.6 (s), 165.4 (s), 163.0 (s), 162.9 (s), 158.8 (s), 158.2
(s), 157.7 (s), 147.7 (d), 145.5 (d), 145.1 (s), 144.9 (d), 134.0 (d),
133.4 (s), 132.6 (s), 132.1 (d), 131.7 (d), 130.0 (s), 129.9 (s), 64.5
(t), 58.0 (d), 55.5 (q) and 38.9 (t) ppm; m/z (ESI) found: 537.1161,
C,HyNO;S [M*] requires 537.1192.

2-{(S)-1-[2"-{[(R)-1-((2S,35)-2-tert-Butoxycarbonylamino-3-
methylpentanoylamino)-2-methylpropylamino]-methyl } -

[2,4';2' 4" |teroxazole-4-carbothioyl)-amino]-2-hydroxyethyl }-5-
phenyloxazole-4-carboxylic acid methyl ester (78a)

4-Methylmorpholine (59 pL, 0.54 mmol) was added to a stirred
suspension of the carboxylic acid 77 (90 mg, 0.27 mmol)
and 1-hydroxybenzotriazole (0.11 g, 0.81 mmol) in dry
dichloromethane (15 mL) at 0 °C under a nitrogen atmosphere.
1-[3-(Dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride
(0.10 g, 0.54 mmol) was added and the mixture was then stirred
at 0 °C for 15 min. A pre-cooled (0 °C) solution of the amine 70
(0.16 g, 0.27 mmol) and 4-methylmorpholine (59 pL, 0.54 mmol)
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in dry dichloromethane (5 mL) was added dropwise over 5 min,
and the mixture was then allowed to warm to room temperature
overnight. The mixture was concentrated in vacuo and the residue
was then triturated with methanol to leave the amide (0.19 g,
82%) as a colourless solid; mp 258 °C (decomp.); [a]Z +56
(¢ = 1.0, CHCL;-MeOH (4 : 1)); v (CHCL)/cm™" 3343, 2964
and 1692; 64(360 MHz, DMSO-d,) 10.34 (1H, d, J 7.8 Hz,
CSNH), 9.08 (1H, s, oxazole-H), 8.96 (1H, s, oxazole-H), 8.91
(1H, s, oxazole-H), 8.70 (1H, t, CONHCH,), 8.00-7.91 (3H,
m, 2 x phenyloxazole-H, CONH-(val)), 7.58-7.49 (3H, m, 3 x
phenyloxazole-H), 6.87 (1H, d, J 8.1 Hz, BocNH), 6.01-5.94 (1H,
m, CONHCH-(val)), 5.52 (1H, t, J 5.9 Hz, CSNHCH), 4.59—
4.43 (2H, m, gly-CH,), 4.29-4.21 (1H, m, BocNHCH), 4.18-4.07
(2H, m, CH,0H), 3.92 (1H, t, J 7.9 Hz, CH,0H), 3.82 (3H, s,
CO,CH;), 2.14-2.02 (1H, m, CH), 1.76-1.63 (1H, m, CH), 1.37
(9H, s, OC(CHs);), 1.16-1.03 (2H, m, CH,) and 0.91-0.75 (12H,
m, 3 x CH;) ppm; 0.(90 MHz, DMSO-d,) 188.6 (s), 175.4 (s),
174.9 (s), 174.8 (s), 166.1 (s), 165.4 (s), 163.0 (s), 159.2 (s), 158.1
(s), 157.8 (s), 147.6 (d), 145.1 (s), 144.6 (d), 144.6 (d), 134.0 (d),
133.3 (s), 132.4 (s), 132.1 (d), 131.7 (d), 129.9 (s), 129.9 (s), 81.7
(s), 64.5 (1), 62.5 (d), 60.9 (d), 58.0 (d), 55.4 (q), 39.6 (d), 39.4 (1),
33.5(d), 31.6 (q), 27.9 (1), 22.7 (q), 21.2 (q), 18.9 (q) and 14.4 (q)
ppm; m/z (ESI) found: 871.3130, C,,H,;N;O,,SNa [(M + Na)*]
requires 871.3061.

(18,25)-1-[(R)-1-({4-(:S)-1-(4-Carboxy-5-phenyloxazol-2-yl)-2-
hydroxyethylthiocarbamoyl]-[2,4';2',4"|teroxazol-2"-ylmethyl }-
carbamoyl)-2-methylpropylcarbamoyl]-2-methylbutylammonium
chloride (78b)

A solution of sodium hydroxide (87 mg, 2.2 mmol) in water (5 mL)
was added in one portion to a stirred solution of the tetra-oxazole
substituted methyl ester 78a (0.19 g, 0.22 mmol) in tetrahydrofuran
(10 mL), and the mixture was stirred at room temperature
overnight. Water (20 mL) was added and the mixture was
concentrated slowly in vacuo to a volume of 20 mL. The aqueous
suspension was extracted with dichloromethane-methanol (4 : 1)
(5 x 30 mL) and dichloromethane (3 x 30 mL) and the combined
organic extracts were then evaporated in vacuo to leave the sodium
carboxylate (0.17 g, 86%) as a colourless solid, which was used
directly in the next reaction without further purification.

