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The picture is taken from the
well-known scenic spot —
Huangguoshu waterfall in
Guizhou Province, China. The
inset picture describes chiral
secondary amine catalysed
asymmetric cascade Michael-
aldol-dehydration reactions,
developed by Wang and
co-workers. These powerful
cascade processes afford efficient
,,,,,,,, approaches to one-pot
construction of complex
benzo(thio)pyrans and
hydroquinolines from simple
achiral substances.

Image reproduced by permission
of Wei Wang from Org. Biomol.
Chem., 2008, 6, 2037.
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Recently, primary amino acids
and their derivatives have been
demonstrated to be remarkable
organocatalysts, which can
efficiently convert a wide range of
achiral substrates (with Mars as
the background) into chiral
molecules (Earth in the
background) in asymmetric aldol
and Mannich reactions.

Image reproduced by permission
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of Yixin Lu from Org. Biomol.
Chem., 2008, 6, 2047.
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Drawing together research highlights and news from all RSC
publications, Chemical Science provides a ‘snapshot’ of the latest
developments in the chemical science, showcasing newsworthy articles
and significant scientific advances.
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2037

Organocatalysis: asymmetric cascade reactions catalysed
by chiral secondary amines

Xinhong Yu and Wei Wang*

A number of stunning asymmetric cascade reactions catalysed by chiral
secondary amines have been developed in recent years. These powerful
synthetic methodologies afford efficient approaches to the construction
of complex chiral molecular architectures.
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2047

Primary amino acids: privileged catalysts in
enantioselective organocatalysis

Li-Wen Xu and Yixin Lu*

Recent studies have shown that primary amino acids and their
derivatives are efficient organocatalysts in enantioselective aldol and
Mannich reactions.

COMMUNICATIONS

2054

A chiral thioureido acid as an effective additive for
enantioselective organocatalytic Michael additions
of nitroolefins

Dan-Qian Xu, Hua-Dong Yue, Shu-Ping Luo, Ai-Bao Xia,
Shuai Zhang and Zhen-Yuan Xu*

A novel organocatalytic system consisting of pyrrolidinyl-thioimidazole
and a chiral thioureido acid presented excellent catalytic performance in
the asymmetric Michael addition reactions of nitroolefins.
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2058
Complanine, an inflammation-inducing substance isolated
from the marine fireworm Eurythoe complanata o\
. . . 14 :
Kazuhiko Nakamura,* Yu Tachikawa, Makoto Kitamura, )Q‘/\}NMSS

Osamu Ohno, Masami Suganuma and Daisuke Uemura*

The inflammation-inducing substance, complanine, was isolated from
the marine fireworm, Eurythoe complanata. Complanine enhanced PKC
activity in combination with TPA in vitro.

2061

A direct and stereospecific approach to the synthesis of
a-glycosyl thiols

Ravindra T. Dere, Yingxi Wang and Xiangming Zhu*
TMSOTf-catalyzed ring opening of 1,6-anhydrosugars with

bis(trimethylsilyl)sulfide readily afforded a-glycosyl thiols in very high
yields and in a stereospecific way.
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2064

A facile Zr-mediated multicomponent approach to arylated
allylic alcohols and its application to the synthesis of highly
substituted indenes and spiroindenes

Shenghai Guo and Yuanhong Liu*

An efficient synthesis of arylated allylic alcohols has been achieved
through zirconium-mediated multicomponent coupling reactions. The
subsequent cyclization of these allylic alcohols catalyzed by Brensted or
Lewis acid affords indenes.

R R 5% TSOH+H,0 R
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2071

A selective chromogenic molecular sensor for acetate anions
in a mixed acetonitrile—water medium

. .. H
Shuzhen Hu, Yong Guo, Jian Xu and Shijun Shao* oK e e
2 2
Quinonehydrazone 2, as a new chromogenic anion sensor, can selectively N
detect AcO™ over F~ and other anions in mixed acetonitrile-water ~ \” Hp =i
media. The deprotonation of the N-H proton is responsible for the color N He : - _— n
change. An acidic C-H group, probably acting as an accessorial binding ned 0 H,POy AcO” I'  Br _Cl F~ Free
site, is essential to the selectivity and affinity. 2 MeCRELQ{80:10, %4)
2076
The small molecule tool (S)-(—)-blebbistatin: novel insights substituent reduces
o ey et . degree of asymmetic
of relevance to myosin inhibitor design Bduchion
Cristina Lucas-Lopez, John S. Allingham, Tomas Lebl, Q OH
Christopher P. A. T. Lawson, Ruth Brenk, James R. Sellers, ) B Me
Ivan Rayment* and Nicholas J. Westwood* optime positions) . P
for substituent / N N
(S)-(—)-Blebbistatin, a tool for studying myosin function, was modified ﬁ
to explore effects on biological activity. A combination of synthetic substitution
chemistry, protein crystallography, in vitro assays and molecular not permitted
modelling is presented.
(S)-(-)-Blebbistatin
2085
Critical evaluation of five emissive europium(iir) complexes
as optical probes: correlation of cytotoxicity, anion and . coMe
. . . oye e, e Ph
protein affinity with complex structure, stability and W Beoy s T Jﬁ Hr?o
. . . y N Z = \ 7 \ =
intracellular localisation profile o r{’L T g ({r‘fw@ " o f/\%

. . . OTCTN HO—C L] ‘ kN\_\/N b3
Benjamin S. Murray, Elizabeth J. New, Robert Pal and MR o - Encaorts °=ZNH coutte
David Parker* 00" e eyercs o™ e

‘: Me 2. x=s 1% x=s
Five structurally related europium(iir) complexes of heptadentate ot P LaLp
L®: x=0

macrocyclic ligands bearing azaxanthone or azathiaxanthone
chromophores have been evaluated as responsive intracellular probes.

This journal is © The Royal Society of Chemistry 2008
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Gold nanoparticles coated with a pyruvated trisaccharide
epitope of the extracellular proteoglycan of Microciona

. _o prolifera as potential tools to explore carbohydrate-
Na.,OOCJV NN mediated cell recognition

? Lo Adriana Carvalho de Souza, Johannes F. G. Vliegenthart
o OH  on and Johannis P. Kamerling*
o)
NHAC An efficient synthesis has been described for the preparation of the

thiol-spacer-containing pyruvated trisaccharide in its single and
multivalent (Au-1) form.

2103

q High-yield preparation of [2]rotaxanes based on the
bis(m-phenylene)-32-crown-10-based cryptand/paraquat
derivative recognition motif

Shijun Li, Ming Liu, Jinqiang Zhang, Bo Zheng,
Chuanju Zhang, Xianhong Wen, Ning Li and Feihe Huang*

Due to the strong complexation between two
bis(m-phenylene)-32-crown-10-based cryptands and a paraquat
derivative, two bis(m-phenylene)-32-crown-10-based cryptand/paraquat
derivative [2]rotaxanes were synthesized in high yields by using a
threading-followed-by-stoppering method even in dilute solution.

2108

Synthesis and biological evaluation of novel
oxophenylarcyriaflavins as potential anticancer agents

Aurélie Bourderioux, Valérie Bénéteau, Jean-Yves Mérour,
R=H, CH;, (CH,),N(CH;),  Brigitte Baldeyrou, Caroline Ballot, Amélie Lansiaux,
R1=H, OH Christian Bailly, Rémy Le Guével, Christiane Guillouzo and

lvain Routier*
R2= H, (CH,),N(CH,), Sylvain Routier

R3, R4 = H, OH, OCH, Oxophenylarcyriaﬂavins bearing di\{erse sgbstituents were synthesized
starting from indole or 5-benzyloxyindole in 4 to 6 efficient steps. The
cytotoxicity of the newly designed compounds on 4 cancer cell lines and
activities against 3 kinases were evaluated.

2118
P e A modular approach for the construction and modification
R ok Yoyt of glyco-SAMs utilizing 1,3-dipolar cycloaddition
f ’ (H)} (H’((Y ’ ))’Hj Mike Kleinert, Tobias Winkler, Andreas Terfort* and
G G Lo Lo Thisbe K. Lindhorst*

Biologically relevant SAMs were obtained on gold by employing ‘click’
chemistry in solution or ‘on SAM’ with preformed alkyne-terminated

monolayers. The ‘glyco-SAMSs’ thus obtained were investigated
—— T S biophysically.

2028 | Org. Biomol. Chem., 2008, 6, 2023-2036 This journal is © The Royal Society of Chemistry 2008
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Molecular BioSystems issue 6, 2008, devoted to outstanding young scientists at the chemical- and systems-biology interfaces,
features novel methods to visualise and manipulate protein function in living cells, the development of chemical techniques to
monitor specific protein post-translational modifications, new insights into metabolomics and much, much more!
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Papers include:

Visualization of phosphatase activity in living cells with a FRET-based calcineurin activity sensor
Robert H. Newman and Jin Zhang

Conformation and the sodium ion condensation on DNA and RNA structures in the presence of a neutral cosolute
as a mimic of the intracellular media

Shu-ichi Nakano, Lei Wu, Hirohito Oka, Hisae Tateishi Karimata, Toshimasa Kirihata, Yuichi Sato, Satoshi Fujii, Hiroshi
Sakai, Masayuki Kuwahara, Hiroaki Sawai and Naoki Sugimoto

A quantitative study of the recruitment potential of all intracellular tyrosine residues on EGFR, FGFR1 and IGF1R
Alexis Kaushansky, Andrew Gordus, Bryan Chang, John Rush and Gavin MacBeath

Direct printing of trichlorosilanes on glass for selective protein adsorption and cell growth
Dawn M. Yanker and Joshua A. Maurer, Mol. BioSyst., 2008

A chemical approach for detecting sulfenic acid-modified proteins in living cells
Khalilah G. Reddie, Young Ho Seo, Wilson B. Muse lll, Stephen E. Leonard and Kate S. Carroll

See also:
Chem Soc Rev issue 7, 2008 - Chemistry-Biology Interface theme issue |
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2133

A simple, efficient Pd-catalyzed synthesis of
N-sulfonylimines from organoboronic acids and
tosylbenzimidoyl chlorides

Li-Yan Fan, Fei-Feng Gao, Wei-Hua Jiang, Min-Zhi Deng*
and Chang-Tao Qian*

A simple and efficient synthesis of N-sulfonyl ketimines through a

Pd-catalyzed cross-coupling reaction between organoboronic acids and
tosylbenzimidoyl chlorides under mild conditions has been developed.

cl 1% PdCl,(PPhg),, Ag,0
+ RB(OH),

Ar NTs Na,COyg, toluene,
trace H20, 30°C

R NTs

Ar

2138

Synthesis of 5-hydroxy-2,3,4,5-tetrahydro-[1H]-2-
benzazepin-4-ones: selective antagonists of muscarinic (IM3)
receptors

Benjamin Bradshaw, Paul Evans, Jane Fletcher, Alan T. L.
Lee, Paul G. Mwashimba, Daniel Oehlrich, Eric J. Thomas,*
Robin H. Davies, Benjamin C. P. Allen, Kenneth J. Broadley,
Amar Hamrouni and Christine Escargueil

The synthesis and bioactivities are reported of a series of 5-cycloalkyl-
S-hydroxy-2,3,4,5-tetrahydro-[1 H]-2-benzazepin-4-ones of interest in the
context of the development of selective muscarinic (M;) antagonists.

2158

Synthesis of a 6-aryloxymethyl-5-hydroxy-2,3,4,5-
tetrahydro-[1 H]-2-benzazepin-4-one: a muscarinic (M3)
antagonist

Paul Evans, Alan T. L. Lee and Eric J. Thomas*

A 6-substituted 5-hydroxy-2,3,4,5-tetrahydro-[1 H]-2-benzazepin-4-one
is synthesized and its biological activity as a muscarinic receptor
antagonist evaluated.

O
- 0.
Ar Me Ar Me MEOQ\OMe
DIAD, PhyP o
0% - Me OH
NHNs N
OH Ns Fll
N ~_N._Ph

2168

The chemoselective and efficient deprotection of silyl ethers
using trimethylsilyl bromide

Syed Tasadaque A. Shah and Patrick J. Guiry*

The use of catalytic quantities of TMSBr promotes the high-yielding
(68-100%) and chemoselective cleavage of a wide range of alkyl silyl
ethers (TBS, TIPS and TBDMYS) in the presence of aryl silyl ethers.

OR TMSBr MeOH
RO—(: >—‘ —< >~
0°C orrt, 68-100%

R =TBS, TIPS or TBDPS

o
Cﬁl\OR _TMSBr, MeOH @ H
OR rt, 10 min, 90- 91%

R =TBS or TIPS

This journal is © The Royal Society of Chemistry 2008
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2173

Glycosylated zinc(i1) phthalocyanines as efficient
photosensitisers for photodynamic therapy. Synthesis,
photophysical properties and in vitro photodynamic activity

Chi-Fung Choi, Jian-Dong Huang, Pui-Chi Lo,
Wing-Ping Fong and Dennis K. P. Ng*

A series of glycosylated zinc(11) phthalocyanines have been synthesised.
The unsymmetrical mono-glycosylated analogues exhibit the highest
photocytotoxicity against HepG2 and HT29 cells with ICy, values down
to 0.9 uM.

2182

An efficient solid-phase synthesis of 3-substituted and
3,3-disubstituted 1,2-dialkylpyrazolidine-3,5-diones

Rongjun He and Yulin Lam*

An efficient and regioselective procedure for the synthesis of
3-substituted and 3,3-disubstituted 1,2-dialkylpyrazolidine-3,5-diones
on a solid-phase format is described.

Protein Fragment
Reassembly

Native chemical ligation
%N N
fNJK/\r Complementatlon
ODN-x-POI
N-terminus Speclflc "yb”d'zam"
DNA modification

Covalent split protein fragment—-DNA hybrids generated
through N-terminus-specific modification of proteins by
oligonucleotides

Shuji Takeda, Shinya Tsukiji, Hiroshi Ueda and
Teruyuki Nagamune*

A new convenient method for conjugating oligonucleotides to the
N-terminus of proteins is described. The method was applied to
construct semisynthetic protein fragment reconstitution systems in
which the re-assembly is mediated by specific protein-DNA or
DNA-DNA interactions.

2195

OMe OMe

Ph

LJ AL A,

Ph

Li z
xo\®/coz‘su xoﬁ‘\\\coz‘su xo.,,,é,coz‘su
— +
= Ph

/E\ X =Me, 30%, >98% de X = Me, 25%, >98% de
N X = TBDPS, 40%, >98% de X = TBDPS, 36%, >98% de

Parallel kinetic resolution of zert-butyl (RS)-3-oxy-
substituted cyclopent-1-ene-carboxylates for the
asymmetric synthesis of 3-oxy-substituted cispentacin and
transpentacin derivatives

Yimon Aye, Stephen G. Davies,* A. Christopher Garner,
Paul M. Roberts, Andrew D. Smith and James E. Thomson

Parallel kinetic resolution of zert-butyl (RS)-3-oxy-substituted
cyclopent-1-ene-carboxylates with a pseudoenantiomeric mixture of
homochiral lithium amides, and subsequent deprotection, gives access to
3-oxy-substituted cispentacin and transpentacin derivatives in >98% de
and >98% ee.

2032 | Org. Biomol. Chem., 2008, 6, 2023-2036
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Hydrogen bond-free flavin redox properties: managing
flavins in extreme aprotic solvents

Jose F. Cerda, Ronald L. Koder, Bruce R. Lichtenstein,
Christopher M. Moser, Anne-Frances Miller and
P. Leslie Dutton*

The effects of solvents and ligand interactions on the modulation of the
binding and electrochemical properties of a synthetic flavin are
contrasted with the behavior of the benzene-soluble flavin in an extreme
aprotic medium.
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Chemical Science

Polymer coatingraises carbon nanotubes’ potential for drug delivery

Carbon nanotubes wear coats to deliver drugs

Polymer coated carbon nanotubes previously, CNTs coated with
could find a new use in drug our polymers show much better
delivery, claim Korean scientists. dispersibility as well as stability
Sangyong Jon, at Gwangju in vitro,” says Jon. The group
Institute of Science and also tested their coated CNTs for
Technology, and co-workers A effective loading and delivery of
designed an amphiphilic polymer .-"’ SIRALF, g": 'J'j! :  an anticancer drug, doxorubicin,
coating - that contains both g invitro. ‘Our results indicate
hydrophilic and hydrophobic parts that these coated CN'Ts may hold
- for carbon nanotubes (CNTS). promise as potential drug delivery
They found that in vitro the coating vehicles,” says Jon.
made the CNTs dissolve better in Ali Khademhosseini, who

water and plasma, and allowed researches biomaterials at

them to conjugate to biomolecules. Harvard-Massachusetts Institute

Both are vital properties for drug must not adsorb unwanted Coatingincreases of Technology, Cambridge, US,

delivery applications. proteins onto their surface. carbon nanotubes’ highlights the potential of this
Itis known that CNTs assist in And finally they need functional stability in vitro work, ‘researchers are extremely

killing cancer cells when irradiated  groups that can carry biomolecules interested in using CNTs for drug

because of their near IR absorption  and drugs. delivery; this work takes a step in

property, explains Jon. CNTs Jon’s polymers consist of three making this a reality’.

have also been shown in vitro parts: a hydrophobic section that Jon says that the toxicity

to be able to deliver anticancer can anchor to the CNT’s surface, a associated with CNTsis another

drugs to specific cells. However hydrophilic poly(ethylene glycol) major challenge for their future

several complications arise when part which blocks adsorption medical applications, but this

this concept is moved into the of unwanted proteins, and a coating should reduce this

body, he continues. CNTs that carboxylic acid that can immobilise problem by making the CNTs

remain dispersed in plasma for a drugs for transport in the body. more biocompatible. ‘We hope the

reasonable amount of time, without  ‘Compared to the amphiphilic Reforence coated CNTs could be used to treat

aggregating or blocking capillary polymers and polymer surfactants g park, chem. Commun., diseases such as cancer,” he says.

vessels, are needed. They also that were used to coat CNTs 2008, DOI: 10.1039/b802057d  Fay Riordan
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Chemical Science

Research highlights

Drying laundry inside is found not to be a major cause of household mould

How mouldy is your house?

Concerns about mould growing in
houses are on the increase, claim
mycologists in France.

Sandrine Roussel at the University
Hospital of Besancon and colleagues
studied mould present on surfaces
and in the air in French houses, with
some surprising results.

Mould has been linked to a number
of respiratory illnesses, such as
asthma and indoor allergies. And
is often blamed on poor hygiene
and unsuitable usage of housing,
for example drying laundry inside.
However, Roussel’s study of 500
rooms in 128 houses found that the
most important factors were actually
the floor the room was located on,
lack of effective ventilation systems,
types of heating systems used and
past water damage.

You may also think the bathroom,
where mould is often most visible,
would be the worst offender. But
mould concentrations in bathroom
air were found to be no higher than

inbedrooms, kitchens or living
rooms. ‘Moulds present on walls are
not systematically present in the
air, explains Roussel. ‘Particular

conditions of temperatures, humidity,

of circulation of the air are needed so

that the spores fall down surfaces and

are transported in the air’

They also found that 18% of rooms
with no visible moulds or smell
were highly contaminated. Roussel
explains sources of moulds can be

Particular conditions are
needed to transfer mould
on walls into the air

Reference

S Roussel et al, J. Environ.
Monit., 2008, DOI: 10.1039/
b718909e

hidden behind walls or under carpets.

The researchers collected data
from both questionnaires and air
sampling. Roussel believes subjective
methods like questionnaires are
necessary, but air sampling is also
needed to quantify the number and
type of spores present. There are a
large variety of mould species which
have different effects on health,
explains Roussel.

The debate about the necessity
to quantify the number and type of
spores present in the indoor air is
common to numerous countries.
Establishing an indoor mould
standard is important for health
reasons, and would also allow
tenants to take proceedings against
their landlords. ‘Nowadays, no one
would agree to live in housing which
presents any risks towards lead or
carbon monoxide. Tomorrow moulds
and other chemical substances will
probably follow,” Roussel says.
Sarah Corcoran

Mechanism of the gas-phase hydrolysis of organophosphonates explored

Surprise reaction degrades chemicalweapons

Australian scientists improve our
understanding of how peroxides
destroy chemical warfare agents.
Peroxides are efficient and
effective chemicals for chemical
warfare agent decontamination,
both in solution or as a vapour.
Although these chemicals are
widely used, the way that they work
—their reaction mechanisms - are
not well understood. Now Andrew
McAnoy, at the Defence Science
and Technology Organisation,
Melbourne, and Stephen Blanksby
and colleagues at the University
of Wollongong have identified
the reaction pathway for the
perhydrolysis degradation reaction.
The chemical reaction between the
chemical warfare agent stimulant,
dimethyl methylphosphonate, and
the hydroperoxide (HOO™) anion
was carried out in the gas phase
with surprising results. ‘What we
observed was a chemical reaction,
the a-effect, which for the last

€42 Chem.Sci.,2008,5,C41-C48

twenty years has been widely
accepted as impossible to observe in
the gas phase, says McAnoy.

The a-effect refers to the
enhanced reactivity of an atom
which occurs because an adjacent
atom has lone pair electrons. ‘It is
this enhanced reactivity which is
believed to be responsible for the

Vaporous hydrogen
peroxide has been used
to clean up anthrax

Reference

A M McAnoy, MR L. Paine
and S J Blanksby, Org. Biomol.
Chem., 2008, DOI:10.1039/
b803734e

efficient, and sometimes selective,
degradation of chemical warfare
agents,” says McAnoy.

McAnoy describes the research
as an important link between
theoretical and experimental
chemistry. However he recognises
there are challenges to be overcome.
“These gas phase reactions have still
to be linked to degradation processes
taking place on the lab bench and
ultimately in the field, he says.
‘If this can be done then existing
technologies can be improved and
new, better technologies developed.”

‘Vaporous peroxide-based
decontaminants have the potential
to clean up buildings, vehicles and
even small electronic equipment
following chemical or biological
contamination,” McAnoy says.
‘Indeed, vaporous hydrogen peroxide
was used in some of the remediation
work that followed the 2001 anthrax
attacks in the US.
Janet Crombie

©The Royal Society of Chemistry 2008
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Chemical Science

Carbon nanotubes help assess capsaicinoid concentrations in chilli sauces

Electrochemistrytakes the heat

Eating chilli sauces and the burning
sensation on your tongue are
permanently interlinked; you can’t
have one without the other. But
there’s a fine line between nicely
spicy, and unpleasantly painful. UK
electrochemists are now offering help
to the food industry and chilli lovers,
using carbon nanotubes in a more
accurate technique for measuring the
strength of hot sauces.

Richard Compton and his team
at the University of Oxford picked
the electroanalytical technique
adsorptive stripping voltammetry
(AdsVS), and used multi-walled
carbon nanotube based electrodes
to adsorb capsaicinoids - the
compounds that make chillies hot.
By monitoring the capsaicinoids’
electrochemical response, the team
measured concentrations of the
compounds in five commercially
available sauces, ranging from the
mild Tabasco Green Pepper sauce
to the stupendously hot Mad Dog’s
Revenge.

The traditional Scoville method

for quantifying the heat of foods is
considered rather subjective, but
remains the dominant one used
by industry. It involves repeatedly
diluting a food sample to the point at
which a panel of five expert tasters
cannot detect any heat. Samples are
given a Scoville rating equal to the
number of dilutions required.
‘AdsVS is a fantastic detection
technique for capsaicinoids because
it’s so simple,” says Compton.
‘Itintegrates over all of the heat-
creating constituents because all
the capsaicinoids have essentially
the same electrochemical response.
Multi-walled carbon nanotubes
provide a huge surface area for
adsorption of capsaicin and are
[structurally] perfect - akin to
the basal plane of graphite,” he
explains. The adsorption leads to an
enhanced electrochemical response.
Capsaicinoid concentrations
obtained by AdsVS can also be

converted into Scoville units.

“You could use high-performance
liquid chromatography (HPLC) but

No need to taste when
you’ve got nanotubes

that would involve separation of all
the capsaicinoid components, says
Compton. HPLC is also expensive
and requires bulky equipment.

The AdsVS method has a high
potential for use as a quality control
tool in the food industry. According to
Compton, AdsVS ‘is suitable for use
with handheld electronics, providing
an instantaneous measurement of
the Scoville unit. We have putina
patent on the technology, and ISIS
[University of Oxford’s technology
transfer subsidiary] is actively seeking
backers to commercialise it

Kenneth Ozoemena, an expert in
electrochemical nanotechnology
from the University of Pretoria, South
Africa, praises the research.
‘Istrongly feel this work will go down
in history as one of the excellent
advantages of electroanalytical
techniques over other known probes
for applied analytical chemistry,” he
says. James Hodge

Reference
R T Kachoosangi, G G Wildgoose and R G Compton,
The Analyst, 2008, DOI: 10.1039/b803588a

Changing natural product output of fungi unveils mystery compounds

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.

Fungi produce a wide variety of
natural products, including toxins
- for example, the amanitins,
primarily responsible for the
toxicity of the death cap fungus
- and life-saving drugs such as
penicillin. As aresult, the genetics
of fungi have generated much
interest in recent years. Now,
Robert Cichewicz and colleagues
at the University of Oklahoma,
Norman, have shown that metabolic
pathways that are normally ‘silent’
canbe re-activated to make new
compounds.

Many fungi have a wealth of
genes encoding for far more
natural products than they actually
produce, says Cichewicz. The
explanation is thought to be that

©The Royal Society of Chemistry 2008

‘Silent’ DNA in tidal pool
fungi has been activated

Reference

R B Williams et al, Org. Biomol.

Chem., 2008, 6, 1895 (DOI:
10.1039/b804701d)

when fungi do not need certain
compounds, they inhibit the
transcription of the DNA that codes
for the proteins that make them,
preventing their biosynthesis.
Knowing what these mystery
compounds are, says Cichewicz,
could be very important for the
development of new medicines, as
well as for helping us to understand
the ecological roles that fungi play.
The DNA involved is known
to be inhibited by being
scrunched up in a globular form
called heterochromatin. To
activate this DNA and turn on
these ‘silent’ natural product
pathways, Cichewicz had the
idea of treating fungal cultures
with small molecules known to
interfere with the formation of the
heterochromatin, thus allowing the
DNA to unwind and be transcribed.
To show their idea in action,

the researchers took a culture of
Cladosporium cladosporioides, a
tidal pool fungus, and treated it
separately with 5-azacytidine and
suberoylanilide hydroxamic acid.
Both treatments, says Cichewicz,
dramatically changed the natural
product output of the fungus,
with two completely new natural
products being isolated.

The new approach impresses
Jon Clardy at the Harvard Medical
School, Boston, US, who says that
it could ‘greatly expand the suite of
biologically active small molecules
obtained from fungi’ and that it
‘capitalises on recent developments
in drugdiscovery to increase the
odds of discovering new drugs’.

The results also have important
implications for research into how
fungi and other microorganisms
communicate, explains Cichewicz.
David Barden

Chem. Sci., 2008, 5,C41-C48 €43






Chemical Science

Newsinbrief

Locking up radiotoxicity
International scientists are using
computer simulations to give insights
into the long-term safety of nuclear
waste in deep geological repositories

See www.rsc.org/chemicalscience
for the full version of this article

This month in Chemical Technology

10 minute diagnosis on the
microscale

US scientists have developed a new
device that uses surface plasmon
resonance to speed up disease
detection

The worm doesn’t turn

Scientists in the US have developed
an on-chip suction that stops worms
wriggling during medical research

Keeping track of particles-in-a-chip
New simple method monitors
reaction rates in microfluidic devices
using fluorescent tags

Hydrogel helps the medicine go down
An easy-to-swallow microdevice
could provide better treatment for
cancer patients

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

This month in Chemical Biology

Plastic coats wrap up gene delivery
UK chemists have used smart
polymers to deliver DNA into cells.
Based on pH-sensitive poly(ethylene
glycol) lipids, the polymers can be
used as aremovable protective coat
for gene delivery systems

Radical proposal for atmospheric link
toasthma

Australian researchers have
discovered that nitrate radicals
irreversibly damage amino acids

How does avirus hore ahole ina cell?
Chemists in the US studying how
viruses enter cells say their results
could help in the search for new
antiviral medicines

See www.rsc.org/chembiology for full
versions of these articles
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Manipulative molecular machines

Miniature devices make the cut

Q==PPh,

PPh,

90° (,Rth

180"( RhL,
" Que=PPh,

“Q==PPh,

Molecular scissors
work by switching the
geometry of rhodium

to molecular transportation systems
or molecular pumps. “The next step
is to develop a system where the
mechanical motion of the ligand

can be extracted as mechanical
force. We would also like to develop
much larger systems including
transition metal catalysts as a power-
generating unit.’

In another study, Schmittel made
self-assembling molecular triangles,
overcoming the tendency of such
systems to form less-constrained
squares. Each side of the structure is
made from arod-like molecule with
ametal ion bindingsite at each end.
Schmittel pre-formed two sides of
the triangle by attaching two arms
toacopperion ‘corner’ — and then
attached the third side using silver
ions to form the remaining two
corners. By shortening the third
side and attaching it part way down
the two arms, Schmittel suggests
the structure could form adjustable

Chemically-powered molecular
scissors and tweezer-like triangles
offer new ways to manipulate
structures on the nanoscale, claim
Japanese and German researchers.

A Japanese team from the
University of Tokyo has made a
scissor-like nanomachine. Kenichi
Tanaka and Kazushi Kinbara say
their machine runs continually in
the presence of molecular fuels.!
Meanwhile, a separate study into
self-assembling molecular triangles
could be adapted to make adjustable
molecular tweezers, say Michael
Schmittel and Kingsuk Mahata at
Siegen University in Germany.?

The engine in Kinbara’s molecular
machine is arhodium complex,
which is attached to two molecular
arms by a ferrocene pivot. Two ‘fuel’
molecules trigger the rhodium to
continually switch its geometry,
which opens and closes the
molecule’s arms like the blades of a

Self-assembling triangle
could potentially hecome

pair of scissors. amolecular tweezer molecular tweezers.
The first fuel, diphenylphosphoryl “The development of
azide, plucks a carbonyl o nanomechanically operated devices

represents a huge challenge,

says Schmittel. ‘As chemists we
are used to seeing molecules and
their reactions being influenced
by polar, steric and solvent effects.
The question is whether we can
equally influence them through
nanomechanics.’
James Mitchell Crow

ligand from the rhodium
complex, converting it from
atetrahedral to a square
planar geometry, opening the
arms. An aldehyde - the second
fuel - replaces the carbonyl on the
rhodium and switches the structure
back to tetrahedral, which re-
closes the arms. As long as both
fuels are present in solution,
molecular motion continues.
‘Possible applications of
such molecular machines
go beyond switching
devices,’
says
Kinbara,
who adds
that harnessing
unidirectional
motion would lead

References
1K Tanaka and K Kinbara, Mol. BioSyst.,
2008, DOI: 10.1039/b801621f
2 M Schmittel and K Mahata, Chem.
Commun., 2008, DOI: 10.1039/
b801462k
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Instantinsight

Keeping our backs, and especially
the intervertebral discs, healthy is
essential for our well-being. With
atleast 40% of lower back pain
being caused by intervertebral disc
degeneration, the annual costs of
this condition to health care and
lost productivity to economies are
enormous. Costs to the US alone
were estimated at over US$40
billion in 2004.

The intervertebral disc must be
flexible and capable of absorbing
and distributing loads that far
exceed those of the body’s weight.
The load-absorbing part of the
intervertebral disc is the nucleus
pulposus, which consists of a
natural hydrogel with a high
water content. Unfortunately
the water content of the nucleus
pulposus decreases with age and
when affected by some diseases,
reducing its ability to distribute
load. Degeneration also results in
the formation of interconnected
voids in the disc, which causes a
decrease in height. This adversely
alters the biomechanics in the spine,
and the altered biomechanical
load distribution accelerates void
formation.

Current therapies for treating
the degeneration of intervertebral
discs include spinal fusion or disc
replacement. Both approaches
involve complex operations taking
considerable surgical time, and
resulting in the patient being in
hospital for days and off work
for months. They also treat the
symptoms and not the cause.

A minimally invasive method

for restoring disc height and
biomechanical load distributions
is urgently needed. One such
approach being developed
involves injecting dispersions of

©The Royal Society of Chemistry 2008

pH-responsive microgel particles
into the spine. These particles are
like nanometre-sized polymer
sponges which swell when the pH
approaches values present in the
nucleus pulposus. This changes the
dispersion from a fluid into a stiff,
load-bearing gel. The pH triggered
fluid-to-gel transition is essential
for developing a minimally-
invasive approach to delivering
load-bearing implants. Injectable
fluids have the added advantage

of filling irregularly shaped voids.
Additionally the particles are pre-
prepared outside the body, meaning
the need to perform chemical
reactions in the body is avoided.
The gels also have mechanical
properties that can be tuned.

To assess the potential of this
approach, models of degenerated
intervertebral discs containing
the gels have been studied. The
treated discs were placed within
acompression testing rig to test
their mechanical properties,
and exposed to loads similar to
those experienced by human

Swellable gels fix bad backs

Brian Saunders and Tony Freemont at the University of Manchester, UK, discuss a
new approach for treatingback pain usinginjectable microgel implants

The top two images are
of healthy intervertebral
discs and the lower of
degenerated discs

Reference

A J Freemont, and

B R Saunders, Soft Matter,
2008, 4, 919 (DOI: 10.1039/
b718441g)

intervertebral discs during exercise.
These tests showed it is possible to
restore the mechanical properties of
degenerated intervertebral discs to
normal values using the responsive
microgel. Another hopeful sign

for this technique are preliminary
experiments that have shown good
biocompatibility of the microgel
with intervertebral discs cells.

A future aim for this responsive
microgel approach is to mix the
dispersions with biological species
that encourages the creation of
abiomechanical environment
suitable for the regeneration of disc
tissue within the nucleus pulposus.

There are some important
challenges that researchers need
to overcome in order to develop
this technology into a new
treatment, including establishing
an interparticle bonding approach
capable of preventing migration
of the particles within the nucleus
pulposus under load. Also, the
particles may need to be engineered
to biodegrade at controllable rates.

This new approach for treating
back pain has considerable potential
for providing an injectable implant
targeted at degeneration of the
intervertebral discs. Importantly,
the approach does not exclude
other approaches, such as spinal
fusion, should revision be necessary.
The versatility in particle design of
microgels will assist this process
greatly and could enable the future
application of this technique to
other soft tissue types within the
body.

Read Tony Freemont and Brian
Saunders’ feature article ‘pH-
Responsive microgel dispersions for
repairing damaged load-bearing soft
tissue’ in issue 5, 2008 of Soft Matter

Chem. Sci., 2008, 5,C41-C48 €45
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The secretlife of molecules

Christer Aakeroy talks to Freya Mearns about the language of molecules and

Why did you decide to specialise in crystal engineering?
It was a topic that was just developing when I was
working on my PhD and it seemed like an area
where I could actually make a little bit of difference.
Ireally wanted to gain a better appreciation of what
goes on between molecules — T wanted to be able to
listen in on the conversation between molecules
and, ideally, understand how they exchange
information. Obviously they communicate but

we do not have a dictionary for translating their
language into reliable and versatile tools for
predicting how they will recognise, bind and
assemble into larger architectures.

What projects are you working on at the moment?
From my perspective, crystal engineering and
supramolecular chemistry are still at a very
fundamental level. Intermolecular interactions
are very complex and subtle and we have only
justbegun to understand why certain molecules
like each other and why others do not. More
importantly, we need to learn more about how we
can engineer properties based upon the structure of
molecular aggregates.

The applications we are looking at right now
relate primarily to the pharmaceutical industry.
We try to change physical properties such as
solubility, dissolution rate, thermal stability and
hygroscopicity of bulk materials. We have also
worked on porous materials that we then use for the
selective capture of various toxic guests.

However, I unashamedly like the fundamental
aspects of our research. How do molecules
really find suitable partners and how do they get
together? I guess it is alittle bit like observing and
understanding molecular dating. We then try to
develop synthetic protocols for assembling discrete
molecules into larger aggregates with precise
arrangements and stoichiometries.

You’re involved with the Terry C Johnson Center for
Basic Cancer Research at Kansas State University
as part of your research. Could you tell me about this
collaboration?

Pharmaceutical companies make alarge number
of molecules on a daily basis. However, only a
tiny fraction of those compounds actually make
it out onto the market because many of them lack
the necessary physical properties such as desired
solubility or thermal stability, or they’re difficult to
process.

We are looking at improving the solubility of
some potentially potent anticancer compounds.
Their solubility is so poor that currently we cannot
use them for anything because their bioavailability
isjust too low.

We also try to make molecular hosts - molecular-
sized capsules that will allow us to encapsulate
drugs. These capsules would be, in a sense, remote-
controlled allowing us to open them up when
they get to the target. We hope to manipulate the
capsule from the outside using light or pH, and to
functionalise the outside of the capsule so that it
recognises a particular organ or cell. That would be
the ultimate delivery vehicle but we are along way
from that goal.

The financial support that we received from
the Center has allowed us to generate some very
useful preliminary data that is now helping to move
some of our research program from fundamental to
applied scientific problems.

You work both in academia and with industry and you
have been fortunate enough to work in many different
places around the world. Is this flexibility a real bonus to
workingin science?

Itis one of the most appealing aspects of being a
scientist because it’s both an interdisciplinary and
avery international community. The fact that you
can move around easily from country to country or
from industry to academia is a precious commodity.
I’d hate to feel trapped in one particular place. The
mere thought that you can actually go somewhere
else makes up, to some extent, for the rather poor
salaries that many academics receive. There
isadegree of freedom in science that I think is
priceless.

What is the secret to being a successful scientist?
You have to be curious and completely open-
minded. Natural curiosity about how things work,
and why events take place in certain ways, is the
starting point for any scientific venture. Much of
the rest is hypothesis-driven experiments and
careful methodology. In addition, there is really no
substitute for hard work.

What scientific discovery would you like to have been
responsible for?

Realising that our sun is actually not the centre

of the universe. We are just a small part of the big
picture!
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work in some of the most
fascinating and important
areas of biology.

We intend to run future
issues of this kind so watch
this space. Finally, MBS
extends a big thank-you to all
the Emerging Investigators
themselves for making this
such an excellent collection of
papers. We wish them every
success in their future careers
and - in the words of Tom
Kodadek, the MBS editorial
board chair - ‘Clearly the
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And watch out for arelated
theme issue from ChemSocRev

All the contributors were
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MBS editorial or advisory board
members as young scientists
whose work has the potential to

influence the future directions of
these fields. All submissions were
subjected to full peer review and
the resultis an issue showcasing

(www.rsc.org/chemsocrev)

in July; issue 7 will be a
thematic issue examining the
interface of chemistry with
biology.
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scientist to the understanding
and advancement of micro- and
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As aleading-edge science
and technology organisation,
Corning Incorporated is keen
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miniaturisation in the chemical
and biological sciences and
promotes interdisciplinary
research required for the most
significant innovations in this
area.

The recipient of the award
will receive a US$5000 bursary

PioneersinMiniaturisationPrize

to support their continued
contribution to the field.

A deadline for applications
has been set for 31st August
2008. Following the final
decision, which will be

made by committee, a winner
will be announced at the
uTAS 2008 conference, in
San Diego, CA, US.

For more information visit
www.rsc.org/loc
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Organocatalysis: asymmetric cascade reactions catalysed by chiral secondary

amines

Xinhong Yu“ and Wei Wang***
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The utilisation of chiral secondary amines as promoters for asymmetric cascade reactions has been
subject of intensive research in asymmetric organocatalysis in the past few years. Key developments in
this area are highlighted in this review. As shown, these powerful synthetic methodologies serve as
efficient approaches to the construction of complex chiral molecular architectures from simple achiral
materials in one-pot transformations under mild conditions with high stereocontrol.

Introduction

The seminal studies in the (S)-proline-catalysed enamine-related
Hajos-Wiechert reaction! and MacMillan’s chiral imidazolidi-
none iminium chemistry® set the stage for the current rekindled
interest in organic catalysis. Catalysis by amines stimulated
the formation of a new branch of catalysis, nowadays termed
“organocatalysis”.® Generally, chiral secondary amines 1-6 are
used for promoting formation of electron-rich enamines from
enolisable aldehydes or ketones, which then react with various
electrophiles to afford products (Scheme 1, eqn 1).* In contrast,
MacMillan’s chiral imidazolidinones 7° and diarylprolinol ethers
8¢ are most often used to activate a,p-unsaturated aldehydes by
forming electron-deficient iminium ions,**7 which render the
B-carbons more electrophilic than their carbonyl precursors for
nucleophilic attack (eqn 2). Since amine organocatalysis involves
the intermediacy of enamine and iminium species, it can serve
as an attractive platform in the design of new catalytic cascade
processes, in which several bond-forming steps take place in a
single operation.