Hydrogen chloride (4.0 M solution in dioxane) (5 mL) was
added to the sodium carboxylate (0.17 g, 0.19 mmol) and the
mixture was stirred at room temperature overnight under a
nitrogen atmosphere. The volatiles were evaporated to leave the
w-amino acid hydrochloride salt (0.14 g, 100%) as a colourless
solid, which was used without further purification.

(=)-YM-216391 (81)

4-Methylmorpholine (0.28 mL, 2.6 mmol) was added to a
stirred suspension of the w-amino acid (0.14 g, 0.19 mmol) in
dry dichloromethane (42 mL) and dry N,N-dimethylformamide
(21 mL) at 0 °C wunder a nitrogen atmosphere. O-(7-
Azabenzotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluo-
rophosphate (0.15 g, 0.38 mmol) was added and the mixture was
stirred at 0 °C for 5 min and then allowed to warm to room
temperature and stirred for 48 h. Dichloromethane (50 mL) was
added and the reaction was quenched with water (50 mL). The

separated organic layer was washed with 10% aqueous citric acid
(40 mL) and saturated sodium bicarbonate solution (40 mL),
then dried (MgSO,) and concentrated in vacuo. The residue was
partially purified by trituration with ether to give the macrolactam
79 (95 mg, 75%) as a colourless solid.

(Diethylamino)sulfur trifluoride (35 pL, 0.27 mmol) was added
to a stirred solution of the thioamide cyclopeptide 79 (95 mg,
0.13 mmol) in dry dichloromethane (3 mL) at —78 °C under
a nitrogen atmosphere. The mixture was stirred at —78 °C
for 4 h and then allowed to warm to room temperature. The
mixture was quenched with saturated sodium bicarbonate solution
(3 mL) and the separated aqueous layer was then extracted
with dichloromethane (5 mL). The combined organic extracts
were dried (MgSO,) and then concentrated in vacuo to leave the
corresponding thiazoline 80 (82 mg, 92%) as a yellow solid, which
was used directly in the next reaction without further purification.

Activated manganese(1v) oxide (0.2 g, 2.3 mmol) was added
to a stirred solution of the thiazoline 80 (82 mg, 0.12 mmol)
in dry dichloromethane (10 mL) at room temperature under a
nitrogen atmosphere. The mixture was stirred for 48 h and was then
filtered through a pad of celite and eluted with dichloromethane—
methanol (1: 1) (100 mL). The filtrate was concentrated in vacuo to
leave a yellow residue, which was partially purified by trituration
with ether to leave the thiazole (55 mg, 66%) as a colourless solid.
A portion of this material was further purified by reverse phase
HPLC to give the thiazole (10 mg) as a colourless solid; mp 240 °C
(decomp.); [a]y) —56 (¢ = 0.50, CHCL,); 6(500 MHz, DMSO-d,)
9.12 (1H, s), 9.02 (1H, s), 8.93 (1H, s), 8.71 (1H, dd, J 9.1 and
2.5Hz), 8.68 (1H, s), 8.58 (1H, d, J 9.0 Hz), 8.39 (2H, d, J 7.3 Hz),
8.26 (1H,d,J 7.2 Hz), 7.61-7.47 (3H, m), 5.04 (1H, dd, J 16.6 and
9.1 Hz), 4.78 (1H, dd, J 7.2 and 4.4 Hz), 4.61 (1H, dd, J 9.0 and
4.6 Hz),4.22 (1H,d, J 16.6 Hz), 2.18-2.07 (2H, m), 1.73-1.64 (1H,
m), 1.18-1.09 (1H, m) and 0.98-0.76 (12H, m) ppm; d-(125 MHz,
DMSO-dy) 171.3, 170.3, 163.5, 160.6, 158.0, 155.9, 155.5, 154.6,
151.3, 141.5, 140.2, 140.0, 139.8, 136.1, 131.2, 130.6, 130.4, 129.6,
129.1(x2), 127.9(x2), 127.2, 122.9, 58.2, 57.8, 38.5, 35.6, 32.1,
25.3,20.3, 17.9, 15.5 and 12.4 ppm; m/z (ESI) found: 719.2043,
Cy,H3;,NgO;SNa [(M + Na)*] requires 719.2012.
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A convergent enantioselective route to an advanced intermediate for the synthesis of the marine natural
product (+)-laurencin has been developed. The methodology employs ring-opening of an
ephedrine-based spiro-epoxide with a chiral secondary alcohol, hemiacetal allylation and ring closing
metathesis as the key steps for elaboration of the functionalized medium-ring ether moiety in laurencin.