“School of Pharmacy, East China University of Science & Technology, 130
Meilong Road, Shanghai, 200237, China

*Department of Chemistry & Chemical Biology, University of New Mexico,
MSC 03 2060, Albuquerque, NM 87131, USA. E-mail: wwang@unm.edu;
Fax: +1505-277-2609; Tel: +1 505-277-0756

In the past few years, significant progress has been made in the
development of organocatalysed asymmetric cascade reactions
using chiral secondary amines, as evidenced by a number of
publications that have appeared.*<’® These stunning synthetic
technologies serve as powerful tools for the efficient construction
of complex molecular architectures.” Moreover, in these cascade
processes, only a single reaction solvent, workup procedure, and
purification step is required to produce a product that would
otherwise require several steps.'® Therefore, cascade reactions with
the significant improvement of synthetic efficiency, the avoidance
of toxic agents, and the reduction of waste and hazardous
byproducts fall under the banner of “green chemistry.” In this
review, key developments in this emerging field are summarised,
classified into cascade reactions catalysed by: 1) proline and its
analogues 1-6, 2) MacMillan’s chiral imidazolidinones 7, and 3)
chiral diarylprolinol ethers 8.

Proline and its derivatives

Historically, the amino acid (S)-proline 1 has been a phenomenal
molecule in organocatalysis. It is considered the simplest enzyme™
and has been demonstrated to catalyse a wide range of asymmetric
organic transformations.*'> As a matter of fact, (S)-proline was
applied in an asymmetric intramolecular aldol-cyclisation cascade
reaction (namely the Robinson annulation), over 30 years ago
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from East China University
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From November 2007 to March
2008, he worked as a visiting
scholar in Professor Wei Wang’s
laboratory. His research interests
include  organocatalysis  and
medicinal chemistry.

Xinhong Yu

s Wei Wang received his Ph.D.
o a from North Carolina State Uni-
& versity in 2000. He joined the
University of New Mexico in
Fall 2003 as an Assistant Pro-
fessor. His current research in-
terests span asymmetric cataly-
sis to molecular recognition and
chemical biology. He is also a
guest professor at the School of
Pharmacy, ECUST.

Wei Wang

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 2037-2046 | 2037





w (}\/ NHSOLFs i OY
-
CO,H

HN— N
(S) Pyrrolidine
(S) Proline 1 sulfonamide 2 (R) Thlaprollne 3 () Pyrrolidine
tetrazole 4

Ar

NMe

H
€O, Ph Ar: Ph, R: SiMe;, 8a
Ar: 3,5(CF3),CeHa, R: SiMes, 8b
Ar: Ph, R: SiEt;, 8c
(S) diaryl prolinol ethers 8

MeNAK /(@ MeNAK % )w<

MacMillan's chiral imidazolidinones 7

S) 2-Carboxyl|c acid
dihydroindole 5

(S) Imidazolidine 6

z——Y)\ lectrophill N o

electrophile

[0}

RK)L o NT TFe (%) k(ﬁ)\FG —RH*)J\H

i | _—
: Z EYKH E O

1 . R1
enamine iminium

X: CHy, S, or NMe, Y = CH,, or CO, FG: functional group

X—Y X—Y
o k@)\ nucleophile 9
cat. N~ "FG  (Nu-H)
i ﬁ "
2 R2
R @
iminium enamine
Scheme 1 Structures of chiral amines discussed in this article for cata-

lysing cascade reactions involved in enamine and iminium chemistry.

(Scheme 2)."* The efficient method afforded the synthetically
useful Wieland—Miescher ketones, key building blocks in steroid
and natural product syntheses.

o 0 N~ YCOH
3mol% 1
_Smo% 1. 0
DMF, rt
0 20h
O\ °
CO,H

p -TsOH 49% vyield
76% ee

Wieland-Miescher ketone

Scheme 2 Intramolecular aldol-cyclisation reaction catalysed by (S)-
proline 1.

In 2000, Barbas and co-workers extended the strategy to
the intermolecular version of the Robinson annulation process
(Scheme 3)." The approach is more efficient than the intramolec-
ular one because of the use of the readily available enones and 1,3-
cyclohexadiketones as starting materials. Moreover, the cascade
reaction proceeds in a Michael-aldol-condensation sequence,

I (N
)ﬁ 35 mol % 1 N CO,H 0

DMSO, 35 °C aldol
+ 89h condensation
o ——~ AN 0 e
Michael o)
49% yield
76% ee
o ]

Scheme 3 Intermolecular Robinson annulation reaction catalysed by
(S)-proline 1.

which is different from the intramolecular annulation reaction
with an aldol-cyclisation process.

Watanabe and co-workers' reported an (S)-proline-catalysed
dimerisation of enals to give cyclohexadiene carbaldehydes based
on their early work (Scheme 4).1%® After the survey of a variety of
new catalysts, (S)-proline was still the best activator. It is noted
that 200 mol% (S)-proline was used, and moderate enantioselec-
tivity was obtained. Although the reaction mechanism was not
clear, it was believed that a Diels—Alder (path a) or a cascade
Michael cyclisation process (path b) might be involved." Using
similar tactics, Barbas,'™ and Hong'® have recently independently
developed (S)-proline-promoted cyclisation reactions as well.

(0]
€]
M 200 moI % 1 CO 002
\ T Eon25°C
200 mol% 1
[o]
EtOH, 25°C Michael (b)

o

R R

H H

Diels-Alder (a)

/ cyclization

CO

52-76% yield g R
33-65% ee

Scheme 4 Asymmetric Diels—Alder and cascade Michael-cyclisation
processes catalysed by (S)-proline 1.

Recently, Tang and co-workers described an enantioselec-
tive formal cyclisation reaction involving a Michael-aldol se-
quence catalysed by (S)-pyrrolidine trifluoromethanesulfonamide
2 (Scheme 5).7 Reaction of cyclic ketones with enone esters in
the presence of 20 mol% 2 with no solvent at rt furnished bicyclic
adducts in moderate to good yields and with good to high ee
values.

2038 | Org. Biomol. Chem., 2008, 6, 2037-2046
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Scheme 5 Asymmetric formal [3 + 3] cyclisation reaction catalysed by
(S)-pyrrolidine sulfonamide 2.

Multicomponent cascade reactions are very attractive in organic
synthesis because of atom-economy. Combining the capacity
of (S)-proline-promoted asymmetric aldol and o-amination re-
actions, Barbas and co-workers developed a three-component
process for one-pot preparation of functionalised enantioenriched
B-amino alcohols from aldehydes, acetone and azodicarboxylates
(Scheme 6)."® The cascade reaction involved a sequential a-
amination—aldol process. Because of the greater tendency for
the formation of an enamine of an aldehyde with (S)-proline,
a-amination occurred first with the aldehyde. They also developed
an (S)-proline-catalysed three-component trimerisation of simple
aldehydes through a self-condensation process to afford carbohy-
drates and polyketides.'®

cb 0] OH  NHCbz
CHO ~Lbz
N N
( .o, O 20mol% (S)-1 Cbz
R ooz MeCN, 1t, 4 d anti g
75-85% yield (0] OH lTlHCbz
- anti: syn: 29:71-85:15 N
l () profine 1 99% ee (anti) “Cbz
13-91% ee (syn) synR
(o] NHCbz
| (o}
H N\Cbz + )J\ (S) proline 1
R

Scheme 6 Asymmetric amination—aldol reaction catalysed by (S)-pro-
line 1.

The same group also developed a novel three-component
Knoevenagel-Diels—Alder reaction catalysed by thiaproline 3 with
good to high enantioselectivity, the spirotriones being formed
with exclusive cis-stereoconfiguration (Scheme 7). However,
when (S)-proline was employed for the cascade process, both cis-
and trans-diastereomers were obtained. The a,B-unsaturated ester
produced from the Knoevenagel reaction of an aldehyde with a
cyclic malonate serves as a dienophile for the subsequent Diels—
Alder reaction, with the in situ-formed diene resulting from (R)-
thiaproline 3 facilitating enolisation of the enone.

(0]
20 mol% 3
SRR >< 4
H R MeOH rt R!
(o} 0 R2
+
R
o
S )
4 80-95% yield
N CO,H 84-99% ee
H
(R-3 spirotriones

Scheme 7 Knoevenagel-Diels-Alder reaction catalysed by (R)-thia-
proline 3.

Cordova and co-workers reported an (S)-proline-catalysed
three-component formal aza-Diels—Alder reaction (a Mannich—
aza-Michael sequence) to afford highly enantioenriched adducts
(Scheme 8).% In the cascade process, (S)-proline catalysed the
formation of a diene from an enone, which then reacted with an
imine generated from formaldehyde and an aniline to produce the
product and releasing the catalyst.

0

(o]
30 mol% (S)-1
Hﬁ + HCHO + ArNH, S0 mol% (S d’/_\r
R? DMSO, rt or 50 °C 2 j
R R
R1
t O\ 20-90% yield

N CO,H 94->99 % ee
Hoy

PN ¥
N

COMH U« aza-Diels-Alder CO?H
/ﬁ * Ar” é
2 |
R R

Scheme 8 Formal aza-Diels—Alder reaction catalysed by (.S)-proline 1.

In a related study, in 2003, Ohsawa and co-workers described an
(S)-proline-catalysed cascade Mannich—aza-Michael process for
the assembly of indole alkaloids (Scheme 9).*' Mechanistically, the
reaction pathway is similar to that of the formal aza-Diels—-Alder
reaction proposed by Cordova.” This efficient method enabled
the synthesis of the natural product ent-dihydrocorynantheol.
A similar strategy was also recently reported by Hsung and

colleagues.”
o
. 50 mol% (S) 1
_N
| N " omsont
Ts
76% yield
92% ee
NOY
y |
Ts H

L5
Scheme 9 Mannich—aza-Michael reaction catalysed by (S)-proline 1.
Yamamoto and co-workers combined an organocatalytic a-

aminooxylation and a Michael addition reaction to generate
a nitroso-Diels-Alder type reaction (Scheme 10).2 They found

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 2037-2046 | 2039





N=0 R )Fe
= o]
7 20 mol% 4 "\o
+ X— P —— N
2 MeCN, 40 °C
N 14-64% yield 7 \
N Z N 98% ee — \
Ho e 99:1dr
(S);-4

Scheme 10 Formal aza-Diels—Alder reaction catalysed by (S)-pyrrolidine
tetrazole 4.

pyrrolidine tetrazole 4 was a better catalyst than proline in terms
of catalyst activity and enantio- and diastercoselectivity.

Inspired by Corey’s work in the use of the stabilised ylides
for cyclopropanation of a,B-unsaturated aldehydes,* MacMillan
and co-workers recently disclosed a cascade Michael-substitution-
type reaction catalysed by the proline analogue 2-carboxylic
acid dihydroindole 5 for the preparation of 3-membered ring
systems (Scheme 11).>* After screening a range of organocatalysts,
compound 5 was found to be an effective catalyst for the
cyclopropanation process. Critically, its ability to preferentially
generate a (Z)-iminium species (as a result of steric hindrance
of the phenyl ring) contributed to its high catalytic activity and
enantioselectivity. This (Z)-iminium salt readily participated in
cyclopropanation with the charged sulfur ylide, directed by an
additional electrostatic interaction.

OHC,
«)k Aerz o >
R’ CHCI3, - 10 °c R2
R!
63-85% yield
89-96% ee
6:1-72:1 dr

: :N: NCO,H
H 2
R
5 - iminium K’(

Scheme 11 Cyclopropanation catalysed by (S)-2-carboxylic acid dihy-
droindole 5.

In conjunction with their early studies of using imidazolidine 6
for Michael addition of stabilised carbanions, Jergensen and co-
workers developed a cascade Michael-aldol process (Scheme 12).%
A ketoester served as a nucleophile for the initial conjugate addi-
tion to the enone activated by amine 6, followed by intramolecular

(0]
Q Q . RZ
1/\)}\/}?1 - REOLC 10 mol% 6 .
Ar A2 EtOH,t  HOw
A2 Ar'
\ S“:'j CO,R?2
N COOH 24-84% yield
83-99% ee aldol
Ph 6 >97:3.dr ’

%5{
S R! * *
A M\)J\/ 0 Al NR; o A’ NR,

r =
Q O Mchel )WV
R202C\)J\

Ar? CO,R?

R'=—= . ~ _R'

Ar?
CO,R?

Scheme 12 Michael-intramolecular aldol reaction catalysed by chiral
imidazolidine 6.

aldol reaction to furnish 6-membered cyclohexanones with good
to high enantioselectivity and excellent diastereoselectivity. No-
tably, in the cascade process, four new stereogenic centres were
efficiently created.

MacMillan’s chiral imidazolidinones

MacMillan’s chiral imidazolidinones have proved to be effective
activators for o,B-unsaturated aldehydes through formation of an
iminium ion.* It was realised that the nucleophilic attack involved
in the formation of the iminium ion results in an electron-rich
enamine, which may be intercepted by an electrophile. Based on
this hypothesis, MacMillan et al. developed a new cascade Friedel-
Crafts—halogenation reaction (Scheme 13).#* A variety of chiral
imidazolidinones were screened for the cascade process; 7a was
found to be the best promoter for the Fridel-Crafts—chlorination
reaction, in which the quinone 9 served as the chlorination reagent.

o]
Nu cl cl
cl 1020mol% 7a o
+ 0] + cl i' u (1)
A/M cl Ccl  -40t0-60°C R H
RTS H EtOAc )
Cl 67-97% yield
electrophile 9 99->99% ee
9:1->25:1 dr
H,CO
CHs

o3 1
H,C OTMS Ph/< OTIPS

o
MeNK Bn MeN NMe
ﬂ CCLCO,H m)*
Ph

7b 7c

H Me O

CH; O tBuO,C CO,tBu .
)\/U\ . ] 20mol%7b @
Ph H , 4010-60°C

cl
+ HCO N o EtOAc 70% yield
electrophile 9 nucleophile 99% ee, 8:1 dr
H H o
CH; O tBuO,C CO,tBu HM
A T s Sy
Ph o e >N"cH, -40to-60°C F
+
H EtOAc 60% yield

O\\//O O\\ 0 nucleophile 99% ee, 3.1 dr
7
Ph” \ITI/ “Ph
F electrophile 10

o
0 R H H

0 EtO,C CO,Et )J\R

20 mol% 7b-HCI H
H X t | |

> OHC_ “
HaC CH, dioxane \G
7c

86-96% yield
72-97% ee
12:1-50:1 dr

Iz

Scheme 13 Friedel-Crafts—halogenation and hydrogenation-halogena-
tion reactions catalysed by chiral imidazolidines 7.
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Under the optimised reaction conditions, an excellent level of
enantioselectivity (99% or higher), a good dr (9 : 1 to >25: 1) and
good yields were achieved for a variety of electron-rich aromatics
and enals (eqn 1). They also successfully extended the strategy
for cascade hydrogenation—chlorination and fluorination reactions
(eqns 2 and 3).”7* The chemistry was established based upon their
recent discoveries of the use of Hantzsch esters for asymmetric
hydrogenation of a,f-unsaturated systems in conjunction with
electrophilic halogenation.”” More significantly, they found that
two amine catalysts could be employed in a one-pot system
to promote the sequential iminium/enamine chemistry without
interfering with each other. At the same time, List and co-workers
described a related cascade process involving a hydrogenation—
Michael addition sequence (eqn 4).%7

In 2003, Harmata and co-workers described a formal [3 +
4] cycloaddition reaction catalysed by a chiral imidazolidinone
7¢ (Scheme 14).2 Under the optimised reaction conditions,
treatment of several 4-trialkylsilyloxypentadienals and a diene in
the presence of 7c and trifluoroacetic acid resulted in the formation
of [4 + 3] cycloaddition products with ee values ranging from 80
to 90%.

20mol% 7¢
)J\/Y \Q/ TFA
CH,Cly, -78 “CHyCly, 78
R1. TMS, TES, TBS, TIPS
l R2: aliphatic

le) (0]
At

Y R?
[¢]
18-74% yield

/ 80-90% ee
[e]

Scheme 14 Formal [4 + 3] cycloaddition reaction catalysed by chiral
imidazolidines 7c.

Chiral diarylprolinol silyl ethers

Chiral diarylprolinol ethers, particularly silyl ethers, have recently
emerged as general catalysts for catalysing a wide range of or-
ganic reactions through enamine/iminium chemistry.® In addition
to catalysing single-step transformations, remarkably they have
proved to be the most successful organic catalysts for cascade
processes.”®

Jorgensen and co-workers described the first iminium-catalysed
epoxidation reaction of o,B-unsaturated aldehydes (Scheme 15).%
The process, catalysed by diarylprolinol silyl ether 8b, gave
products with an excellent level of enantioselectivity and in good
yields when H,O, was used as the oxidant. The epoxidation process
was believed to involve an oxa-Michael-substitution cascade.
The bulky silyl ether side chain of the catalyst only allowed
Re face attack, resulting in high stereocontrol. It is noteworthy
that MacMillan,* Cordova,’® Lattanzi** and Zhao** have also
independently reported similar epoxidation methods for enals and
enones.

Logically, the organocatalytic expoxidation strategy can be
applied to the aziridination of enals. As recently demonstrated by

o}
/\)k o 10 mol% 8b /<('))(L
+ _—
R ™ H 272 R H

CH,Cl,, 1t
60-90% yield
Ar 04-98% ee
N Ar 9:1t049:1dr
H OTMS bstituti
Ar 3,5-(CF3)2C6H3 substitution

Ar
Ar

g) o
R \/Cl)H

Re face attack

M|chae|
OTMS

f»@,

Scheme 15 Epoxidation catalysed by chiral diarylprolinol silyl ether 8b.

Cordova and co-workers, acylated hydroxylcarbamates can engage
in an aza-Michael-nucleophilic substitution cascade, catalysed
by pyrrolinol silyl ether 8a (Scheme 16).3! Generally good to
high enantio- and diastereoselectivities were observed in this
aziridination.

(o] R2

/\)k d 20 mol% 8a o)
RS *© R Soac —————— /<’i‘)J\
R’ H
Ph RZ: Boc or Cbz

CHClj, rtor40°C
54-78% yield
N Ph 84-98% ee, 4:110 10:1 dr
H ga OTMS

Scheme 16 Aziridination catalysed by chiral diarylprolinol silyl ether 8a.

In contrast to the use of sulfur ylides, the employment of readily
available alkyl halides for a catalytic Michael-alkylation reaction
with a,B-unsaturated aldehydes to produce cyclopropanes is a
more attractive option, but an extremely challenging one because
of the high tendency for N-alkylation of the secondary amino
group of the catalyst by alkyl halides, leading to poisoning of
the catalyst. Wang,** Cordova®® and Ley** have independently
developed new amine-catalysed Michael-alkylation cascades to
generate highly functionalised chiral cyclopropanes in a one-
pot transformation. By the careful design of the substrates and
optimisation of the reaction conditions, a bromo/chloro malonate
(as anucleophile and electrophile) reacted with an a,-unsaturated
aldehyde in the presence of chiral diphenylprolinol TMS ether 8a
(as a promoter) and 2,6-lutidine (as an acid scavenger) to enable
the Michael-alkylation cascade to proceed efficiently (Scheme 17,
eqn 1).* The tandem reactions afforded trisubstituted chiral
cyclopropanes with high levels of enantio- (90-98% ee) and
diastereoselectivities (>30 : 1 dr) and in high yields without
intoxicating the catalyst. Moreover, the nature of the bases and
their amount used was critical for the formation of the products.
It was found that when 4 equiv. of NaOAc was used, (E)-o-
malonate-substituted o,B-unsaturated aldehydes were produced
with high stereoselectivity.** A mechanistic investigation revealed
that the a,B-unsaturated aldehydes were generated from the subse-
quent ring-opening of cyclopropanes via a retro-Michael reaction
(eqn 2).

Recently, Cordova and co-workers applied a similar strategy
to a cascade Michael-alkylation reaction, which created cy-
clopentanones with high enantioselectivity and moderate to high
diastereoselectivity (Scheme 18).3
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Scheme 17 Michael-alkylation reaction catalysed by chiral diarylprolinol
silyl ether 8a.
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Scheme 18 Michael-alkylation reaction catalysed by chiral diarylprolinol
silyl ether 8a.

Wang* and Coérdova®* have developed enantioselective cas-
cade hetero-Michael-aldol-dehydration processes, where S, O
and N served as nucleophiles for the initial conjugate addition
reaction (Scheme 19). These cascade processes provided an
efficient approach to the preparation of biologically significant
benzo(thio)pyrans and hydroquinolines. By rational design of
substrates and careful manipulation of reaction conditions, these
cascade processes, catalysed by chiral diarylprolinol silyl ethers
8, proceeded with high levels of enantioselectivity and in high
yields. It was found that, in addition to the organocatalysts, the
additives (acids and bases) were also important factors governing
enantioselectivity, and reaction rate and yields.

The cascade Michael-aldol condensation processes also were
extended to the use of carbons as nucleophiles for the initial

cat. 8a-c
(10-30 mol%)

_ =

acid or base

(e}
@@% ”
S
additive X R

(0 1 eq“"’) X =S, up to 97% yield and 95% ee
AMS X =0, upto 98% yield and >99% ee

ﬁ B
S
Y
X =NCbz, up to 98% yield and 96% ee

AT ArPh R: SiMes, 8a
Ar AT 3,5(CF3),CoHs, R: SiMes, 8b
N Ar: Ph, R: SiEts, 8¢

o) Ar
o P

Scheme 19 Hetero-Michael-aldol dehydration reactions catalysed by
chiral diarylprolinol silyl ethers 8.

R

1 dehydration

cascade
M|chael aldol

Michael reaction.* As demonstrated by Enders and Wang respec-
tively, readily enolisable carbon-centred nitroalkanes (Scheme 20,
eqn 1)¥* and malonates (eqn 2)**® were used as nucleophiles for the
cascade Michael-aldol condensation reactions with the formation
of two new contiguous C—-C bonds.

(0] R?
o 20 mol% 8a CHO
H J\/\/NO PhCO,H (20 mol%)
| + R2 2 > (1)
toluene, 9 °C R
R’ z
Ph NO,
35-54% yield
H Ph 68-96% ee
8a OTMS 7.1:2.9-9.8:0.2dr
Ph ‘ dehydration
®
N Ph tandem R? OH
H% Michael-aldol CHO
R1 ’\(\)J\R") v R1
NO, NO,
Ph
Ph
3c OTES GHO

10 mol% R...
NaOAc (0.5 equiv) @
MeO,C
R CI(CHy)Cl, rt 2 CoMe

63-89% yield
91-97% ee

Scheme 20 Michael-aldol dehydration reactions catalysed by chiral
diarylprolinol silyl ethers 8.

It has been envisioned that the change of the aldehyde
group to an o,B-unsaturated ester as an electrophile in a nucle-
ophilic/electrophilic substance, would allow for a second conju-
gate addition reaction, producing a new cascade Michael-Michael
process (Scheme 21). To this end, Wang and co-workers have
recently developed catalytic double Michael cascades.”” It is critical
to recognise that the reactivity of the a,B-unsaturated system in
12 participating in the second conjugate addition reaction must
be high enough to allow the intramolecular Michael reaction, but
lower than that of the o, -unsaturated iminium 13, derived from an
a,B-unsaturated aldehyde 11 (Scheme 21, eqn 1).*™ Generally, an
a,B-unsaturated ester 12 undergoes conjugate addition at a lower
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Scheme 21 Double Michael reactions catalysed by chiral diarylprolinol
silyl ether 8a.

10 mol % 8a
10 mol % PhCO,H

o
HSV\)J\
OEt

toluene, rt

up to 96% vyield,
>99% ee, 18:1 dr

rate than an o,f-unsaturated aldehyde 11, and will not interfere
with the secondary amine catalyst. Furthermore, a carbon nucle-
ophile should be active enough to only engage in the first Michael
addition reaction. To address this, an enolisable malonic ester
was utilised. After extensive investigation, it was found that the
less hindered, linear and flexible malonate o,B-unsaturated ester
12 could effectively participate in the organocatalytic diastereo-
and enantioselective cascade double Michael reaction, whereby
two C-C bonds and three contiguous stereogenic centres and
a quaternary carbon centre were efficiently created in a one-
pot transformation with a high control of relative and absolute
stereochemistry (eqn 1). This catalytic strategy also proved to
be a highly efficient and facile approach to synthetically useful,
highly functionalised chiral trisubstituted tetrahydrothiophenes
(eqn 2).57

A cascade Michael-Darzens type reaction with enals using
y-chloro-B-ketoesters as bifunctional nucleophilic/electrophilic
molecules was developed by Jergensen and colleagues
(Scheme 22).* In the presence of organocatalyst 8b, the ketoester
attacked the 8b—enal iminium complex to give a conjugate addition

10 mol% 8b

R*/\)J\

, KoCO:
H NaOAc 2 s
+ CH20I2 rt “ovF R
0] 0]
CI\)J\/U\ ) decarboxy[atlo
OR
\ NaOAc

‘W @

OTMS

Ar: 3,5-(CF3),CgH3 45-57% yleld
8b 84-97% ee
>99:1dr

Scheme 22 Michael-Darzens-type reaction catalysed by chiral diarylpro-
linol silyl ether 8b.

adduct, which underwent an intramolecular aldolisation under
basic conditions (NaOAc). Treatment of the cyclic cyclohexanone
with K,CO; gave rise to an epoxide. Notably, the final products
after saponification and decarboxylation were obtained with high
levels of enantio- and diastereoselectivity, although poor stere-
oselectivity was observed in the aldol cyclisation step. The high
stereoselectivity of the final products was due to the reversible aldol
reaction, which enabled an energetically favored diastereomer to
undergo a subsequent irreversible epoxide formation process.

Very recently, Hayashi®** and Jergensen®”® have independently
developed cascade Michael-Henry reactions, catalysed by diaryl-
prolinol silyl ethers 8a and 8b respectively (Scheme 23). In these
two approaches, two different strategies were used. Hayashi and
colleagues®* used 8a to catalyse the formation of an enamine from
a 1,5-dialdehyde for a Michael addition to a nitroalkene, which
underwent a subsequent intramolecular Henry reaction to afford
a tetrasubstituted chiral hexane with high enantioselectivity for
the major isomer among the four diastereoisomers formed (eqn 1).
In contrast, Jorgensen and co-workers*” used 8b as an activator
(in the presence of DABCO) for an electrophilic enal, which was
subjected to a Michael process with a dinitroalkane. The Michael
adduct underwent a subsequent intramolecular Henry reaction to
give pentasubstituted cyclohexanes with high stereocontrol for the
major diastereomer of three isomers obtained (eqn 2).

OHC,,
10 mol% 8a .
w \L . (1)
THF, rt P OH
NO,
Ph 45-71% yield
N Ph 97-99% ee
ga OTMS
ﬂ Henry
Ph
e Ph
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) Michael N Ph
OTMS ichae
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+ R/\/ 2
/
&HO V\O_/\ R
NO,
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Q NO
/\) +02NMN02 20 mol% 8b 2 @
R R DABCO (10 mol%) ]
CHClp it R™ 7 "R?
Ar NOZ
H Ar  Ar:3,5-(GF3)oCeHs 43-61% yield
b OTMS 75-90% ee

Scheme 23 Michael-Henry reactions catalysed by chiral diarylprolinol
silyl ethers 8a and 8b.

A novel cascade Michael-Morita—Baylis—Hillman reaction was
recently explored by Jergensen using prolinol silyl ether 8a as the
catalyst (Scheme 24).* The cascade process involved two cycles.
In the first cycle, 8a-initiated conjugate addition of a ketoester to
an o,f-unsaturated aldehyde gave rise to a Michael adduct, which
served as the starting material for the second cycle, the 8a-assisted
intramolecular Morita-Baylis—Hillman reaction. Generally, good
enantio- and diastereoselectivity and between moderate and good
yields were obtained with a diverse array of enals and -ketoesters.

These chiral prolinol silyl ethers were also applied to multi-
component cascade reactions. In 2005, Jergensen and co-workers
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Scheme 24 Michael-Morita—Baylis—Hillman reaction catalysed by chiral
diarylprolinol silyl ether 8a.

developed an 8b-catalysed cascade Michael-amination process
(Scheme 25).** The resulting aldehyde products were reduced to
alcohols in situ, followed by base-catalysed lactonisation to give
oxazolidinones. This cascade reaction afforded the end products
with excellent enantioselectivities and good diastereoselectivities.
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Scheme 25 Multicomponent Michael-amination reaction catalysed by
chiral diarylprolinol silyl ether 8b.

A milestone in organocatalysed cascade reactions resulted
from the work by Enders and co-workers (Scheme 26),> who

‘J.J\ Ph{ \
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P
20 mol% 8a ‘{ N| +
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Scheme 26 Triple cascade Michael-Michael-aldol condensation reaction
catalysed by chiral diphenylproliniol silyl ether 8a.

developed a powerful three-component triple cascade process. The
process involves a Michael-Michael-aldol condensation sequence
(enamine-imine-enamine), catalysed by diphenylproliniol TMS
ether 8a to form tetrasubstituted cyclohexene carbaldehydes with
high chemo-, regio- and stereocontrol from readily available
aldehydes, nitroolefins, and enals. Remarkably, three C-C bonds
and four new stereogenic centres are efficiently created in a one-pot
transformation.

Using a similar approach, Jergensen and co-workers disclosed
a three-component Michael-Michael-aldol condensation process
(Scheme 27).#* Reaction of two different enals and a 1,3-dinitrile
in the presence of catalyst 8b afforded a highly enantioenriched
cyclohexene carbaldehyde as a single diastereomer. The catalytic
system was also applied to unsymmetric stabilised cyano- and
nitroesters with excellent enantioselectivity, but modest yield and
variable diastereoselectivity.

o o (0]
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R! R2 R’ R?
NC CN
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Scheme 27 Three-component Michael-Michael-aldol condensation re-
action catalysed by chiral diarylprolinol silyl ether 8b.

Based on their previous study of 8a-catalysed cascade aza-
Michael-cyclisation reactions (Scheme 28, eqn 1),** Cordova
and co-workers extended a related approach to the synthesis
of isoxazolidines, with the formation of three new stereogenic
centres in a three-component one-pot transformation (eqn 2).**
It was proposed that a [3 + 2] cyclisation was involved in the
reaction of 8a-activated enals with the nitrones formed in situ
from hydroxylamines and aldehydes.

Conclusions

The examples described above have nicely demonstrated the
power of cascade reactions promoted by chiral secondary amines.
These cascade processes have provided new and highly efficient
approaches to complex chiral molecular architectures from simple
achiral substances. The beauty of organocatalysed cascade pro-
cesses is further emphasised by the very mild reaction conditions
and simple operational procedures. Moreover, it has been recog-
nised that the cascade strategy in the construction of complex
molecules is no longer just the territory of nature’s enzymes.
Undoubtedly, the future direction in this emerging field is to
continue expanding the scope of organocatalytic cascade reactions
through the identification of new modes of reactivity and the
de novo design of substrates, and to apply these powerful strategies
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Scheme 28 Aza-Michael-cyclisation reactions catalysed by chiral diaryl-
prolinol silyl ether 8a.

for the efficient assembly of biologically interesting molecules,
including natural products.
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Despite the recent spectacular advances in asymmetric organocatalysis, proline and its analogues have

been predominantly employed as organocatalysts in reactions utilizing enamine intermediates. Recent

studies of enantioselective organocatalytic reactions promoted by primary amino acids and their
derivatives are described in this account. The primary amino functions, rather than the secondary
pyrrolidine moiety, have been shown to provide unique reactivity and stereoselectivity in asymmetric

aldol and Mannich reactions.

Introduction

Enantioselective organocatalysis has received much attention
in recent years and has become increasingly important in the
production of chiral molecules.! Even though initial reports on
the Hajos—Parrish-Eder—Sauer—Wiechert reaction were disclosed
in the early 1970s> the use of small molecules to catalyze
organic reactions remained largely unexplored for several decades.
The year 2000 saw a renaissance of organocatalysis, and thereafter
proline emerged as one of the most prominent catalysts in a
wide range of asymmetric reactions.® It has been regarded as the
simplest enzyme.* To date, a large number of proline analogues
were prepared and were used more or less successfully in a huge
number of organocatalytic reactions.

Nature is an absolute master of performing asymmetric synthe-
sis, and enzymes are highly efficient biocatalysts in living systems.
While the catalytic efficiencies of enzymes are astonishing, the
interaction forces that enzymes utilize to engage substrates at their
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active sites are quite trivial, such as hydrogen bonding, Van der
Waals forces, and electrostatic, hydrophobic and dipole-dipole
interactions. Small molecule catalysts also make use of the above
interactions in catalysis. Developing small organic catalysts into
enzyme mimics represents a very interesting and intriguing, yet
extremely formidable task.

Similar to aldol reactions catalyzed by proline, natural class
I aldolases catalyze aldol reactions in water via the enamine
mechanism, in which the enamine is formed at the lysine residue
in the enzyme active site.® In this context, it is quite surprising that
only proline and its structural analogues have been intensively
investigated in organocatalytic reactions in the past few years,
while the potential of other amino acids as organocatalysts was
virtually neglected. In this review, we will present a number of
recent studies in which primary amino acids and their derivatives
have been shown to act as efficient organocatalysts in enantiose-
lective aldol and Mannich reactions.

Primary amino acids as organocatalysts in
intramolecular aldol reactions

Although not well appreciated by the scientific community,
primary amino acids were investigated as potential catalysts
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for intramolecular Hajos—Parrish—-Eder—Sauer—Wiechert reac-
tions some time ago, as described in a number of early reports.”
Eder, Sauer and Wiechert showed that phenylalanine was a quite
good catalyst, only slightly inferior to proline. In the initial
report by Hajos and Parrish,” phenylalanine was tested as an
alternative catalyst in intramolecular aldol reactions, albeit the
chemical and optical yields of the desired product were rather
poor. Subsequently, Buchschacher et al.® reported that primary
B-amino acids, such as B*-homophenylalanine, as well as y-
amino acids, were effective catalysts in intramolecular asymmetric
aldol condensations. Danishefsky and co-workers’ found that
employing a slight excess of phenylalanine, in combination with
HCIO,, yielded the intramolecular condensation product with
high optical purity, whereas proline only led to disappointing
results for the same reaction. Tsuji,** Hagiwara® and Corey*
later employed phenylalanine with either HCIO, or camphor-
sulfonic acid to effect key intramolecular aldol reactions in
steroid synthesis. In addition, there were a number of reports
on applications of amino acid-catalyzed Hajos—Parrish-Eder—
Sauer—Wiechert reactions in total syntheses.” Recently, Davies
and Smith reported™ that the f-amino acid (1R,2S)-cispentacin
promoted the Hajos—Parrish-Eder—Sauer—Wiechert reaction with
a level of enantioselectivity comparable to that observed with
the proline-catalyzed reaction. This represents the best enan-
tioselectivity obtained for this particular reaction using an
amino acid catalyst containing a primary amino functionality
(Scheme 1).

The above intramolecular aldol reactions catalyzed by primary
amino acids amply demonstrated the power and potential of

R Q R S
G, 2= o)
O n 4 )n

n=1or2

up to 93% ee

primary amino group-mediated organic catalysis, thus paving the
way for the further exploration of such catalysts in a broader scope
of organic transformations.

Primary versus secondary amino acids in
intermolecular condensations: mechanistic
considerations

Aminocatalysis via the enamine mechanism has become one of the
most important activation methods in asymmetric organocataly-
sis. The key of such activation is the transformation of the carbonyl
group into an enamine intermediate, which would increase the
HOMO of the nucleophiles. In this context, proline and its
structural analogues have been demonstrated to be powerful
catalysts for a large variety of reactions, including aldol reactions,
Mannich reactions, Michael reactions and o-functionalizations
of carbonyl compounds, among others. However, primary amino
acid-promoted enamine catalysis is rather limited. In fact, in
the initial report by List and Barbas on proline-catalyzed direct
intermolecular asymmetric aldol reactions,*® it was shown that
primary amino acids, such as valine and phenylalanine, were
poor catalysts for aldol reactions under the reaction conditions
investigated. The catalytic cycles of enamine catalysis by proline
and primary amino acids are compared in Scheme 2. It has long
been thought that a secondary enamine is better stabilized by
hyperconjugation, whereas a primary amine gives the predominant
imine form. For primary amino acids to serve as efficient catalysts
in enamine catalysis, effective tautomerization of their imine

L-Phenylalanine R O
JHCIO, or CSA m
n
or COOH ©
NH, up to 90% ee

Scheme 1 L-Proline and primary amino acid-promoted Hajos—Parrish-Eder—Sauer—Wiechert reactions.

Proline-catalyzed aldol reaction

Primary amino acid-catalyzed aldol reaction

Scheme 2  L-Proline and primary amino acid-promoted intermolecular aldol reactions via the enamine mechanism.
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form (a’) to the enamine form (b’) is absolutely essential. In a
recent report,” Wong and co-workers found that water molecules
participated in a proton relay via a hydrogen-bonding network
to effect the conversion of an imine formed between a lysine
residue and acetaldehyde to the enamine form. Amedjkouh'
subsequently demonstrated that the presence of water was crucial
for the primary amino acid-mediated aldol reactions to take place.
Tanaka and Barbas also showed that organic solvent (e.g. DMSO)
with a small amount of water as the additive facilitated enamine-
based reactions involving primary amines.'® Taken together, these
results suggest that it is certainly feasible to employ primary
amino acids as potential catalysts in reactions involving enamine
intermediates, provided that the corresponding enamines can be
generated effectively. In addition, the presence of an extra N-H
in the enamine (b’) intermediate derived from the primary amino
group may facilitate the control of the enamine structure, and
direct the reaction to occur with specific reactivity and selectivity,
which may not be attainable via proline catalysis. Moreover, the
ready availability of natural amino acids offers great flexibility in
structural variation for the design of chiral organocatalysts. All
these factors combined make primary amino acids interesting and
promising catalysts in organocatalysis.

Intermolecular aldol reactions catalyzed by primary
amino acids and their derivatives

In an effort to establish the potential role that amino acids
might have played in the origin of homochirality, Pizzarello and
Weber'* showed that alanine and isovaline could catalyze aldol
condensations of glycoaldehyde in water to produce tetroses.
Although the enantioselectivity was very low (ca. 10% ee for
threose, 5.4% ee for erythrose), the results of this study indicate
that it has prebiotic plausibility.

The most exciting developments in this field are all very recent.
In 2005, Amedjkouh® found that L-valine was an effective catalyst
in asymmetric direct aldol reactions between acetone and a variety
of aromatic aldehydes, affording products in 48-83% yields and
with moderate enantiomeric excesses (42-72%) (Scheme 3). The
best results were obtained using either DMSO or DMF as solvent
in the presence of one molar equivalence of water.

OH O
O Lvaline (20 mol%) :
H acetone (33 vol%) /@/\*
_—
R DMSO-H,0 (99:1) R

36°C, 24-72h 48-87% yield

42-72% ee
Scheme 3 L-Valine-catalyzed intermolecular aldol reactions.

In the same year, Cordova and co-workers® reported that a
number of primary amino acids could serve as excellent catalysts
for direct asymmetric aldol reactions of cyclic ketones. For exam-
ple, alanine, valine, leucine, isoleucine, serine, phenylalanine and
threonine were all found to be excellent catalysts, furnishing the
corresponding anti-selective f-hydroxy ketones in high yields and
with up to >99% ee (Scheme 4). Moreover, phenylglyoxylate was
also shown to be a suitable acceptor for the above aldol reactions.
Notably, the best results were obtained when the reactions were
performed in wet polar solvents, i.e. with the addition of a small
amount of water. The authors mentioned that the beneficial effect

L-Alanine
(e} o (30 mol%) or O OH
other primary
+ H X amino acids Y | \—R
X X | R e XX Z
7( Z H,0 (10 eq) X
R R DMSO, RT R R
- - 3 days
X=C,R=H _099,
orX =0, R = alkyl 92-99% ee

anti:syn 1:1 to 19:1

Scheme 4 L-Alanine-catalyzed intermolecular aldol reactions.

of water is due to improved catalytic turnover via rapid hydrolysis
of the intermediates in the enamine catalytic cycle, as well as to
suppression of catalyst inhibition.