Introduction

The stereoselective construction of medium-sized oxacycles! con-
tinues to be an area of active interest and target-oriented? as well
as general® strategies for assembling such ring systems have been
extensively investigated in recent years. In particular, medium-
ring ether containing marine natural products* isolated from red
algae have attracted considerable synthetic effort. The halogenated
oxocines laurencin (1),° laurenyne (2)° and prelaureatin (3)’
(Fig. 1) are representative examples of the impressive array of
red algae metabolites that have been the focus of intense synthetic
investigations in recent years. Above all, the synthesis of laurencin
has served to showcase new methodology for the stereoselective
construction of substituted eight-membered oxacycles and several
successful strategies targeting laurencin have been reported.?
Herein, we describe a concise and enantioselective formal synthesis
of laurencin.

Br
o

5
ACO’U—: = /7

Laurenyne (2)

Br N

Cl S

Laurencin (1) Prelaureatin (3)

Fig. 1
products.

Medium-ring ether containing halogenated marine natural

Results and discussion

For the purposes of this investigation, we chose to examine a
new route to the a,o/-disubstituted oxocine core of laurencin.
Specifically, we targeted the ketone (+)-4 (Fig. 2), which is an
advanced intermediate in an earlier approach to laurencin.® At
the outset, we reasoned that a direct entry to the o,0/-disubstituted
ether motif in 4 could be achieved by an epoxide ring-opening
with a secondary alcohol, the oxocine ring system would be
accessible by a ring closing metathesis reaction and the ketone
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Fig. 2 Retrosynthetic strategy for laurencin intermediate (+)-4.

could be derived from an aminoalcohol (Fig. 2). The proposed
disconnections appeared to suit our methodology based on
ephedrine-derived templates.®” Consequently, an ephedrine-derived
alkylidene morpholinone was identified as a precursor to a chiral
epoxide intermediate while a glycidol derivative seemed suitable
for obtaining the required secondary alcohol (Fig. 2).

Our approach to the functionalized oxocine core in laurencin be-
gins with the morpholine-dione 5' which is readily prepared (85%)
from commercially available (1R,2S)-ephedrine hydrochloride
and ethyloxalyl chloride. Treatment of 5 with propylmagnesium
bromide and dehydration of the resulting hemiacetal cleanly
generated the alkylidene morpholinone 6" (95%, Scheme 1).
Reaction of 6 with mCPBA provided the epoxide 7 (85%) as a
single diastereomer, which was stable to chromatography. At this
stage, the stereochemistry of 7 was assigned by analogy to the
epoxidation of a similar substrate.® While the ring opening of
substituted epoxides'* with secondary alkoxides is uncommon, it
was gratifying to see that epoxide 7 reacted with the potassium
salt of alcohol 8" to furnish the hemiacetal 9 (60%). This key
step assembled the two stereocenters adjacent to the oxygen in the
oxocine core of laurencin (Scheme 1).

We anticipated that allylation of the hemiacetal in 9 would
provide the diene precursor for the required oxocine. However,
subjecting 9 to BF; etherate-allyltrimethylsilane provided the
spiro-acetal 10 (90%, Scheme 2) and only a trace of the allylation
product. Changing the Lewis acid to TiCl, was not beneficial and
provided debenzylated 9 as the only isolable product in low yield.
The spiro-acetal 10 could not be allylated under these conditions.
Clearly, the benzyl ether in 9 was unsuitable for the required
transformation and an alternative was necessary. We chose to
employ the p-methoxyphenyl (PMP) protecting group which was
expected to be relatively unreactive under the allylation conditions.
Accordingly, the hemiacetal 11 was prepared from epoxide 7

This journal is © The Royal Society of Chemistry 2008
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and the potassium salt of (R)-1-(4-methoxyphenoxy)-3-buten-2-
ol* following the procedure for 9. As projected, allylation of 11
proceeded smoothly to provide the diene 12 (60%, Scheme 2) as a

single diastereomer.
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Scheme 2

Medium-ring ether construction from the diene 12 was readily
achieved by ring closing metathesis with the Grubbs(11) catalyst
at ambient temperature and the spiro-oxocine 13 was obtained in
good yield (85%). Attention to experimental detail was necessary
in the following step. Normally, removal of the ephedrine portion
in morpholinones such as 13 is readily effected with dissolving
metal reduction (Na-NH;).? In the present case, competing, albeit
slow reduction of the p-methoxyphenyl protecting group was a
distinct possibility. Indeed, we observed that benzylic C-O bond
cleavage was faster than reduction of the p-methoxyphenyl group
and a rapid quenching of the reaction (1 min) provided the hydroxy
amide 14 in excellent yield (96%, Scheme 3). Longer reaction times
resulted in partial reduction of the p-methoxyphenyl protecting
group as well. Reduction of 14 with LAH provided the amino
alcohol 15 (84%).