Cordova and Himo next carried out computational studies to
understand the origin of the observed stercoselectivity.’* DFT
calculations on the alanine-catalyzed aldol reaction were per-
formed to provide a key understanding of the reaction mechanism.
The carboxylic acid catalyzed enamine mechanism is a more
reasonable pathway, as it requires the lowest activation energy.
The amino catalyzed enamine mechanism, and the enaminium
catalyzed mechanism are less likely, as much higher activation
energies are required (Scheme 5). On the basis of the proposed
mechanism, the proper stereochemistry of the reaction could be
accurately predicted.

Our group’® investigated the feasibility of hydrophobic primary
amino acid-promoted aldol reactions in aqueous media. We rea-
soned that a hydrophobic catalyst should associate strongly with
hydrophobic substrates in water.!” As a result of optimizing hy-
drophobic interactions, the transition state may be better defined
and high enantioselectivity might be achieved. We demonstrated
for the first time that the hydrophobic amino acid tryptophan
could be used as an efficient catalyst for the intermolecular
direct aldol reaction in aqueous media in the absence of any
organic solvent. The aldol reactions of various aromatic aldehydes
with cyclic ketones were highly enantioselective, environmentally
benign and operationally simple. In the proposed transition state, it
was hypothesized that the indole moiety of tryptophan facilitated
the formation of a hydrophobic core with other hydrophobic
substrates in water, and the reactions may involve n—7n stacking
(Scheme 6). Very recently, Amedjkouh' reported similar results
for aldol reactions in water mediated by L-tryptophan and other
primary amino acids, whereby organic bases, such as DBU and
TMG, were used as co-catalysts. It is believed that an organic
base would facilitate enamine formation and thus accelerate the
reaction.

We subsequently discovered that serine and threonine deriva-
tives are highly efficient organocatalysts for asymmetric aldol
reactions in water." Although these amino acids were not efficient
organocatalysts in direct aldol reactions between cyclohexanone
and benzaldehyde, their hydrophobic derivatives (e.g. O-TBS-
threonine) proved to be very efficient catalysts. The desired aldol
products were obtained in excellent yields (up to 99%), and with
nearly perfect enantiomeric control (up to 99% ee) (Scheme 7,
equation 1). The substrates were extended to include hydroxy-
acetone as a donor. The O-TBS-threonine-catalyzed direct aldol
reaction between hydroxyacetone and para-nitrobenzaldehyde in
water was ineffective, presumably due to the hydrophilicity of
hydroxyacetone. Protection of the free hydroxy function with the
TBS group gave a hydrophobic substrate, which then efficiently

This journal is © The Royal Society of Chemistry 2008
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Scheme 6 L-Tryptophan-catalyzed intermolecular aldol reactions.

reacted with aldehydes to yield syn-diols (equation 2). The
reactions reported in this paper may be very suitable for large
scale production.

Barbas and co-workers® independently reported that primary
amino acid catalysts, such as L-tryptophan, L-threonine and O-
tBu-L-threonine could catalyze direct aldol reactions between
B-hydroxy-ketone and various aromatic aldehydes. The aldol
reactions proceeded effectively at 4 °C in NMP to afford

syn-diols with high diastereoselectivity and excellent enantios-
electivity (Scheme 8). It was observed that both diastereose-
lectivity and enantioselectivity increased with the addition of
water in many cases. The generation of the syn-aldol product
was attributed to predominant (Z)-enamine formation, result-
ing from hydrogen bonding between the NH group of the
primary amino acid-derived enamine and the hydroxy group.
It is interesting to note that O-tBu-L-threonine mediated the
desired syn-aldol product formation with good diastereoselectivity
(up to 15 : 1 dr) and excellent enantioselectivity (up to 98%
ee). These results are consistent with our findings® that ster-
ically hindered hydrophobic O-siloxy-L-threonines are excellent
catalysts for aldol reactions of hydroxyacetone and aromatic
aldehydes.

The Barbas group recently extended organocatalytic enantios-
elective syn-aldol reactions to the synthesis of carbohydrates
involving the use of unprotected dihydroxyacetone (Scheme 9).*!
In the optimized O-7Bu-L-threonine catalysis with 5-methyl-1H-
tetrazole as an additive, the desired syn-aldol products were
obtained with good diastereoselectivity (up to 15 : 1 dr) and
excellent enantioselectivity (up to 99% ee), which typically ex-
ceeded the ee values of these same reactions promoted by proline.

OTBS
1) o )\‘/COOH (2 mol%) O OH
+ H AN NH2 y R
| SR T ™)
& H,0, RT =
54-99% vield, 91-99% ee
OR"

o} COOH O

OH
(2-10 mol%)

. 1
M _orss * HJK@\ NH;
R

H,0, RT

R" = TBS, TIPS or TBDPS 76-95% yield, 91-98% ee

Scheme 7 Intermolecular aldol reactions mediated by threonine derivatives.
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Scheme 8 The synthesis of syn-1,2-diols via O-tBu-thr-catalyzed aldol reactions.
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Scheme 9 Carbohydrate synthesis using dihydroxyacetone.

These reactions mimic the reactions catalyzed by aldolases. The
utilization of protected dihydroxyacetone and hydroxyacetone as
donors in the preparation of carbohydrates and polyol derivatives
was also explored.?”® The observed syn-selectivity indicates that
this method complements the proline-based synthetic methods,
which give anti-products.

Mannich reactions promoted by primary amino acids
and their analogues

The asymmetric Mannich reaction has enormous importance
for the construction of chiral B-amino carbonyl compounds,
and many primary amino acid-promoted Mannich reactions
have been reported recently. The first direct three-component
asymmetric Mannich reactions mediated by primary amino acids
were reported by Cordova et al.? Simple primary amino acids,
such as alanine, valine, and serine, catalyzed the three-component

asymmetric Mannich reactions between unmodified ketones, p-
anisidine, and aldehydes with high chemo- and stereoselectivity,
furnishing the corresponding Mannich products with up to 99%
ee and in up to 90% yield (Scheme 10).

To extend the applications of O-siloxy threonine organocata-
lysts, our group® next examined them in direct three-component
Mannich reactions. We found that the reactions of O-benzyl
hydroxyacetone, p-anisidine and aromatic or aliphatic aldehydes
in the presence of O-TBDPS-L-threonine afforded the anti-1,2-
amino alcohols in good-to-excellent yields and with enantiose-
lectivities of up to 97% (Scheme 11). Water was the sole solvent
used for this reaction, and in the absence of water, the observed
enantioselectivity was lower. This study is the first demonstration
that direct three-component Mannich reactions can be promoted
by a primary amino acid in a pure aqueous system. The anti-
Mannich product results from the (Z)-enamine intermediate,
which is believed to be more favorable due to hydrogen bonding
and a -7 stacking interaction.

o OMe OMe
o) Catalyst /©/
0,
% . R)LH . (30 mol%)_ O HN
RT R DMSO, RT :
R =Aror NH = R
COOEt 2 R' R?
31-90% yield, 84-99% ee
Catalysts: N syn:anti 1:1to 19:1
/L HaN ~°N
H,N" ~COOH N~y

Scheme 10 Three-component direct Mannich reactions catalyzed by primary amino acids and their derivatives.
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OCHs

+ RCHO +

o @\%
- ; Si :
(R = aromatic NH ~o0

3 o
/\:;_N:;\ _N o)

or aliphatic)
N =N
RT OTBDPS RO
H,0 COOH ©\_d7‘/\CH3
(10eq) NH, (10mol%) R=pmp 1
o] HN’PMP Transition state model

50-98% yield,
R anti:syn 2:1to 20:1
OBn 84% t0 97% ee

Scheme 11 O-TBDPS-Thr-promoted direct three-component Mannich
reactions.

With the same siloxy-threonine as catalyst, we discovered*
that the use of N-tosylimines resulted in remarkably efficient
enantioselective anti-Mannich reactions (Scheme 12). The catalyst
was applicable to virtually any aromatic aldehyde, regardless of
the electronic nature of the aryl aldehydes, and very high anti-
selectivity (up to 102 : 1 dr) and nearly perfect enantioselectivity
(97-99% ee) were attainable. Preliminary computational studies
revealed the involvement of both oxygen atoms of the sulfone
in a hydrogen bonding network in the transition state, which
may have implications for the design of novel organocatalytic
systems.

OTBS

RT _ o=
Toluene /H/COOH 'N‘H' N
N

NH, (10 mol%) . :

Me''\ _.---7-,
T H @
0 HN'® H ©

: ~Siy
A
| LR L /\\ _
OTBS\ _~

Calculated transition state

97-99% ee, 12:1 to 102:1 anti:syn

Scheme 12 The highly enantioselective anti-Mannich reaction using
N-tosylimines.

OMe

R _on + b ANy

R=Hor CHj; NH,

Catalysts: L-Trp or

Barbas and co-workers® also reported a simple and efficient

route to highly enantiomerically enriched anti-1,2-amino alcohols.
L-Tryptophan and O-7Bu-L-threonine were shown to catalyze
direct Mannich reactions of hydroxyacetone, p-anisidine and
aromatic aldehydes to afford 1,2-amino alcohols with good anti-
selectivity (up to 19 : 1 dr) and excellent enantioselectivity (up to
98% ee) (Scheme 13).

Although B-amino acids were less effective than proline and
primary amino acids in intermolecular aldol reactions, Cordova
et al. recently reported that primary f-amino acids could catalyze
direct Mannich-type reactions in “sea water” with high chemo-,
diastereo-, and enantio-selectivity (Scheme 14).%

o) PMP\lN
¥
ij H&(OEI
o

Catalyst (30 mol%) (0] HN’PMP

sea water (5 eq) S OFt
DMSO, RT o

Catalysts:
H,oN COOH HoN COOH H,N /k/u\COOH
68% yield 52% yield 92% yield
>19:1dr >19:1 dr >19:1 yield
94% ee 91% ee 90% ee

Scheme 14 B-Amino acid-catalyzed Mannich reactions.

Summary and outlook

The recent studies on aldol and Mannich reactions catalyzed
by primary amino acids and their derivatives led to the excit-
ing discoveries of several highly diastereo- and enantioselective
organocatalytic reactions, which clearly demonstrate the great
potential of primary amino acid-based amino catalysis. It is
noteworthy that many reactions described in this review gave better
results than the corresponding reactions catalyzed by proline
and its analogues, and many primary amino acid-catalyzed re-
actions complemented existing proline-based methods. To further
advance this emerging field, it is essential to expand the scope
of reactions that can be promoted by primary amino acids. It
is expected that more comprehensive and intensive research in
this area is to come in the near future, which undoubtedly will
establish primary amino acids and their derivatives as privileged
organocatalysts.

Catalyst yn-PMP
(20 mol%) R\)CJ)\(?\
DMF or NMP, R
4°C, 16-20 h OH

anti:syn 1.3:1-19:1
67-95% yield, 53-98% ee

O-tBu-L-Thr

Scheme 13 L-Tryptophan- or O-fBu-L-Thr-catalyzed Mannich reactions.
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A novel and effective organocatalytic system consisting of
pyrrolidinyl-thioimidazole and a chiral thioureido acid effi-
ciently catalyzed the asymmetric Michael addition reactions
of ketones to nitroolefins to afford the adducts with high
diastereoselectivities (up to 99 : 1) and excellent enantioselec-
tivities (up to 99% ee).

The organocatalytic asymmetric Michael addition reaction of
ketones to nitroolefins is widely recognized as one of the most
important carbon-carbon bond-forming reactions in organic
synthesis. Following the development of L-proline as an efficient
and powerful catalyst,! impressive progress has been made in
the development of efficient organocatalysts for the asymmetric
Michael reaction. With the growing attention focused on the
importance of the pyrrolidine motif in the activation of the
carbonyl group in the enamine intermediate, a series of pyrrolidine
derivatives was synthesized and successfully applied to asymmetric
Michael addition reactions.? The introduction of acid additives
has been shown to be usually necessary for high activities of
the pyrrolidine-derived catalysts. A variety of Bronsted acids,
such as PhCOOH,* AcOH,* pTsOH,* salicylic acid,® TFA,” n-
butyric acid® and 2,4-dinitrobenzenesulfonic acid,” have been
applied to Michael reactions, thereby enhancing the yields of
the adducts. However, these additives are mostly achiral and
have their limitations in improving the enantiopurities of the
products. Very recently, a new concept, asymmetric counteranion-
directed catalysis (ACDC), has been introduced as an efficient
strategy for enantioselective transformations.’” In ACDC, chiral
counteranions can help to conduct asymmetric catalytic reactions
that proceed through cationic intermediates. Despite impressive
progress in the use of this strategy in enantioselective reactions,
there is further need for high-performance chiral additives.

In our previous work, we showed that pyrrolidinyl-
thioimidazole 1 could efficiently catalyze the asymmetric Michael
addition reactions of ketones to nitroolefins in the presence
of inorganic or organic acids.®*" Herein, we present further
improvements in this organocatalytic system, which uses a series
of novel chiral thioureido acids 2 as additives (Fig. 1). On the basis
of the ACDC strategy, we envisioned that these acids could not
only activate the catalyst, but also enhance the enantioselectivities
of these Michael reactions by asymmetric inducement.
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Fig. 1 Chiral pyrrolidinyl-thioimidazole and thioureido acids.

Thioureido acids 2 were easily prepared from isothiocyanates
3 and amino acids 4 by treatment with NaOH in THF-H,O and
subsequent adjustment of the pH with aqueous HCI (Scheme 1).

— NH,
N=C=S + *
\ | / Rz)\COOH
Ry 3 4
1. NaOH
2. Hcl

| X S R,
N N)J\N){COOH
THFH,0, it Ry H H

>93 % 2

R=8,5-bis-trifluoromethyl;
R,=H, Ph, PhCH,

Scheme 1 Synthesis of the chiral thioureido acids 2.

The direct asymmetric Michael addition of cyclohexanone to
trans-B-nitrostyrene in CHCl; at room temperature was examined
in the presence of 5 mol% of organocatalyst 1 with a series of
chiral thioureido acids 2. The results are summarized in Table 1.

The asymmetric Michael addition of cyclohexanone 5 to trans-
B-nitrostyrene 6 was catalyzed by 1 without the additive to afford
product 7 in 55% yield and 71% ee (entry 1). With the addition of
hydrobromic acid, catalyst 1 promoted the addition with improved
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Table 1 Organocatalyzed asymmetric Michael addition of cyclohexanone to trans-B-nitrostyrene”
(o}

0

5 mol % 1+2
o AN
CHCl3, 1t
5 6 7
Entry Additive Time/days Yield® (%) dre syn/anti ee? (%)
1 — 8 55 90: 10 71
2 HBr 8 50 88:12 82
3 PhCOOH 6 90 83:17 78
4 2a 4 85 92:8 77
5 2b 4 80 90: 10 71
6 2¢ 2 96 95:5 97
7 2d 4 92 89:11 86
8 2e 3 93 98:2 93
9 2f 4 91 98:2 87
10 2g 4 94 97:3 86
11 2h 4 90 93:7 80
12 2i 4 90 95:5 87
13 2§ 4 88 94:6 83

« All reactions were conducted in CHCl; (5 mL) using 5 (1 mmol) and 6 (0.5 mmol) in the presence of 5 mol% of the catalysts. * Determined by GC with
n-butyl 4-hydroxybenzoate as an internal standard. ¢ Determined by GC-MS. ¢ Determined by chiral HPLC analysis with CD detector (Daicel Chiralpak

AS-H, hexane—i-PrOH = 90 : 10).

enantioselectivity of 82% ee, but the resulting reaction yield was
only 50% (entry 2). The use of benzoic acid, in place of an
inorganic acid, accelerated the reaction and enhanced the yield
(90%), but decreased the ee value to 78% (entry 3). Similar results
were obtained when the additive was replaced with non-chiral
thioureido acids 2a and 2b (entries 4 and 5). Gratifyingly, the
chiral thioureido acid additives 2¢c—j exhibited excellent activities
and the adducts were afforded with high yields (up to 96%) and
high enantioselectivities (up to 97% ee) (entries 6-13). These results
indicated that chiral thioureido acids 2 could act in a dual role,
not only activating the catalyst 1 (presumably by providing the

acidic proton), but also inducing chiralityby hydrogen bonding.
More excitingly, the additives 2c¢, 2e, 2g and 2i, all having an (R)-
configuration (entries 6, 8, 10 and 12), showed better efficiency
than (S)-thioureido acids 2d, 2f, 2h and 2j (entries 7, 9, 11 and
13), which further illuminates the synergistic effects of the chiral
thioureido acids.

The effects of solvents on the reaction of cyclohexanone with
trans-B-nitrostyrene were also studied. As shown in Table 2, in
polar solvents, the catalyst system 1+2¢ exhibited poor activity and
the products were obtained with moderate enantioselectivities (71—
90%) (entries 1-8). This indicated that polar solvents may interact

Table 2 Effects of solvents on the reaction of cyclohexanone with trans-B-nitrostyrene*

NO 5 mol % 1+2
o XN
sovent, rt
5 6 7

Entry Solvent Time/days Yield® (%) dre syn/anti ee? (%)

1 DMSO 8 83 92:8 71

2 DMF 8 80 91:9 86

3 CH,OH 8 92 92:8 69

4 Isopropanol 3 95 90:10 86

5 n-Butanol 3 94 98:2 90

6 CH,Cl, 3 95 93:7 85

7 CHCl, 2 96 95:5 97

8 CICH,CH,Cl 2 96 93:7 90

9 Ethyl ether 3 96 98:2 90
10 Dioxane 8 73 97:3 99
11 Isopropyl ether 8 92 90:10 99
12 Cyclohexane—n-butanol (4 : 1) 0.5 97 (94°) 97:3 98
13 Cyclohexane-CHCl; (4 : 1) 1.5 95 98:2 95
14 Cyclohexane—i-propanol (4 : 1) 1 96 98:2 94

@ All reactions were conducted using 6 (1 mmol) and 7 (0.5 mmol) in the presence of 5 mol% of catalyst 1 and additive 2¢. * Determined by GC with
n-butyl 4-hydroxybenzoate as an internal standard. ¢ Determined by GC-MS. ¢ Determined by chiral HPLC analysis with CD detector (Daicel Chiralpak

AS-H, hexane—i-PrOH = 90 : 10). ¢ Isolated yield.
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Table 3 Michael addition reactions of ketones to nitroolefins®
(0]

)H 0 Ar
5 mol% (1+2c) :
R3 * ar X NO; : Rs ; NO,
Ry cyclohexane:n-butanol H
(@), 1t R4
Product

Entry R;, R, Ar Yield® (%) dr¢ syn/anti ee’( %)
1 -(CH,)4- p-MeOC¢H, 93 (88°) 96:4 99
2 -(CH,),- m-MeOCzH, 96 (92°) 95:5 99
3 -(CH,),- p-MeC¢H, 94 (90°) 98:2 90
4 -(CH,)4- 0-BrCqH, 93 9:6 92
5 -(CH,),- 0-NO,C¢H, 92 96:4 86
6 -(CH,),- p-CF;C¢H, 85 94:6 87
7 -(CH,)4- 2-Naphthyl 92 85:15 89
8 -(CH,)4- 2-Furanyl 95 94:6 87
9 -(CH,),- 2-Thienyl 94 93:17 95
10 H, i-Pr Ph 90 79:21 70
11 CH;, H Ph 95 — 64
12 CH,, i-Pr Ph 90 — 71
13 CH;, Et Ph 91 89:11 74
14 -(CH,);- Ph 67 — 87
15 -(CH,)s- Ph 40 — 40
16 -CH,CH,SCH,- Ph 90 (86°) 97:3 78
17 -CH,CH,0OCH,- Ph 92 (87°) 95:5 59
18 -CH,CH(z-Bu)CH,- Ph 95 (90°) 90:10 97

¢ All reactions were conducted in cyclohexane (4 mL) and n-butanol (1 mL) using ketones (1 mmol) and nitroolefins (0.5 mmol) in the presence of 5 mol%
of catalyst 1+2¢. ® Determined by GC with n-butyl 4-hydroxybenzoate as an internal standard. ¢ Determined by GC-MS. ¢ Determined by chiral HPLC
analysis with CD detector (Daicel Chiralpak AS-H, hexane—i-PrOH = 90 : 10). ¢ Isolated yields.

with 2¢ through hydrogen bonding to weaken the activation
ability of 2c towards the reaction. Although the enantiopurities
of the products increased to 99% ee in dioxane and isopropyl
ether, the reaction times and yields were disappointing (entries 10
and 11). This was probably due to the difficulties in dissolution
of the polar catalyst system 1+2¢ in such nonpolar solvents.
Therefore, the use of mixed solvents was examined (entries 12,
13 and 14). In cyclohexane-n-butanol, the results were improved
and the reactants were rapidly converted to the desired product
with excellent yield (97%), high diastereoselectivity (97 : 3) and
enantioselectivity (98% ee).

Having established these optimized conditions, reactions with
a variety of ketones and nitroolefins were explored, and the
results are summarized in Table 3. First, different nitroolefins
were probed and the reactions reached completion, affording good
yields of up to 96%. Nitroolefins bearing electron-donating aryl
groups afforded the desired adducts with higher selectivities (dr
up to 98 : 2, ee up to 99%) (entries 1-3) than those bearing
electron-withdrawing aryl groups (entries 4-7). Furthermore, 2-
(2-nitrovinyl)furan and 2-(2-nitrovinyl)thiophene also worked well
in the reaction and gave the corresponding products with high
selectivities in excellent yields (entries 8 and 9). Moreover, the
asymmetric additions of the aliphatic aldehydes and ketones
to trans-p-nitrostyrene were examined (entries 10-18). In the
presence of the catalyst system 1+2¢, isovaleraldehyde was effi-
ciently converted to the desired adduct in 90% yield and 70%
enantioselectivity (entry 10). The use of the aliphatic ketones in
the reaction with trans-p-nitrostyrene gave similar results (entries
11-13). Cyclopentanone (entry 14) and cycloheptanone (entry
15) were less active as substrates, providing yields of 67% and
40%, and enantioselectivities of 87% and 40% ee, respectively. At

the same time, tetrahydrothiopyran-4-one and tetrahydropyran-
4-one reacted smoothly with frans-p-nitrostyrene to provide the
products in excellent yields, and with high diastereoselectivities
and moderate enantioselectivities (entries 16 and 17). 4-tert-
Butylcyclohexanone was also a suitable substrate in a Michael
addition reaction with trans-B-nitrostyrene and led to the product
in excellent yield of 95% with an ee value of 97% (entry 18).

To account for the high performance of the Michael addition
reactions using the designed catalyst system, an enamine activation
model combined synergistically with the effect of ACDC is
proposed as shown in Fig. 2 using cyclohexanone and trans--
nitrostyrene as an example. When the stable ionic pair is formed,
the carboxyl group and two N-H bonds of the (R)-thioureido
acids are oriented in the same direction. The thiourea moiety
then activates the nitro group of the nitroolefin through hydrogen
bonding, enhancing the electrophilicity of the nitroolefin, while
the pyrrolidine activates the ketone by forming an enamine
intermediate. The enamine is favored to attack the nitroolefin from

\+
/\ N=0"-
Ph o

Fig. 2 Possible transition state model.
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the re-face, affording the desired adduct. The observed solvent
dependency of the reaction enantioselectivities may be due to the
stability of the ion pair allowing the counteranion to influence the
chiral environment of the transition state.

In summary, a new organocatalytic system composed of a
pyrrolidinyl-thioimidazole catalyst and a chiral thioureido acid
additive has been designed and applied successfully to a series of
asymmetric Michael addition reactions. A large range of Michael
adducts was obtained with excellent yields and high selectivities
using various ketone and nitroolefin substrates, which suggests
that this novel organocatalytic system may find wide application
in the asymmetric Michael reactions of nitroolefins. Further
investigations of the applications of this organocatalytic system
in other asymmetric reactions are in progress.
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The marine fireworm, Eurythoe complanata, is known as
a dangerous animal for humans because it induces skin
inflammation through its small setae. Here, the inflammation-
inducing substance was successfully isolated from the whole
body using a methanolic extraction, and the inflammatory
activity was determined using a bioassay. The structure was
spectroscopically revealed to be a trimethylammonium with
an unsaturated carbon chain and was named complanine.
Complanine enhanced PKC activity in combination with TPA
in vitro. This may explain the molecular mechanism behind
its inflammation-inducing activity.

The amphinomid polychaetes, including Eurythoe complanata,
are known as the “fireworms” of marine animals. They are
frequently found at sandy, muddy beaches or in shallow water
in temperate and subtropical zones. The animals respond to
predators by bristling their parapodial setae. They are known
as dangerous animals for humans because, if they are handled,
serious skin inflammation results.! The reaction is considered
to be an allergic dermatitis, and the symptoms usually persist
for several days. The inflammation-causing substance is likely
injected when penetration into skin breaks the hollow setae.? The
toxin-producing glands of the fireworms were not found to be
communicating with the parapodial setae according to analysis by
electron microscopy.® However, a bioactive substance related to
inflammation was reported in pharmacological studies.*

The identification of the inflammatory substance from poly-
chaetes has been attempted in previous studies, but the active
substances have not been identified. Substances that induce
contracting or relaxing of the ileum in rat or guinea pig have
been identified from the methanolic extract of E. complanata.®
The ileum assay is useful for searching for substances related to
histamine or adenosine mediated inflammation, but the assay is
limited in ability to explain the total physiological reaction. In
the present study, we provide the first report of the isolation and
structural elucidation of the active substance, complanine, show-
ing its inflammatory activity by direct induction of inflammation
in a mouse footpad.
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Specimens of Eurythoe complanata (225 g) were collected
from a tidal wetland on Awase beach of Okinawa island and
extracted with 80% aqueous ethanol. The concentrated extract was
partitioned between ethyl acetate and water. The aqueous layer was
chromatographed on a TSK-G3000S (Tosoh, Japan) polystyrene
gel, then eluted with aqueous ethanol. Further purification was
carried out by repeating the chromatography on a silica gel with
elution by CHCL;-MeOH-H,0-AcOH. The identification of the
active substance was guided by a bioassay.

Bioassay of inflammation-inducing activity was carried out as
follows: the sample was dissolved in an adequate concentration
(2-5%) of saline and 0.05 ml of solution was injected (s.c.) into
the left footpads (right for a negative control) of male 4-week-
old ddY mice. The time course of footpad swelling was examined
over 4 h. The inflammatory activities were evaluated by measuring
the thickness of the footpad over time compared to a negative
control. The activity (% swelling) was defined by [(thickness of
tested footpad — intact footpad)/(intact footpad)] x 100 (%).

The inflammation-inducing substance of E. complanata was
obtained from the aqueous layer of a methanolic extract of the
whole body. Fractionation using silica-gel column chromatog-
raphy, guided by a bioactivity assay, lead to the successful
purification of the bioactive amphiphilic substance (ca. 10 mg).

The inflammatory compound exhibited a positive Dragendorff
reaction, thus it was assumed to contain a nitrogen atom.
The compound provided a molecular ion peak of 311.2704 by
positive HRESIMS, and the molecular formula was deduced to
be CsHisN,O,* (M*), A = 0.9 mmu. The formula was assigned
as cationic. Thus the molecule was isolated as an acetate salt due
to the final chromatographic condition. The counter anion was
exchanged into a chloride ion using ion-exchange chromatography.
In the analysis of 'H and *C NMR, and also IR spectra, two
discontinuous Z-double bonds (*C NMR: ¢ 128.3, 129.9, 130.3
and 133.7 ppm), one trimethylammonium moiety ['H NMR: ¢
3.02 (9H, s)], and one amide bond (*C NMR: § 182.0 ppm, IR
1575 cm™') were observed. The connectivities were assigned by the
COSY (from H1' to H3, from H1 to H4 and from HS5 to H11,
respectively) and HMBC correlations (NMe-C1’; H2',3-C4/;
H1-C4,C2,C3; H5-C4; H§8-C7; H10-C9,C11 and H11-C9,C10,
respectively, selected). A detailed analysis of the 1D and 2D NMR
data (Table 1) disclosed the planar structure of the compound
(isolated as an acetate salt) as shown in Fig. 1, and we named
it complanine. The novel trimethylammonium cationic structure
could be characterized by an unsaturated carbon chain and an
amino alcohol N-acylated with a GABA derivative. A survey
of natural product literature revealed that related compounds
possessing a vic-amino alcohol with an unsaturated carbon chain
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Table1 NMR assignments for complanine. D,O was used for measuring spectra. Only reliable HMBC assignments are presented. f* Assignments

interchangeable, respectively

Assignment 'H NMR/ppm BC NMR/ppm HMBC correlations
NMe 3.02 9H, s) 53.6 cr
it 3.22 (2H, m) 66.3
2 1.98 (2H, quint., J = ~7.6 Hz) 20.9% Cr,c#
3 228 2H,t,J =72 Hz) 32.4 cr,cz,c4
4 182.0 —
1 3.09 (1H, m), 3.22 (1H, m) 46.3 C4,C2,C3
2 3.64 (1H, br. m) 70.3
3 2.08 (2H, m) 23.5
4 1.41 (2H, m) 34.4
5 5.31-5.37 (1H, m) 128.3* C4
6 5.31-5.37 (1H, m) 129.9*
7 2.43 (2H,t, J= 6.5 Hz) 25.8
8 5.31-5.37 (1H, m) 130.3* Cc7
9 5.31-5.37 (1H, m) 133.7*
10 1.98 (2H, m) 19.5% C9,Cl11
11 0.84 (3H, t, J= 7.6 Hz) 14.4 C9,C10
» .9 40
WNMNM% 20 ¢ @
H " x complanine

OH

Fig. 1 Structure of complanine. Isolated as an acetate salt. The counter
anion can be exchanged by ion-exchange chromatography.

were known. Among them, obscuraminols have been isolated from
another marine source, the ascidian Pseudodistoma obscurum from
Tarifa Island, Spain.® However, these compounds were simple
amino alcohols without any other chemical functionalities.

The inflammation-inducing activity of complanine is shown in
Fig. 2. The activity was characterized as an acute swelling effect in
the mouse footpad. Swelling of the footpad was rapidly induced
after injection of complanine and disappeared after several hours.
This acute inflammatory reaction induced by complanine was
statistically significant and reproducible. Complanine did not
show any acute toxicity up to concentrations of 100 mg kg~ by i.p.
injection. Since the activity of complanine induced irritation in the
animals, we concluded that complanine is one of the inflammation-
inducing substances produced by E. complanata.

The molecular mechanism of biological activity of compla-
nine was examined by a PKC activation assay,” because signal
transduction by classical PKC plays an important role in the
inflammatory process.*® Fig. 2 shows the result of PKC (mixture
of o, B, and vy isoforms) activation with complanine in the
absence or presence of TPA. Complanine alone showed weak
activation of PKC at concentrations higher than 0.5 mM in the
presence of Ca**. Interestingly, complanine significantly and dose-
dependently enhanced PKC activity in the presence of 1.2 uM
TPA. This synergistic activation of PKC by complanine and TPA
was comparable to that of L-phosphatidylserine and TPA. Since
the combination of complanine and L-phosphatidylserine did not
show any synergistic activation of PKC, we hypothesize that
complanine binds to the phospholipid binding site of classical
PKC, but not to the diacylglycerol/phorbol ester binding site.
Since various novel PKC isozymes have been identified, the effect
of complanine on multiple PKC isozymes is an important subject
for future study. The activation of PKC by complanine was
hypothesized to be one of the molecular mechanisms by which
E. complanata induced inflammation.

n
(=}

: ]
60 120 180 240 300

Time (min.)

Foot-pad Swelling (%)
=)

-
o
o

60

(b)
50

20

PKC activity (pmol/min)

0 05 1 2 0.01

complanine PS (mM)

Fig. 2 Biological activities of complanine. (a) Typical inflammation
profile induced by complanine. The inflammation-inducing activity (%
swelling) was defined by [(thickness of tested footpad — intact foot-
pad)/(intact footpad)] x 100 (%). Values are the mean £ SD of triplicate
experiments. 1% Solution of carrageenan was used as a positive control
to confirm reproducibility. (b) Activation of PKC by complanine in
combination with TPA. PKC activity was determined after incubation with
the indicated concentrations of complanine in the presence (solid columns)
or absence (open columns) of 1.2 uM TPA. Values are the mean + SD of
triplicate experiments.

The ecological role of complanine remains to be determined.
The organ producing this compound is not known and we have no
evidence how this molecule may be used as a defensive substance.
However, because of its structure and inflammation-inducing
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biological property, complanine could play an important role in
the defense mechanisms of multiple animals.
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A new simple method for the synthesis of o-glycosyl thiols is
described. Ring-opening of 1,6-anhydrosugars with commer-
cially available bis(trimethylsilyl)sulfide under the action of
catalytic amounts of TMSOTY smoothly afforded a-glycosyl
thiols in very high yields and in a stereospecific way.

The importance of carbohydrates and glycoconjugates in nu-
merous biochemical processes has stimulated the development
of glycomimetics as fundamental tools for biological research
and as potential agents for therapeutic intervention. In this
context, thioglycosides have attracted considerable attention due
to their resistance to chemical and enzymatic hydrolysis and their
similar solution conformation and biological activities compared
to native counterparts.! As a consequence, many efforts have
been devoted in the past two decades towards synthesis of
thioglycosides, including thiosaccharides and S-glycoconjugates,
in order to provide valuable compounds for biological studies.?
For instance, an S-linked glycopeptide carrying two sugar moieties
has been synthesized recently in solution phase, which mimics the
peptide sequence Ala484-Ala490 in the Tamm-Horsfall protein
(THP). Apparently, this catabolically stable compound is of great
interest for further unraveling the biological role of THP.? Also,
carbohydrate epitopes of conjugate vaccines have been modified to
contain S-linked residues and the resulting S-linked immunogens
generated an antigen-specific immune response that even exceeded
the response to the native oligosaccharides.*

Currently, glycosyl thiols or their precursors, such as anomeric
thioacetates, which can be S-deacetylated in situ to generate
the desired glycosyl thiols, are the key building blocks for the
construction of thioglycosides,? although thioglycosides can also
be synthesized conventionally from normal glycosyl donors and
the corresponding sulfur-containing acceptors.® By this non-
conventional approach, a variety of thioglycosides have been
synthesized as stable glycoside analogues and potential agents
for therapeutic intervention.*® For example, S-glycopeptides have
been synthesized recently by two independent groups, who both
utilized glycosyl thiols as sugar building blocks.®** In addition,
glycosyl thiols are also useful in the synthesis of many other
carbohydrate contexts, such as C-glycoside synthesis,” glycosyl
sulfenamide and glycosyl sulfonamide synthesis,® and glycosyl
disulfide synthesis.’
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To a great extent, the nonconventional approach for the
synthesis of thioglycosides became popular due to the chemical
stability of glycosyl thiols. Unlike sugar hemiacetals, glycosyl
thiols are quite stable, and the thioglycosyl anions do not
mutarotate even under basic conditions.’ As such, the anomeric
configuration of a glycosyl thiol can be maintained during the
formation of its corresponding thioglycoside products, rendering
the stereoselective synthesis of a- and B-glycosyl thiols extremely
important. The configurationally pure -glycosyl thiols, such as
B-glucosyl thiol and B-galactosyl thiol, could be readily obtained
usually by treatment of a-glycosyl halides with thiourea followed
by hydrolysis with alkali metal disulfite."

However, to our knowledge, in the literature no direct procedure
for the stercoselective preparation of normal a-glycosyl thiols
has been reported,'? although a-GlcNAc- and a-GalNAc-derived
anomeric thiols could be readily prepared from the corresponding
peracetylated sugars by virtue of their neighbouring acetamide
groups.”® Only B-glycosyl chlorides have been used occasionally to
prepare a-glycosyl thiols in a multi-step procedure,'? nevertheless,
the reproducibility of this procedure is very low due to the highly
reactive B-chlorides. Recently, Lawesson reagent has been reported
capable of directly converting reducing sugars or unprotected
sugars into the corresponding glycosyl thiols."* However, in this
procedure configurationally unpure glycosyl thiols were often
produced.

Given the great value of thioglycosides in biological studies
and the wide occurrence of o-glycosidic linkages in various
glycoconjugates, there is a high demand for the development of
procedures for the stereoselective synthesis of a-glycosyl thiols that
can be used to construct a-thioglycosides. We have a long-standing
interest in the synthesis of sugar analogues of enhanced chemical
and enzymatic stability,’® particularly S-linked glycoconjugates
with a view to providing interesting structures for biological
studies. We report herein a direct and stereospecific approach for
the synthesis of a-glycosyl thiols.

The major challenge associated with the synthesis of a-glycosyl
thiols lies in the stereoselectivity. Although this type of compound
could conceivably be prepared by activation of normal glycosyl
donors without a neighbouring participating group in the presence
of a proper sulfur nucleophile, this process did not always lead
to the predominant formation of a-thiosugars. On the contrary,
sometimes B-products were produced as the major or only
products.’ Furthermore, in this way two or even more steps are
usually required in order to secure the thiols. Also, based on our
experience isolation of an isomerically pure glycosyl thiol from
an o/ B-mixture would be very troublesome if both anomers were
produced in the glycosidation reactions.

In the course of our studies on the synthesis of S-linked galac-
tosylceramides, we required a convenient access to a series of o-
glycosyl thiols, as shown in Scheme 1. At the very outset, attempts
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to use the above-mentioned B-glycosyl chloride-based procedure
for the synthesis of the a-glycosyl thiols met with difficulties in
the preparation of the required B-glycosyl chlorides. Hence, our
attention turned toward the present procedure. We envisioned that
1,6-anhydrosugars'’ could serve perfectly as glycosylating agents
for the synthesis of a-glycosyl thiols because B-attack of 1,6-
anhydrosugars by any nucleophiles would not be possible if the
reactions undergo the Sy2-type pathway. Also, we anticipated that
commercially available bis(trimethylsilyl)sulfide could be used as
the required sulfur nucleophile to directly introduce the sulfhydryl
group in view of the acid-lability of the trimethylsilyl group which
could be cleaved in situ under glycosidation conditions. To verify
these hypotheses, we performed exploratory experiments with 1,6-
anhydrogalactose 1 (Table 1). Treatment of 1 with a small excess
of bis(trimethylsilyl)sulfide in the presence of catalytic amounts
of TMSOTT at room temperature failed to provide any glycosyl
thiols. However, when the reaction mixture was heated to 50 °C,
6 was produced in very high yield as exclusively the a anomer
(Table 1, entry 1). The reaction was very clean as indicated by
TLC, and the anomeric configuration of the product could be
readily determined by NMR spectroscopy.

RO OR'
o
H (CH,),,CH,
RO i H
s :

\/Y\(CH2)130H3
OH

iz

o

RO

RO _OR'

o]
RO% + lipid building blocks
RO sh

R and R' = H or Sugar
or protecting group

Scheme 1 Strategy for the synthesis of S-linked galactosylceramides.

Encouraged by this result, a range of properly protected
1,6-anhydrosugars were then prepared following the previous
procedure® and subjected to the above ring-opening conditions
(Table 1). Each substrate (1 mmol) was treated under the same
conditions; it was dissolved in CH,Cl, (10 mL) containing
bis(trimethylsilyl)sulfide (1.4 mmol). TMSOTT (0.4 mmol) was
added and the resulting mixture was heated at 50 °C until
TLC indicated complete consumption of the starting material.
The results, summarized in Table 1, indicate that under the
above reaction conditions, 1,6-anhydrosugars can be converted
effectively into o-glycosyl thiols in a stereospecific way. For
instance, the benzylated levoglucosan 2 could be ring-opened with
bis(trimethylsilyl)sulfide under the same reaction conditions to
give the desired a-glucosyl thiol 7 in 90% yield (Table 1, entry 2).
Similarly, configurationally pure thiol 8 could be produced from
the corresponding allylated levoglucosan 3 in very good yield.
Here it should be mentioned that levoglucosan derivatives have
been used previously to synthesize thioglycosides.” In addition,
as shown in Table 1, excellent yields and a-selectivities were
also achieved for the conversion of 1,6-anhydrosugars 4 and 5
into glycosyl thiols 9 and 10, respectively. Also, in all the above
reactions, no disulfide formation was detected.

Table 1 Synthesis of (gglycosyl thiols”

OH
(TMS),S o)
(@) —_—
TMSOTf RO
RO SH
Entry Substrate Product Yield (%)® o/ ratio
1 O BnO _OH 88 a only
OBn (0]
BnO O BnO
BnO
1 OBn 6 SH
2 (e} OH 90 a only
OBn (0]
- BnO
< BnO
BnO
SH
BnO 2 OBn 7
3 O OH 78 a only
Oﬁ\ll AllO Q
% AllO
AllO
AIO 3 OAll g o
4 O OH 85 o only
OAIll 0
~ BnO
o AllO
AllO
BnO 4 OAl g oM
5 0 BnO _OH 92 o only
OAll (0]
BnO O AllO
AllO SH
5 OAll 10

@ All reactions were conducted under the same conditions; see text for
details. ® Isolated yield following chromatography.

In summary, we have presented a highly stereoselective method
for the synthesis of o-glycosyl thiols by ring-opening of 1,6-
anhydrosugars with bis(trimethylsilyl)sulfide. All the a-glycosyl
thiols were isolated in high to excellent yields as exclusively the o
anomer. No trace of B-isomers was produced in the reactions. Thus
this one-step procedure provided a concise and efficient access to
a-glycosyl thiols, which could be used to synthesize various a-
S-linked glycoconjugates. Extended studies on the scope of the
reaction and application of the synthesized o-galactosyl thiols
towards the synthesis of o-S-galactosylceramides are currently
underway.
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An efficient and one-pot procedure for the synthesis of arylated and stereodefined allylic alcohols has
been achieved through zirconium-mediated multicomponent coupling reactions of alkynes, aldehydes
(or ketones), and aryl iodides. The subsequent intramolecular Friedel-Crafts reactions of these allylic
alcohols catalyzed by Brensted or Lewis acids afford highly substituted indenes and spiroindenes under
extremely mild reaction conditions. This methodology also provided a highly efficient route to the

synthesis of spiroindenepiperidines.

Introduction

Substituted indene derivatives including spiroindenes are attrac-
tive compounds as they are versatile building blocks for functional
materials,' biologically active substances,” and nonsteroidal anti-
inflammatory drugs.® They can also be used as ligands by
deprotonation for metallocene complexes utilized in the catalysis
of olefin polymerization.* Despite their wide utility, their synthetic
routes are fewer than those for structurally similar heterocycles
such as benzofurans and indoles. The most important routes for
the construction of indenes include the reduction/dehydration
of indanones,’ the cyclization of phenyl-substituted alkenes® or
phenyl-substituted allylic alcohols,” the ring-expansion of sub-
stituted cyclopropenes,® metal-catalyzed protcols® ezc. Although
these methods are effective for the synthesis of indenes, they
have certain drawbacks, more or less, for example, the strong
acid medium or a stoichiometric amount of a Lewis acid that
is sometimes required, limited methods for the preparation of
starting materials, the moderate flexibility for the introduction
of different substitutents onto the indene rings. On the other
hand, synthetic organic transformations based on a wide variety
of zirconacycles have been extensively developed in recent years
due to the following advantages of zirconacycles:" (i) they are
easily prepared by reductive coupling of unsaturated compounds
such as alkynes, alkenes, nitriles, or ketones on a zirconocene
equivalent, (ii) they are relatively stable under normal conditions,
(iii) they have been proved as efficient precursors for a wide
range of selective transformation reactions. An elegant synthesis of
multi-substituted indenes has been reported by Xi and Takahashi
et al™ through hydrolysis of oxazirconacycles derived from the
coupling reactions of alkyl alkynes with aryl methyl ketone or
through hydrolysis of zirconacyclopentadienes. We recently re-
ported an efficient synthetic approach to stereodefined (Z)-enynols
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via zirconium-mediated cross-coupling of alkynes, aldehydes or
ketones, and alkynyl bromides in a one-pot procedure.”* The
thus formed (Z)-enynols were easily converted to dihydrofurans
or furans via gold-catalyzed cyclizations.” Based on this work,
we envisioned that an arylated allylic alcohol with a stereode-
fined C=C double bond might be formed by the coupling of
oxazirconacycles with aryl iodides. These allylic alcohols can be
used for the synthesis of highly substituted indenes by a catalytic
protocol (Scheme 1). Now we’d like to report the details of these
transformations.

R'-—=—R' 1 1 1
I g RS O ROR
+ CpoZr' ~ —
— CpZr, 2 T~ R?
fl\ cross-coupling o—R® cross-coupling HO R3
R3
27 R3
R R R4
R1
cat. Bronsted
or Lewis acid
R!
cyclization R4 R?
R3
Scheme 1

Results and discussion

Alkynes undergo selective intermolecular coupling with aldehydes
or ketones using zirconocenes.’ Recently, we have developed
an improved procedure for zirconium-mediated alkyne—aldehyde
coupling reactions under the “preactivated” conditions.”® The
stereodefined allylic alcohols or 3-iodinated allylic alcohols were
selectively formed via protonolysis or iodonolysis of the cor-
responding five-membered oxazirconacycles. The methodology
has also been successfully applied to the synthesis (Z)-enynols
through three different component coupling reactions of alkynes,
aldehydes and alkynyl bromides in a one-pot procedure. The
coupling reaction of aryl halides with organometals represents one
of the most powerful methods for C-C bond formation. Although
the coupling reactions of aryl iodides with various organozir-
conocenes such as vinyl zirconocenes, zirconacyclopentenes or
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zirconacyclopentadienes were known," there is no report for the
coupling of aryl iodides with oxazirconacycles. Here we found that
treatment of oxazirconacycle 1a (R' = Pr, R* = Ph) derived from
alkyne—aldehyde coupling with 1.3 equiv of CuCl and 1.2 equiv of
p-MeOC H,I in the presence of 5 mol% Pd(PPh;), at 50 °C for 3 h
afforded arylated product 2a in 43% yield after hydrolysis (Table 1,
entry 1). The use of CuBr (1.3 equiv) afforded a similar yield (44%)
of 2a, however, in the case of Cul, only a low yield of 31% was
obtained. It was suggested that the first step of this reaction is
transmetalation of a Zr—C(sp?) bond to a Cu—C(sp?) bond to form

an alkenyl copper species, which is followed by coupling with
an arylpalladium intermediate generated from Arl and a Pd(0)
catalyst to form the desired arylated products.’ We next examined
the coupling reactions of oxazirconacyclopentenes with various
aromaticiodides. As shown in Table 1, alkyl, phenyl, and 2-thienyl-
substituted alkynes and alkyl, aryl aldehydes are all compatible
with coupling conditions, the corresponding allylic alcohols
were formed in 38-70% yields. Aryl iodides bearing electron-
donating or electron-withdrawing substituents could be used.
For example, the reaction between zirconacycles derived from

Table 1 Synthesis of multi-substituted allylic alcohols through oxazirconacycles
R? » 1.3 equiv CuCl, 1.2 equiv Arl R' R!
~ 5 mol % Pd(PPhs), =
CpoZr, R2
07 g2 50°C, 3h HO
1 R 2
Entry R!C=CR! R>CHO Arl Product Yield (%)*
1 PrC=CPr PhCHO p-MeOC4H,1 Pr Pr 43
p-MeOCgH, pp 22
HO
2 PrC=CPr PhCHO Phl Pr Pr 61°
Ph>_$7Ph 2
HO
3 PrC=CPr PhCHO p-CICC4H,1 Pr Pr 55
P-CICeHy ph 2¢
HO
4 PrC=CPr PhCHO p-MeC4H,1 Pr Pr 43
p-MeCsH?_g—Ph 2
HO
5 PhC=CPh PrCHO Phl Ph Ph 62¢
Ph>_§—Pr 2e
HO
6 PhC=CPh PrCHO p-MeOC,H,1 Ph 70
p- MeOC6H>_§—
HO
7 PhC=CPh p-CIC;H,CHO p-MeCyH,1 61
p- MeCGHz_ngGH‘;CI-p
HO
8 PhC=CPh Ph-C=C-C4H,CHO p-MeCgH,l Ph 38
p- M906 >_$*C6H4 -C=C-Ph
HO
9 Q—CEC—@ p-MeC{H,CHO p-MeOC,H,1 Thi Thid 68
p- MeOCsH>_§— CgHsMe-p
HO

“Isolated yields. * Containing ca. 3% 2E-1-phenyl-2-propyl-hex-2-en-1-ol, which could not be separated from the main product. ¢ Containing ca. 8%
1E-1,2-diphenyl-hex-1-en-3-ol, which could not be separated from the main product. ¢ Thi is a 2-thienyl group.
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bis(2-thienyl)acetylene and p-MeC,H,CHO with p-MeOC,H,I
resulted in the formation of 2i in 68% yield (Table 1, entry 9).

Next, we examined the coupling reactions of aryl iodides with
oxazirconacyclopentenes 3 derived from alkyne—ketone coupling
reactions, which may be used for the preparation of stereodefined
and fully substituted allylic alcohols. So far there are few methods
for the synthesis of fully substituted allylic alcohols. Initially, we
carried out the reaction under the same conditions employed
for the coupling of zirconacycles 1 with aryl iodides, however,
no expected products were observed. We envisioned that a facile
coordination of the magnesium salt produced in situ during the
exchange reaction of Cp,ZrCl, and EtMgBr with the oxygen moi-
ety might occur, which may further increase the steric hindrance
around the reactive metal center. To our delight, it was found that
the desired allylic alcohols 4 could be formed through addition
of 0.4 mL 1,4-dioxane (to remove the magnesium salt). The
representative results are shown in Table 2. As shown in Table 2,
cyclic or acyclic ketones are all compatible under the controlled
reaction conditions, the corresponding fully substituted allylic
alcohols 4a—f were formed in 23-62% yields. When cyclohexenone
was employed, the coupling reaction with iodobenzene proceeded
smoothly to afford allylic alcohol 4d in 49% yield, while the double
bond in the cyclic ring was well tolerated during the reaction
(Table 2, entry 4).

With multi-substituted allylic alcohols in hand, we were in-
terested in exploring the feasibility of using 2 and 4 in indene
formation reactions. We began our investigation with allylic
alcohol 2a through a Friedel-Crafts cyclization. As we know,
the main drawback of classical Friedel-Crafts reactions is that
a strong acid medium or a stoichiometric amount of a Lewis acid
is sometimes required, therefore the method is not compatible
with sensitive functional groups. Recently, gold salt has emerged
as a useful catalyst for Friedel-Crafts reactions.’® We have also
reported a gold-catalyzed direct amination of allylic alcohols via
the formation of an allylic cation intermediate.'” We first examined
the reactivity of 2a in the presence of various gold catalysts.
Treatment of 2a with 5 mol% AuCl; in CH,Cl, or CH,;CN at
room temperature for 1 h afforded the corresponding indene Sa
in 79% and 89% yields, respectively (Table 3, entries 1-2). AuCl
or Sc(OTf); worked well to generate 5a in excellent yields of
90% and 91%, respectively (Table 3, entries 4-5). Further studies
revealed that a Bronsted acid of TSOH-H,O"® showed excellent
catalytic activities to afford 92% yield of the desired product within
one hour (Table 3, entry 6).

We chose TSOH-H,O as the catalyst for subsequent experi-
ments. The representative results are summarized in Table 4. The
electronic effect of substitution on the aromatic ring at C-3 of
allylic alcohols 2 was examined first. It was found that there
were no significant differences in the reaction times or the yields
between the allylic alcohols bearing an electron-donating group

(p-MeO, p-Me) and those without a substituent on the aromatic
ring (Table 4, entries 1-2, 4). However, when 2c substituted with
p-CIC{H, was employed, the cyclization reaction was not clean
using TSOH-H,O as the catalyst; the desired product Sc was
obtained in 61% yield. The yield can be improved to 80% in the
presence of 2 mol% AuCl; (Table 4, entry 3). The substituent effect
on the alcoholic carbon of allylic alcohols was also investigated.
Aryl, alkyl-substituted or phenyl, methyl-disubstituted substrates
were all compatible with cyclization conditions, and high yields of
the corresponding indenes were obtained in each case (Table 4,
entries 1-7). It should be noted that in the case of 2i, a 4H-
cyclopenta[b]thiophene derivative 5g was selectively obtained.
This result indicated that the cyclization can be easily controlled
by the electronic effects of the end groups, thus a highly reactive
thiophene ring under electrophilic attack would undergo Friedel-
Crafts cyclization more preferentially than an aryl ring (Table 4,
entry 7 and Scheme 2). Interestingly, this method could also be
used for the synthesis of spiroindenes Sh—j with high yields (Table 4,
entries 8-10).

7 ) N
S _ S catalyst
/=
CgHsMe-p

p-MeOCgH4
HO

2i

p-MeOCgH4

7\
S
)
CgHyMe-p
59, 85%

Scheme 2

Compounds containing spiropiperdine backbones have at-
tracted much attention in pharmaceutical research due to their
significant biological activities." For example, they can be used
as an amine moiety of highly active chemokine CCR2 receptor
antagonists.” The synthetic routes for these compounds usually
involve multistep procedures with low overall yields."** As shown
in Scheme 3, spiroindenepiperidine derivatives could be efficiently
prepared using our methods. The precursor 8 for ring-closure
could be conveniently constructed through multicomponent cou-
pling of 4-octyne, tert-butyl 4-oxopiperidine-1-carboxylate and 4-
iodotoluene in 58% yield. Cyclization of 8 to spiropiperdine 9 was
achieved in 85% yield using 2% AuCl, as the catalyst.

Conclusion

In summary, we have succeeded in developing an efficient,
general, and one-pot procedure for the synthesis of arylated
and stereodefined allylic alcohols through zirconium-mediated

pr Pr 1,4-dioxane Pr pr Pr
1.3 iv CuCl - 2% AuCl
Cpozi T N-Boc ————— O‘ Pr
[0) 1.2 equiv 4-iodotoluene HO CH3CN, rt.1h Me
N 10% Pd(PPhy),

‘Boc 50°C,4h Me N

8, 58% 9, 85% Boc
Scheme 3
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Table 2

Synthesis of fully substituted allylic alcohols through oxazirconacycles

1,4-dioxane
R . 1.3 equiv CuCl, 1.2 equiv Arl R! R
5 mol % Pd(PPhs), =
szz R2 R?
3
R3 50 °C HO R
3, R2 R3¢ H R* 4
Entry R!C=CR! R’R3*CO Product Yield (%)*
1 PhC=CPh Q p-MeC¢H,l 62
=0
2 PrC=CPr Q p-MeC4H,1 62
=0
3 PhC=CPh 61
—0 __
PH 4c
HO
4 PhC=CPh G Ph Ph 49
=0
HO
5 PrC=CPr p-MeC4H,1 23
o
p- MeCeH
6 PhC=CPh PhCOMe 45
Ph Me 4
HO Ph
“Isolated yields.

Table 3 Optimization studies for the cyclization reaction of 2a

Pr Pr Pr
— catalyst
Ph —— ‘ Pr
HO solvent, r.t, 1h  meo
Ph
MeO 2a 5a
Entry Catalyst (mol%) Solvent Yield (%)
1 AuCl; (5%) CH,Cl, 79
2 AuCl; (5%) CH;CN 89
3 AuCl; (2%) CH;CN 90
4 AuCl (5%) CH,CN 90
5 Sc(OTH); (5%) CICH,CH,Cl 91
6 TSOH-H,0 (5%) CH;CN 92
7 20% HCI? THF —

“Tsolated yield. ®20% HCI solution was used. ¢ The reaction was not
clean, the major products are the mixtures of butadienes derived from
dehydration of 2a.

multicomponent coupling reactions of alkynes, aldehydes/
ketones, and aryl iodides. The intramolecular Friedel-Crafts
reactions of a wide variety of multi-substituted allylic alcohols
catalyzed by Brensted or Lewis acids afford highly substituted in-

denes and spiroindenes under extremely mild reaction conditions.
This methodology also provided a highly efficient route to the
synthesis of spiroindenepiperidine derivatives. Further studies to
extend the scope of the synthetic utility for indene formations are
in progress in our laboratory.

Experimental
General methods

All reactions using zirconocenes were carried out using standard
Schlenk techniques under nitrogen. THF was distilled from
sodium-benzophenone. CH;CN was distilled from CaH,. Unless
noted, all commercial reagents were used without further purifi-
cation. Zirconocene dichloride, aldehydes, ketones, and alkynes
were used as purchased. Benzaldehyde and butyroaldehyde were
distilled prior to use. Ethylmagnesium bromide (1.0 M solution
in THF) was used as purchased. Oxazirconacycles 1'% and 3
were prepared according to previously published procedures.
'H, and "C NMR spectra were recorded on a Varian XL-
300 MHz spectrometer at 300, and 75.4 MHz, respectively,
and in CDCl; (containing 0.03% TMS) solutions. 'H NMR
spectra were recorded with tetramethylsilane (0 = 0.00 ppm) as

This journal is © The Royal Society of Chemistry 2008
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Table 4 Synthesis of substituted indenes and spiroindenes via the cyclization reaction of 2 or 4

R! R! R
— - 5 mol % TSOHeH,0 O‘ .
R
HO R® 1. 4
CHsCN,rt, 1h R T
4
R 20ra 5
Entry Substrate Product Yield (%)
1 Pr Pr Pr 92
pMeOCst_&Ph 2 O Pr 5a
HO MeO
H Ph
2 Pr  Pr Pr 36
HO
+/ Ph
3 Pr Pr Pr 80°
/:»CICBHE_g—Ph 2 Pr 5¢
HO Cl
H Ph
4 Pr. Pr Pr 99
p—MeCeHz_&Ph 2 Pr 5d
HO Me
W/ Ph
5 Ph Ph Ph 97
p—MeOCeHz_&Pr 2e O Ph 5e
HO MeO
H Pr
6 Ph Ph Ph 94

5f

=

Ph>=g<l\/le 4 P
HO Ph
mé Ph
7 Thic, Thi¢ p-MeOCgH4 85
- Thi¢
p—MeOC6H4 CGH4Me-p S \ 5g
HO 2i x

CgHsMe-p
8 Pr. Pr Pr 89
p—MeCeH2_$<:> 4a O Pr 5h
HO Me '
9 Ph Ph Ph 89
ol XY Oy s
N O
10 Pr. Pr Pr 85
- 4e
p-MeCgH, f
»® D+
Me .

“Tsolated yield. ® AuCl;(2 mol%) was used as catalyst. ¢ Thi is a 2-thienyl group.
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internal reference; *C NMR spectra were recorded with CDCI,
(0 = 77.00 ppm) as internal reference. 2D NMR experiments of
HMQC, gCOSY and HMBC spectra were recorded in CDCI,
solutions on a Varian XL-300 MHz spectrometer. Mass spectra
and high-resolution mass spectra were obtained by using a Waters
Micromass GCT mass spectrometer. Elemental analyses were
performed on an Italian Carlo-Erba 1106 analyzer.

A general procedure for the preparation of arylated allylic alcohols
via the palladium-catalyzed coupling reactions of oxazircon-
acyclopentenes derived from alkyne—aldehyde coupling with aryl
iodides

To a solution of Cp,ZrCl, (0.365 g, 1.25 mmol) in THF (5 mL) was
added EtMgBr (1.0 M THF solution, 2.5 mmol) at —50 °C. After
stirring for 1 h at the same temperature, alkyne (1 mmol) was
added and the reaction mixture was warmed to 0 °C and stirred
for 3 h. The thus formed zirconacyclopentene was heated up to
50 °C for a few minutes (ca. 5 min), followed by slow addition of
the corresponding aldehyde (1.2 mmol) at the same temperature.
After stirring for 1 h, CuCl (1.3 mmol), aryl iodide (1.2 mmol),
and Pd(PPh;), (5 mol%) were added successively. The reaction
mixture was stirred at 50 °C for 3 h, then quenched with 3 N HCI
solution (usually, within 2 minutes) and extracted with diethyl
ether. The extract was washed with NaHCO;, brine, and dried
over Na,SQ,. The solvent was evaporated in vacuo and the residue
was purified by chromatography on silica-gel to afford the arylated
allylic alcohols 2.

2Z-3-(4-Methoxyphenyl)-1-phenyl-2-propylhex-2-en-1-ol (2a).
Column chromatography on silica-gel (petroleum ether—ethyl
acetate = 20 : 1-10 : 1) afforded the title product as yellow oil in
43% isolated yield. '"H NMR (CDCl;, Me,Si)§ 0.80 (t, J = 7.2 Hz,
3H), 0.88 (t, J/ = 7.2 Hz, 3H), 0.92-1.03 (m, 1H), 1.22-1.44 (m,
3H), 1.79 (s, 1H), 1.88-1.98 (m, 1H), 2.03-2.16 (m, 1H), 2.30-
2.36 (m, 2H), 3.78 (s, 3H), 5.38 (s, 1H), 6.86 (d, J = 8.4 Hz, 2H),
7.11 (d, J = 8.4 Hz, 2H), 7.17-7.37 (m, 5H); "C NMR (CDCl;,
Me,Si) 0 14.10, 14.82, 21.05, 24.28, 29.78, 36.50, 55.12, 73.71,
113.50, 125.64, 126.57, 127.86, 129.62, 134.54, 137.18, 140.53,
143.14, 158.04. HRMS (EI) calcd for C,HO, [M]*: 324.2089,
found 324.2086.

A general procedure for the preparation of arylated allylic alcohols
via the palladium-catalyzed coupling reactions of oxazircon-
acyclopentenes derived from alkyne—ketone coupling with aryl
iodides

To a solution of Cp,ZrCl, (0.365 g, 1.25 mmol) in THF (5 mL) was
added EtMgBr (1.0 M THF solution, 2.5 mmol) at —50 °C. After
stirring for 1 h at the same temperature, alkyne (I mmol) was
added and the reaction mixture was warmed to 0 °C and stirred
for 3 h. To this reaction mixture containing zirconacyclopentene
was added the ketone (1.2 mmol), and then the mixture was
warmed to 50 °C. After stirring for 2 h, 1,4-dioxane (0.4 mL),
Cu(Cl (1.3 mmol), aromatic iodide (1.2 mmol), and Pd(PPh;),
(5 mol%) were added successively. The resulting mixture was
stirred at 50 °C until the reaction was completed as monitored
by TLC or GC. Then the mixture was quenched with saturated
NH,CI solution for 20 min and extracted with ether. The extract
was washed with NaHCO,;, brine, and dried over Na,SO,. The

solvent was evaporated in vacuo and the residue was purified
by chromatography on silica-gel to afford the arylated allylic
alcohols 4.

1-(1Z-1,2-Diphenyl-2-p-tolylvinyl)cyclohexanol (4a). Column
chromatography on silica-gel (petroleum ether—ethyl acetate =20 :
1-15: 1) afforded the title product as light yellow oil in 62% isolated
yield. "HNMR (CDCl;, Me,Si)d 0.84-0.95 (m, 1H), 1.37-1.56 (m,
8H), 1.82 (d, J = 8.4 Hz, 2H), 2.30 (s, 3H), 6.79-7.32 (m, 14H);
BC NMR (CDCl;, Me,Si) 6 21.08, 21.34, 24.98, 37.82, 75.56,
125.25, 125.85, 126.93, 127.31, 128.25, 128.76, 129.32, 130.84,
136.49, 139.82, 140.15, 140.74, 144.14, 148.35. HRMS (EI) caled
for C;HO [M]*: 368.2140, found 368.2135.

A general procedure for the preparation of indenes and spiroindenes
via TSOH-H, O or AuCl;-catalyzed cyclization of allylic alcohols

A solution of AuCl; in MeCN (0.05 M) was prepared. The
reactions were carried out on a 0.25-0.4 mmol scale. To a 0.1 M
solution of allylic alcohol in CH;CN was added TSOH-H,O (p-
toluenesulfonic acid monohydrate, 5 mol%) or AuCl; (2 mol%)
under a nitrogen atmosphere. The resulting solution was stirred at
room temperature until the reaction was completed as monitored
by TLC (1 h). The solvent was evaporated in vacuo and the residue
was purified by chromatography on silica-gel to afford the indene
products.

6-Methoxy-1-phenyl-2,3-dipropyl-1H-indene ~ (5a). Column
chromatography on silica-gel (petroleum ether—ethyl acetate =
30 : 1) afforded the title product as yellow oil in 92% isolated
yield. '"H NMR (CDCl;, Me,Si) 6 0.90 (t, / = 7.2 Hz, 3H),
1.04 (t, J = 7.2 Hz, 3H), 1.30-1.76 (m, 4H), 1.95-2.04 (m, 1H),
2.35-2.45 (m, 1H), 2.57 (t, J = 7.2 Hz, 2H), 3.75 (s, 3H), 4.41
(s, IH), 6.76-6.85 (m, 2H), 7.04 (d, J = 6.9 Hz, 2H), 7.20-7.31
(m, 4H); "C NMR (CDCl;, Me,Si) ¢ 14.13, 14.28, 22.20, 23.08,
27.45, 28.68, 55.45, 56.69, 110.39, 111.68, 118.76, 126.47, 128.22,
128.55, 137.14, 138.82, 140.67, 144.85, 150.04, 157.50. HRMS
(EI) caled for C,,H,0 [M]*: 306.1984, found 306.1980.
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Quinonehydrazone compound 2, as a new chromogenic anion sensor, can selectively detect AcO~ over
F~ and other anions in mixed acetonitrile-water media. The deprotonation of the N-H proton of the
sensor is responsible for the drastic color change. An acidic C—H group in the receptor, probably acting
as an accessorial binding site, is essential to the selectivity and affinity for sensing the acetate anions.

Introduction

It is well known that anions play an important role in a wide
range of chemical and biological processes, therefore the search
for chemosensors for recognizing and sensing anions has attracted
growing attention. Most chemosensors developed so far are
chromogenic and/or fluorescent sensors, which efficiently change
their photophysical properties (4., shift of the UV-vis spectrum,
change in the quantum yield or emission wavelength etc.) in the
presence of anions.! Color changes, which can be detected by
the naked eye, are widely used to signal events since they are
low cost and do not require any spectroscopic instrumentation.
The nature of the interaction between anions and charge-neutral
organic receptors is primarily based on hydrogen-bonding. In this
sense, the receptors must provide one or more hydrogen-bonding
donor groups, X—H, where X is typically a nitrogen or oxygen
atom. The recognition studies are preferably carried out in aprotic
media (e.g., DMSO, acetonitrile, CHCI, efc.), to avoid competition
of the solvent (e.g., water or alcohols) as a hydrogen-bonding
donor."

Carboxylate anions are important constituents of biological and
synthetic organic molecules such as amino acids and proteins.”
A number of chromogenic and/or fluorescent sensors for AcO~
have been reported in recent years.* Unfortunately, these AcO~
chemosensors usually also display responses to other basic anions
such as H,PO,~ and F-, especially the latter. For many charge-
neutral chromogenic and/or fluorescent anion sensors reported
so far, it has been confirmed that not hydrogen-bonding but
deprotonation of the receptor was the cause of the response.
This issue has been explicitly discussed, for instance firstly by
Gale and co-workers,* then Gunnlaugsson and co-workers'**
and Fabbrizzi’s groups'®® etc., in a variety of systems. Due to
the strong ability of F~ to deprotonate the receptor in aprotic
solvents, it is generally difficult to achieve selectivity for AcO~
over F~ using charge-neutral chromogenic sensors, yet much
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effort has been spent in searching for this.”® On the other hand,
charge-neutral organic chromogenic anion sensors applicable in
highly competitive solvents such as alcohols or water are rare.
Recently, Gunnlaugsson and co-workers reported a chromogenic
sensor for AcO~ in a 1 : 1 EtOH-H,O aqueous solution.* Duan
and co-workers have reported a chromo- and fluorogenic hybrid
chemosensor for F~, this chemosensor contains a quinonehydra-
zone group and allows the detection of F~ in water with the
naked eye.” Herein, we report a new chromogenic anion sensor
2 containing a quinonehydrazone group that can be used in a
mixed acetonitrile-water medium and shows selectivity for AcO~
over other anions such as F~ and H,PO,~, which have similar
basicity to AcO~.

Results and discussion

Synthesis of receptors

The compounds 1 and 2 were prepared by the reaction of N-
butylisatin with the corresponding hydrazine in acetic acid, while
compound 3 was obtained from the reaction of N-butylisatin with
hydrazine hydrate followed by reaction with 2-chloro-1,3-dinitro-
S-(trifluoromethyl)benzene. The N-butylisatin was prepared by a
method similar to that described in the literature.'

Ha
NO, ON NO;
N
Q‘IN*NQ QI’ N Ho
H
n-Bu

/
n-Bu
1 2
O;N CF4
QT
= °N
H
;\I o NO;
n-Bu

UV-vis studies in acetonitrile

The interaction of the receptors 1, 2 and 3 with anions was firstly
investigated in acetonitrile by UV-vis spectroscopy. Receptor 2
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(2.5 x 107> M) shows an intense absorption band centered at
378 nm and a less strong, broad, shoulder peak at about 410 nm.
Upon addition of anions such as F~, Cl-, Br~, I, HSO,",
ClO,~, AcO™ and H,PO,~ (all as their tetrabutylammonium salts),
only F~, AcO~ and H,PO,™ remarkably changed the absorption
spectrum of 2, whereas the other anions tested induced negligible
responses (Fig. 1a). During the titration of F~ with a solution of
receptor 2, the intensity of the absorptions at 378 nm and 410 nm
decreased and a new absorption band centered at 552 nm appeared
(Fig. 1b), which was responsible for simultaneously changing the
solution of 2 from yellow to purple. The strong absorption band
at 552 nm can be assigned to the deprotonated form ([L]) of the
“azophenol tautomer” in the presence of the interrelated anion
(i.e., F~, AcO~ or H,PO,™) with delocalisation of the negative
charge from the nitrogen atom to the oxygen atom." This was
confirmed by the Bronsted acid—base reaction of 2 with a strong
base [Me,N]OH (see ESI, Fig. S1).T Typically, the deprotonation
of the receptor induced by anions can be described by the following
two equilibria developed by Fabbrizzi’s group:¢

LH+X =[LH - -X] (1)

[LH---X]" + X =L + [HX,] )

Probably due to the strong acidity of the N-H proton in the
receptor 2, a genuine H-bond complex, [LH---X]", has not

a)

1.6+

1.2

H,PO,

0.8 Free,CI,Br I

/

0.4

0-0 T T T T 1
300 400 500 600 700
AInm

b)
1.6
1.2

0.8

0.4

0.0

500 600 700

AInm
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Fig. 1 Changes in the UV-vis absorption spectrum of 2 (2.5 x 10~° M)

in acetonitrile solution: (a) upon addition of 100 equiv. of various anions;
(b) upon addition of F~ from 0 to 100 equiv.

been observed during the UV-vis titration, and basic anions
deprotonated the receptor directly. So the process can be described
by the proton-dissociation equilibrium:

LH+X =L +HX 3)

The equilibrium constant (or proton-dissociation constant) K for
F- was calculated to be 3.73 x 10* + 969 M~! through nonlinear
least squares fitting according to a 1 : 1 stoichiometry. AcO~
and H,PO,~ can induce similar absorption spectrum and color
changes, and the equilibrium constant is 1.88 x 10* 4= 485 M~! for
AcO~ and 2.40 x 10* &+ 56 M~! for H,PO,", respectively (see ESI,
Fig. S2).1 The affinity of receptor 2 toward anions in acetonitrile
solution is: F~ > AcO~ > H,PO,” > CI-, Br—, I, HSO,™ and
ClO,~, owing to the basicity of the anions.”” Similar results were
also obtained upon addition of the representative anions to a
solution of receptor 1 or 3 (see ESI, Fig. S3).t

UV-vis studies in acetonitrile-water

When we checked the reversibility of these responses, an excep-
tional result occurred in the interaction of receptor 2 with AcO~.
The absorption spectrum and color changes were not fully reversed
upon addition of a small amount of a competitive hydrogen-
bonding solvent such as water. To explore this further, a UV-vis
spectral titration in 90 : 10 (v/v) acetonitrile-water was carried out.
Under these conditions, free receptor 2 (6.25 x 10-°M) showed
an intense absorption band centered at 377 nm with a shoulder
at about 410 nm. Upon the addition of anions, 2 showed high
selectivity for AcO~ over other anions including F~ and H,PO,~
(Fig. 2). The absorption band at 377 nm decreased in intensity
and a new strong band at 551 nm appeared, and the color of
the solution changed from yellow to purple immediately. The
presence of other anions such as F~ and H,PO,~ did not interfere
in the changes to the absorption bands induced by AcO~ (see
ESI, Fig. S4).7 The equilibrium constant for AcO~ was calculated
to be 8.62 x 10° £ 97 M~" according to a 1 : 1 stoichiometry.
The results imply that receptor 2 can selectively sense AcO™ in a
competitive mixed acetonitrile-water medium. The response to
AcO~ can be fully reversed upon addition of a large amount
of water (up to 30 vol%, the quantity of water depending upon
the concentrations of receptor and anion added) to the purple
acetonitrile-water solution containing receptor 2 and AcO™, as
the color of the solution turned back to yellow. However, under
the same conditions, neither receptor 1 nor receptor 3 has any
response to these representative anions, which means that they
cannot serve as anion sensors in such media.

Possible binding mode and '"H NMR studies

It seemed that the selectivity of receptor 2 for AcO~ could be
ascribed to the basicity of the anions in aqueous solution (the
pK, values of AcO~, F~ and H,PO,” in water are 9.24, 10.83
and 11.88, respectively®®). Nevertheless, why can receptor 2 sense
AcO™ in a competitive mixed acetonitrile-water medium but 1
and 3 cannot? Theoretically, the acidity of the N-H group of
receptor 3 is stronger than that of receptor 2. So the selectivity
may not be dependent simply upon the basicity of the anions and
the acidity of the N-H group. The possibility of the participation
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Fig. 2 (a) Changes in the UV-vis absorption spectrum of 2 (6.25 x
10~¢ M) in an acetonitrile-water (90 : 10, v/v) solution upon addition
of 200 equiv. of anions. (b) UV-vis titration of receptor 2 (6.25 x
10=° M) in an acetonitrile-water (90 : 10, v/v) solution upon addition
of AcO~ (0-520 equiv.). (c) Color changes of 2 (6.25 x 10=°* M) in an
acetonitrile-water (90 : 10, v/v) solution induced by addition of 200 equiv.
of anions (from left to right: H,PO,~, AcO~, I, Br~, Cl~, F~, and anion
free).

of the C-H, group of receptor 2 in the interaction with anions
cannot be ruled out. This interaction can perhaps help to stabilize
the deprotonation. Whereas receptor 3, lacking such extra binding
from C-H,, interacts with anions through the N-H group only, and
such an interaction may easily be destroyed by water. In the case
of receptor 1 only one electron-withdrawing group, -NO,, exists
and the acidity of the corresponding C—H proton is probably not
strong enough to bind the anions tightly and ensure the efficient
deprotonation of the receptor in a competitive mixed acetonitrile—
water medium.

To further prove the interaction of receptor 2 with AcO~, a
'"H NMR titration was conducted. Unfortunately, because of
the limited solubility of receptor 2 in acetonitrile-d; solution,
experiments were carried out in CDCI; solution. A CDCI, solution

of 2 (2.5 x 1072 M) was titrated with AcO~, and the shifts of the
aromatic C—H protons of the 2,4-dinitrophenyl motif, H,, H, and
H., were monitored (Fig. 3a). Upon gradual addition of AcO~,
the signal of the acidic N-H proton at 12.10 ppm disappeared,
and the electron density in the 2,4-dinitrophenyl motif increased
with the through-bond propagation and caused a shielding effect,
leading to progressive upfield shifts of the H, and H, signals.
On the other hand, a large downfield shift of H, from 7.93 ppm
(J = 7.2 Hz) to 8.58 ppm (Ao = 0.65 ppm) was observed. The
result suggests that H. was probably involved in the interaction
of the anion with the receptor, and the polarization of the C-H,
bond induced by a through-space effect would cause a deshielding
effect. Though the large downfield shift of H. observed is not
enough evidence to account for the C—H interaction, considering
the significant selectivity of receptor 2 toward AcO~, we tentatively
ascribed the selectivity to the existence of the C-H group. There
is increasing evidence that C-H groups within the charge-neutral
receptors can also interact with the anion." Recently, Hay and
Bryantsev®® reported that the aryl C-H group could be a strong
hydrogen-bonding donor when electron-withdrawing substituents
are present, exhibiting hydrogen-bonding strengths comparable
to those obtained with O-H and N-H groups. Furthermore, to
mimic the mixed acetonitrile-water environment, a 'H NMR

a)
b
12 Jl,u
025
0 | Ha | Hb-{Hec'
l]Z lll ' l]l ' " ; e 7
b)

3.0 J
1.0 J}\ }i
| )

Fig. 3 (a) Titration of receptor 2 (2.5 x 10~> M) in CDCl; solution with
AcO™ (0, 0.25, 1.2, 2.4 equiv.). The dashed lines track the shift of the H.,
signal. (b) Titration of receptor 2 (2.0 x 102 M) in a CDClL;-EtOD (1 :
1, v/v) solution with AcO~ (0, 0.5, 1.0, 3.0, 6.5 equiv.). The dashed lines
track the shift of the H, signal.
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spectroscopy titration of 2 with AcO~ was carried out in a 1 :
1 (v/v) CDCL-EtOD solution, as shown in Fig. 3b. The signal
of the N-H proton disappeared in such a protic solvent system.
Upon addition of AcO~the spectra changes were similar to those
found in the CDCI, solution, with the smaller shifts due to the
hydrogen-bonding effect of the EtOH solvent, which weakens the
interaction of 2 with the anion.

UV-vis studies in CHCL,-EtOH

Corresponding UV-vis spectral titrationsina 1 : 1 (v/v) CHCl;—
EtOH solution were performed, as shown in Fig. 4. In this solution
system, receptor 2 showed high selectivity for AcO~, similar to that
observed in the 90 : 10 (v/v) acetonitrile-water solution. Only
AcO™ induced remarkable absorption and color changes, with a
decrease of the absorption band at 374 nm and the appearance of a
new strong absorption band at 556 nm. The equilibrium constant
was calculated to be 8.76 x 10> = 5M~'. F-, Cl-, and H,PO," can
induce slight changes in the absorption spectrum but no obvious
color changes can be observed. Other anions such as Br—, I~,
HSO,~, ClO,~ display almost no response. However, under the
same conditions, receptors 1 and 3 remained silent to the anions.

1.0

0.8

0.6

<

0.4-

02 Free,Br I’

0-0 T T T T 1
300 400 500 600 700

Anm

Fig. 4 Changes in the UV-vis absorption spectrum of receptor 2 (2.5 x
10~ M) in a CHCL,-EtOH (1 : 1, v/v) solution upon the addition of
100 equiv. of anions.

Conclusions

In conclusion, we have developed a new chromogenic anion
molecular sensor, which can selectively detect AcO~ over F~ and
other anions in a competitive mixed acetonitrile-water medium.'®
An acidic C-H group in the receptor, probably acting as an
accessorial binding site, was essential to the selectivity and affinity
for sensing the acetate anions.

Experimental
Synthesis of N-butylisatin

Sodium (0.46 g, 0.02 mol) was dissolved in 30 mL anhydrous
ethanol and stirred for 30 minutes. Isatin (2.94 g, 0.02 mol) was
added, the mixture was stirred for 2 h at room temperature, then
the solvent was removed under reduced pressure. A large excess of
1-iodobutane (25 mL) was added and the mixture was heated
to reflux for 16 h, then the excess l-iodobutane was removed

under reduced pressure. The residue was dissolved in CHCI;,
and washed well with water. The organic layer was dried with
anhydrous Na,SO, and evaporation of the solvent afforded N-
butylisatin as a deep-red oil. Recrystallization in acetone-water
afforded N-butylisatin as red needles. TLC indicated that it was a
single compound, which was used directly in next step.

Synthesis of receptor 1

N-Butylisatin (0.406 g, 2 mmol) and 4-nitrophenylhydrazine
(0.306 g, 2 mmol) were dissolved in acetic acid and heated to
reflux for 2 h. After cooling to room temperature, the mixture was
poured into ice-water and the precipitate was collected and dried.
Recrystallization from ethanol afforded 1 as a yellow solid. Yield
86%.

MS (ESI): m/z 339.4 (M + H")

"H NMR (400 MHz, CDCl,), ¢ (ppm): 12.929 (s, 1H, N-H),
8.169-8.146 (d, 2H), 7.607-7.589 (d, 1H), 7.316-7.279 (t, 3H),
7.112-7.073 (t, 1H), 6.874-6.855 (d, 1H), 3.753-3.716 (t, 2H),
1.760-1.638 (m, 2H), 1.429-1.336 (m, 2H), 0.967-0.931 (t, 3H).