The target ketone (+)-4 was readily prepared from the amino
alcohol 15 by treatment with NalO, (98%) followed by removal
of the p-methoxyphenyl protection with ceric ammonium nitrate
(87%). Ketone 4 provided spectroscopic data that was in agreement
with that reported® in the literature and has previously been
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converted® to oxocine 16¥ which is an advanced intermediate
in the total synthesis of (+)-laurencin (Scheme 4).
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Conclusion

In conclusion, we have established an efficient enantioselective
route to an advanced intermediate in the synthesis of (+)-
laurencin. The present route is shorter (10 steps) and provides 4 in
higher overall yield (11.3%) compared to the reported synthesis®
(21 steps, 4.3% overall yield from commercially available starting
materials). A notable advantage of the methodology is the ready
availability of both enantiomers of ephedrine and glycidol. This
should enable the assembly of all possible stereoisomers of
disubstituted oxocines such as 4 to provide access to analogues
of laurencin and its congeners.

Experimental section
General

All reactions requiring anhydrous conditions were performed
under a positive pressure of nitrogen using oven-dried glassware
(120 °C) that was cooled under nitrogen. THF was distilled
from sodium benzophenone ketyl and dichloromethane was
distilled from calcium hydride. Commercial precoated silica gel
(Merck 60F-254) plates were used for TLC. Silica gel for column
chromatography was 230-400 mesh. All melting points are
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uncorrected. IR spectra were recorded on a Bruker TENSOR
27 spectrometer. '"H NMR and *C NMR spectra were recorded
on a Bruker AVANCE-500 instrument. Coupling constants (J)
are given in Hz. Mass spectra were obtained on an Agilent 1100
series LC/MSD chromatographic system. High-resolution mass
spectra were obtained on a Waters GCT Premier Micromass mass
spectrometer. Optical rotations were measured at the sodium
D line on a JASCO-DIP 370 digital polarimeter at ambient
temperature.

(5S,6R)-4,5-Dimethyl-6-phenyl-morpholin-2,3-dione (5). To a
cold (0 °C), stirred solution of (1R,2S)-(—)-ephedrine hydrochlo-
ride (10 g, 0.05 mol) in dichloromethane (40 mL) was added
DMAP (0.3 g, 2.5 mmol). Triethylamine (21.1 mL, 0.15 mol)
was added, followed by dropwise addition of ethyloxalyl chloride
(6.7 mL, 0.06 mol). The mixture was stirred at 0 °C for 1 h and
then at ambient temperature for 48 h. Cold water was added and
the mixture was extracted with dichloromethane (3 x 50 mL). The
combined organic layers were washed with HC1 (2 M, 3 x 25 mL),
dried (Na,SO,) and concentrated under reduced pressure to yield
a pale yellow solid. This was triturated with dichloromethane—
hexane (7 : 2, 3 x 15 mL) to provide 9.3 g (85%) of the dione
as a crystalline white solid that was pure by '"H NMR. This
material was used without further purification. If necessary, it
can be recrystallized from ethyl acetate—hexane. Mp: 183-184 °C;
[a]Z = =202 (c 1, CHCL,); spectroscopic data consistent with that
reported in the literature.'®

(25,35,5R,65)-2-Ethyl-6,7-dimethyl-5-phenyl-1,4-dioxa-7-azas-
piro[2.5]octan-8-one (7). To a solution of 6* (2 g, 8.2 mmol) in
dichloromethane (30 mL) was added mCPBA (1.83 g, 10.6 mmol)
at —78 °C and the mixture was warmed to ambient temperature
and stirred for 40 min. Saturated aqueous NaHCO; was added,
the mixture was extracted with ethyl acetate (3 x 20 mL) and
the combined organic layers were dried and concentrated under
reduced pressure. The residue obtained was immediately subjected
to purification by flash chromatography on silica gel (3 : 1 ethyl
acetate—hexane) to give 1.7 g (80%) of 7 as a colourless gum.
IR (neat): 2976, 1669, 1294, 1195, 930, 700 cm™'; 'H NMR
(500 MHz, CDCl,): ¢ 7.39-7.36 (m, 2H), 7.33-7.27 (m, 3H), 5.47
(d, 1H, J = 3), 3.69 (t, 1H, J = 6.5), 3.65 (dq, 1H, J = 3, 6.5),
3.11 (s, 3H), 1.91-1.80 (m, 2H), 1.12 (t, 3H, J = 7.5), 1.03 (d, 3H,
J = 6.5); B.C NMR (125.77 MHz, CDCl;): 6 163.6, 136.7, 128.7,
128.2, 125.5, 82.2, 76.03, 63.5, 59.4, 34.0, 21.0, 12.5, 10.3; [a]Z =
—115.5 (¢ 2, CHCL;); MS (APCI): 262.1 (M + 1, 100); HRMS
(CI): m/z 262.1451 (262.1443 calc. for C,sH,)NO;, M + H).

(28,55,6R)-2-((R)-1-((R)-1-(Benzyloxy)pent-4-en-2-yloxy)pro-
pyD)-2-hydroxy-4,5-dimethyl-6-phenylmorpholin-3-one (9). To a
solution of the alcohol 8 (0.88 g, 4.2 mmol) in THF (20 mL)
at 0 °C was added KH (252 mg (obtained by washing a 30 wt%
dispersion in mineral oil with hexane), 6.3 mmol, as a suspension
in THF (2 mL)). The mixture was then stirred for 10 min at
0 °C and a solution of the epoxide 7 (1.1 g, 4.2 mmol) in THF
(5 mL) was added. The reaction mixture was then warmed up
to ambient temperature, stirred for 4.5 h, cold water (10 mL)
was added, and the mixture was extracted with ethyl acetate
(3 x 20 mL). The combined organic layers were dried and
concentrated under reduced pressure. The residue was purified
by flash chromatography on silica gel (2 : 1 ethyl acetate-hexane)

to provide 1 g (50%) of 9 as a yellow oil. IR (neat): 3326, 2976,
1739, 1636, 1242, 1086 cm™'; "H NMR (500 MHz, CDCl;): 6 7.36—
7.22 (m, 10H), 5.85-5.78 (m, 1H), 5.44 (d, 1H, J = 2.7), 5.08-5.02
(m, 2H), 4.90 (br s, 1H), 4.59-4.50 (AB, 2H, J = 12.1), 3.86—
3.82 (m, 1H), 3.67-3.64 (m, 1H), 3.52-3.49 (m, 1H), 3.43-3.38 (m,
2H),2.94 (s, 3H), 2.36-2.34 (m, 2H), 1.92-1.87 (m, 1H), 1.71-1.65
(m, 1H), 1.11 (t, 3H, J = 7.3), 0.98 (d, 3H, J = 7); "C NMR
(125.77 MHz, CDCl;): 6 168.3, 138.3, 137.8, 134.5, 128.5, 128.4,
127.9,127.8,127.7,126,117.5,98.4,83.9,79.1,73.6, 72.5, 72, 59 .4,
37,33.5,23.2,12.3,11.6; [a]Z = —105.6 (¢ 1, CHCL;); MS (APCI):
454.2 (M + 1, 100); HRMS (EI): m/z 453.2509 (453.2515 calc. for
C,;H3sNOs, M+).

(BR,5R,6S5,8R,9.5)-3-Allyl-9,10-dimethyl-5-ethyl-8-phenyl-1,4,7-
trioxa-10-azaspiro[5.5]undecan-11-one (10). To a solution of 9
(320 mg, 0.7 mmol) in dichloromethane (15 mL) at —78 °C was
added allyltrimethylsilane (0.67 mL, 4.2 mmol) followed by BF;
etherate (0.52 mL, 4.2 mmol). The mixture was stirred at —78 °C
for 15 min and then warmed to ambient temperature and stirred
for 22 h. Cold water was added and the mixture was extracted
with dichloromethane (3 x 25 mL). The combined organic layers
were dried and concentrated under reduced pressure. The residue
was purified by flash chromatography on silica gel (1 : 3 ethyl
acetate—hexane) to provide 220 mg (90%) of 10 as a colourless oil.
IR (neat): 2925, 1663, 1496, 1042, 700 cm~'; "H NMR (500 MHz,
CDCl;): 6 7.40-7.36 (m, 3H), 7.34-7.31 (m, 1H), 5.89-5.83 (m,
1H), 5.21 (d, 1H, J = 2.3), 5.16-5.07 (m, 2H), 4.21 (dd, 1H,
J =17.3,5.5), 4.05-4.00 (apparent t, 1H, J = 10), 3.88-3.82 (m,
1H), 3.67 (dd, 1H, J = 11.2, 2.7), 3.46 (dq, 1H, J = 13.2, 3),
3.07 (s, 3H), 2.40-2.34 (m, 1H), 2.22-2.16 (m, 1H), 1.55-1.49
(m, 2H), 1.12 (d, 3H, J = 5.9), 0.98 (t, J/ = 7.3, 3H); "C NMR
(125.77 MHz, CDCl;): ¢ 165.1, 138, 133.8, 128.6, 128.1, 126.1,
117.3, 95.32, 80.5, 78.0, 74.7, 64.6, 59.4, 36.3, 34.1, 23.3, 12.3,
10.3; [a]¥ = —45.9 (¢ 1, CHCL;); MS (APCI): 346.3 (M + 1, 100);
HRMS (EI): m/z 345.1940 (345.1940 calc. for C,)H,;NO,, M+).