"C NMR (400 MHz, CDCly), ¢ (ppm): 161.957, 147.754,
142.297, 141.432, 130.911, 129.625, 125.761, 122.836, 120.281,
119.860, 113.356, 109.054, 39.335, 29.684, 20.142, 13.632.

Synthesis of receptor 2

N-Butylisatin (0.406 g, 2 mmol) and 2,4-dinitrophenylhydrazine
(0.4 g, 2 mmol) were dissolved in acetic acid and heated to reflux
for 2 h. After cooling to room temperature, the mixture was poured
into ice-water and the precipitate was collected and dried. Further
purification by silica column chromatography (CH,Cl,—petroleum
ether (b.p. 60-90 °C), 3 : 1, v/v) afforded 2 as an orange-red solid.
Yield 78%.

MS (ESI): m/z 382.5(M — H")

'H NMR (400 MHz, CDCl;), ¢ (ppm): 12.105 (s, 1H, N-H),
9.174-9.177 (d, 1H), 8.448-8.452 (d, 2H), 7.926-7.945 (d, 1H),
7.463-7.501 (t, 1H), 7.190-7.228 (t, 1H), 6.949-6.969 (d, 1H),
3.772-3.808 (t, 2H), 1.646-1.720 (m, 2H), 1.378-1.434 (m, 2H),
0.937-0.974 (t, 3H).

IR (KBr): 3441, 3329, 3087, 2957, 2931, 2861, 1733, 1589, 1499,
1335, 1184, 1093, 1026, 830, 738 cm™'.

Synthesis of receptor 3

N-Butylisatin (0.406 g, 2 mmol) and hydrazine hydrate (1 mL,
large excess) were dissolved in ethanol and heated to reflux for 12 h.
After cooling to room temperature, the mixture was poured into
ice-water and the precipitate was collected, washed well with water
and dried. The precipitate was dissolved in ethanol, 2-chloro-1,3-
dinitro-5-(trifluoromethyl)benzene (0.5 g, 1.8 mmol) was added
and the mixture was heated to reflux for 12 h. After cooling to
room temperature, the solvent was removed and purification by
silica column chromatography (CH,Cl,—petroleum ether (b.p. 60—
90 °C), 3: 1, v/v) afforded 3 as a red solid. Yield 30%.

MS (ESI): m/z 450.5 (M — H*)

"H NMR (400 MHz, CDCl,), ¢ (ppm): 14.463 (s, 1H, N-H),
8.336(s,2H), 7.506-7.487 (d,1H), 7.391-7.352 (t, 1H), 7.123-7.084
(t, 1H), 6.891-6.872 (d, 1H), 3.789-3.752 (t, 2H), 1.731-1.673 (m,
2H), 1.431-1.374 (m, 2H), 0.973-0.936 (t, 3H).
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5C NMR (400 MHz, DMSO-d,), d (ppm): 160.255, 142.956,
138.239, 136.105, 135.115, 134.389, 133.032, 131.997, 127.262,
123.177, 120.320, 118.715, 114.174, 111.174, 110.339, 29.121,
19.555, 13.569.
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The small molecule blebbistatin is now a front line tool in the study of myosin function. Chemical
modification of the tricyclic core of blebbistatin could deliver the next generation of myosin inhibitors
and to help address this we report here on the impact of structural changes in the methyl-substituted
aromatic ring of blebbistatin on its biological activity. Chemical methods for the preparation of
isomeric methyl-containing analogues are reported and a series of co-crystal structures are used to
rationalise the observed variations in their biological activity. These studies further support the view
that the previously identified binding mode of blebbistatin to Dictyostelium discoideum myosin II is of
relevance to its mode of action. A discussion of the role that these observations have on planning the
synthesis of focused libraries of blebbistatin analogues is also provided including an assessment of
possibilities by computational methods. These studies are ultimately directed at the development of
novel myosin inhibitors with improved affinity and different selectivity profiles from blebbistatin itself.

Introduction

The investigation of normal and aberrant cellular function is
greatly enhanced by chemical tools that precisely and rapidly
inhibit specific targets in a defined manner. These tools are
particularly valuable for dissecting complex cellular processes such
as cytokinesis.! Thus the recent discovery that (.S)-(—)-blebbistatin
(1) (Scheme 1) inhibits a limited number of myosin II isoforms has
allowed the role of these myosins to be assessed in a wide range of
cellular processes including cytokinesis! and cellular migration® in
a manner that was previously inaccessible. As such 1 represents
an exciting addition to the strategies available for studying the
cytoskeleton in vivo. Importantly, the introduction of 1 has allowed
the focus to shift from small molecule ligand interactions with
actin® to the control of individual classes of motor proteins.

At present more than 18 classes of myosin have been recognised
by phylogenetic analyses* and all are characterised by the presence
of a motor domain that interacts with actin, hydrolyzes ATP,
and mediates a nucleotide-dependent conformational change that
results in directed movement. For the most part they share the
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3,47 1 (S)-(-)-Blebbistatin 18X =Cl

Me-position varied in 4-6 19X=H
Me absent in 7
Substituent R'-R* Compound # e.e..’reagent"

R' R R* R 29 3 18 19
Me H H H 8 13 4 064 17
H Me H H 9 14 1 865  42°
H H Me H 10 15 5 90 28
H H H Me 11 16 6 86 40
H H H H 12 17 7 86 83

Scheme 1 Numbering scheme and chemical structures of analogues 4-7
and their synthetic precursors. Reagents and conditions: for the synthesis
of 8-12, including yields, see Experimental section; (i) LIHMDS, THEF,
13 (84%), 14 (90%)°, 15 (95%), 16 (95%), 17 (95%); (ii) LIHMDS, THF,
oxaziridine 18 or 19; for 18, 4 (87% yield), 1 (82%)°, 5 (83%), 6 (63%), 7
(78%); for yields using 19 see Experimental section. “Generalised structures
used to represent a particular stage in the synthesis process. “Observed
enantiomeric excess (ee) as a function of substrate and structure of the
oxaziridine used. “See ref. 9 for details.

same chemical mechanism and given this commonality would
not be expected to be good targets for individual chemical
regulation. However, a series of functional, kinetic and structural
investigations have shown that (S)-(—)-blebbistatin (1) achieves
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selectivity by binding in a highly hydrophobic cleft in the myosin
motor domain.*® Surprisingly, this is one of the most conserved
components of all myosin motor domains where a few small
sequence and structural differences lead to the ability of 1 to
discriminate between myosin isoforms.

Given our detailed knowledge of the molecular interactions of
(S)-(—)-blebbistatin (1) with non-muscle myosin II, there is every
reason to believe that additional biological tools can be synthesised
with improved potency and specificity. In particular it is ultimately
desirable to design, or select from libraries of analogues, ligands
that can discriminate between distinct classes of myosin. Our initial
approach has been to carry out chemical optimisation studies
on 1 coupled closely with biochemical, computational and X-ray
crystallographic analysis of the impact of any structural changes.
We have previously reported that a nitro-functional group can be
incorporated into the core structure of 1 without significant loss
of activity and that this leads to a dramatic improvement in the
light stability of 1.

Results and discussion
Analysis of the co-crystal structure of 1 bound to S1dC

The recently reported co-crystal structure of (S)-(—)-blebbistatin
(1) bound to the metastable state of Dictyostelium discoideum
myosin II (S1dC) provided an explanation for its mechanism of
inhibition and specificity at a molecular level.® It showed that 1
binds near the apex of the 50 kDa cleft of myosin (Fig. 1a). The
structure also revealed that, in part, binding of 1 is stabilised, and
perhaps its orientation controlled, by the formation of a hydrogen
bonding network between the main chain carboxylate oxygen
of Leu262, the main chain amide hydrogen of Gly240, and the
hydroxyl group of the (S)-(—)-enantiomer (Fig. 1b).® However,
most of the binding strength seems to be controlled by the
‘hydrophobic effect’ as the blebbistatin binding pocket encloses the
largely hydrophobic compound in a complimentary hydrophobic
environment. For example, the N-phenyl ring-myosin II interface
is comprised of residues Leu262, Phe466, Glu467, Cys470, and
Val630, whilst the tricyclic core interacts with Tyr261, Ser456,
Ile471, Thr474, Tyr634, Gln637, Leu638, and Leu641 (Fig. 1b).

The methyl-containing aromatic ring of (S)-(—)-blebbistatin
(1) interacts with the deepest point of the 50 kDa cleft (Fig. 1
and 2). Based on the position of this ring and the surrounding
hydrophobic residues, the location of the attached methyl group
is predicted to have a significant influence on the molecular
complementarity of the ligand—protein interface, and thus the
affinity for its binding site in S1dC myosin II. In order to probe
the effects of structural changes in this portion of 1 on myosin
inhibition, a series of analogues of 1 have been synthesised that
differ in the position (or existence) of the methyl group.

(S)-(—)-Blebbistatin (1) analogue synthesis

We have recently established a synthetic route to analogues of 1
using Davis’ asymmetric hydroxylation methodology to convert
quinolones of the general type 2 to the corresponding a-hydroxy
ketones 3 (Scheme 1).° Whilst the route was sufficiently robust
to enable the synthesis of analogues 4-7 of 1, several interesting
differences were observed across the series. First, the ease of

MgADP-vanadate

Val630 ‘Ué i ¥

" /
D

Fig. 1 Structure of the Dictyostelium discoideumn myosin 11 S1dC-
MgADP-vanadate—(S)-(—)-blebbistatin (1) complex. (a) Myosin is shown
as a ribbon diagram (grey) with nucleotide (blue carbon and nitrogen
atoms) and (S)-(—)-blebbistatin (1) (yellow carbon atoms) bound at their
respective sites (PDB accession: 1YV3). The binding pocket of 1 is formed
by the US50 linker (green) from the upper face of the 50 kDa cleft and the
HP (blue) and HW (pink) helices, which form part of the lower face of
the 50 kDa cleft." (b) Stereoview of the blebbistatin binding site showing
the hydrogen bonding interactions and largely hydrophobic nature of the
interface residues (side chains of these residues are shown with blue carbon
atoms and red oxygen atoms).

formation of the amidines 812 varied with the position of the
methyl-substituent with the synthesis of the 5-substituted amidine
9 (R* = Me, Scheme 1) being the most efficient, presumably
reflecting the increased nucleophilicity of the aniline nitrogen in
the starting anthranilate. In contrast, the sterically encumbered
3-methyl-substituted amidine 11 (R* = Me) was formed in low
yield under reaction conditions analogous to those used in the
synthesis of 9. Sufficient quantities of 11 could be prepared
following a significant increase in the reaction time. Second, the
cyclisation conditions required to convert the amidines 8-12 to the
corresponding quinolones 1317 (Scheme 1) varied as a function
of structure with yields of 84-95% being obtained in 3 h at 0 °C for
quinolones 13-15 and 17. However, it was necessary to increase the
temperature and the reaction time to prepare quinolone 16 in 95%
yield probably reflecting a strong preference for a conformation
of the lithium anion of 11 that minimizes the interaction between
the 3-methyl and N-Li groups (Scheme 1).}

This journal is © The Royal Society of Chemistry 2008
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(b)

A

.-

(d)

Fig. 2 Overlays of the Dictyostelium discoideum myosin 11 S1dC-MgADP-vanadate binding pocket structures for (S)-(—)-blebbistatin (1) and each of
the blebbistatin analogues (PDB accession: 3BZ7, 3BZ8, 3BZ9). The X-ray crystal structures of the myosin’s interaction with (a) analogue 7 (pink carbon
atoms), (b) analogue 4 (light blue carbon atoms), (c) analogue 5 (green carbon atoms), and (d) the electron density observed on incubation with analogue
6 are shown superimposed upon the original ternary structure of 1 (yellow carbon atoms in all cases). All alignments were performed by superimposing
the a-carbon atoms for the analogue-bound form of myosin (blue) onto the (.S)-(—)-blebbistatin (1)-bound form (white). Selected residues that form
the inhibitor-myosin interface are shown. Electron density maps contoured at 3¢ are shown for all analogue complexes (green mesh). The maps were
calculated with coefficients of the form F,—F, where the inhibitor was omitted from the refinement and phase calculation. For two of the complexes
[myosin-4 and -5, (b) and (c) respectively], an additional area of electron density was observed in the region of the 8-position of the aromatic ring. All
attempts using a range of chemical analytical techniques to identify any impurity in the samples of 4 and 5 proved unsuccessful. In addition, HPLC
analysis of incubations of 5 with the components of the co-crystallisations either on their own or in combination, including the presence of the protein,

indicated no apparent degradation of 5. This electron density remains unassigned.

Aninteresting variation in the degree of asymmetric induction in
the quinolone hydroxylation reaction was also observed as a func-
tion of structure, although in all cases the absolute configuration of
the resulting analogue was the same [(S)-(—)]. Quinolones 15-17
all reacted with (—)-[(8,8-dichlorocamphoryl)sulfonyl]oxaziridine
(18)"* under optimised conditions to give the desired analogues
5-7 respectively in good yield and high enantiomeric excess (ce
86-90%) in line with our report® on the synthesis of 1 (Scheme 1,
column 8). As expected,’ the ee of the asymmetric hydroxylation
reaction for these substrates was reduced significantly when
the dihydro-oxaziridine 19 was used instead of 18 (Scheme 1,
column 9). Bach er al.”* have reported a detailed computational
analysis of the transition state involved in lithium enolate hydrox-
ylation reactions using an oxaziridine. The steric bulk associated
with the oxygen-bound lithium counter ion was identified as a
major factor in determining the observed absolute stereochemical
outcome of these reactions. Interestingly in our hands, "Li NMR
analysis of the species formed on addition of 1.2 equivalents of
LiHMDS to a dry THF solution of quinolones 15, 16 and 17 at
—78 °C showed the presence of a single peak at d 0.69, 0.69 and

0.68 ppm respectively (Fig. 3b—d). LIHMDS in dry THF gave a
single peak at ¢ 0.33 (Fig. 3e).

In contrast, oxidation of quinolone 13 with 18 (Scheme 1) gave
4 in good yield but with a significantly lower ee (65%) than for
the other analogues as judged by chiral HPLC analysis of the
crude reaction mixture. When 13 was treated with LIHMDS and
the reaction analysed by "Li NMR, one major peak was observed
with a chemical shift of 0.18 ppm (Fig. 3a). A second minor peak
was also observed. It is tempting to speculate that the observed
difference in ee for the hydroxylation of the enolate of 13 (¢f.
the enolates of 15, 16, 17 and 14°) results from the formation
of an alternative transition state in which the lithium atom is
coordinated to the nitrogen atom rather than the oxygen. The
formation of the O-Li enolate could be disfavored due to the
potential steric clash with the C5-methyl-substituent in 13 (R' =
Me, Scheme 1). Differences in the aggregation states of lithium
enolates may also account for the observed differences in both the
"Li NMR spectra and the differential reactivity."® To the best of
our knowledge, these studies in the blebbistatin system are the first
time that the enolate of a quinolone system, which can potentially
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Fig. 3 Li NMR spectra for the different enolate anions. Conditions:
—78 °C, THF, LiIHMDS. A capillary containing acetone-d® was used as a
lock signal in each case. "Li chemical shifts are given with respect to 0.1 M
solution of Li,SO, as an external standard, with a 6 = 0 ppm in H,O.
(a) 13, (b) 15, (c) 16, (d) 17, (¢) LIHMDS.

have the lithium atom coordinated to the oxygen or the nitrogen in
the transition state for hydroxylation, has been used in the Davis
reaction. Our results suggest that this may prove an interesting
system for more detailed study including computational analysis.

Highly optically enriched samples of the analogues 4-7 (ee
>99%) were obtained by a single recrystallisation from acetonitrile
of the product from the Davis hydroxylation reaction in line with
our studies on 1. With the analogues of 1 in hand, assays against
two myosin fragments (skeletal S1 and S1dC) were used to identify
structure—activity relationships.

Biological activity against skeletal S1 and S1dC
myosin fragments

A previous report has described the inhibition of a class I myosin
(S1dC) obtained from the slime mould Dictyostelium discoideum
by (S)-(—)-blebbistatin (1).° Using an analogous approach to that
described previously,® 1 (as expected) and 3 of the 4 analogues
were shown to inhibit completely the ATPase activity of S1dC
at a final concentration of 50 uM (ESI, Table S1T). However, a
clear outlier was also identified with analogue 6 (for structure see
Fig. 1) being significantly less potent (65% residual S1dC ATPase
activity remaining under analogous assay conditionst). This trend
for reduced potency of 6 compared to the other analogues was
mirrored in studies carried out using rabbit skeletal myosin S1
fragment at a final inhibitor concentration of both 5 pM and
50 uM, although at the higher concentration 6 was observed to
reduce the ATPase activity by >70%.}

Co-crystal structures with S1dC

In order to correlate the observed biological activities of the
blebbistatin analogues against S1dC with their interactions with
this myosin at the molecular level, we have performed co-
crystallisation experiments with each of the analogues 4-7 and the
MgADP-vanadate complex of Dictyostelium discoideum myosin
I1. The complexes with 4, 5, 6 and 7 were solved by molecular
replacement to resolutions of 2.0 A, 2.2 A, 2.15 A and 2.1 A
respectively, using the (S)-(—)blebbistatin (1)-myosin structure as
the starting model. With the exception of analogue 6, the electron
density observed for each compound allowed all atoms to be
modelled into the 50 kDa cleft where their position and orientation
is nearly identical to that of 1 (Fig. 2). Alignment of the myosin
complexes formed with 4, 5 and 7 onto the model of 1 shows
that these analogues do not significantly alter the conformation
of residues comprising the binding pocket relative to those of
the blebbistatin-bound form. In addition, their interaction did
not produce any significant conformational changes in the overall
protein structure as the a-carbons of all complexes superimpose
on the original (S)-(—)-blebbistatin (1) model with a root mean
square deviation of less than 0.2 A.1 Furthermore, their hydrogen
bonding interactions with myosin and the surrounding water
activity within the 50 kDa cleft were identical to the structure of 1.

Unlike the other analogues, the electron density observed in
the co-crystallisation experiment using 6 was not sufficiently
unambiguous to allow this analogue to be modelled into the
blebbistatin binding pocket. The absence of 6 in the model is
further justified by the characteristics of Leu262 and Tyr634. In
the (S)-(—)-blebbistatin (1)-bound form, the side chains of these
residues move considerably in order to accommodate the N-phenyl
ring and tricyclic core. Such movements are not observed for the
co-crystallisation experiment with 6. The lack of occupancy for
6 can be rationalised based on the observation that the methyl-
substituent at position 8 (Scheme 1 for numbering) would create
an unacceptably close hydrophobic contact (< 2.5 A) with Tyr634,
whose side chain has already been shown to move ~3.6 A to
accommodate 1 (even in the absence of the §-methyl-substituent,
Fig. 2d). Therefore, it is apparent that 6 does not have suitable
structural characteristics for formation of a stable interaction with
Dictyostelium discoideum myosin I1.

When taken together with the measured inhibitory effects
of the analogues against both rabbit skeletal myosin S1 and
Dictyostelium myosin II S1dC fragments, the crystallographic
data strongly support the view that the inhibitor binding mode
that is observed by X-ray crystallography is of relevance to the
mechanism of myosin IT inhibition by 1 and its analogues. Indeed,
a methyl group at the C5, C6 or C7-position of the tricyclic core
(in4, 1 or 5 respectively), or the absence of this group altogether as
in 7, allows the compound to remain structurally compatible with
the 50 kDa cleft of Dictyostelium discoideum myosin II and able
to trap the protein in the metastable state of the contractile cycle,
inhibiting myosin activity. Methyl incorporation at the 8-position,
on the other hand, is incompatible with adoption of a functional
binding mode and thus does not have a robust inhibitory effect on
Dictyostelium discoideum myosin I1. Moreover, the conservation
of residue identity or similarity in the equivalent pocket of skeletal
myosin S1 fragment provides the basis for the parallels observed
in the inhibitory effect of the analogues on both proteins.?
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The design of focused libraries based on (5)-(—)blebbistatin (1)

The synthetic approach currently adopted for preparing analogues
of 1 (Scheme 1) requires that the methyl-containing aromatic ring
is incorporated from the outset of the synthesis. Our analysis of
analogues with variations in this ring in complex with S1dC has
shown that small substituents on the C5, C6 and C7-positions
are well tolerated (Fig. 2 and Scheme 1 for numbering system).
By varying these substituents to create more diverse analogues it
may prove possible to prepare analogues that have either improved
affinity for the subset of myosin II isoforms that 1 inhibits or that
are specific for different myosin subtypes. We have further analysed
the co-crystal structures reported here with the aim of designing
inhibitors with increased affinity. Tyr261 forms a m—m stacking
interaction with the aromatic ring of the core fragment of 1 which
appears to contribute significantly to the binding affinity (Fig. 2
and 4). Interactive modelling of potential analogues of 1 using
the MAB force field as implemented in Moloc™* revealed that
this interaction could be improved by extending the aromatic ring
system, for example, by incorporating an additional thiophene
ring to give analogue 20 (Fig. 4). Based on the modelling, both
a ring joining the C6 and C7 positions and a ring joining the
C5 and C6 positions could be accommodated in the binding
pocket. However, the fact that the selectivity of the asymmetric
hydroxylation reaction was shown here to decrease in the presence
of a C5-substituent suggests that future studies should focus on
the preparation of analogues such as 20 with substitutents at the
C6 and C7 positions only.

Fig. 4 Modeled binding mode of an analogue of 1 with an extended
aromatic ring system (carbon atoms coloured in green) superimposed
onto the crystallographically determined binding mode of 1 (carbon atoms
coloured in yellow). The extended ring system is designed to increase the
n—r stacking interaction with Tyr261.

Conclusion

The small molecule (S)-(—)-blebbistatin (1) has been quickly
adopted by the myosin research community as a means of moving
forward our understanding of the role of myosins in complex bio-
logical processes. Through modification of the chemical structure
of 1 there is considerable potential to develop a second generation
of tools that are either more potent than 1 or exhibit a modified
selectivity across the myosin superfamily. Here, a combination
of studies in chemistry and biology have enabled us to develop
an initial view of what structural modifications can and cannot
be accommodated in the methyl-substituted aromatic ring of 1.
In general, this region of 1 is relatively tolerant to changes in
the position of the methyl-substituent with the exception of its
incorporation at the 8-position. X-Ray crystallographic studies
using Dictyostelium discoideum myosin I1 (S1dC) have led to a clear
rationalisation of the observed variations in biological activity
with a steric interaction between the 8-methyl-substituent and
Tyr634 being responsible for the observed significant reduction
in activity associated with analogue 6. Our observed correlation
between the ATPase activity and ability to adopt the same binding
mode as 1 across a series of analogues further strengthens the view
that this is the biologically relevant binding mode.

During the course of our synthesis of these analogues of 1,
it became clear that whilst acceptable from a biological activity
perspective, the incorporation of a substituent in the 5-position
(as in 4) results in a reduction in the efficiency of the key asym-
metric hydroxylation reaction. We therefore concluded that the
incorporation of substituents at the 6- and 7-positions should be
focused on in future attempts to optimise the potency of 1 against
this particular myosin subclass. A preliminary computational
assessment of this has been included that helps to define future
synthetic targets.

Experimental

Unless otherwise noted, starting materials and reagents were
obtained from commercial suppliers and were used without
further purification. PE 40-60 refers to the fraction of light
petroleum ether boiling in the range 40-60 °C. Melting points were
recorded using an Electrothermal 9100 capillary melting point
apparatus. Values are quoted to the nearest 0.5 °C. IR spectra were
measured on a Perkin-Elmer Paragon 1000 FT-IR spectrometer.
'H and “"C NMR spectra were measured on a Britker Advance
300/500 instrument. J values are quoted in Hz. Chemical shifts
are calibrated with reference to the residual proton and carbon
resonances of the solvent (CDCl;: 0H = 7.26, 6C = 77.0 ppm).
Low and high-resolution mass spectral analyses were recorded
using ES operating in positive or negative ion mode.

General procedure for the synthesis of amidines 8, 10-12

Phosphorus oxychloride (1.0 equiv) was added dropwise to
a solution of 1-phenyl-2-pyrrolidinone (1.1 equiv.) in dry
dichloromethane (5.0-10 mL) and the reaction mixture was stirred
for 3 h at room temperature. A solution of the corresponding
anthranilate (1.0 equiv) in dry dichloromethane (15-25 mL)
was then added and the mixture refluxed for 16-72 h, cooled
and concentrated in vacuo. The resulting solid was dissolved in
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aqueous hydrochloric acid (0.30 M, 100 mL) and extracted with
dichloromethane (3 x 100 mL). The aqueous phase was basified
with aqueous sodium hydroxide solution (2.0 M, pH adjusted to
8) and extracted with ethyl acetate (3 x 100 mL). The first organic
extracts were concentrated in vacuo and the resulting solid was
carried through the above procedure three more times. All ethyl
acetate extracts were combined, dried (MgSO,) and concentrated
in vacuo to give the desired amidine.

Methyl 6-methyl-2-(1’'-phenylpyrrolidin-2’-ylideneamino)benzo-
ate (8). White solid (0.32 g, 1.0 mmol, 28%), mp 97-98 °C. IR
(Nujol): Ve = 1718 (5) (C=0), 1647 (s) (C=N), 1587 (m), 761 (m)
(Ar-H), 722 (m), 692 cm™"' (m). '"H NMR (300 MHz, CDCl,): 6 =
1.96-2.08 (m, 2 H, 4-H),2.34 (s,3H, CH,), 2.59 (t,°J =7.8,2 H,
3-H), 3.79-3.86 (m, 5 H, 5-H, OCH,;), 6.62-6.68 (m, 1 H, 5-H),
6.82-6.88 (m, 1 H, 3-H), 7.03-7.10 (m, 1 H, 4"-H), 7.14-7.21 (m, 1
H, 4-H), 7.31-7.39 (m, 2 H, 3"-H), 7.76-7.83 ppm (m, 2 H, 2"-H).
"C NMR (75.5 MHz, CDCl;): § = 19.4 (CH,), 19.8 (CH,), 29.3
(CH,), 50.5 (CH,), 51.8 (OCHy,), 118.7 (CH), 120.0 (C), 123.0 (O),
123.7 (CH), 127.5 (C), 128.5 (CH), 129.7 (CH), 135.3 (C), 141.2
(©), 149.4 (C), 161.0 (C), 170.2 ppm (C). LRMS (ES*) m/z (%0):
309 (100) [M + H]J*. HRMS (ES*): m/z calcd for C,yH,; N,O, [M +
HJ*: 309.1603; found: 309.1610.

Methyl 4-methyl-2-(1’-phenylpyrrolidin-2'-ylideneamino)benzo-
ate (10). Waxy solid (0.66 g, 2.1 mmol, 24%). IR (Nujol): vy =
1690 (s) (C=0), 1602 (s) (C=N), 1529 (m), 779 (m), 750 (m) (Ar-
H), 693 cm™ (m). '"H NMR (300 MHz, CDCl;): § = 1.97-2.08
[m, 2 H, 4-H], 2.32 (br s, 3 H, CH;), 2.47 (t, °J = 7.8, 2 H,
3-H), 3.80 (s, 3 H, OCH,), 3.86 (t, *J = 6.9, 2 H, 5-H), 6.66
(brs, 1 H, 3-H), 6.83 (ddq, °J = 8.0, *J = 1.6, *J = 0.5, 1 H,
5-H), 7.02-7.09 (m, 1 H, 4’-H), 7.31-7.40 (m, 2 H, 3"-H), 7.80
(d,3J =28.0,1H,6-H), 7.82-7.87 ppm (m, 2 H, 2’-H). ®C NMR
(75.5 MHz, CDCl;): 6 = 19.5 (CH,), 21.3 (CH,), 29.0 (CH,), 50.3
(CH,), 51.4 (OCH;), 118.9 (C), 120.0 (CH), 122.4 (CH), 122.7
(CH), 123.5 (CH), 128.3 (CH), 130.9 (CH), 141.2 (C), 143.2 (O),
153.1 (C), 159.2 (C), 167.2 ppm (C). LRMS (ES*) m/z (%): 309
(100) [M + HJ*, 277 (24) [M-MeOH]*. HRMS (ES*): m/z caled
for C,oH, N,O, [M + HJ": 309.1603; found: 309.1597.

Methyl 3-methyl-2-(1-phenylpyrrolidin-2-ylideneamino)benzoate
(11). White crystalline solid after 72 h reflux (0.65 g, 2.1 mmol,
52%), mp 95-96 °C. IR (Nujol): v, = 1720 (s) (C=0), 1654
(s) (C=N), 1587 (m), 747 (m) (Ar-H), 722 cm™' (m). '"H NMR
(300 MHz, CDCl,): 6 = 1.98-2.10 (m, 2 H, 4-H), 2.10-2.25 (m,
4 H, 3-H, CH,;), 2.52-2.67 (m, 1 H, 3-H), 3.78 (s, 3 H, OCH,),
3.89 (t,°J =6.8,2 H, 5-H), 6.91-6.97 (m, 1 H, 5-H), 7.07 (m,
1 H, 4-H), 7.29-7.34 (m, 1 H, 4-H), 7.34-7.41 (m, 2 H, 3"-H),
7.70 (m, 1 H, 6-H), 7.83-7.90 ppm (m, 2 H, 2’-H). "C NMR
(75.5 MHz, CDCl,): ¢ = 18.2 (CHj;), 19.3 (CH,), 29.4 (CH,), 50.2
(CH,), 51.3 (OCH;), 119.8 (CH), 120.9 (CH), 121.2 (C), 122.4
(CH), 128.1 (CH), 128.2 (CH), 130.0 (C), 133.4 (CH), 141.3 (O),
151.3 (C), 158.9 (C), 167.5 ppm (C). IR (Nujol): vy, = 1720 (s)
(C=0), 1654 (s) (C=N), 1587 (m), 747 (m) (Ar-H), 722 cm™" (m).
LRMS (ES*) m/z (%): 309 (100) [M + H]*. HRMS (ES*): m/z
calcd for C,oH, N,O, [M + H]*: 309.1603; found: 309.1610.

Methyl 2-(1-phenylpyrrolidin-2-ylideneamino)benzoate (12).
White crystalline solid, (0.40 g, 1.4 mmol, 26%), mp 127-
128 °C. IR (Nujol): v, = 1721 (s) (C=0), 1654 (s) (C=N), 1591
(m), 756 (m) (Ar-H), 692 cm™' (m). "H NMR (300 MHz, CDCl;):

§=1992.11(m, 2 H, 4-H), 2.48 (t,*J = 7.9, 2 H, 3-H), 3.83 (s,
3H, OCH,), 3.88 (t,*J = 6.9, 2 H, 5-H), 6.82 (dd, *J = 8.0,*J =
1.0, 1 H, 3-H), 6.98-7.10 (m, 2 H, 4", 5-H), 7.31-7.41 (m, 3 H,
3, 4-H), 7.77-7.89 ppm (m, 3 H, 2”, 6-H). *C NMR (75.5 MHz,
CDCl,): § = 19.6 (CH,), 29.1 (CH.), 50.5 (CH,), 51.6 (OCH,),
120.2 (CH), 121.5 (CH), 122.1 (C), 122.9 (CH), 123.1 (CH), 128.4
(CH), 130.7 (CH), 132.5 (CH), 141.2 (C), 153.0 (C), 159.4 (C),
167.5 ppm (C). LRMS (ES*) m/z (%): 295 (100) [M + HJ*, 263
(22) [M-OMe]*. HRMS (ES*): m/z caled for CiH,\N,O, [M +
HJ*: 295.1447; found: 295.1449.

General procedure for the synthesis of quinolones 13, 15-17

A solution of the corresponding amidine (1.0 equiv.) in anhydrous
THF (50 mL) was cooled to —78 °C and stirred for 15 min. Lithium
bis(trimethylsilyl)amide (1.0 M in THF, 3.0 equiv.) was added
dropwise to the reaction mixture, which was warmed to 0 °C over
3 h or room temperature over 12 h and quenched with saturated
aqueous ammonium chloride (5.0 mL). Further saturated aqueous
ammonium chloride (150 mL) was added. The aqueous phase
was extracted with dichloromethane (3 x 100 mL) and the
combined organic extracts dried (MgSO,) and concentrated in
vacuo. Purification by flash column chromatography on silica gel
eluting with (50-100% ethyl acetate—PE 40-60) gave the desired
compound.

5-Methyl-1-phenyl-2,3,4,9-tetrahydro-1 H-pyrrolo|2,3-b]quinolin-
4-one (13). Off-white solid (0.044 g, 0.16 mmol, 84%), mp
240-241 °C. IR (Nujol): vy, = 1614 (m), 1570 (s), 1310 (s), 754
(m) (Ar-H), 722 cm~'(m). '"H NMR (300 MHz, d;,-THF): § =
2.85(s,3H, CH;), 3.16 (t,°J = 8.3,2 H, 3-H), 4.02 (t,°J = 8.3,
2 H, 2-H), 6.85-6.90 (m, 1 H, 6-H), 6.91-6.97 (m, 1 H, 4-H),
7.21(dd,*J =8.2,°J =17.2,1H, 7-H), 7.26-7.34 (m, 2 H, 3-H),
7.41-7.46 (m, 1 H, 8-H), 7.93-8.00 ppm (m, 2 H, 2’-H). "'C NMR
(75.5 MHz, d;-THF)Y: 6 = 23.0 (CH,), 24.4 (CH,), 49.9 (CH,),
106.6 (C), 118.7 (CH), 118.9 (C), 121.9 (CH), 124.5 (CH), 125.6
(CH), 128.4 (CH), 129.0 (CH), 135.7 (C), 143.3 (C), 149.0 (O),
156.1 (C), 158.0 ppm (C). IR (Nujol): v, = 1614 (m), 1570 (s),
1310 (s), 754 (m) (Ar-H), 722 cm~'(m). LRMS (ES*), m/z (%):
277 (100) [M + H]*. HRMS (ES*): m/z calcd for C;sH;N,O [M +
H]*: 277.1341; found: 277.1336.

7-Methyl-1-phenyl-2,3,4,9-tetrahydro-1 H-pyrrolo|2,3-b]quinolin-
4-one (15). Oft-white solid (0.51 g, 1.8 mmol, 95%), mp 186—
187 °C. IR (Nujol): vy = 1630 (m), 1578 (s), 1308 (w), 750 (m)
(Ar-H), 722 (m), 688 cm~'(w). "H NMR (500 MHz, d;-THF): 6 =
2.41(s,3H,CH;),3.16 (t,°J =8.2,2H, 3-H),4.01 (t,°J =8.2,2
H, 2-H), 6.90-6.97 (m, 1 H, 4-H), 7.00 (m, 1 H, 6-H), 7.25-7.34
(m,2H, 3-H),7.41 (brs, 1 H, 8-H),7.92 (d,3J = 8.2, 1 H, 5-H),
7.96-8.05 ppm (m, 2 H, 2'-H). "C NMR (75.5 MHz, d;-THF)Y:
0 =21.5(CH;), 22.8 (CH,), 49.8 (CH,), 105.5 (C), 117.7(C), 118.8
(CH), 121.8 (CH), 122.2 (CH), 124.0 (CH), 128.0 (CH), 129.0
(CH), 139.0 (C), 143.3 (C), 144.0 (C), 149.2 (C), 160.6 ppm (C).
LRMS (CI*) m/z (%): 305 (11), 277 (99) [M + H]*. HRMS (CI*):
m/z caled for CsH;N,O [M + HJ*: 277.1341; found: 277.1342.

8-Methyl-1-phenyl-2,3,4,9-tetrahydro-1 H-pyrrolo|2,3-b]quinolin-
4-one (16). Off-white solid (0.42 g, 1.5 mmol, 95%), mp

€ The assignment of *C signals was made by using Pendant, HMBC and
HSQC NMR analysis.
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231-232 °C. IR (Nujol): vy = 1566 (s), 1539 (m), 1307 (s), 1075
(w), 750 (m) (Ar-H), 722 (m), 693 cm~'(m). '"H NMR (500 MHz,
ds-THF): 6 =2.65 (s, 3H, CH), 3.16 (t,°J = 8.1,2 H, 3-H), 4.07
(t,*J =8.1,2 H, 2-H), 6.89-6.96 (m, 1 H, 4-H), 7.05 (dd, *J =
8.1, =17.0, 1 H, 6-H), 7.27-7.36 (m, 3 H, 3-H,7-H), 7.84 (br
dd,*J =38.1,*J =0.8, 1 H, 5-H), 8.12-8.19 ppm (m, 2 H, 2-H).
BC NMR (125.7 MHz, d;-THF)Y: § = 18.8 (CHs;), 22.4 (CH,),
48.8 (CH,), 106.1 (C), 117.7 (CH), 119.2 (C), 119.6 (CH), 121.1
(CH), 121.6 (CH), 128.8 (CH), 129.4 (CH), 134.3 (C), 143.5 (O),
148.7 (C), 155.2 (C), 160.0 ppm (C). LRMS (ES*) m/z (%): 277
(100) [M + HJ*. HRMS (ES*): m/z calcd for CxH;;N,O [M +
H]*: 277.1341; found: 277.1336.

1-Phenyl-2,3,4,9-tetrahydro-1 H-pyrrolo|2,3-b]quinolin4-one (17).
Off-white solid (0.42 g, 1.6 mmol, 95%), mp 189-190 °C. IR
(Nujol): v = 1630 (s), 1575 (s), 1297 (w), 756 (m) (Ar-H), 722
(m), 695 cm™' (m). '"H NMR (300 MHz, d,-THF): 6 = 3.19 (t,
3] =82,2H, 3-H), 4.07 (t,°J = 8.2, 2 H, 2-H), 6.91-6.98 (m,
1 H, 4-H), 7.11-7.18 (m, 1 H, 6-H), 7.27-7.34 (m, 2 H, 3-H),
7.36-7.43 (m, 1 H, 7-H), 7.58-7.64 (m, 1 H, 8-H), 8.00 (dd, *J =
8.2,/ =13,1H, 5-H), 8.02-8.08 ppm (m, 2 H, 2’-H). "C NMR
(75.5 MHz, d;-THF)Y: 6 = 22.6 (CH,), 49.5 (CH,), 106.4 (C),
118.6 (CH), 119.6 (C), 121.8 (CH), 122.0 (CH x 2), 126.6 (CH),
128.9 (CH x 2), 143.3 (C), 148.4 (C), 157.7 (C), 159.5 ppm (C).
LRMS (ES*) m/z (%): 263 (100) [M + H]*. HRMS (ES*): m/z
calcd for C;H;sN,O [M + H]*: 263.1184; found: 263.1180.

General procedure for the synthesis of analogues 4-7

A solution of the corresponding quinolone (1.0 equiv.)
in dry THF (1028 mL) was added dropwise to lithium
bis(trimethylsilyl)amide (1.0 M in THF, 1.2 equiv.) in dry THF
(2.0-5.0 mL) at —78 °C under argon. The reaction was stirred for
30 min at —78 °C and a solution of 18 (2.4 equiv.) (or 19) in dry
THF (4-10 mL) was added via cannula. After 16 h at —10 °C
saturated aqueous ammonium iodide (5.0 mL, 10 equiv) and
diethyl ether (5.0 mL) were added and the reaction mixture grad-
ually warmed to room temperature. Saturated aqueous sodium
thiosulfate (5-15 mL) was then added and the reaction mixture
extracted with diethyl ether (2 x 10 mL). The combined organic
extracts were dried (MgSO,) and concentrated in vacuo. The solid
was partitioned between dichloromethane (100 mL) and aqueous
hydrochloric acid solution (0.30 M, 100 mL). The aqueous phase
was washed with dichloromethane (3 x 100 mL), basified with
aqueous sodium hydroxide solution (2.0 M, pH adjusted to 8) and
extracted with ethyl acetate (2 x 100 mL). The organic extracts
were dried (MgSO,) and concentrated in vacuo to give the desired
compound.