(28,55,6R)-2-((R)-1-((R)-1-(4-Methoxyphenoxy)pent-4-en-2-
yloxy)propyl)-2-hydroxy-4,5-dimethyl-6  phenylmorpholin-3-one
(11). To a solution of (R)-1-(4-methoxyphenoxy)-3-buten-2-ol*
(0.70 g, 3.6 mmol) in THF (18 mL) at 0 °C was added KH
(252 mg, 6.3 mmol). The mixture was then stirred for 10 min at
0 °C and a solution of the epoxide 7 (0.80 g, 3.1 mmol) in THF
(5 mL) was added. The reaction mixture was then warmed up
to ambient temperature, stirred for 4.5 h, cold water (10 mL)
was added, and the mixture was extracted with ethyl acetate
(3 x 20 mL). The combined organic layers were dried and
concentrated under reduced pressure. The residue was purified
by flash chromatography on silica gel (2 : 1 ethyl acetate—hexane)
to provide 0.73 g (50%) of 11 as a yellow oil. IR (neat): 3327,
2936, 1633, 1507, 1230, 756 cm™'; '"H NMR (500 MHz, CDCl;):
0 7.37-7.31 (m, 4H), 7.30-7.26 (m, 1H), 6.85-6.81 (m, 4H),
5.82-5.74 (m, 1H), 5.40 (br s, 1H), 5.09-5.02 (m, 2H), 3.95-3.91
(m, 3H), 3.87-3.84 (m, 1H), 3.75 (s, 3H), 3.47 (dq, 1H, J = 6,
2.5), 3.06 (s, 3H), 2.42-2.32 (m, 2H), 2.03-1.97 (m, 1H), 1.85-1.79
(m, 1H), 1.10 (t, 3H, J = 8), 1.08 (d, 3H, J = 7). "C NMR
(125.77 MHz, CDClL;): 6 169, 154.0, 153.3, 137.7, 134.4, 128.5,
127.9, 126.1, 117.9, 115.7, 114.8, 98.6, 83.3, 78.0, 72.8, 69.9, 59.9,
55.9, 36.5, 33.9, 22.3, 12.4, 11.2; [a]5 = —60 (c 1, CHCL); MS
(APCI): 470.2 (M + 1, 100); HRMS (EI): m/z 469.2467 (469.2464
calc. for C;;H3;sNOg, M+).
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(25,55,6 R)-2-Allyl-((R)-1-((R)-1-(4-Methoxyphenoxy)pent-4-en-
2-yloxy)propyl)-4,5-dimethyl-6-phenylmorpholin-3-one (12). To
a solution of 11 (660 mg, 1.4 mmol) in dichloromethane (15 mL)
at —78 °C was added allyltrimethylsilane (1.4 mL, 8.5 mmol)
followed by BF; ectherate (1.1 mL, 8.5 mmol). The mixture
was stirred at —78 °C for 15 min and then warmed to ambient
temperature and stirred for 18 h. Cold water was added and
the mixture was extracted with dichloromethane (3 x 25 mL).
The combined organic layers were dried and concentrated
under reduced pressure. The residue was purified by flash
chromatography on silica gel (1 : 3 ethyl acetate-hexane) to
provide 232 mg (60%) of 12 as a colourless oil. IR (neat): 2934,
1643, 1508, 1230, 1043, 823 cm™'; '"H NMR (500 MHz, CDCl;):
0 7.36-7.32 (m, 3H), 7.29-7.26 (m, 2H), 6.85-6.80 (m, 4H),
6.04-5.95 (m, 1H), 5.83-5.75 (m, 1H), 5.31 (d, 1H, J = 3.5),
5.11-5.01 (m, 4H), 3.96-3.90 (m, 3H), 3.83 (m, 1H), 3.76 (s, 3H),
3.43 (dq, 1H, J = 3.5, 7), 3.05 (s, 3H), 2.68 (dd, 1H, J = 14, 7.5),
2.59 (dd, 1H, J = 14, 7.5), 2.40-2.37 (m, 2H), 1.95-1.88 (m, 1H),
1.87-1.78 (m, 1H), 1.09 (t, 3H, J = 7), 1.06 (d, 3H, J = 7); *C
NMR (125.77 MHz, CDCl,): 6 170.2, 154.0, 153.4, 138.8, 134.6,
134.5, 128.4, 127.6, 126.1, 117.9, 117.6, 115.7, 114.8, 85.4, 84.0,
77.4,73.7,69.8,59.7,55.9,41.4,36.2,34.0,22.8,12.7,11.3; [a]% =
—63 (c 1, CHCL;); MS (APCI): 494.2 (M + 1, 100); HRMS (EI):
m/z 493.2824 (493.2828 calc. for C; H3;NOs, M+).

(2R,35,6S,7R,9R,11Z7)-3,4-Dimethyl-7-ethyl-9((4-methoxyphe-
noxy)methyl)-2-phenyl-1,8-dioxa-4-azaspiro|5.7|tridec-11-en-5-one
(13). To asolution of 12 (350 mg, 0.5 mmol) in dichloromethane
(290 mL) was added the Grubbs(11) catalyst (43 mg, 0.05 mmol,
10 mol%). The reaction mixture was stirred at room temperature
for 28 h and the solvent was removed under reduced pressure.
The residue was purified by flash chromatography on silica gel
(1 : 1 ethyl acetate—hexane) to give 280 mg (85%) of 13 as a white
solid. Mp: 67-69 °C; IR (neat): 2958, 1646, 1507, 1230, 823 cm™';
'H NMR (500 MHz, CDCl;): 6 7.41-7.35 (m, 2H), 7.33-7.31
(m, 3H), 6.86-6.82 (m, 4H), 6.02-5.97 (m, 1H), 5.62-5.59 (m,
1H), 5.28 (d, 1H, J = 3), 4.19 (dd, 1H, J =9, 5), 3.86 (dd, 1H,
J =9,17.5), 3.77 (s, 3H), 3.74-3.72 (m, 1H), 3.56-3.52 (m, 2H),
3.32 (dd, 1H, J = 13, 5.5), 3.01 (s, 3H), 2.68 (dd, 1H, J = 13,
5.5), 2.51-2.47 (m, 1H), 2.43-2.38 (m, 1H), 1.78-1.75 (m, 1H),
1.42-1.37 (m, 1H), 1.10 (t, 3H, J = 7.5), 0.96 (d, 3H, J = 7); *C
NMR (125.77 MHz, CDCl;): 6 170.3, 154.0, 153.1, 138.1, 130.2,
128.7, 128.6, 127.8, 125.7, 115.4, 115.0, 87.7, 85.7, 83.4, 72.0,
71.5, 58.9, 56.0, 33.6, 32.1, 30.0, 24.9, 13.0, 11.3; [a]¥ = +13.5
(c 1, CHCLy); MS (APCI): 466.2 (M + 1, 100); HRMS (EI): m/z
465.2524 (465.2515 calc. for C,xH3sNOs, M+).

(2R,3S,5Z 8 R)-2-Ethyl-8-((4-methoxyphenoxy)methyl)-3,4,7,8-
tetrahydro-3-hydroxy-/N-methyl-2 H-oxocine-3-carboxamide (14).
To anhydrous liquid ammonia (15 mL, distilled over sodium) was
added Na metal (87 mg, 3.8 mmol) at —78 °C and the mixture
was stirred for 15 min. To the resulting blue solution was added
rapidly a solution of 13 (250 mg, 0.54 mmol) in anhydrous THF
(3 mL) and the mixture was stirred for 1 min. A mixture of
methanol-water (3 : 1, 5 mL) was added and the reaction mixture
was brought to ambient temperature and stirred for 30 min to
remove ammonia. The resulting solution was concentrated under
reduced pressure and the residue was purified by flash column
chromatography on silica gel (ethyl acetate) to provide 180 mg
(96%) of 14 as a colourless gum. IR (neat): 3392, 2928, 1663,

1507, 1231, 1068, 1035, 824 cm™'; '"H NMR (500 MHz, CDCl,): 6
6.88-6.84 (m, 4H), 6.54 (br s, 1H), 6.07-6.02 (m, 1H), 5.91-5.85
(m, 1H), 4.27 (s, 1H), 4.03 (dd, 1H, J = 5, 9.5), 3.95(dd, 1H, J =
4.5, 9.5), 3.85-3.81 (m, 1H), 3.78 (s, 3H), 3.63 (m, 1H), 2.85 (d,
3H, J = 4), 2.85-2.82 (m, 1H), 2.57-2.51 (m, 1H), 2.35-2.31 (m,
1H), 2.26-2.22 (m, 1H), 1.68-1.63 (m, 1H), 1.16-1.08 (m, 1H),
1.01 (t, 3H, J = 7); BC NMR (125.77 MHz, CDCl;):  176.3,
154.2, 153.2, 129.7, 129.4, 115.6, 115.0, 84.1, 82.3, 79.1, 71.9,
56.0, 37.8, 31.4, 26.7, 23.6, 10.9; [a]Z = +27 (¢ 1, CHCL;); MS
(APCI): 350.1 (M + 1, 100); HRMS (EI): m/z 349.1897 (349.1889
calc. for C,yH,;NO;, M+).