S-3a-Hydroxy-5-methyl-1-phenyl-2,3,3a,4-tetrahydro-1H -pyr-
rolo[2,3-b]quinolin-4-one (4). Bright yellow solid (0.020 g,
0.070 mmol, 87%), ee 64% as determined by chiral-phase HPLC
analysis (Daicel Chiralpak AD, acetonitrile-water 50 : 50, flow
rate 0.8 mL min~', 2 = 254 nm, major enantiomer: #; = 6.05 min,
and minor enantiomer: f; = 8.02 min), mp 227-228 °C, [a]; =
—310 (¢ = 0.1 in dichloromethane). IR (Nujol): v, = 1686 (m),
1618 (m), 1590 (m), 1313 (w), 1262 (w), 723 cm™'(m) (Ar-H). 'H
NMR (300 MHz, d,-THF): 6 = 2.19-2.37 (m, 2 H, 3-H), 2.53 (s,
3H, CH;),3.90-3.98 (m, 1 H, 2-H), 4.11 (dt,*J =9.6,°J = 6.4, 1
H, 2-H),6.82 (m, 1 H, 6-H), 7.02-7.11 (m, 2 H, 4,7-H), 7.25-7.29

(m, 1 H, 8-H), 7.30-7.38 (m, 2 H, 3-H), 8.08-8.14 ppm (m, 2
H, 2-H). "C NMR (75.5 MHz, d;-THF): 6 = 21.5 (CH;), 29.6
(CH,), 48.4 (CH,), 75.0 (C), 120.1 (CH), 121.1 (C), 123.9 (CH),
125.2 (CH), 127.0 (CH), 129.04 (CH), 134.3 (CH), 141.4 (O),
142.0 (C), 153.3 (C), 166.0 (C), 197.0 ppm (C). LRMS (ES*): m/z
(%): 293 (100) [M + H]*. HRMS (ES*): m/z calcd for C,3sH;N,O,
[M + H]*: 293.1290; found: 293.1288. Anal. calcd for C;sH (N,O,:
C, 73.95; H, 5.52; N, 9.58; found: C, 73.75; H, 5.54; N, 9.67. An
analytical sample of 4 was prepared by recrystallisation from
acetonitrile; [a]Z = —450 (¢ = 0.07 in dichloromethane). Chiral
HPLC analysis showed that after a single recrystallisation 4 was
prepared with an ee of 98.9%. When this reaction was carried out
using 19 instead of 18, the ee was 17%.

S-3a-Hydroxy-7-methyl-1-phenyl-2,3,3a,4-tetrahydro-1H -pyr-
rolo[2,3-b]quinolin-4-one (5). Bright yellow solid (0.045 g,
0.15 mmol, 83%), ee 90% as determined by chiral-phase HPLC
analysis (Daicel Chiralpak AD, acetonitrile-water 50 : 50, flow
rate 1.0 mL min~', 4 = 254 nm, major enantiomer: #; = 9.39 min,
and minor enantiomer: fr = 12.42 min), mp 223-224 °C, [a]} =
—354 (¢ = 0.1 in dichloromethane). IR (Nujol): v, = 1664 (m),
1593 (m), 1300 (w), 1264 (w), 752 (m) (Ar-H), 722 cm~'(w). 'H
NMR (300 MHz, d;-THF): 6 = 2.16-2.32 (m, 2 H, 3-H), 2.33 (s,
3 H, CH,),3.89-3.97 (m, 1 H, 2-H),4.12 (dt,*J =9.7,°J = 6.2, 1
H, 2-H), 6.84 (m, | H, 6-H), 7.05-7.10 (m, 2 H, 4,8-H), 7.30-7.38
(m, 2 H, 3-H), 7.66 (d, *J = 7.8, 1 H, 5-H), 8.10-8.16 ppm (m,
2 H, Ar-2-H). "C NMR (75.5 MHz, d;-THF): 6 = 21.6 (CHs,),
29.6 (CH,), 48.3 (CH,), 74.0 (C), 120.2 (CH), 120.5 (C), 123.9
(CH), 124.5 (CH), 127.2 (CH), 127.4 (CH), 129.0 (CH), 142.0 (C),
146.7 (C), 152.7 (C), 167.0 (C), 194.3 ppm (C). LRMS (ES*) m/z
(%):293 (100) [M + H]*. HRMS (ES*): m/z caled for C,3H,;N,O,
[M + H]*: 293.1290; found: 293.1296. Anal. calcd for C,sH (N,O,:
C, 73.95; H, 5.52; N, 9.58; found: C, 73.90; H, 5.56; N, 9.69. An
analytical sample of 5 was prepared by recrystallisation from
acetonitrile; [0]y = —450 (¢ = 0.1 in dichloromethane). Chiral
HPLC analysis showed that after a single recrystallisation 5 was
prepared with an ee of >99%. When this reaction was carried out
using 19 instead of 18, the ee was 28%.

S-3a-Hydroxy-8-methyl-1-phenyl-2,3,3a,4-tetrahydro-1H -pyr-
rolo[2,3-b]quinolin-4-one (6). Bright yellow solid (0.13 g,
0.45 mmol, 63%), ee 86% as determined by chiral-phase HPLC
analysis (Daicel Chiralpak AD, acetonitrile-water 50 : 50, flow
rate 0.8 mL min~!, A = 254 nm, major enantiomer: 7, = 16.67 min,
and minor enantiomer: f = 52.30 min), mp 214-215 °C, [a]% =
—420 (¢ = 0.1 in dichloromethane). IR (Nujol): v, = 3329 (s),
1670 (s), 1618 (s), 1590 (s), 1297 (m), 754 cm™' (m) (Ar-H). 'H
NMR (500 MHz, d;-THF): 6 = 2.21-2.35 (m, 2 H, 3-H), 2.45
(s, 3 H, CH;), 3.94-3.99 (m, 1 H, 2-H), 4.13 (dt, *J = 9.6, °*J =
6.0, 1 H, 2-H), 6.90-6.94 (m, *J = 7.5, 1 H, 6-H), 7.05-7.09 (m,
1 H, 4-H), 7.33-7.39 (m, 3 H, 3,7-H), 7.62-7.65 (m, 1 H, 5-H),
8.16-8.20 ppm (m, 2 H, 2'-H). *C NMR (125.7 MHz, d,-THF):
0 = 18.3 (CHs;), 29.6 (CH,), 48.1 (CH,), 73.4 (C), 119.9 (CH),
122.0 (C), 123.1 (CH), 123.8 (CH), 124.9 (CH), 129.1 (CH), 134.3
(C), 136.9 (CH), 142.0 (C), 150.5 (C), 165.6 (C), 195.2 ppm (C).
LRMS (ES*) m/z (%): 293 (100) [M + H]*. HRMS (ES*): m/z
caled for C3sH;N,O, [M + H]J*": 293.1290; found: 293.1300. An
analytical sample of 6 was prepared by recrystallisation from
acetonitrile. Anal. calc’d for C;sH\(N,O,: C, 73.95; H, 5.52; N,
9.58; found: C, 73.62; H, 5.58; N, 9.60. Chiral HPLC analysis
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showed that after a single recrystallisation, 6 was prepared with
an ee of >99%. When this reaction was carried out using 19
instead of 18, the ee was 40%.

S-3a-Hydroxy-1-phenyl-2,3,3a,4-tetrahydro-1H-pyrrolo[2,3-b]-
quinolin-4-one (7). Bright yellow solid (0.040 g, 0.15 mmol, 78%),
ee 86% as determined by chiral-phase HPLC analysis (Daicel
Chiralpak AD, acetonitrile-water 50 : 50, flow rate 0.9 mL min~',
A = 254 nm, major enantiomer: fy = 7.72 min, and minor
enantiomer: 7z = 11.07 min), mp 203-204 °C, [a]5 = —414 (¢ =0.1
in dichloromethane). "H NMR (300 MHz, CDCl;): 6 = 2.21-2.34
(m, 1 H, 3-H), 2.41-2.50 (m, 1 H, 3-H), 3.83-3.92 (m, 1 H, 2 H),
4.03 (dt,*J =9.8,°J =58, 1 H, 2-H), 7.05 (dt, °J = 7.5, *J =
1.1, 1 H, 6-H), 7.16-7.23 (m, 2 H, 4,8-H), 7.37-7.47 (m, 3 H,
3.,5-H), 7.83-7.87 (m, 1 H, 7-H), 7.88-7.93 ppm (m, 2 H, 2'-H).
BC NMR (75.5 MHz, ds-THF): § = 29.6 (CH,), 48.3 (CH,), 74.0
(C), 120.3 (CH), 122.44 (C), 123.5 (CH), 124.0 (CH), 127.0 (CH),
127.1 (CH), 129.0 (CH), 135.7 (CH), 141.9 (C), 152.6 (C), 166.7
(C), 194.8 ppm (C. IR (Nujol): vy, = 1698 (m), 1618 (m), 1593 (m),
1294 (w), 723 cm~'(m) (Ar-H). LRMS (ES*) m/z (%): 279 (100)
[M + H]*. HRMS (ES*): m/z caled for C;H;;N,O, [M + H]*:
279.1134; found: 279.1141. Anal. calc’d for C,;H,N,O,: C, 73.37;
H, 5.07; N, 10.07; found: C, 73.26; H, 4.84; N, 10.28. An analytical
sample of 7 was prepared by recrystallisation from acetonitrile;
[a]Z = —460 (¢ = 0.1 in dichloromethane. Chiral HPLC analysis
showed that after a single recrystallisation, 7 was prepared with an
ee of >99%. When this reaction was carried out using 19 instead
of 18, the ee was 55%.

General procedure for preparation and "Li NMR analysis of
quinolone enolates

A solution of the quinolone (0.025 g, 0.090 mmol, 1.0 eq) in
anhydrous THF (10 mL) was cooled to —78 °C and stirred for
5 min. Lithium bis(trimethylsilyl)amide (1.0 M in THF, 0.11 mL,
0.11 mmol, 1.2 equiv.) was then added to the reaction mixture, at
—78 °C. An aliquot from the reaction mixture was transfer to an
NMR tube, under an inert atmosphere, and analysed by "Li NMR
(116.6 MHz), at —78 °C. A capillary containing acetone-d® was
used as a lock signal in each case. ’Li chemical shifts are given with
respect to 0.1 M solution of Li,SO, (as external standard, with a
0 = 0 ppm) in H,0.

Procedures for crystallisation studies

A truncated version of Dictyostelium myosin II (S1dC) containing
residues Asp2-Asn762 was used for all crystallisation experiments.
The S1dC construct was cloned into a recombinant version of the
pDXA vector (pDTEV2), which inserts a 6-His tag followed by
an r'TEV protease recognition site at the N-terminus of myosin.
This construct was expressed and purified from Dictyostelium
discoideum as previously described.®*'* Co-crystallisation of this
myosin with each of the blebbistatin analogues was achieved by
addition of the analogue at a final concentration of 0.5 mM
followed by one tenth of the volume of a 10X MgADP.Vi stock
solution containing 10 mM MgCl,, 20 mM ADP, and 30 mM
sodium vanadate.'® This mixture was incubated on ice in the dark
for 1 h to allow the analogue and the nucleotide to form a stable
complex with myosin. Crystals of these complexes were grown in
the dark at 4 °C by vapor diffusion after mixing 5 pl of protein

with an equal volume of well solution containing 100 mM MOPS
(pH 7.0), 250 mM MgCl,, 12% PEG 8000, 1 mM TCEP, and
2 mM Thymol. The protein/precipitant solutions for all analogue
complexes were streak-seeded from preliminary crystals and grew
to maximum dimensions within 2 to 3 weeks.

Data collection

Crystals were transferred from the original drop to a synthetic
mother liquor containing 100 mM MOPS (pH 7.0), 225 mM
MgCl,, 2 mM thymol, 12% PEG 8000, 1X MgADP.Vi trapping
solution, and 0.5 mM of each blebbistatin analogue. Prior to
freezing in a stream of nitrogen gas, the crystals were gradually
transferred from the synthetic mother liquor to a cryoprotectant
solution of 100 mM MOPS (pH 7.0), 300 mM MgCl,, 16% PEG
8000, 2 mM thymol, 1X MgADP.Vi trapping solution, 0.5 mM
blebbistatin, and 25% ethylene glycol. X-Ray data were collected
on a MAR-165 detector at the COM-CAT 32-ID beamline at
the Advanced Photon Source in Argonne, Il with a wavelength
of 1.0 A. An oscillation range of 0.5° was used for all datasets.
Diffraction data were integrated and scaled with the program
HK1.2000."

Structure determination and refinement

The structures of each analogue-myosin complex were solved by
molecular replacement using the Blebbistatin-MgADP.Vi-S1dC
structure (PDB accession code 1YV3) as the starting model.® The
structure models were subjected to manual and automated refine-
ment using Coot and Refmac5, respectively.'®!* Water molecules
were added to the coordinate sets using Coot with subsequent
manual verification.”® Blebbistatin analogues were built into the
electron density using the original blebbistatin coordinates as a
starting model, followed by subsequent manual atom position
refinement in Coot. Relevant X-ray data collection and refinement
statistics are shown in the ESI, Table S1} in the supplementary
material. Ramachandran statistics for the myosin polypeptide
chain of each complex were determined using PROCHECK.*
For the 5-myosin complex 91.9% are in the most favored region,
7.7% additionally allowed, 0.3% generously allowed, and 0%
disallowed. For the 4-myosin complex 93.7% are in the most
favored region, 6% additionally allowed, 0.3% generously allowed,
and 0% disallowed. For the 7-myosin complex 92.7% are in the
most favored region, 7.1% additionally allowed, 0.2% generously
allowed, and 0% disallowed. For the 6-myosin complex 92.4%
are in the most favored region, 7.3% additionally allowed, 0.3%
generously allowed, and 0% disallowed.

Structure analysis and figure preparation

Structure alignments were performed with Superpose.* Figures
were prepared using MacPymol.*

Acknowledgements

We would like to thank Dr Stephen Patterson for providing a
sample of 8 and Laura Walker for assistance with the blebbistatin
analogue-myosin co-crystallisations. We would also like to thank
the following for funding: The Royal Society (NJW fellow-
ship), EPSRC (CL-L PhD funding) and BBSRC (CPATL PhD

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 2076-2084 | 2083





funding), NIH grant AR35186 (IR) and a Canadian Institutes
of Health postdoctoral fellowship (64606 to JSA). The structural
coordinates for the blebbistatin analogue-myosin complexes have
been deposited in the RCSB under accession numbers 3BZ7 (4-
myosin complex), 3BZ8 (5-myosin complex), and 3BZ9 (7-myosin
complex).

References

1 A. F. Straight, A. Cheung, J. Limouze, I. Chen, N. J. Westwood, J. R.
Sellers and T. J. Mitchison, Science, 2003, 299(5613), 1743-1747. For
recent examples of the use of blebbistatin to study cytokinesis see:; K.
Miyauchi, Y. Yamamoto, T. Kosaka and H. Hosoya, Biochem. Biophys.
Res. Commun., 2006, 350(3), 543-548; S. Matson, S. Markoulaki and
T. Ducibella, Biol. Reprod., 2006, 74(1), 169-176; M. Kanada, A.
Nagasaki and T.Q. P. Uyeda, Mol. Biol. Cell, 2005, 16(8), 3865-3872;
M. Guha, M. Zhou and Y. Wang, Curr. Biol., 2005, 15(8), 732-736;
K. Murthy and P. Wadsworth, Curr. Biol., 2005, 15(8), 724-731; R. M.
Pielak, V. A. Gaysinskaya and W. D. Cohen, Dev. Biol., 2004, 269(2),
421-432.

2 For recent examples of the use of blebbistatin to study cell migration
see: N. Takizawa, R. Ikebe, M. Ikebe and E. J. Luna, J. Cell Sci.,
2007, 120(21), 3792-3803; 1. B. Barsoum and C. King-Smith, Cell
Motil. Cytoskeleton, 2007, 64(11), 868-879; R. Samaniego, L. Sanchez-
Martin, A. Estecha and P. Sanchez-Mateos, J. Cell Sci., 2007, 120(20),
3534-3543; K. Yoshida and T. Soldati, J. Cell Sci., 2006, 119, 3833-44;
J. Kolega, Mol. Biol. Cell, 2006, 17, 4435-45; M. S. Duxbury, S. W.
Ashley and E. E. Whang, Biochem. Biophys. Res. Commun., 2004, 313,
992-997.

3 For a recent review see: J. R. Peterson and T. J. Mitchison, Chem. Biol.,
2002, 9(12), 1275-1285.

4 J. R. Sellers, Biochim. Biophys. Acta, 2000, 1496, 3-22.

5 J. Limouze, A. F. Straight, T. Mitchison and J. R. Sellers, J. Muscle Res.
Cell Motil., 2004, 25, 337-341.

6 B. Ramamurthy, C. M. Yengo, A. F. Straight, T. J. Mitchison and H. L.
Sweeney, Biochemistry, 2004, 43, 14832-14839.

7 M. Kovacs, J. Toth, C. Hetenyi, A. Malnasi-Csizmadia and J. R. Sellers,
J. Biol. Chem., 2004, 279, 35557-35563.

8 J.S. Allingham, R. Smith and I. Rayment, Nat. Struct. Mol. Biol., 2005,
12, 378-9, and references therein.

9 C. Lucas-Lopez, S. Patterson, T. Blum, A. F. Straight, J. Toth, A. M. Z.
Slawin, T. J. Mitchison, J. R. Sellers and N. J. Westwood, Eur. J. Org.
Chem., 2005, 9, 1736-1740.

10 M. Cope, J. Whisstock, I. Rayment and J. Kendrick-Jones, Structure,
1996, 4(8), 969-987.

11 F. A. Davis, M. C. Weismiller, C. K. Murphy, T. Reddy and B-C. Chen,
J. Org. Chem., 1992, 57, 7274-7285.

12 R. D. Bach, J. L. Andres and F. A. Davis, J. Org. Chem., 1992, 57(2),
613-18.

13 A. J. McNeil, G. E. S. Toombes, S. M. Gruner, E. Lobkovsky, D. B.
Collum, S. V. Chandramouli, B. J. Vanasse and T. A. Ayers, J. Am.
Chem. Soc., 2004, 126, 1655916568, and references therein.

14 P. R. Gerber, J. Comput. Aided Mol. Des., 1998, 12, 37-51.

15 A.J. Fisher, C. A. Smith, J. Thoden, R. Smith, K. Sutoh, H. M. Holden
and I. Rayment, Biochemistry, 1995, 34, 8960-8972.

16 C. A. Smith and I. Rayment, Biochemistry, 1996, 35, 5404-5417.

17 Z. Otwinowski and W. Minor, Methods Enzymol., 1997, 276, 307-326.

18 P. Emsley and K. Cowtan, Acta Crystallogr., Sect. D: Biol. Crystallogr.,
2004, 60, 2126-2132.

19 G. N. Murshudov, A. A. Vagin and E. J. Dodson, Acta Crystallogr.,
Sect. D: Biol. Crystallogr., 1997, 53, 240-255.

20 R. A. Laskowski, M. W. MacArthur, D. S. Moss and J. M. Thornton,
J. Appl. Crystallogr., 1993, 26, 283-291.

21 E. Krissinel and K. Henrick, Acta Crystallogr., Sect. D: Biol. Crystal-
logr., 2004, 60, 2256-2268.

22 W. L. DelanoThe Pymol
www.pymol.org.

Molecular  Graphics ~ System2002,

2084 | Org. Biomol. Chem., 2008, 6, 2076-2084

This journal is © The Royal Society of Chemistry 2008






PAPER

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

Critical evaluation of five emissive europium(iir) complexes as optical probes:
correlation of cytotoxicity, anion and protein affinity with complex structure,
stability and intracellular localisation profilet

Benjamin S. Murray, Elizabeth J. New, Robert Pal and David Parker*

Received 6th March 2008, Accepted 19th March 2008
First published as an Advance Article on the web 21st April 2008
DOI: 10.1039/b803895¢

Five structurally related europium(iir) complexes of heptadentate macrocyclic ligands bearing
azaxanthone or azathiaxanthone chromophores have been evaluated comparatively as responsive
probes of the intracellular environment. Protein binding (HSA) and oxy-anion binding constants have
been measured by titrimetric analysis, examining ratiometric emission changes for three examples, and
systems exhibiting selectivity for citrate or hydrogencarbonate identified. The cytotoxicity of each
ligand and complex has been assessed and correlated with the observed chemical stability profile in
competitive aqueous media. The europium complex of L* is non-toxic, exhibits a large change in its
emission spectral profile to variation in HCO;~ (or citrate) concentration allowing ratiometric analysis,
and localises in cellular mitochondria. Such features augur well for its future application as a responsive

probe in microscopy to monitor local changes in pHCO;.

Introduction

The pursuit of new, responsive probes for the cellular environment
remains an important aspect of modern cell biology. The majority
of work in this area has focused on modifications of conven-
tional organic fluorophores, based on fluorescein, rhodamine or
BODIPY core structures, and notable advances have been made
in signalling changes in pH, pZn and pX amongst others."”
Increasing attention has also been paid to the development of
biocompatible ‘quantum dots’, which offer an effective means of
cell tracking,** although their large molecular volume may limit
attempts to direct them to particular cell organelles. Similarly,
several incisive studies have addressed the utility of yellow, green,
red or blue fluorescent proteins,*” where applications based on
fluorescence resonance energy transfer (FRET) have allowed
useful conclusions to be drawn in studies probing protein—protein
interactions. The extent to which these recombinant proteins may
be safely regarded as a ‘non-invasive’ probe remains a pertinent
concern.

In recent work, we have sought to develop responsive optical
probes, based on our understanding and appreciation of the
chemistry of emissive lanthanide complexes.*® In particular, we
are keen to explore systems in which the emitted light encodes
information about the chemical composition of the local environ-
ment through modulation of spectral form, lifetime or circular
polarisation.*!® Thus, systems that optically signal changes in
pH," hydrogencarbonate,'>"* citrate’ and urate'® concentration

Department of Chemistry, Durham University, South Road, Durham, UK
DH]I 3LE. E-mail: david.parker@durham.ac.uk

T Electronic supplementary information (ESI) available: Examples of
spectral titrations for [Eu.L"] (n = 1, 2, 3) with selected anions, protein
and pH and additional microscopy images detailing the time dependence
of complex localization. See DOI: 10.1039/b803895¢

have been developed. Each operates under the complex conditions
found within the cells (protein, oxygen, variable concentrations
of competing ions and quenching species), and reports on the
target analyte via a change in the intensity of at least two emission
bands, i.e. it provides a ratiometric analysis that is independent of
probe concentration. This is a particular feature of europium(iir)
complexes, as the relative simplicity of the spectral emission profile
has allowed reliable correlations to be made with the speciation
of the europium(11n) ion, relating the nature of the bound donor
(e.g. donor atom polarisability®*>) and complex constitution (e.g.
nature of the axial donor®®) to the form and relative intensity
of the AJ = 1 and AJ = 2 emission bands. Alternate strategies
based on the use of two (or more) different lanthanide ions in
a common ligand have also been explored, examining Eu/Tb
emission intensity ratios.’>"’

We strive to develop lanthanide(iil) probes that can be tar-
geted to certain compartments within the cell.’*~® Here, we
report a comparative study examining the behaviour of three
structurally related lanthanide(1i1) complexes (Ln = Eu, Gd, Tb)
that were designed to report on their local environment. Two
other complexes are also introduced in which S is replaced by
O in the sensitising moiety. Each is based on a heptadentate
macrocyclic ligand, where the heterocyclic sensitiser is constrained
to be within about 6 A of the Ln(m) centre, iie. L' and L2,
or is directly bound to the Ln ion, L’. We examine their
binding affinity to four representative oxy-anions (lactate, citrate,
hydrogencarbonate and hydrogenphosphate), as well as to serum
albumin, comparing this behaviour to their cellular toxicity
and cellular localisation profile—as revealed by fluorescence
microscopy analysis. Some of these aspects are then analysed
with respect to their differing chemical constitution and solution
structures, as revealed by analysis of NMR and emission spectral
studies.
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Ligand and complex synthesis and characterisation o
o
The synthesis of the ligands L' and L* and their Eu(ii) VR 7 COMe ) 55%
complexes has been reported recently, in the context of their [ :l * Sy | o —
utility for two-photon excitation.? Similar synthetic methodol- Hoc N\ N NH, ) 98%
ogy was applied for the synthesis of L* and L?, Scheme I.
Coupling of the differentially substituted cyclen derivative, 1, 2
with the 2-aminomethylazaxanthone derivative 2 (prepared from 1
the reported bromomethyl precursor?! via a Gabriel reaction), Me
using standard methods (EDC, HOBt, CHCl;) followed by de-
protection (TFA, CH,Cl,) of the ring BOC group afforded L*. Me o
A related strategy was used for the synthesis of L°, involving .
BOC protection of one ring nitrogen: alkylation of the cyclen o)
derivative, 3, with the 2-bromomethylazathioxanthone derivative /" \ Boc o com
4! (K,CO;, MeCN) gave the N-alkylated intermediate that was [N Nj . 7z | 2Me i) 88% s
purified by chromatography on neutral alumina. De-protection N N SN g > L
7 .
(TFA, CH,Cl,, 20 °C) afforded L* as its trifluoroacetate salt. H\_/ Br iv) 99%
Complexes of each ligand with Eu(CF;SO;); were prepared in dry ° NH
MeCN and then anion exchanged (Amberlite resin) to chloride Ph_< 4
to improve the water solubility of the isolated complexes. The 3 Me
constitution and chemical purity of the isolated complexes were ) ) .
Scheme 1 Ligand synthesis for L* and L*: 1) EDC, HOBt, Et;N, CHCl;;

confirmed by high resolution mass spectroscopic and reverse-
phase HPLC analysis.

The absorption and emission spectra of [Eu.L'] in water (298 K,
pH 7.4) are representative of the optical spectral characteristics
for the series of complexes isolated. The azathioxanthone chro-
mophore absorbs at 384 nm?! (Fig. 1), and both ligand fluorescence
(450 nm) and metal-based emission were observed. Measurements
of the radiative lifetimes in H,O and D,O permit an estimate of

ii) TFA, CH,Cl,; iii) K,CO;, MeCN; iv) TFA, CH,CL.

the number of coordinated water molecules, ¢. Values of ¢ were
typically close to unity, except for [Ln.L*]** (Ln = Eu, Tb), for
which a ¢ value of 2 was estimated (Table 1). Intriguingly, [Eu.L*]*
appears to be a mono-aqua complex, or a mixture of mono and
diaqua species, as ¢ = 1.3. Presumably, the change from O to S
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Fig. 1 Absorption (left), chromophore fluorescence (centre) and Eu(1ir)
emission (right) spectra for [Eu.L']** (H,O, pH 7.4, 10 uM complex).

Table 1 Selected photophysical data® (H,0O, 298 K) for Eu(i11) complexes
of L', L2, L}

Complex Am/NM &/M™'cm™! Tino/MS  Tpyo/MS q

[Eu.L'Cl4 384 12710 0.44 0.90 0.92
[Eu.L*]Cl, 372 3570 0.33 0.65 1.27
[Eu.L*]ClL* 340 4300 0.27 0.64 2.09
[Eu.L*]Cl, 375 3790 0.32 0.62 1.33

“For [Tb.L***: 7(H,0) = 1.17 ms, ©(D,0) = 2.07, ¢™ = 1.6. * t values
are the mean of at least 3 independent measurements (+10%); ¢ values
(£20%) were estimated using the analysis reported in reference 22.

in the ligand will reduce the tendency for water to H-bond to the
ligand.

In complexes with an azaxanthone sensitising moiety, absorp-
tion occurred at lower wavelength, around 340 nm, and <4%
ligand-based fluorescence was observed, consistent with the faster
rate of intersystem crossing in these systems.”!

Anion binding affinity selectivity and complex structure

It is becoming more evident that the optical and NMR spectral
properties of lanthanide(1ir) complexes, when analysed together,
afford a great deal of information on the nature and symmetry
of the metal ion coordination environment.*** In particular, the
nature and polarisability of the group occupying a position on
or close to the principal axis of the complex primarily determine
the magnitude of the second order crystal field coefficient, B.?,
that controls the dipolar NMR shift and the degree of splitting
of the AJ = 1 manifold in europium(1i) emission spectra.’!%16
For lanthanide complexes of cyclen derivatives this is typically
the ‘axial’ ligand occupying the ninth site, that caps the square

anti-prismatic polyhedron. The more polarisable the axial donor
atom is, the greater the relative intensity of the hypersensitive
and electric-dipole allowed AJ = 2 emission band. Thus, the
substitution of a ‘hard’ coordinated water by, for example, CO;*-,
or P-O/S-0 donors, has been shown to lead to emission spectra
with large AJ = 2/AJ = 1 intensity ratios.*'* Conversely, if the
Eu complex remains octadentate or if the nature of the capping
axial ligand in CN = 9 systems is conserved in any putative
ternary adduct, then only minor variations in the form and relative
intensity of the AJ = 1 and AJ = 2 manifolds may be expected.

Changes in the spectral behaviour (emission and 'H-NMR) for
[Eu.L'], [Eu.L*] and [Eu.L?] were monitored separately under
varying concentrations of the four most common bioactive oxy-
anions, hydrogencarbonate, HPO,>", lactate and citrate. In each
case,t the europium emission spectral form was recorded both
as a function of anion concentration, and as a function of pH
(298 K, 0.1 M NaCl range 3 < pH < 8) for a fixed anion
concentration (HCO;~ 30 mM; HPO,*~ 0.9 mM; lactate 2.3 mM;
citrate 0.13 mM) corresponding to common extracellular anion
values. With [Eu.L'], changes in spectral form were not very
significant, but were still sufficient to allow the variation of the
emission intensity ratio of a pair of bands (e.g. 617/615 nm,
700/687 nm or 594/592 nm) with anion concentration to be
plotted and fitted to a 1 : 1 binding model. Apparent affinity
constants could then be calculated (Table 2). The most distinctive
changes (albeit much less than those reported for anionic adducts
of related Eu(1ir) complexes with heptadentate ligands'>"*) were
observed following addition of NaHCO; to [Eu.L'], Fig. 2. The
Eu** emission lifetimes were recorded in the presence of 20 mM
NaHCO;, and values recorded in H,O (k* = 2.20 ms~') and D,O
(k® = 1.94 ms™') were consistent* with formation of a ternary
adduct with no bound water molecules. The measured apparent
affinity constant (K, "%~ = 10*") decreased by 10% in the pressure
of a mixed anion background containing fixed concentrations of
citrate (0.13 mM) lactate (2.3 mM) and HPO,>~ (0.9 mM), and was
unchanged (£5%) when human serum albumin (HSA, 0.7 mM)
was added to this mixture. In a separate experiment, incremental
addition of HSA to [Eu.L']** in solution (0.1 M NaCl or a mixed
anion background) reduced the Eu emission intensity, but not
the lifetime and caused no change in the spectral form of the
Eu emission, eliminating the possibility of ligation by amino acid
side chains that has been observed in less sterically demanding
systems.* Protein addition also reduced the ligand fluorescence
at 445 nm, but to a lesser extent than the reduction in overall Eu
emission intensity. This allowed the intensity ratio (440/616 nm)
to be plotted as a function of added [HSA],T and an apparent
1 : 1 binding constant of 10*°®%%) was estimated for protein
association.

Table 2  Affinity constants of europium(1ir) complexes for selected anions® (298 K, 0.1 M NaCl)

Complex Citrate (pH 7.4) Lactate (pH 6) HCO;™ (pH 7.4) HPO,> (pH 7.4)
[Eu.L'P* 4.33(02) 2.67(02) 3.01(02) 3.14(02)
[Eu.L*PP* 6.02(03) 2.73(02) 3.50(03) 3.95(03)
[Eu.L*PP* 5.24(03) 2.98(02) 2.08(02) 2.60(03)

“The pH regime was selected on the basis of preliminary experiments examining the pH dependence of the observed emission profile at a fixed anion
concentration (30 mM HCO;~, 2.3 mM lactate, 0.9 mM HPO,?-, 0.1 mM citrate with 10 uM complex), seeking a relatively ‘flat’ part of the spectral

response/pH profile.
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logK= 3.01 (+0.02)

"0 15 20 25 30
HCO,1/mM |

Fig. 2 Variation of the Eu emission spectrum for [Eu.L']* following
addition of sodium bicarbonate (pH = 7.4 (£0.05); [complex] = 10 uM;
298 K, Ao = 384 nm; I = 0.1 M NaCl) showing (insert) a plot of the
intensity ratio (617/615 nm) with [HCO;~], allowing calculation of the
apparent anion binding constant [LV,,;, 0.535, LV, 1.150].

An independent assessment of this value may be deduced by
examining the variation of the relaxivity of [Gd.L'(OH,)]** as a
function of added protein. Numerous studies have vindicated the
accuracy of such a method for various gadolinium(iir) complexes
that incorporate a lipophilic moiety.”* The relaxivity of [Gd.L']
(CF;S05); was 7.6 mM™' s7' (310 K, 60 MHz) in water and
decreased to 6.3 mM~' s7! in the presence of 30 mM NaHCO;
(pH 7.4). In the presence of 0.25 mM HSA, these values increased
to 39.2 mM~' s~ and 26.5 mM~' s7! respectively, and a titration
(Fig. 3) was analysed to reveal an apparent binding constant log
K =3.07 (£0.04) M, assuming 1 : 1 stoichiometry. This agrees
well with the value for protein association determined for [Eu.L']*.
The magnitude of the measured relaxivity for the protein-bound
adduct suggests that one water remains bound to the Gd in
the protein-bound species; this feature also accords with the Eu
emission spectral study in which the Eu(1ir) spectral form was the
same for the free and the protein-bound complex. In the presence
of 30 mM NaHCQO;, a relatively high relaxivity was still observed.
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Fig. 3 Variation of the relaxivity of [Gd.L']** with added HSA in water
(squares) and in the presence of 30 mM NaHCO; (circles) (pH 7.4, 80 uM
complex, / = 0.1 M NaCl, 310 K, 60 MHz).

Under these conditions the Gd complex should be >90% bound
to carbonate (giving a major ¢ = 0 species) as the K, values are
both about 10°. The high relaxivity value for the ternary adduct is
not unprecedented: several examples have been reported of large
second-sphere contributions to relaxivity in protein conjugates of
¢ = 0 Gd species.?*

With [Eu.L*]* and [Eu.L*]**, HSA addition led to a very
large decrease in Eu emission intensity, whereas the emission
lifetime increased from 0.26 ms to 0.35 ms, consistent with
displacement of a coordinated water molecule. For [Tb.L*]**, HSA
addition also caused a 10-fold reduction in emission intensity,
suggesting that the chromophore excited state was being quenched
by a change transfer process. This hypothesis was supported by
parallel quenching phenomena being observed with [Ln.L*/L*]**
following addition of a 50-fold excess of O-phosphotyrosine (but
not O-phosphoserine)—which brings an electron-rich Tyr site
close to the lanthanide centre, as the phosphate group binds.

The emission and '"H NMR spectral behaviour of the di-aqua
complex, [Eu.L*]* (X =0, and Si.e. L* and L*), in the presence of
anions or protein was distinctly different to [Eu.L'].T Incremental
addition of NaHCO; gave rise to large changes in the emission
spectral form: the size of the AJ = 2/AJ = 1 intensity ratio
increased from 2.3 : 1 to 5: 1, and the spectra observed resembled
the behaviour of systems studied earlier, such as [Eu.L‘]** and
[Eu.LJ**.121330 Distinctive changes in spectral form also charac-
terised reversible binding of other anions: lactate—an increase in
relative intensity of the 624 nm band; phosphate—broadening of
the AJ = 2 manifold, increase in intensity at 594 nm; citrate—
appearance of an isoemissive point at 698 nm, and an increase in
the AJ =2/AJ = 1 ratio. Overall, measured affinity constants were
higher for this series (Table 2), reflecting the enthalpic and entropic
benefit of displacing two water molecules in citrate-lactate and
bicarbonate binding. The highest affinity constant (log K = 6.02
(£0.03)) measured was for citrate binding, consistent with optimal
electrostatic attraction. In the presence of anions at their common
‘extracellular’ concentrations, hydrogencarbonate competes with
citrate for Eu coordination, in [Eu.L*J**.

Pronounced changes in '"H-NMR spectra also distinguish the
different ternary anion complexes.®*'® With [Eu.L']**, the 'H-
NMR spectrum (5 mM complex, pD 7.8, 295 K, 200 MHz)
of the ‘aqua’ complex (carefully degassed to eliminate dissolved
CO,) was compared to that measured in the presence of 30 mM
NaHCO; at pD 7.8. Addition of bicarbonate caused a sharpening
of the observed resonances but no major differences (+3 ppm)
were observed in the resonances for the major solution species.
In contrast, addition of excess NaHCO; to [Eu.L*] in D,O
caused large changes in the observed '"H-NMR spectrum, with
some resonances moving 15 ppm (Fig. 4), consistent with the
replacement of an ‘axial’ bound water by a more polarisable
oxygen atom 91061330

This differing behaviour can be rationalised in terms of the
different coordination geometries of the major solution species.
With [Eu.L']**, the benzylic amide carbonyl oxygen must occupy
the capping site in both the aqua complex and in the ternary
anion adducts. This is reflected in the constancy of the dipolar
NMR shift and the similar splitting (approximately 110 cm™' for
the A and E components) of the AJ = 1 transitions around 590—
594 nm for each ternary species. Carbonate or lactate/citrate
chelation must occur at two sites in the plane of the square
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Fig. 4 '"H NMR spectra for [Eu.L*]* in the absence (left) and presence

(right) of 30 mM NaHCO; (500 MHz, 295 K, pD 7.5, | mM complex).

antiprism. In contrast, with [Eu.L*/**]** (and for [Eu.L*]** and
[Eu.LP*), a water molecule occupies the capping, ‘axial’ site in
the 9-coordinate aqua adduct and chelation of carbonate replaces
this water with an anion oxygen—consistent with the observed
X-ray analyses of the diaqua [Yb.L*] complex and of coordinated
citrate, lactate and carboxylate adducts of [Eu.L*].? This changes
the B,? term considerably, hence changing the observed 'H and
Eu emission spectra.

Intermediate behaviour of [Eu.L3**

The complexes [Eu.L*]** and [Eu.L*®]** possess a rather different
structure in which the sensitiser is coordinated to the lanthanide
ion via the pyridyl N atom. Previous work with such systems has
highlighted their lower affinity for HCO;~ and phosphate, and
their tendency to bind citrate more selectively.’* Binding affinity
constants (Table 2) confirmed this trend. Changes in the form of
the europium emission spectrum were very minor for binding of
HCO,~/HPO,* and lactate. Addition of citrate to [Eu.L*] or
[Eu.L?®] was characterised by a 100% increase in the AJ =2/AJ =
1 intensity ratio and by significant changes in the form and relative
intensity of the AJ = 0 and AJ = 1 transitions (Fig. 5). A separate
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Fig. 5 Variation of the europium emission spectrum for [Eu.L*]** in the
presence of increasing concentrations of sodium citrate (pH 7.4, 0.1 M
NaCl, 20 uM complex, 298 K, 4. 380 nm), showing (inset) the fit (line) to
the observed data.

Table 3 Cell toxicity profiles (ICs, in NIH-3T3 cells) for selected eu-
ropium complexes and ligands*

Complex or ligand 1Csy/uM
[Eu.L']* >100

L >150
[Eu.L®2P* >270

L= >350
[Eu.L*]* 164(31)
L® 99.3(11.8)
[Eu.L3® 173 (34)
[Eu. L3P+ 5.62 (0.34)
L* 4.87(1.26)
L*® 180 (15)

“Values presented represent the mean of at least 3 independent mea-
surements, with standard deviations in parentheses. ® For purposes of
comparison ICs, values were also measured for 2-methylazaxanthone
(ICsy > 240 uM) and 2-methylazathiaxanthone (72.5{6.3} uM) and in the
latter case the sulfoxide (>240 uM) and sulfone (21.1{0.2} uM) analogues,
suggesting that the cytoxicity of the azathiaxanthone ligand may be linked
to oxidative metabolism of this moiety.

protein titration experiment was analysed as for [Eu.L']**, and
gave an apparent HSA affinity constant of 5.1 (£0.05) x 10° M~!
fora1:1 binding model.

'"H NMR experiments with this system were constrained by
the kinetic instability of the complex in solution. Over periods
of hours (several days for [Eu.L*]**), in the presence of >10 mM
concentrations of NaHCO; or sodium hydrogenphosphate, pre-
cipitation was observed, consistent with slow de-complexation of
the Eu ion from the macrocyclic ligand. Such instability precluded
more detailed solution studies of these systems.

Cellular cytotoxicity profiles

The relative cytotoxicity of the europium complexes and the free
ligands were assessed in mouse skin fibroblasts (NIH-3T3 cells)
using the established MTT assay.*! This makes use of the conver-
sion of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide to a purple ‘formazan’ product by the mitochondrial
dehydrogenase enzymes of viable cells. The insoluble ‘formazan’
was quantified spectrophotometrically in a 96-well plate reader
following dissolution in DMSO and an ICs, value recorded,
following a 24 h incubation of varying concentrations of the
complex with at least 10000 cells. The ICs, value was defined as
the complex concentration required to reduce the absorbance to
50% of that in the untreated control.