(2R,38,5Z 8 R)-8-((4-Methoxyphenoxy)methyl)-2-ethyl-3,4,7,8-
tetrahydro-3-((methylamino)methyl)-2 H-oxocin-3-0l (15). To a
stirred solution of 14 (180 mg, 0.52 mmol) in THF (10 mL)
at 0 °C was slowly added lithium aluminium hydride (157 mg,
4.1 mmol). The mixture was then brought to room temperature
and heated to reflux for 50 h. The reaction mixture was then
cooled to room temperature and 3 N HCI (5 mL) was added. The
resulting solution was washed with ethyl acetate (2 x 15 mL).
The aqueous layer was cooled (<5 °C), basified (pH = 10)
with 6 N sodium hydroxide and concentrated under reduced
pressure. The residual solids were extracted with ethyl acetate
(5 x 15 mL) and the combined organic layers were dried and
concentrated under reduced pressure. The residue was purified by
flash chromatography on silica gel (1 : 3 ethyl acetate—hexane) to
provide 145 mg (84%) of 15 as a colourless oil. IR (neat): 2930,
1737, 1507, 1231, 1039, 823 cm™'; 'H NMR (500 MHz, CDCl;):
0 6.85-6.81 (m, 4H), 5.98-5.93 (m, 1H), 5.89-5.84 (m, 1H), 3.99
(m, 1H), 3.77-3.75 (m, 2H), 3.72 (s, 3H), 3.50 (dd, 1H, J = 1.1,
10.8), 2.70 (d, 1H, J = 13), 2.69 (m, 1H), 2.58 (d, 1H, J = 13),
2.46 (s, 3H), 2.38-2.27 (m, 2H), 2.14 (dd, IH, J = 12.5, 6.5),
1.69-1.65 (m, 1H), 1.27-1.19 (m, 1H), 1.04 (t, 3H, J = 7); “C
NMR (125.77 MHz, CDCl,): 6 154.0, 153.2, 130.1, 129.2, 115.5,
114.8, 85.4, 80.6, 76.9, 71.7, 56.5, 55.9, 37.7, 36.6, 31.4, 24.0, 11.4;
[a]3 = +85 (¢ 1, CHCL;); MS (APCI): 336.2 (M + 1, 100); HRMS
(CI): m/z 336.2193 (336.2175 calc. for C;yH;NO,, M + H).

(2R,5Z 8 R)-2-Ethyl-7,8-dihydro-8-(hydroxymethyl)-2 H-oxocin-
3(4H)-one (4). *To a stirred solution of 15 (100 mg, 0.3 mmol)
in a mixture of methanol-water (100 : 1, 4 mL) at 0 °C was
added NalO, (255 mg, 1.2 mmol). The reaction mixture was
maintained at this temperature for 15 min and then warmed to
room temperature and stirred for 2.5 h. A cold saturated aqueous
solution of sodium bicarbonate was added and the mixture was
extracted with ethyl acetate (3 x 15 mL). The combined organic
layers were dried (sodium sulfate) and concentrated under reduced
pressure. The residue was purified by flash chromatography on
silica gel (1 : 3 ethyl acetate—hexane) to provide 85 mg (98%) of
the ketone as a colourless gum. IR (neat): 2930, 1715, 1508, 1231,
1044, 823 cm™'; '"H NMR (500 MHz, CDCl;): § 6.87-6.83 (m,
4H), 5.89-5.84 (m, 1H), 5.71-5.66 (m, 1H), 4.06 (dd, 1H, J = 9.1,
5.9), 3.97-3.90 (m, 2H), 3.82-3.78 (m, 2H), 3.78 (s, 3H), 2.82 (dd,
1H, J = 12, 4.5),2.45 (dd, 2H, J = 7.1, 4.5), 1.79-1.73 (m, 1H),
1.63-1.57 (m, 1H), 1.02 (t, 3H, J = 7); "C NMR (125.77 MHz,
CDCly): 6 213.8, 154.3, 153.0, 128.4, 126.5, 115.7, 114.9, 87.6,
82.1, 71.1, 56.0, 41.3, 30.4, 26.4, 10.4; [a]} = +513 (c 1, CHCL,);
MS (APCI): 291.1 (M + 1, 100) HRMS (CI): m/z 290.1519
(290.1518 calc. for C;H,NO,, M+).
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To a stirred solution of the ketone (30 mg, 0.1 mmol) in
acetonitrile-water (4 : 1, 2.5 mL) at 0 °C was added ceric ammo-
nium nitrate (164 mg, 0.3 mmol). The resulting orange coloured
reaction mixture was stirred at 0 °C for 10 min and then diluted
with dichloromethane (10 mL). The aqueous layer was extracted
with dichloromethane (2 x 10 mL) and the combined organic
layers were dried (sodium sulfate) and concentrated under reduced
pressure. The residue was purified by flash chromatography on
silica gel (1 : 2 ethyl acetate-hexane) to provide 20 mg (87%) of 4
as a white solid. Mp: 71-72 °C; IR (solid): 3440, 3026, 1710, 1645,
1095, 1063, 755 cm~'; "H NMR (500 MHz, CDCl;): § 5.86-5.81
(m, 1H), 5.68-5.63 (m, 1H), 3.89 (dd, 1H, J = 12.5, 7.5), 3.83
(dd, 1H, J =8, 4.5), 3.69-3.62 (m, 2H), 3.60-3.56 (m, 1H), 2.83
(dd, 1H, J = 12.5, 7.5), 2.36-2.34 (m, 2H), 2.00 (m, 1H), 1.81-
1.74 (m, 1H), 1.73-1.63 (m, 1H), 1.00 (t, 3H, J = 7.5); "C NMR
(125.77 MHz, CDCl,): 6 213.2, 128.3, 126.2, 87.0, 84.3, 66.1, 41.2,
30.2, 26.3, 10.2; [a]¥ = +610 (¢ 1, CHCL,) (lit.* [a]Z = +568 (¢
0.81, CHCl,); MS (APCI): 183.1 (M — 1, 100).
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