The only europium complex showing significant toxicity was
[Eu.L*]Cl; (5.6 uM), contrasting significantly with every other
complex examined. The ligand, L*, was also cytotoxic (ICs:
4.9 uM), and the correspondence of these values is consistent with
intracellular dissociation of Eu from the complex (vide infra for
microscopy confirmation) over the incubation period. The toxicity
of L* contrasts markedly with the behaviour of L', L*® and L*.
Similar cytotoxicity profiles were observed in Chinese hamster
ovarian (CHO) cells.

Luminescence microscopy studies

The cellular uptake profile of complexes was examined in CHO or
NIH-313 cells, with complex loading concentrations varying from
10 to 100 uM, for incubation times on slide cover-slips of between

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 2085-2094 | 2089





20 min and 12 h. The uptake and distribution of the complex within
the cell was observed by fluorescence microscopy, examining
both europium emission and (for the azathiaxanthone systems)
ligand fluorescence, following excitation of the chromophore.
Experimental details followed those outlined recently.!’ When
optical sections throughout the cells were taken, the fluorescence
could be detected in every layer, confirming that the complex
was internalised and was not simply associating with the cell
membrane. As a control, untreated cells were also examined but
showed no luminescence in the wavelength regions examined.
Images were taken at a number of points across each slide, with a
similar localization profile at each position.

With [Eu.L'P* in CHO cells, there appeared to be no fluores-
cence in the nucleus and the appearance is most consistent with
the size and distribution of late endosomes or lysosomes in the
perinuclear region, especially at later time points. The relative
emission intensity of ligand or Eu luminescence did not vary
significantly at 30 min, 1 h and 2 h (Fig. 6), as suggested by
the similar acquisition time for a constant overall brightness. This
behaviour therefore resembled that reported® for [Eu.L°]**, and
the similarity of the ligand fluorescence, Eu emission and merged
images is consistent with the absence of complex dissociation, at
this time point.

In a separate experiment, CHO cells were incubated with
[Eu.L'P* (100 uM) for 4 h. Then the growth medium was
removed, the cells were washed with phosphate buffered saline
(PBS) and fresh medium introduced without added europium
complex. One hour later, the form of the localisation profile had

changed significantly (Fig. 7). A lysosomal/endosomal profile
was still manifest, but a smoother localisation throughout the
cytoplasm was apparent. The brightness of the observed images
was the same (+5%) as for those recorded at 4 h, suggesting
that rapid egress of the complex from the cell (noted for certain
cationic complexes' recently)—in the absence of a concentration
gradient—was not occurring here. An estimate of the amount of
the Eu complex within the cell can be made by measuring [Eu]
by ICP-mass spectrometry, for a sample of cells that has been
counted by flow cytometry. For [Eu.L']**, a 10 hloading time point
was selected and 269511 fluorescent cells were counted, sorted
and collected by flow cytometry prior to ICP-MS analysis. The
combined PBS washings, used after growth medium withdrawal,
were also analysed by ICP-MS. The number of Eu ions within a
single cell was determined to be 6.8 (£ 0.4) x 107, or a europium
concentration of 38 uM, assuming a mean cell volume of 3000 um?®.
Thus, approximately 40% of the original extracellular complex
concentration was internalised. This measurement was confirmed
by comparing the absorbance values of [Eu.L'] (at 380 nm) in the
growth medium, at the outset and after the 10 h incubation time. A
45% (£5%) decrease in complex concentration was measured. The
concentration of [Eu.L'] in the combined PBS washings (following
incubation) were also measured by ICP-MS and accounted for
7% (£1%) of the original complex concentration. Such values and
microscopy observations are consistent with the behaviour of a
complex that is quickly internalised, and does not rapidly leave
the cell, even in the absence of an external concentration gradient.
Moreover, the relative intensity of the observed ligand fluorescence

Fig. 6 Confocal microscopy images at 2 h (upper) and 4 h (lower) in CHO cells, showing the localisation of [Eu.L']** (100 uM complex, A, = 405 nm):
left: ligand fluoresence observed using a 505-550 nm band pass filter; centre: Eu emission observed using a 590 nm line pass filter; right: merged images

using Image J™ software.
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Fig. 7 Confocal microscopy images of [Eu.L']** in CHO cells (100 uM complex, A, 405 nm); top: after 4 h incubation in the presence of complex;
bottom: 1 h later after incubation in fresh growth medium without complex (left: ligand fluorescence; right: europium emission).

to europium emission did not change significantly, consistent with
retention of complex integrity.

The localisation behaviour of [Eu.L*]** and [Eu.L®*]** was
examined by microscopy in both CHO and NIH-3T3 cells. Each
complex behaved similarly and revealed a profile, within 5 minutes
of incubation of a 50 uM solution, that was consistent with
localisation in mitochondria (Fig. 8). Co-localisation studies
(4 h incubation) with Mitotracker Green™ (Invitrogen) were
consistent with this hypothesis, and the merged images showed
good correspondence. When longer incubation times were used,
the complex appeared to migrate from the mitochondria to late
endosomes/lysosomes (Fig. 9). Such behaviour accords with the
idea that the rate of intracellular trafficking of these complexes
by recycling vesicles may be associated with their ability to bind
reversibly to a given carrier protein.

Finally, the complexes [Eu.L’]** were also studied, and exhibited
similar localisation profiles. In each case, they appeared to be
rapidly transported to perinuclear lysosomes. Using appropriate
filter sets, the europium emission and ligand fluorescence can
be distinguished easily. In this case they did not correspond,
consistent with the chemical instability of the complex with
respect to europium dissociation. This behaviour accords with the
correspondence of ligand and complex cytotoxicity for L* and
[Eu. L.

Summary

These cellular localisation studies suggest that the Eu(ir) com-
plexes of L* and L*, and their analogues, are attractive systems
for further investigation. They combine the required attributes of

a selective response to a given anion or pair of anions (HCO;~
vs. citrate) and show a time-dependent localisation profile that
may allow the monitoring, in real time, of local changes in pHCO;
selectively, within the mitochondrial region. Such studies will form
the basis of future endeavours in this area.

Experimental

General details of instrumentation, cell culture, toxicity, mi-
croscopy, relaxivity and HPLC are given in the ESL.{

Ligand and complex synthesis

The synthesis of L! and [Ln.L'] (Ln = Eu, Gd) was carried out as
described in reference 20.

[Eu.L'|(CF;S05);.  (S,S)-1,7-Bis(ethoxycarbonyl-2-ethylcarb-
amoylmethyl)-4-[7-(methylcarbamoylmethyl)-1-azathioxanthone]-
1,4,7,10-tetraazacyclododecane, L', (25 mg, 55 umol) was added
to Eu(CF;S03); (1 eq., 33 mg) and the mixture was dissolved
in dry MeCN (2 ml). The reaction was left to stir at 70 © C for
72 h. After cooling to room temperature, the solvent was removed
under reduced pressure and the remaining residue was dissolved in
dry MeCN (0.1 ml) and the mixture was dropped onto anhydrous
Et,O which resulted in precipitation of the title compound as a
triflate salt. The precipitate was separated by centrifugation and
dissolved in H,O (5 ml). The pH was then adjusted carefully to
10 by addition of conc. NaOH solution (in order to remove the
excess Eu as Eu(OH);) resulting in a white precipitate, removed
via a fine syringe filter. The pH was adjusted back to neutral with
conc. HCI and the mixture lyophilised to give a bright yellow
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Fig. 8 Epifluoresence microscopy images for [Eu.L*]** (50 uM complex,
4 h incubation) showing a mitochondrial localisation profile, as revealed
by co-localisation experiments with Mitotracker Green™: upper: Eu
complex; centre: Mitotracker Green™; lower: merged image (scale bar
20 microns).

solid containing approx. 2% NaCl as a result of pH adjustment
(60 mg, 49 pmol). m/z (HRMS*) 1221.2056 (M + 2CF,SO,)*
(C3;Hs5305NgS, Eu(CF;S0;), requires 1221.2033); HPLC: #; =
9.33 min; Ay, (H,0) 384 (12790 dm® mol™' em™); ™ tn0. pri—7.4):
0.44 ms, T b0, pp=7.1y: 0.90 ms; g = 0.92; 9™y — 74 = 5.1%.

[Gd.L'|(CF;S05);. The Gd complex was prepared as de-
scribed for the europium analogue. m/z (HRMS*) 1259.1870 (M +
2CF;S0;)" (CyHsO5NS,Gd(CF;S0;), requires 1259.1859);
HPLC: #; = 9.78 min; A,,,(H,O) 384 (12790 dm’® mol! cm™);
rp=7.66 mM!s!

Ligands L*, L* and L? and their lanthanide complexes. The
ligand L*, 2-[(2-(4,10-bis-[((S)-1-phenyl-ethylcarbamoyl)methyl]-
1-yl)acetylamino)-methyl]-5-oxo-5H -[1]benzothiopyrano[2,3-b]-
pyridine-7-carboxylic acid methyl ester was synthesised as de-
scribed in reference 20.

[Gd.L*](OAc);. A solution of 2-[(2-(4,10-bis-[((S)-1-phenyl-
ethylcarbamoyl)methyl]1-yl)acetylamino)-methyl]-5-oxo-5H-[1]-
benzothiopyrano[2,3-b]pyridine-7-carboxylic acid methyl ester
(13 mg, 0.016 mmol) and Gd(OAc);-4H,0 (4 mg, 0.012 mmol)
in aq. MeOH (1 : 1, 1 ml) was boiled under reflux under argon
for 48 h. The solution was allowed to cool then solvent removed
under reduced pressure. The residue was re-dissolved in water
(2 ml), filtered then dried under reduced pressure leaving the
desired complex as a pale yellow solid (11 mg, 0.009 mmol, 56%);
MS (ES*) m/z 525.5 [M + CH;CO,]** 100%; HRMS (ES*) m/z

Fig.9 Microscopy images for [Eu.L*]** (50 uM complex, 24 h incubation
time), upper: Eu emission; centre: Mitotracker Green™; lower: merged
image, consistent with migration of the complex from the mitochondria to
the perinuclear endosomes/lysosomes (scale bar 20 microns).

found 1050.3180 [M + CH;CO, — H]* C,;H;s,O5N;*?SGd requires
1050.3198; A.4s(H,O): 375 nm.

7-Methoxycarbonyl-2-phthalimidomethyl-1-azaxanthone. 7-
Methoxycarbonyl-2-bromomethyl-1-azaxanthone  (0.061 g,
0.175 mmol; synthesised as described in reference 21) and
potassium phthalimide (0.130 g, 0.702 mmol) in DMF (5 ml) were
stirred, under argon, for 12 h at room temperature. The solution
was poured into ice water (500 ml), the yellow/orange precipitate
being isolated by centrifugation. The filtrate was further cooled
in the fridge yielding further precipitate which was also isolated.
The solids were combined and recrystallised from DCM-ether to
yield the product as a yellow/orange crystalline solid (0.065 g,
0.157 mmol, 90%); Mp >250 °C; '"H NMR (CDCl;, 500 MHz)
0 8.96 (d, 1H, J = 2.0, Hy), 8.68 (d, 1H, J = 8.0 Hz, Hy), 8.39
(dd, 1H, J = 9.0, 2.0 Hz, Hp), 7.93 (dd, 2H, J = 5.5, 3.0 Hz,
Hy), 7.79 (dd, 2H, J = 5.5, 3.0 Hz, Hs), 7.60 (d, 1H, J = 9.0 Hz,
Hg), 7.42 (d, 1H, J = 8.0 Hz, H,), 5.14 (s, 2H, Hy), 3.97 (s,
3H, H,); “C NMR (CDCl,, 125 MHz) 6 177.0 (1C, Cy), 168.2
(2C, Gp), 165.9 (1C, Cy), 162.1 (1C, Cy), 160.3 (1C, Cq), 158.5
(1C, Cy), 138.8 (1C, Cx), 136.5 (1C, Cp), 134.7 (2C, Cy), 132.4
(2C, Cy), 129.5 (1C, Co), 127.2 (1C, C¢), 124.1 (2C, Cy), 121.6
(1C, Cy), 119.5(1C, Cy), 119.3 (1C, Cp), 116.1 (1C, C,), 52.9 (1C,
Ca), 43.1 (1C, C)); MS (ES*) m/z 437.3 [M + Na]* 100%, 851.2
[2M + Na]* 50%; HRMS (ES*) m/z found 437.0741 [M + Na]*
C,;H,,O4N,Na requires 437.0744. C,;H,N,O4:1/6CH,Cl, (%):
calc. C 64.93 H 3.37 N 6.54%; Found: C, 65.09; H, 3.34; N, 6.48%;
C;H4,N,O4-1/6CH,Cl, requires: C, 64.93; H, 3.37; N, 6.54%.

7-Methoxycarbonyl-2-aminomethyl-1-azaxanthone, 2. A solu-
tion of 7-methoxycarbonyl-2-phthalimidomethyl-1-azaxanthone
(0.061 g, 0.147 mmol) and NH,NH,.H,O (0.0144 ml, 0.297 mmol)
in DCM-MeOH (50 : 50, 8 ml) was heated at 50 °C followed
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by further additions of NH,NH,-H,O (0.0144 ml, 0.297 mmol)
at 3 h intervals until TLC analysis showed that all starting 7-
methoxycarbonyl-2-phthalimidomethyl-1-azaxanthone had been
consumed. The clear yellow solution was allowed to cool followed
by the addition of conc. HCl,,, until a pH of 2 was reached.
The resultant solution containing a white precipitate was heated
at 50 °C for 2 h then allowed to cool to room temperature, the
solution was filtered followed by the drying of the yellow filtrate
under vacuum to yield a yellow powder. Immediately prior to use,
the solid was dissolved in H,O containing one eq. NaOMe then
extracted with dichloromethane (2 x 5 ml), the organic phase was
dried under reduced pressure to leave the title product as a pale
green solid (0.029 g, 0.102 mmol, 69%); '"H NMR (CDCl,, 500
MHz) 6 9.00 (d, 1H, J = 2.0 Hz, Hy), 8.69 (d, 1H, J = 8.0 Hz,
Hy), 8.43 (dd, 1H, J = 9.0, 2.5 Hz, Hy), 7.60 (d, 1H, J = 8.5 Hz,
Hg), 7.52 (d, 1H, J = 8.0 Hz, H,), 4.16 (s, 2H, H,), 3.99 (s, 3H,
H,), 1.84 (s br, 2H, NH,); *C NMR (CDCl;, 125 MHz) ¢ 177.2
(1C, Cy), 169.3 (1C, Cy), 166.0 (1C, Cy), 160.4 (1C, C;), 158.5
(1C, Cp), 138.1 (I1C, Cy), 136.2 (1C, Cp), 129.3 (1C, Cy,), 127.0
(1C, Cy), 121.5(1C, C¢), 119.4 (1C, C)), 119.0 (1C, Cg), 115.3 (1C,
Cp), 52.7 (1C, C,), 45.0 (1C, C)); MS (ES*) m/z 285.2 [M + H]*
100%; HRMS (ES*) m/z found 285.0869 [M + H]* C;sH,;0,N,
requires 285.0870.

2-|(2-(7-tert-Butoxycarbonyl-4,10-bis-[((S)-1-phenyl-ethylcarba-
moyl)-methyl]-1,4,7,10-tetraaza-cyclododec-1-yl)-acetylamino)-
methyl]-10-oxo-10H -9-o0xa-1-aza-anthracene-6-carboxylic acid
methyl ester. 7-Carboxymethyl-4,10-bis-[((S)-1-phenyl-ethyl-
carbamoyl)-methyl]-1,4,7,10-tetraaza-cyclododecane- 1 -carboxy-
lic acid tert-butyl ester, 1, (0.128 g, 0.196 mmol; synthesised as
described in reference 20), EDC-HCI (0.037 g, 0.193 mmol),
HOBt-H,O (10 mg) and NEt; (0.082 ml, 0.588 mmol) in
chloroform (20 ml) were stirred for 20 min at room temperature
to form a yellow tinged solution. 7-Methoxycarbonyl-2-
aminomethyl-1-azaxanthone (0.042 g, 0.148 mmol) in chloroform
(3 ml) was added to form an orange solution that was left to
stir for 12 h at room temperature. The resulting yellow solution
was extracted with sat. aqueous NaHCO; solution (2 x 15 ml)
then H,O (10 ml). The organic phase was dried and solvent
removed under reduced pressure to leave an orange foam. The
desired product was purified via alumina column chromatography
(using a graduated solvent system starting from 100% DCM with
0.1% MeOH increments every 100 ml) yielding a glassy orange
solid, mp 70-72 °C (0.073 g, 0.079 mmol, 53%); Ry (alumina,
DCM-MeOH, 99 : 1): 0.16; "H NMR (CDCl;, 500 MHz) ¢ 8.95
(d, 1H, J = 2.5 Hz, H,), 8.60 (d, 1H, J = 8.0 Hz, Hy), 8.39
(dd, 1H, J = 8.5, 2.0 Hz, Hy,), 8.00 (s br, 1H, linker amide NH),
7.58 (d, 1H, J = 8.5 Hz, Hg), 7.32 (d, 1H, J = 6.5 Hz, H)),
7.19-7.25 (m, 10H, amide arm Ar), 5.08 (m, 2H, arm CH), 4.54
(m, 2H, Hy), 3.97 (s, 3H, H,), 2.40-3.16 (m br, 22H, cyclen CH,
and amide arms CH,CO), 1.43 (d, 6H, J = 6.5 Hz, amide arms
CH,;), 1.37-1.41 (m br, 9H, ‘Bu CH;); “C NMR (CDCl,, 125
MHz) 6 176.8 (1C, Cy), 171.4 (1C, linker amide C=0), 170.4 (2C
br, amide arm C=0), 165.8 (1C, Cy), 163.9 (1C, Cy), 160.1 (1C,
Cs), 158.3 (1C, Cg), 156.0 (1C, ‘Boc C=0), 143.7, 143.1 (2C br,
amide arm Ar), 138.3 (1C, Cy), 136.5 (1C, Cp), 129.4 (1C, Co),
126.5-128.8 (10C, amide arm Ar), 127.5 (1C, Cy), 121.6 (1C, Co),
120.1 (1C, Cy), 119.0 (1C, Cg), 115.6 (1C, Cy,), 80.3 (1C, ‘Boc,),
60.0, 59.4, 54.6, 53.4 (8C, cyclen CH,), 52.8 (1C, C,), 48.7 (2C,

amide arms CH), 47.8 (3C, amide arms and linker CH,CO), 44.6
(1C, C)), 28.7 (3C, '‘Boc CH,), 21.9, 21.5 (2C, amide arms CHj);
MS (ES*) m/z 919.7 [M + HJ* 100%; HRMS (ES*) m/z found
919.4726 [M + H]* C5,Hg;O0Ng requires 919.4713.

2-{(2-(4,10-Bis-[((S)-1-phenyl-ethylcarbamoyl)-methyl]-1,4,7,10-
tetraaza-cyclododec-1-yl)-acetylamino)-methyl]-10-oxo0-10 H-9-0xa-
1 - aza - anthracene - 6 - carboxylic acid methyl ester, L*. 1-[(2-
(7-tert-Butoxycarbonyl-4,10-bis-[((S)-1-phenyl-ethylcarbamoyl)-
methyl]-1,4,7,10-tetraaza-cyclododec-1-yl)-acetylamino)-methyl]-
10-ox0-10H-9-0xa-1-aza-anthracene-6-carboxylic acid methyl
ester (72 mg, 0.078 mmol) in DCM-TFA (50 : 50, 4 cm®) was
stirred in a sealed flask for 12 h yielding a yellow solution. Solvent
was then removed under reduced pressure to yield the desired
product as its TFA salt as a glassy yellow solid in quantitative
yield; '"H NMR (CDCl;, 500 MHz) ¢ 9.39 (s, 1H, linker NH),
8.86 (d, 1H, J = 1.5 Hz, Hy), 8.56 (d, 1H, J = 8.0 Hz, Hy), 8.34
(dd, 1H, J = 8.5 Hz 1.5 Hz, Hy), 8.10 (s br, 1H, arm NH), 7.87
(s br, 1H, arm NH), 7.54 (d, 1H, J = 8.5 Hz, Hg), 7.36 (d, 1H,
J =8.0 Hz, H)), 7.15-7.23 (m br, 10H, arm Ar), 4.85-4.95 (m br,
2H, arm CH), 4.59 (m br, 2H, H,), 3.94 (s, 3H, H,), 3.00-3.66 (m
br, 22H, cyclen, arm and linker CH,), 1.40 (s br, 6H, arm CH;);
BCNMR (CDCl;, 125 MHz) 6 176.9 (1C, Cy), 171.1, 170.1 (3C,
amide arm C=0 and linker arm C=0), 165.9 (1C, Cp), 163.6
(1C, Cy), 161.6 (q, 1C, TFA C=0), 160.1 (1C, C;), 158.3 (1C,
Cr), 143.6 (2C, arm Ar,), 138.5 (1C, Cy), 136.5 (1C, Cp), 129.3
(1C, Cy), 128.9, 127.7, 126.5, 126.4 (10C, arm Ar), 127.1 (1C,
Cy), 121.5 (IC, Cp), 1194 (1C, C)), 119.2 (1C, Cy), 115.7 (1C,
CL), 115.4 (g, 1C, TFA CF,), 55.4, 53.8, 52.4 (br, 8C, cyclen CH,),
52.9 (1C, C,), 49.8 (br, 2C, arm CH), 45.0 (br, 1C, C)), 43.5 (br,
3C, arm and linker CH,), 22.2, 21.9 (br, 2C, amide arm CH,;);
MS (ES*) m/z 819.5 [M + H]* 100%, 841.5 [M + Nal]* 40%;
HRMS (ES*) m/z found 819.4198 [M + HJ* C,sH;;0,Ng requires
819.4188.

[Eu.L®]Cl;. A solution of 2-[(2-(4,10-bis-[((S)-1-phenyl-ethyl-
carbamoyl)-methyl]-1,4,7,10-tetraaza-cyclododec- 1-yl)-acetyl-
amino)-methyl]-10-oxo-10 H-9-oxa-1-aza-anthracene-6-carboxylic
acid methyl ester as its TFA salt (46 mg, 0.049 mmol) and
Eu(OTf), (26 mg, 0.043 mmol) in MeCN (1 cm®) was boiled
under reflux under argon, in Schlenk apparatus, for 48 h. Solvent
was removed under reduced pressure to leave a orange glassy
solid. DCM (5 cm?) was added to the solid which was sonicated
for 5 min, solvent was then decanted leaving a orange residue.
The sonication process was repeated followed by drying of the
remaining residue, under reduced pressure, to yield the triflate salt
of the desired product as a fine cinder coloured powder (50 mg,
0.034 mmol, 79%). The solid was made water soluble by the
exchange of triflate anions for chloride anions using DOWEX
1 x 8 200-400 mesh chloride ion exchange resin. The procedure
involved the dissolving the solid in MeOH (1 ml) followed by the
addition of H,O (1 ml); this complex solution was added to a
mixture of the resin (0.2 g) in H,O-MeOH (50 : 50, 5 ml) then
stirred for 2 h. The resin was then removed by filtration followed
by the drying of the solution under reduced pressure to yield
the complex in quantitative yield; '"H NMR (as trichloride salt,
D,0, 500 MHz, partial data and assignment) ¢ 25.1 (1H, NH),
16.9 (1H, H,,), 15.2 (1H, H,,), 14.0 (1H, H,,), 1 1.7 (1H, H,,); MS
(ES*) m/z 508.3 [M + HCO,J** 100%, 1015.2 [M + HCO, — HJ*
10%; HRMS (ES*) m/z found 1027.3359 [M + CH,CO, — H]*
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Cy;HssOyN;'Eu requires 1027.3363; A.,(H,O): 333 nm; 70
0.38 ms, 7(pa0): 0.60 ms; g = 0.68.

[Tb.L*]Cl;. This was prepared in an analogous manner to the
Eu complex above. MS (ES*) m/z 511.3 [M + HCO,]** 100%,
1021.2 [M + HCO, — HJ* 25%; HRMS (ES* + NH,0Ac) m/z
found 1035.3409 [M + CH,CO, — H]* C;H5,0yN;'¥Tb requires
1035.3418; Zus(H,0): 332 nm; 7g400): 1.17 ms, tpye): 2.07 ms; ¢ =
1.56.
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The species-specific cell adhesion in the marine sponge Microciona prolifera involves the interaction of
an extracellular proteoglycan-like macromolecular complex, otherwise known as aggregation factor. In
the interaction, two highly polyvalent functional domains play a role: a cell-binding and a
self-interaction domain. The self-recognition has been characterized as a Ca**-dependent

carbohydrate—carbohydrate interaction of repetitive low affinity carbohydrate epitopes. One of the
involved epitopes is the pyruvated trisaccharide B-D-Galp4,6(R)Pyr-(1—4)--D-GlcpNAc-(1— 3)-L-
Fucp. To evaluate the role of this trisaccharide in the proteoglycan—proteoglycan self-recognition,
B-D-Galp4,6(R)Pyr-(1—4)-B-D-GlcpNAc-(1— 3)-a-L-Fucp-(1—O)(CH,);S(CH,)sSH was synthesized,
and partially converted into gold glyconanoparticles. These mimics are being used to explore the
self-interaction phenomenon for the trisaccharide epitope, via TEM aggregation experiments (gold
glyconanoparticles) and atomic force microscopy (AFM) experiments (self assembled monolayers;

binding forces).

Introduction

Sponges are the simplest multicellular animals living today. The
complex extracellular matrix found in sponges suggests that
the system mediating sponge cell motility and adhesion is the
evolutionary ancestor to Metazoan cell adhesion and development
mechanisms.! Therefore, they represent an ideal model system to
study the molecular mechanisms that guide cell recognition and
adhesion in higher Metazoans.” The species-specific cellular adhe-
sion in the red-beard marine sponge Microciona prolifera depends
on two functional domains in its proteoglycan-type aggregation
factor: (i) an N-linked polysaccharide of 200 kDa molecular mass
(g-200) for the Ca**-dependent self-interaction between cells, and
(ii) an N-linked polysaccharide of 6 kDa molecular mass (g-
6) for the Ca**-independent binding to cell surface receptors.®*
Two monoclonal antibodies prepared against the aggregation
factor, called Block 1 and Block 2, were able to inhibit the
Ca*-dependent self-aggregation process through the binding to
repetitive carbohydrate epitopes on the g-200 glycan.>¢ Isolation
and characterization of these epitopes (Scheme 1) revealed two
small oligosaccharide fragments, the pyruvated trisaccharide f-
D-Galp4,6(R)Pyr-(1—4)-B-D-GlcpNAc-(1—3)-L-Fucp (Block 1)
1,7 and the sulfated disaccharide B-D-GlcpNAc3S-(1— 3)-L-Fucp
(Block 2) 2.3

To gain insight into the role of the different carbohydrate
epitopes in the g-200 self-recognition, we started a challeng-
ing program involving the synthesis and interaction studies
of the two g-200 oligosaccharide epitopes. Initially, the pro-
gram was focused on the sulfated disaccharide element 2.

Bijvoet Center, Department of Bio-Organic Chemistry, Utrecht Uni-
versity, Padualaan 8, NL-3584 CH, Utrecht, The Netherlands.
E-mail: j.p.kamerling@uu.nl

Surface plasmon resonance (SPR) spectroscopy of the amino-
spacer-containing synthetic disaccharide B-D-GlcpNAc3S-(1— 3)-
a-L-Fucp-(1—-0)(CH,);S(CH,),NH,, multivalently presented as
a bovine serum albumin conjugate, indicated that the Ca**-
dependent self-recognition of this epitope is one of the major forces
behind the g-200 self-association.** These experiments showed
that this interaction is highly Ca’*-dependent, and not only based
on electrostatic forces, as other negatively charged carbohydrates
did not aggregate in the presence of Ca**-ions. Recently, trans-
mission electron microscopy (TEM) aggregation experiments in
the absence and presence of Ca’*-ions using gold nanoparticles
coated with the thiol-spacer-containing synthetic disaccharide
B-D-GlecpNAc3S-(1—3)-0-L-Fucp-(1—0O)(CH,);S(CH,),SH, and
structural variants of the synthetic disaccharide,’ have given
valuable information on the Ca**-mediated interaction mechanism
of the disaccharide 2 self-recognition.' In summary, it turned out
that the methyl group of Fuc, combined with the sulfate and N-
acetyl groups of GIcNAc are essential for the self-recognition.
Furthermore, the a-anomeric form of the L-Fucp moiety results in
larger aggregates than the f-form; in this context it should be noted
that the g-200 polysaccharide contains only o-L-Fucp units."®

In order to understand the role of the pyruvated trisaccharide el-
ement 1, we have started now a similar program as described for the
sulfated disaccharide, and in this paper we report on the synthesis
of gold nanoparticles decorated with B-D-Galp4,6(R)Pyr-(1—4)-
B-D-GlcpNAc-(1— 3)-a-L-Fucp-(1—0)(CH,);S(CH,),SH.

Results and discussion
Synthesis of the thiol-spacer-containing trisaccharide

As Fuc occurs in the a-anomeric configuration in the intact
proteoglycan,'® which turned out to be of high importance in
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Scheme 1 Oligosaccharide epitopes isolated from the proteoglycan g-200 glycan of Microciona prolifera.

our previous interaction studies with the sulfated disaccharide,™
the earlier reported synthetic methyl* and 5-aminopentyl®® -
glycosides of the trisaccharide were expected to be less suited for
the present interaction studies. In the synthetic route to allyl o-
glycoside 14, three monosaccharide building blocks were used,
namely, 3, 4, and 5 (Scheme 2). The allyl a-fucoside acceptor 5 was
previously applied to the synthesis of the allyl-spacer-containing
sulfated disaccharide.” The 4,6-pyruvated galactosyl donor 3 was
prepared according to the literature.”* *C NMR analysis of this

HOOC/‘VO

0

HO

MeOOC/IVQ

0

BzO
OBz

3

building block showed a signal with a chemical shift of 25.4 ppm,
assigned to the CH;CCOOCH; group in the desired (R)-pyruvate
configuration.”® Acceptor 4, a product wherein the benzyl groups
at O-3 and O-6 are essential for the activation of the non-reactive
4-OH group, was synthesized according to the literature."”

In a first step, coupling of donor 3 with acceptor 4, promoted
by N-iodosuccinimide (NIS) and a catalytic amount of triflic acid,
generated disaccharide 6 in 74% yield (Scheme 3). Subsequent de-
O-benzylation of 6, using 10% Pd on charcoal and H,, rendered

O\/§
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OH
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O
NHAc

(0]
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e
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4

Scheme 2 Monosaccharide building blocks 3, 4, and 5, used in the synthesis of the allyl-spacer-containing trisaccharide 14.
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Scheme3  Reagents and conditions: a, NIS-HOTfin CH,Cl,, —30°C, 30 min, 74%; b, Pd/C and H, in EtOAc-EtOH, 4 h, 94%; ¢, BzClin CH,Cl,—pyridine,

3 h, 93%.
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Scheme 4 Reagents and conditions: a, CAN in 9 : 1 acetonitrile-H,O, 0 °C, 30 min, 77%; b, Cl;CCN-DBU in CH,Cl,, 3 h, 73%; ¢, TMSOTf in CH,Cl,,

15 min, 0 °C followed by 15 min, rt, 70%.

disaccharide 7 (94%), of which the free 3-OH and 6-OH groups
were benzoylated in dry dichloromethane using benzoyl chloride
and pyridine (— 8, 93%). This deprotection/protection protocol
was performed at the disaccharide level, to avoid hydrogenation
of the allyl group that is present after coupling with the allyl a-
fucoside acceptor 5.

Oxidative removal of the anomeric 4-methoxyphenyl group,
using ammonium cerium(1v) nitrate (CAN) (Scheme 4) in a 1 :
1 : 1 toluene-acetonitrile-water two-phase mixture, resulted in
only 20% of the desired disaccharide 9. Under these reaction
conditions (incubation time 3 h) the removal of the 4,6-(1-
methoxycarbonylethylidene) group was highly favoured. However,
when the reaction was performed in 9 : 1 acetonitrile-water at
0 °C*® for only 30 min, the reducing-end free disaccharide 9 was
obtained in 77% yield. Imidation of 9, using trichloroacetonitrile
in the presence of 1,8-diazabicyclo[5.4.0lundec-7-ene (DBU) as a
promotor, gave disaccharide donor 10 (73%). Coupling of donor
10 with an excess of acceptor 5 (1.9 equiv.), in the presence of
trimethylsilyl triflate as a promotor (0.05 equiv. based on 10), gave
finally trisaccharide 11 (70%).

In view of the presence of a 4,6-acetal group in the galactose unit
of 11, the deprotection of 11 to give 14 needs much care. At first
instance, a near-neutral phthalimido deprotection protocol based
on partial reduction of the N-phthalimide group using NaBH,
in aq. isopropanol, followed by an acid-catalyzed cyclization
to afford the free amine, was applied.” However, this de-N-
phthaloylation procedure, followed by de-O-acetylation using
Zemplén conditions? and saponification of the methyl ester of the
pyruvate group, resulted only in trisaccharide 12 having a partially
reduced phthalimide group (Scheme 5). Alternative attempts to
achieve the cyclization of this intermediate and generate the
free amine were not successful. To overcome this problem, we
tried to selectively saponify the methyl ester in the presence of

O
MeOOC =
(0]
OBz
OBz Bzg&,
NPhth
O\/§
HOOC a orb

a, 12, R = CH,OH
b, 13, R = COOH

Scheme 5 Reagents and conditions: a, (i) NaBH, in i-PrOH-H,O,
overnight, (ii)) HOAc (pH 5), 80 °C, 5 h, (iii) NaOMe in MeOH, 2 h,
(iv) 0.19 M NaOH in 1 : 1 MeOH-H,O; b, (i) 3 M aq. NaOH in 5 :
1 MeOH-H,O, 3 h, (ii) 33% ethanolic CH;NH,, 5 days, (iii) Ac,O in
MeOH, 3 h, 0 °C, or (i) 1 M aq. LiOH in acetonitrile, 1 h, (ii) 33%
ethanolic CH;NH,, 5 days, (iii) Ac,O in MeOH, 3 h, 0 °C.

the phthalimide group. However, the tested conditions, such as
incubation with 1 M aq. LiOH in acetonitrile or 3 M aq. NaOH
in methanol-water,®! resulted only in the formation of the semi-
hydrolyzed phthalimido product 13. Under basic conditions, the
phthalimide group is partially opened, yielding an intermediate
that could not be further deprotected. In addition, a milder
saponification method using CaCl, in 1 M LiOH in 70% aq.
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Scheme 6 Reagents and conditions: a, (i) Lil in EtOAc, boil under reflux, 16 h, (ii) 33% ethanolic CH;NH,, 5 days, (iii) Ac,O in MeOH, 0 °C, 2 h, 60%
overall yield; b, HS(CH,),SH, MeOH, U V-light, 2 h, 40%; ¢, 25 mM aq. HAuCl,, 1 M aq. NaBH,, MeOH, 2 h.

isopropanol®?® was not able to cleave the methyl ester of the
pyruvate group. Finally, the methyl ester cleavage in 11 was
realized under neutral conditions with Lil in refluxing ethyl acetate
(16 h), followed by de-N-phthaloylation/de-O-acetylation with
ethanolic 33% methyl amine (5 days), and N-acetylation with
acetic anhydride in methanol at 0 °C,* yielding allyl glycoside
14 in 60% yield. Then, the allyl group of 14 was elongated with
1,6-hexanedithiol,' and spacer-containing trisaccharide 1-SH was
obtained in 40% yield (Scheme 6).

Preparation of gold glyconanoparticles

Gold glyconanoparticles Au-1 were prepared by a modification
of Brust’s method,” following the same procedures as used for
the preparation of the gold glyconanoparticles coated with the
sulfated disaccharide and its structural variants." Accordingly,
tetrachloroauric anion was reduced in the presence of the thiol-
spacer-containing trisaccharide 1-SH by the careful addition of
an excess of NaBH,. The water-soluble gold glyconanoparticles
Au-1 were purified by centrifugal filtration and characterized by
'"H NMR spectroscopy, monosaccharide analysis, and TEM.

The '"H NMR spectrum of Au-1 (Fig. 1a) showed line broad-
ening of the carbohydrate signals, this being typical in the spectra
of gold glyconanoparticles." The broad peaks matched those
of the corresponding thiol-spacer-containing trisaccharide 1-SH
(Fig. 1b). Monosaccharide analysis of Au-1 revealed the expected
molar ratio of Fuc:GlcNAc:Gal = 1:1: 1, and a 53% weight-
percentage of carbohydrate. As is evident from Fig. 2, the TEM
micrographs of Au-1 (0.1 mg cm™) in water showed uniformly
dispersed nanoparticles throughout the grid surface. The size
distribution was calculated from approximately 1000 particles
in different micrographs, giving a mean diameter of 1.59 +
0.5 nm (116 Au atoms).”® Combining the results of the TEM

(@)
Pyruvate
NHAG Py
Spacer
e T T T T
5 4 3 2 1
PPM
(b) Pyruvate
NHAC
Fuc
H-6
GlcNAc
H-1
Gal
Fuc|| H-1
H-1 ¢
¢ Spacer W\A}
T T T T T T T T T
5 4 3 2 1
PPM

Fig. 1 The 'H NMR spectra of (a) gold nanoparticles decorated with
1-SH (Au-1) and (b) 1-SH in D,O.

size distribution and the weight-percentage of carbohydrate, it
was calculated that the surface coverage amounts to 41%, which
corresponds to 32 trisaccharide molecules per nanoparticle.??
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Fig. 2 TEM image of gold nanoparticles decorated with 1-SH (Au-1) in
H,O (0.1 mg cm~?); scale bar 20 nm.

The gold glyconanoparticles Au-1 have been used to investigate
the pyruvated trisaccharide self-recognition on the molecular level
via TEM, carried out in the absence and presence of Ca** ions.
Furthermore, the thiol-spacer-containing trisaccharide 1-SH has
been used to create self-assembling monolayers for atomic force
microscopy (AFM) experiments. The results of these studies will
be described elsewhere.

Conclusion

In biological recognition and adhesion processes, protein—protein,
carbohydrate—protein, and carbohydrate—carbohydrate interac-
tions play key roles. Carbohydrate—carbohydrate interactions are
characterized by extremely low affinities, and so far, only a few
examples have been described. In biological systems, these low
affinities are compensated by multivalent presentation of the
ligands. In the Ca* -dependent species-specific cellular adhesion
of marine sponges, a large number of polysaccharide chains of
200 kDa, linked to specific protein domains of the extracellular
proteoglycan-type aggregation factor, are responsible for the self-
recognition among the cells. The multivalency is reached via
highly repetitive oligosaccharide epitopes in these polysaccharides.
The structural knowledge of two of these epitopes, a sulfated
disaccharide and a pyruvated trisaccharide, in the marine sponge
M. prolifera has opened new analytical opportunities to explore
multivalent epitope systems as mimics. By using UV, SPR,
TEM, AFM, NMR, and MC as technologies, the carbohydrate—
carbohydrate molecular self-recognition on the epitope level can
be investigated. To carry out such studies, the availability of the
synthetic oligosaccharide epitopes is a prerequisite, as has been
demonstrated recently by us for the sulfated disaccharide. With
the successful synthesis of the pyruvated trisaccharide described
in this study, now it will be possible to visualize the interaction
picture in more detail, and it is expected that molecular models
at the epitope level can be extrapolated to the polysaccharide
level, leading to an interaction model of a phenomenon that was
observed in 1901, for the first time. Additionally, the fundamental
results of these studies will assist in a further understanding
on the molecular level of carbohydrate-carbohydrate phenomena
observed in human embryogenesis, metastasis, and other cellular
proliferation processes.

Experimental
General procedures

All chemicals were of reagent grade, and were used without further
purification. Reactions were monitored by TLC on Silica Gel
60 F,s, (Merck); after examination under UV-light, compounds
were visualized by heating with orcinol (1 mg cm™) in 5%
(v/v) methanolic H,SO,, or ninhydrin (1.5 mg cm™) in 38 :
1.75 : 0.25 1-BuOH-H,0-HOAc. In the work-up procedures of
reaction mixtures, organic solutions were washed with appropriate
amounts of the indicated aqueous solutions, then dried with
MgSO,, and concentrated under reduced pressure at 30-50 °C
in a water bath. Column chromatography was performed on Silica
Gel 60 (Merck, 0.040-0.063 mm). "H NMR spectra were recorded
at 300 K with a Bruker AMX 500 (500 MHz) spectrometer; dy
values are given in ppm relative to the signal for internal Me,Si
0y = 0, CDCly) or internal acetone (0y = 2.22, D,0O). Two-
dimensional '"H-'"H TOCSY (mixing times 7 and 100 ms) and
'"H-"3C-correlated HSQC spectra were recorded at 300 K with a
Bruker AMX 500 spectrometer; o values are given in ppm relative
to the signal of CDCI; (0. = 77.1, CDCl;) or internal acetone (6 =
30.9, D,0). Exact masses were measured by matrix-assisted laser
desorption ionization time-of-flight mass spectrometry (MALDI-
TOF MS) using a Voyager-DE Pro (Applied Biosystems) instru-
ment in the reflector mode at a resolution of 5000 FWHM. 2,4-
Dihydroxybenzoic acid in 1 : 1 acetonitrile-H,O (5 mg cm~*) was
used as a matrix. A ladder of maltose oligosaccharides (G3-G13)
was added as internal calibration.

4-Methoxyphenyl 2,3-di- O-benzoyl-4,6- O-[(R)-1-methoxycarbo-
nylethylidene] - §-D-galactopyranosyl-(1—4)-3,6-di- O-benzyl - 2-
deoxy-2-phthalimido-B-D-glucopyranoside 6. A solution of
4-methoxyphenyl  3,6-di-O-benzyl-2-deoxy-2-phthalimido-f3-D-
glucopyranoside” (4; 367 mg, 0.61 mmol) and phenyl 2,3-di-O-
benzoyl-4,6- O-[(R)-1-methoxycarbonylethylidene]- 1-thio-f-D-
galactopyranoside™ (3; 618 mg, 1.10 mmol) in dry CH,Cl,
(20 cm?), containing activated molecular sieves (4 A, 2 g), was
stirred for 45 min at rt. The mixture was cooled down to —30 °C,
and, after the addition of NIS (376 mg, 1.65 mmol) and a catalytic
amount of triflic acid, stirred for 30 min at —30 °C, when TLC
(95 : 5 CH,Cl,~acetone) showed the formation of 6 (R; = 0.32).
After neutralization with pyridine and filtration, the solution
was washed with saturated aq. Na,S,0;, dried, filtered, and
concentrated. Column chromatography (95 : 5 CH,Cl,-acetone)
of the residue gave 6, isolated as a yellow solid (478 mg, 74%);
ou(500 MHz; CDCl;) 1.56 (3 H, s, CH;CCOOCH;), 3.32 (1 H, bs,
H-5), 3.48 (1 H, m, H-5), 3.57 (1 H, dd, Ju.sn.e <1, Jueaner 10.9,
H-6a), 3.63 (3 H, s, CH;CCOOCH,), 3.66 (3 H, s, C;H,OCH),
3.71 (1 H, dd, Jysue 3.2, H-6b), 3.95 and 4.17 (each 1 H, 2 x
m, H-6'a, H-6'b), 4.21 (1 H, bt, H-4), 4.36, 4.59, 4.68, and 5.02
(each 1 H, 4 x d, 2 x CH,C¢Hs), 4.46 (1 H, bd, Jyyuy 3.4,
Juynsy <1, H-4),484 (1 H, d, Juyuy 8.1, H-1'), 5.05 (1 H, dd,
Jurny 104, H-3),5.52 (1 H, d, Jy, . 7.8, H-1), 5.81 (1 H, dd,
H-2'), 6.62 and 6.74 (each 2 H, 2 x m, C;H,OCHj;), 6.84, 7.08,
7.36, 7.53, 7.90, and 798 2 H, 2 H, 10 H, 4 H, 1 H, 1 H, 6 x
m, 2 x CH,C4H; and 2 x COC4H;), 7.67 and 7.79 (each 2 H,
2 x m, Phth); 6.(125.76 MHz; CDCl;) 25.7 (CH;CCOOCH,),
52.4 (CH;CCOOCH,), 55.7 (C4H,OCHj;), 55.9 (C-2), 65.1 (C-6)),
65.7 (C-5), 67.8 (C-6), 69.1 (C-4), 69.8 (C-2), 72.9 (C-3), 73.6
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and 75.3 (2 x CH,C¢Hjy), 74.9 (C-5), 77.2 (C-3), 78.2 (C-4), 97.7
(C-1),100.6 (C-1'), 114.6 and 118.9 (C4H,OCH,), 123.6 and 133.9
(N(CO),C¢H,), 127.3,128.1, 128.2, 128.6, 128.7, 130.0, 130.2, and
133.5(2 x CH,C¢H; and 2 x COC¢Hs); m/z (HR MALDI-TOF)
1072.339 (M + Na]*, Cs,xHssNNaO,; requires 1072.337).

4-Methoxyphenyl 2,3-di- O-benzoyl-4,6- O-[( R)-1-methoxycarbo-
nylethylidene] - B - D-galactopyranosyl - (1— 4)-2-deoxy-2-phthalim-
ido-p-D-glucopyranoside 7. To a solution of 6 (478 mg,
0.45 mmol) in 1 : 1 EtOAc-EtOH (20 cm®) was added 10% Pd/C
(0.93 g), and the mixture was stirred for 4 h, while H, was bubbled
through. After filtration over Celite and concentration, the residue
was purified by column chromatography (9 : 1 CH,Cl,-acetone —
9:1CH,Cl,-MeOH), yielding 7, isolated as a white solid (380 mg,
94%); 01 (500 MHz; CDCL;) 1.54 (3 H, s, CH;CCOOCH;), 3.54
(1 H, m, H-5), 3.55 and 3.61 (each 1 H, 2 x m, H-6a, H-6b),
3.63 (3 H, s, CH,CCOOCH,), 3.67 (1 H, bs, H-5), 3.69 (3 H, s,
C:H,OCH,), 4.87 (1 H, bt, H-4), 4.05 (2 H, m, H-6'a, H-6'D),
4.37 (1 H, dd, Jy.n. 8.6, Juons 10.9, H-2),4.53 (1 H, bd, Jyy n
3.7, Juwns <1, H-4), 458 (1 H, dd, Jy;us 8.6, H-3), 4.86 (1
H, d, Jyrur 8.0, H-1), 5.19 (1 H, dd, Jy.yuy 10.4, H-3), 5.77
(1 H, d, H-1), 5.84 (1 H, dd, H-2), 6.68 and 6.77 (each 2 H,
2 x m, C¢H,OCH,), 7.41, 7.52, 7.98, and 8.04 (6 H, 2 H, 1
H, 1 H, 4 xm, 2 x COC¢Hs), 7.71 and 7.85 (each 2 H, 2 x
m, Phth); 6.(125.76 MHz; CDCl;) 25.5 (CH,CCOOCH;), 52.5
(CH;CCOOCH,), 55.7 (C4H,OCH;), 56.0 (C-2), 60.5 (C-6), 64.7
(C-6'), 66.2 (C-5), 68.8 (C-4), 68.9 (C-2'), 69.5 (C-3), 72.6 (C-
3),74.5(C-5), 81.0 (C-4),97.5 (C-1), 101.8 (C-1"), 114.7 and 118.5
(C¢H,OCHs;), 123.7 and 134.3 (N(CO),C¢H.,), 128.6, 128.7,129.9,
and 130.1 (2 x COC4¢Hs); m/z (HR MALDI-TOF) 892.243 (M +
Na]*, C;sHy;NNaO,; requires 892.215).

4-Methoxyphenyl 2,3-di- O-benzoyl-4,6- O-[( R)-1-methoxycarbo-
nylethylidene]-f-D-galactopyranosyl-(1—4)-3,6-di- O-benzoyl-2-
deoxy-2-phthalimido-$-D-glucopyranoside 8. To a solution of 7
(470 mg, 0.54 mmol) in dry CH,Cl, (8 cm?®) and dry pyridine (1 cm?)
was added benzoyl chloride (1 cm?®). The mixture was stirred for
3 h, when TLC (95 : 5 CH,Cl,—acetone) showed the complete
conversion into 8 (R, = 0.56). After dilution with CH,Cl,,
the organic phase was washed with saturated aq. NaHCOs;,
dried, filtered, and concentrated. Column chromatography (98 : 2
CH,Cl,—acetone — 95 : 5 CH,Cl,—acetone) of the residue yielded
8, isolated as a white foam (545 mg, 93%); 64(500 MHz; CDCl;)
1.39 (3 H, s, CH;CCOOCH,), 2.71 (1 H, bs, H-5), 3.53 (2 H,
m, H-6’'a, H-6'b), 3.54 (3 H, s, CH;CCOOCH,), 3.66 (3 H, s,
CH,0OCH;),4.07 (1 H, m, H-5),4.19 (1 H, bd, J1.3 .y 3.5, Juw s’
<1, H-4), 4.21 (1 H, bt, H-4), 4.34 (1 H, dd, Ju.sn.e 5.5, Jr.eane
11.8, H-6b), 4.60 (1 H, dd, Ju. n., 8.6, Ju,ns 10.4, H-2), 4.64 (1
H, dd, Jusne <1, H-6a), 479 (1 H, d, Juyuy 8.1, H-1'), 4.98
(1 H, dd, Jyyny 10.4, H-3), 5.72 (1 H, dd, H-2'), 5.90 (1 H, d,
H-1), 6.23 (1 H, dd, Jusus 8.7, H-3), 6.57 and 6.77 (each 2 H,
2 x m, C;H,OCHy;), 7.22, 7.33, 7.42, 7.45, 7.56, 7.89, and 7.93
B3H,6H,3H,2H,2H, 1 H,3H,7 x m, 4 x COC¢H5), 7.68
(4 H, m, Phth); 6.(125.76 MHz; CDCl,) 25.5 (CH,;CCOOCH;),
52.3 (CH;CCOOCH,), 55.1 (C-2), 55.6 (CsH,OCH,;), 62.7 (C-6),
64.2 (C-6), 65.8 (C-5), 68.6 (C-4), 69.4 (C-2), 72.7 (C-3), 72.8
(C-3), 73.0 (C-5), 77.6 (C-4), 97.7 (C-1), 101.4 (C-1), 114.5 and
119.2 (C4H,OCH;), 123.7 and 134.3 (N(CO),C,H,), 128.4, 128.5,
128.6, 129.8, 129.9, 133.1, 133.4, 133.5, and 134.3 (4 x COC¢Hjy);

m/z (HR MALDI-TOF) 1100.287 ([M + NaJ*, Cs,Hs;NNaO,,
requires 1100.295).

2,3-Di- O-benzoyl-4,6- O-[(R)-1-methoxycarbonylethylidene]-f-
D-galactopyranosyl-(1—4)-3,6-di- O-benzoyl-2-deoxy-2-phthal-
imido-B-D-glucopyranose 9. To a solution of 8 (545 mg,
0.51 mmol) in acetonitrile (13.5 cm?®) and water (1.5 cm®) was
added, at 0 °C, ammonium cerium(IV) nitrate (2.79 g, 5.1 mmol).
The mixture was vigorously stirred for 30 min at 0 °C, when TLC
(95 : 5 CH,Cl,—acetone) showed the appearance of 9 (R; = 0.14).
After dilution with EtOAc, the organic phase was washed with
saturated aq. NaHCO;, dried, filtered, and concentrated. Column
chromatography (95 : 5 CH,Cl,—acetone — 9 : 1 CH,Cl,—acetone)
of the residue yielded 9, isolated as a yellow solid (380 mg, 77%);
ou(500 MHz; CDCl;) 1.39 (3 H, s, CH;CCOOCH;), 2.69 (1 H,
bs, H-5), 3.47 (1 H, dd, Ju.s nev 2.0, Juganes 12.9, H-6'b), 3.53
(3 H, s, CH;,CCOOCH,), 3.55 (1 H, dd, Jy.y ne. 1.2, H-6'a), 4.02
(1 H, m, H-5), 4.18 (1 H, bd, Juy s 3.6, Juwny <1, H-4),4.23
(1 H, bt, H-4), 4.29 (1 H, dd, Jy..u> 8.4, Juans 10.7, H-2), 4.35
(1 H, dd, Jusme 4.0, Jiene 12.0, H-6b), 4.69 (1 H, dd, Ji.smn.e
1.9, H-6a),4.79 (1 H, d, Jy.yny 8.1, H-1),4.97 (1 H, dd, Jyy uy
10.5, H-3), 5.72 (1 H, dd, H-2"), 5.75 (1 H, d, H-1), 6.22 (1 H,
dd, Jusne 8.7, H-3), 7.16, 7.32, 7.40, 7.45, 7.55, 7.86, and 7.91 (3
H,6H,3H,2H,2H,1H,3H,7 xm, 4 x COCsHj,), 7.68 (4
H, m, Phth); 6.(125.76 MHz; CDCl;) 25.4 (CH;CCOOCH,;), 52.3
(CH;CCOOCH;), 56.5 (C-2), 62.3 (C-6), 64.1 (C-6'), 65.8 (C-5),
68.5 (C-4), 69.3 (C-2), 72.6 (C-3), 72.7 (C-3'), 73.0 (C-5), 77.1 (C-
4),92.6 (C-1),101.4 (C-1"), 123.7 and 134.3 (N(CO),C4H,), 128.3,
128.4, 128.5, 128.6, 129.7, 129.9, 133.1, 133.4, 133.6, and 134.3
(4 x COC4Hy); m/z (HR MALDI-TOF) 994.226 (IM + NaJ*,
Cs5,H,;sNNaOy; requires 994.253).

Allyl  2,3-di-O-benzoyl-4,6-O-[(R)-1-methoxycarbonylethylid-
ene]-p-p-galactopyranosyl-(1—4)-3,6-di- O-benzoyl-2-deoxy-2-
phthalimido- p-D-glucopyranosyl-(1— 3)-2,4-di- O-benzoyl-a-L-
fucopyranoside 11. To a solution of 9 (380 mg, 0.39 mmol) in
CH,Cl, (12 cm®) and trichloroacetonitrile (0.4 cm’, 3.9 mmol)
was added, at 0 °C, DBU (10.3 mm?, 39 umol). The mixture was
stirred for 3 h at rt, when TLC (95 : 5 CH,Cl,—acetone) showed the
conversion of 9 into imidate 10 (R; = 0.45). After concentration,
column chromatography (95 : 5 CH,Cl,—acetone) of the residue
gave 10, isolated as a yellow foam (320 mg, 73%).

A solution of 10 (70 mg, 62 pmol) and allyl 2,4-di-O-benzoyl-a-
L-fucopyranoside® (5; 48.7 mg, 118 umol) in dry CH,Cl, (3 cm?®),
containing activated molecular sieves (4 A, 0.3 g), was stirred for
45 min at rt, then TMSOTS (13.5 mm?, 6.2 pmol) was added at
0 °C. The mixture was stirred for 15 min at 0 °C and 15 min at
rt, when TLC (95 : 5 CH,Cl,—acetone) showed the formation of
a new product (R; = 0.38). After neutralization with pyridine
and filtration, the solution was washed with 10% aq. NaCl,
dried, filtered, and concentrated. Column chromatography (95 :
5 CH,Cl,—acetone) of the residue afforded 11, isolated as a white
solid (60 mg, 70%); ox(500 MHz; CDCl;) 1.04 (3 H, d, Jusms
6.6, 3 x H-6), 1.33 (3 H, s, CH;CCOOCH;), 2.59 (1 H, bs, H-
5"), 3.43 (2 H, m, H-6"a, H-6"b), 3.55 (3 H, s, CH;CCOOCH,),
3.92 and 4.05 (each 1 H, 2 x m, OCH,CH=CH,), 3.99 (1 H,
m, H-5), 4.00 (1 H, bt, H-4), 4.12 (1 H, m, H-5), 4.13 (1 H,
bd, Juspa 3.7, Jugwns <1, H-4"), 420 (1 H, dd, Jyyuy 8.4,
Jurny 10.5, H-2), 4.01 and 4.43 (each 1 H, 2 x m, H-6'a, H-
6'b), 4.53 (1 H, dd, Ju,us 10.4, Jysus 3.4, H-3), 4.60 (1 H, d,
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Jurna 1.9, H-17), 485 (1 H, dd, Jy.7us 10.4, H-3"), 4.98 and
5.14 (each 1 H, 2 x m, OCH,CH=CH,), 5.10 (1 H, d, Jy. 52
3.8, H-1), 5.37 (1 H, bd, Ju4us <1, H-4), 5.39 (1 H, dd, H-2),
5.64 (1 H, dd, H-2"), 5.65 (1 H, m, OCH,CH=CH,), 5.69 (1 H,
d, H-1"), 6.05 (1 H, dd, Jyu.yuy 8.3, H-3), 7.09, 7.19, 7.29, 7.44,
7.45,7.75,7.88,and 797 3H,3H,6 H,8 H,4H,2 H,2 H, 2
H, 8 x m, 6 x COC¢Hs), 7.55 (4 H, m, Phth); 6.(125.76 MHz;
CDCl,) 16.2 (C-6), 25.3 (CH;CCOOCH,), 52.1 (CH;CCOOCH,),
55.0 (C-2), 63.4 (C-6'), 64.0 (C-6"), 65.6 (C-5"), 68.3 (C-4"), 68.4
(C-5), 68.7 (OCH,CH=CH,), 69.2 (C-2), 69.3 (C-2"), 71.9 (C-4),
72.4 (C-3), 72.6 (C-5"), 72.8 (C-3"), 73.8 (C-3), 77.0 (C-4), 95.8
(C-1),96.9(C-1),101.0(C-1"),117.4 (OCH,CH=CH,), 123.7 and
134.0(N(CO),C4H,), 133.7(OCH,CH=CH,), 128.2, 128.3, 128 4,
128.5, 128.6, 129.5, 129.8, 130.0, 132.9, 133.0, 133.3, 133.4, and
133.5 (6 x COC4Hs); m/z (HR MALDI-TOF) 1388.416 ([M +
Na]*, C;sHs;NNaO,, requires 1388.395).

Allyl  4,6-O-[(R)-1-carboxyethylidene]-B-D-galactopyranosyl-
(1—4)-2-acetamido-2-deoxy-p-D-glucopyranosyl-(1— 3)-a-L-fuco-
pyranoside 14. To a solution of 11 (96 mg, 71 umol) in EtOAc
(10 cm®) was added anhydrous Lil (472 mg, 3.55 mmol). The
mixture was boiled under reflux, in the dark and overnight, when
TLC (95 : 5 CH,Cl,-acetone) showed the disappearance of 11.
After dilution with EtOAc, the mixture was washed with 1%
aq. HCI, saturated aq. NaHCO;, and saturated aq. Na,S,0;,
dried, filtered, and concentrated. A solution of the residue in 33%
ethanolic CH;NH, (10 cm?) was stirred for 5 days, during which
time the mixture was twice concentrated and fresh 33% ethanolic
CH;NH, (10 cm®) was added. After co-concentration with
toluene, to a solution of the residue in dry MeOH (5 cm?) at 0 °C
was added acetic anhydride (0.5 cm?). The mixture was stirred for
2 h at 0 °C, then concentrated. Size-exclusion chromatography
(Bio-Gel P-2, 100 mM NH,HCO;) of the residue afforded 14,
isolated after lyophilization from water, as a white amorphous
powder (27 mg, 60%); 6;(500 MHz; D,0) 1.20 (3 H, d, Jyy.5 16 6.6,
3 x H-6), 1.45 (3 H, s, CH;CCOOD), 2.04 (3 H, s, NDCOCH),
3.59 (1 H, bt, H-3"), 3.62 (1 H, bt, H-2"), 3.65 (1 H, m, H-5"), 3.67
(1H,m,H-5),3.72(1 H, dd, Jy2 s 9.9, Jus e 3.7, H-3"), 3.77
(1 H, bt, H-2)), 3.78 (1 H, bt, H-4), 3.85 (1 H, dd, Ju.s .ev 5.2,
Jueanes 12.4, H-6'b), 3.88 (1 H, bt, H-2), 3.89 (1 H, bd, H-4), 3.92
and 4.04 (each 1 H, 2 x m, H-6"a, H-6"b), 4.00 (1 H, bd, Jy.5 s.6x
<1, H-6'a), 4.03 (1 H, bt, H-3), 4.04 (1 H, m, H-5), 4.07 and
4.18 (each 1 H, 2 x m, OCH,CH=CH,), 4.08 (1 H, bd, Jy.3 114
2.8, Juyny <1, H-4"), 449 (1 H, d, Ju.,7u 8.0, H-17), 4.68
(1 H, d, Jurur 7.7, H-1'), 495 (1 H, d, Juu2 3.9, H-1),
5.26 and 5.35 (each 1 H, 2 x m, OCH,CH=CH,), 597 (1 H,
m, OCH,CH=CH,); d.(125.76 MHz; D,0) 159 (C-6), 22.8
(NDCOCH,), 25.7 (CH;CCOOD), 55.9 (C-2), 60.7 (C-6), 65.6
(C-6"), 66.9 (C-2"), 67.0 (C-2), 67.3 (C-5), 69.4 (OCH,CH=CH,),
69.8 (C-4), 70.1 (C-4"), 71.1 (C-5"), 72.1 (C-3"), 72.9 (C-4),
75.6 (C-3), 77.5 (C-3), 79.6 (C-5), 98.1 (C-1), 99.6 (C-1"), 103.6
(C-17), 118.9 (OCH,CH=CH,), 134.4 (OCH,CH=CH,); m/z
(HR MALDI-TOF) 662.223 ([M + Na]*, C,H, NNaO,, requires
662.227).

3+(6-Mercaptohexylthio)propyl 4,6-O-|(R)-1-carboxyethylidene]-
B-p-galactopyranosyl-(1— 4)-2-acetamido-2-deoxy-f-D-glucopyra-
nosyl-(1— 3)-a-L-fucopyranoside 1-SH. To a solution of 14
(10 mg, 15.6 pmol) in MeOH (1.5 cm’) was added 1,6-
hexanedithiol (25 cm?, 156 pmol), and the mixture was irradiated

for 2 h in a quartz vial using a VL-50C Vilber Lourmat UV
lamp. After concentration, the excess of 1,6-hexanedithiol was
separated from carbohydrate by column chromatography (9 :
1 CH,Cl,-MeOH — MeOH). The carbohydrate-containing
fractions were concentrated, and a solution of the residue in
water was loaded on a C-18 Extract-Clean™ column. After
elution of remaining 14 with water (3 x 3 cm®), 1-SH was
eluted with MeOH (3 x 3 cm?), then concentrated in vacuo, and
obtained, after lyophilization from water, as a white amorphous
powder (5 mg, 40%); 04(500 MHz; D,0) 1.21 3 H, d, Jusus
6.5, 3 x H-6), 1.45 (3 H, s, CH;CCOOD), 1.48, 1.60, 2.58, and
2.61 (each 3 H, 4 x m, O(CH,);S(CH,),SH), 1.75 (2 H, m,
OCH,CH,CH,S(CH,),SH), 2.04 (3 H, s, NDCOCH,), 2.75 (2
H, m, OCH,CH,CH,S(CH,);SH), 3.58 and 3.78 (each 1 H, 2 x
m, OCH,CH,CH,S(CH,),SH), 3.59 (1 H, bt, H-3), 3.62 (1 H,
bt, H-2"), 3.64 (1 H, m, H-5"), 3.67 (1 H, m, H-5), 3.72 (1 H,
bt, H-3"), 3.78 (2 H, m, H-2', H-4'), 3.85 and 3.99 (each 1 H,
2 x m, H-6’a, H-6'b), 3.88 (1 H, bt, H-2), 3.90 (1 H, bd, H-4),
3.94 and 4.04 (each 1 H, 2 x m, H-6"a, H-6"b), 4.01 (1 H, bt,
H-3), 4.03 (1 H, m, H-5), 4.18 (1 H, bd, Juy e 2.8, Juy s
<1,H-4"),4.49 (1 H, d, Jy.yr o 7.9, H-17), 4.69 (1 H, d, Jy.ypy
8.0, H-1), 491 (1 H, d, Jy. 4> 3.9, H-1); 6.(125.76 MHz; D,0)
15.9 (C-6), 22.8 (NDCOCH;), 23.8, 24.3, 28.8, 29.2, 29.3, 31.9,
33.5, and 39.7 (OCH,CH,CH,S(CH,);SH), 25.8 (CH;CCOOD),
55.9 (C-2), 60.7 (C-6), 65.6 (C-6"), 66.8 (C-2"), 67.1 (C-2),
67.2 (C-5), 67.3 (OCH,CH,CH,S(CH,),SH), 69.8 (C-4), 71.1
(C-4), 71.5 (C-57), 72.1 (C-3"), 72.9 (C-4), 75.5 (C-3), 77.9
(C-3), 79.8 (C-5), 98.9 (C-1), 99.6 (C-1'), 103.6 (C-1"); m/z (HR
MALDI-TOF) 812.287 (M + Na]*, C;;HssNNaO;S, requires
812.809).

Preparation of gold glyconanoparticles Au-1

A solution of the thiol-spacer-containing trisaccharide 1-SH in
MeOH (10 mM, 5 equiv.) was added to a solution of tetra-
chloroauric acid in water (25 mM, 1 equiv.). Then, an aqueous
solution of NaBH, (1 M, 22 equiv.) was slowly added with
vigorous stirring. The obtained black suspension was stirred
for 2 h at rt. After concentration, a solution of the residue in
water (10 cm?) was loaded on a 30 kDa Nalgene centrifugal
filter, and washed with water (5 x 15 cm?). After lyophilization
from water, the gold glyconanoparticles Au-1 were obtained
as a brown amorphous powder. The gold glyconanoparticles
were characterized by 500 MHz '"H NMR spectroscopy in DO,
monosaccharide analysis, and TEM.

Monosaccharide analysis

Samples were subjected to methanolysis (1 M methanolic HCI,
24 h, 85 °C), followed by re-N-acetylation and trimethylsilylation.
The trimethylsilylated methyl glycosides were analyzed by GLC
on an EC-1 capillary column (30 m x 0.32 mm, Alltech) using a
Chrompack CP 9002 gas chromatograph (temperature program,
140-240 °C at 4 °C min™"). The identification of the monosac-
charide derivatives was confirmed by gas chromatography-mass
spectrometry on a Fisons Instruments GC 8060/MD 800 system
(Interscience) equipped with an AT-1 capillary column (30 m x
0.25 mm, Alltech), using the same temperature program.?
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Transmission electron microscopy

Examinations of Au-1 samples (0.1 mg cm~?) were performed with
a Philips Tecnail2 microscope at 120 kV accelerating voltage.
Aqueous aliquots (1 mm?) were placed onto copper grids coated
with carbon film (QUANTIFOIL on 200 square mesh copper grid,
hole shape R 2/2). The grids were left to dry at rt for several hours.
The particle size distribution of the gold glyconanoparticles was
automatically determined from several micrographs of the same
sample, using analySIS® 3.2 (Soft Imaging System GmbH).
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Based on the complexation between bis(m-phenylene)-32-crown-10-based cryptands and a paraquat
derivative, two [2]rotaxanes were synthesized by using a threading-followed-by-stoppering method. Due

to the strong associations between the cryptands and the paraquat derivative, high yields were achieved

even in dilute solution.

Introduction

Mechanically interlocked structures, such as rotaxanes and cate-
nanes, have attracted great interest not only because of the fascinat-
ing aspect of their topologies but also due to their potential appli-
cations in nanotechnology.! These interlocked structures are usu-
ally prepared by template-directed protocols depending on molec-
ular recognition and self-assembly processes. To synthesize various
interlocked compounds with efficiency, strong binding interac-
tions between hosts and guests are necessary. Generally high asso-
ciation constants should result in high yields in the syntheses of me-
chanically interlocked structures, which was one of the significant
reasons to develop more efficient recognition motifs in host-guest
chemistry.?

Crown ethers and their derivatives have been universally uti-
lized as hosts to form mechanically interlocked structures.?<*
It has been proved that bis(m-phenylene)-32-crown-10-based
cryptands, compared with the corresponding simple bis(m-
phenylene)-32-crown-10 (BMP32C10), are powerful hosts to com-
plex paraquat derivatives (N,N'-dialkyl-4,4"-bipyridinium salts),*
diquat,® monopyridinium salts, and diazapyrenium salts.” The
much stronger complexation between cryptands and guests
should result in higher efficiency, when these cryptands in-
stead of BMP32C10 are used to prepare mechanically inter-
locked structures with these guests. Herein, we report for the
first time the syntheses of bis(m-phenylene)-32-crown-10-based
cryptand/paraquat derivative [2]rotaxanes. Due to the strong
associations between the cryptands and paraquat derivatives, high
yields were achieved even in dilute solutions.

“Department of Chemistry, Zhejiang University, Hangzhou, 310027,
P. R. China; Fax: 86 5718795 3189; Tel: 86 571 8795 3189

*Department of Chemistry, Zhejiang Forest University, Hangzhou, 311300,
P. R. China

T Electronic supplementary information (ESI) available: NMR spectra,
and mass spectra of rotaxanes and dumbbell-shaped compounds. See DOI:
10.1039/b803927¢

Results and discussion

Here the threading-followed-by-stoppering strategy®“ was ap-
plied to synthesize rotaxanes. Firstly triphenyl phosphine groups
were investigated as potential stoppers to form [2]rotaxanes
from bis(m-phenylene)-32-crown-10-based cryptands 1* and 6*
(Scheme 1). It was found that the triphenyl phosphine groups
were big enough to act as stoppers for cryptand 1, but not big
enough for cryptand 6. As shown in Fig. 1, neither chemical
shift changes nor signal doubling occurred upon mixing cryptand
1 and dumbbell-shaped paraquat derivative 3 (Scheme 1) in
CD;,CN. This indicated that 3 can not thread through the cavity
of cryptand 1 and the triphenyl phosphine groups are big enough
to act as stoppers to form rotaxanes from cryptand macrocycle 1.
However, comparison of the 'H NMR spectra of host 6, dumbbell-
shaped paraquat derivative 3* and their mixture in CD;CN
indicated that 3 can thread through the cavity of cryptand 6 to
form a [2]pseudorotaxane in slow exchange on the 'H NMR time
scale since three sets of peaks, corresponding to uncomplexed 6,
uncomplexed 3 and their complex 6-3, were found in the spectrum
of their mixture (Fig. 2)

(a) B

(c) ) .!;-; f-‘ oy, I

92 90 88 86 84 82 80 78 76 74 712 7‘,0 6:8 6.6 64 62 6.0 58 5.6

Fig. 1 Partial proton NMR spectra (400 MHz, CD;CN, 22 °C) of (a)
cryptand 1, (b) mixture of 1 and 3, and (c) dumbbell-shaped compound 3.

Then tris(4-methoxyphenyl)phosphine was used to synthesize
dumbbell-shaped paraquat derivative 4 (Scheme 1). As shown in
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Scheme 1 Syntheses of two bis(m-phenylene)-32-crown-10-based cryptand/paraquat derivative [2]rotaxanes and their corresponding dumbbell-shaped

compounds.

92 9.0 83 8.6 84 82 8.0 7.8 7.6 74 72 7.0 68 6.6 6.4 62 6.0 58 56
Fig. 2 Partial proton NMR spectra (400 MHz, CD;CN, 22 °C) of
(a) cryptand 6, (b) mixture of 6 and 3, and (c) dumbbell-shaped compound

3. Complexed and uncomplexed species are denoted by ‘c’ and ‘uc’
respectively.

Fig. 3, neither signal doubling nor chemical shift changes occurred
except that the peak due to aromatic protons H; shifted a little
and was broadened, and the peaks of pyridinium protons H,
and H, shifted somewhat upon mixing cryptand 6 and dumbbell-
shaped paraquat derivative 4 in CD;CN. The slight changes of
the chemical shifts of these aromatic protons are possibly due
to the side-on interactions between electron-rich phenyl rings
of 6 and electron-poor pyridinium rings of 4 as shown by

(a) B "
(b) Ho Ha |\!J Hi
(C) Wb ';Ia

92 0.0 88 86 84 82 80 78 7.6 74 72 70 68 6.6 64 62 60 58 5.6

Fig. 3 Partial proton NMR spectra (400 MHz, CD;CN, 22 °C) of (a)
cryptand 6, (b) mixture of 6 and 4, and (c) dumbbell-shaped compound 4.

the light yellow colour observed upon mixing 4 and 6. These
indicated that dumbbell-shaped paraquat derivative 4 can not
thread through the cavity of cryptand 6. That is to say, the
tris(4-methoxyphenyl)phosphine groups are big enough to act as
stoppers to form rotaxanes from cryptand macrocycle 6.

The synthesis of [2]rotaxane 5 was carried out in MeNO,
by simply adding triphenyl phosphine to a 5 mM solution of
cryptand 1 and paraquat derivative dibromide 2 (Scheme 1).
After counterion exchange, [2]rotaxane 5 was isolated in 91%
yield. Partial proton NMR spectra of cryptand 1, rotaxane 5
and dumbbell-shaped component 3 in CD;SOCD; are shown
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Fig. 4 Partial proton NMR spectra (400 MHz, CD;SOCD;, 22 °C) of
(a) cryptand 1, (b) rotaxane 5, and (c) dumbbell-shaped compound 3.

in Fig. 4. After the formation of rotaxane 5, the dramatic
upfield shifts were observed for the signals of the aromatic
protons H, and H,, and methylene protons H; of cryptand 1,
while H, and Hs moved downfield. Synchronously, the signals
of a-pyridinium protons H, and N-methylene H. on 3 moved
upfield while B-pyridinium protons H,, phenyl protons H, and
H., and p-methylene H; moved downfield. The formation of
mechanically interlocked [2]rotaxane 5 was further confirmed by
its low- and high-resolution electrospray ionization mass spectra
(ESIMS). Two relevant peaks were observed in its low-resolution
ESIMS: the peak at m/z = 2157.7 (30%) corresponds to [5 —
PF,; + H]* and the peak at m/z = 1006.3 (100%) corresponds
to [ — 2PFJ**. Three relevant peaks were found in its high-
resolution ESIMS: m/z calcd for [5 — 2PFJ** C 06H,0sF12N3O,5Py,
1005.8152, found 1005.8106, error —4.6 ppm; calcd for [5 — 3PFJ**
Cio6H 0sFsN3Oy5P;, 622.2221, found 622.2209, error —1.9 ppm;
and calcd for [S — 3PF; — HPF]* C,sH,sN;0,5P,, 430.1623,
found 430.1646, error 5.3 ppm.

[2]Rotaxane 7 was synthesized in a similar way from cryptand 6.
Tris(4-methoxyphenyl)phosphine was added to a 5 mM solution
of cryptand 6 and paraquat derivative dibromide 2 in MeNO,.
After counterion exchange, [2]rotaxane 7 was isolated in 92%
yield. Partial proton NMR spectra of cryptand 6, rotaxane 7 and
dumbbell-shaped component 4 in CD;SOCD; are shown in Fig. 5.
After the formation of rotaxane 7, due to the decrease of the
symmetry, the identical aromatic protons (Hy) of cryptand 6 were
divided into two different types (H,, and Hy,) and dramatically
moved upfield. Significant upfield shifts were also observed for
the signals of pyridinium protons H, and H, on 4, while H,
H., and H; were slightly moved downfield. The formation of

@ o
! .‘. <
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Fig. 5 Partial proton NMR spectra (400 MHz, CD;SOCD;, 22 °C) of
(a) cryptand 6, (b) rotaxane 7, and (c) dumbbell-shaped compound 4.

mechanically interlocked [2]rotaxane 7 was further confirmed by
its low- and high-resolution ESIMS. Three relevant peaks were
observed in its low-resolution ESIMS: the peak at m/z = 646.8
(11%) corresponds to [7 — 3PF]*, the peak at m/z = 598.2
(7%) corresponds to [7 — 3PF, — HPFJ**, and the peak at
m/z = 448.8 (100%) corresponds to [7 — 4PF]*. Two relevant
peaks were found in its high-resolution ESIMS: m/z calcd for
[7 — 3PF(]* C,0sH 5 FsN,O,,P;, 646.5833, found 646.5832, error
—0.2 ppm, and calcd for [7 — 4PF]* C,0,H,20N,O,,P,, 448.6965,
found 448.6962, error —0.7 ppm.

Though here rather dilute solutions (5 mM) were used in the
syntheses of [2]rotaxanes 5 and 7, rather high yields were achieved
owing to the high association constants between cryptands and
paraquat derivatives (for the complex based on cryptand 1 and
paraquat, N,N'-dimethyl-4,4-biyridinium, K, = 5.0 x 10°* M!
in CD;COCD; and for the complex based on cryptand 6 and
paraquat, K, = 6.1 x 10* M~! in CD;COCD;).*¢

Conclusion

We have successfully prepared the first two bis(m-phenylene)-
32-crown-10-based cryptand/paraquat derivative [2]rotaxanes by
using a threading-followed-by-stoppering method. Even in dilute
solutions, high yields were given due to the high association
constants between the cryptands and the paraquat derivative.
Different groups were applied to act as stoppers for the syntheses
of the two [2]rotaxanes because of the difference in the dimensions
of the two cryptand cavities. The triphenyl phosphine groups were
big enough to act as stoppers for cryptand 1, but they were not
big enough for cryptand 6 and tris(4-methoxyphenyl)phosphine
groups were needed. Further work will include the fabrica-
tion of other mechanically interlocked structures based on the
bis(m-phenylene)-32-crown-10-based cryptand/paraquat deriva-
tive recognition motif.

Experimental

All reagents were purchased from commercial suppliers and used
as received. Paraquat derivative dibromide 2* and cryptands
1“ and 6* were prepared according to published literature
procedures. NMR spectra were recorded on a Bruker Advance
DMX 500 spectrophotometer or a Bruker Advance DMX 400
spectrophotometer using the deuterated solvent as the lock and
the residual solvent or TMS as the internal reference. Low-
resolution electrospray ionization mass spectra were recorded on
a Bruker Esruire 3000 Plus spectrometer. High-resolution mass
spectrometry experiments were performed on a Bruker Daltonics
Apex III spectrometer.

Synthesis of [2]rotaxane 5

Ph;P (9.40 mg, 0.0360 mmol) was added to a solution of cryptand
1 (10.0 mg, 0.0120 mmol) and paraquat derivative 2 (9.80 mg,
0.0120 mmol) in MeNO, (3 mL). The reaction was left to stir
overnight at room temperature. Et,O was then added to the
reaction mixture and the resulting precipitate was filtered off and
washed with Et,O. The air-dried precipitate was dissolved in H,O
and a saturated aqueous solution of NH,PF, was added until
no further precipitation was observed. The resulting solid was
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filtered off, washed with H,O and dried. The crude compound was
purified by preparative thin layer chromatography (SiO,: MeOH-
NH,CI (2 M)-MeNO, = 17:2: 1) to give [2]rotaxane 5 (25.0 mg,
91%) as a yellow solid. Mp 176-178 °C (decomp.). 'H NMR
(500 MHz, CD;CN, 22 °C): 6 8.76 (4 H, d, J = 4.4 Hz), 8.49
(4 H, br), 8.09 (2 H, s), 7.84-7.81 (6 H, m), 7.64-7.61 (12 H,
m), 7.56-7.51 (18 H, m), 7.48-7.45 (2 H, m), 7.43-7.41 (1 H,
m), 7.09-7.07 (4 H, m), 6.06 (2 H, s), 5.79 (4 H, s), 5.40 2 H,
s), 5.10 (4 H, d, J = 1.6 Hz), 4.66 (4 H, d, J = 12.4 Hz), 4.56
(4 H,s), 3.84-3.81 (4 H, m), 3.77-3.73 (4 H, m), 3.71-3.59 (20 H,
m), and 3.42-3.39 (4 H, m). Low-resolution ESIMS: m/z 2157.7
(30%) [5 — PF, + H]* and 1006.3 (100%) [5 — 2PF,]**. High-
resolution ESIMS: m/z calcd for [5 — 2PFJ** C 06H,0sF12N3O,5P,,
1005.8152, found 1005.8106, error —4.6 ppm; calcd for [5 — 3PFJ**
Cio6H 0sFsN3Oy5P;, 622.2221, found 622.2209, error —1.9 ppm;
and calcd for [5 — 3PF, — HPF(]* C,cH,,N;0,sP,, 430.1623,
found 430.1646, error 5.3 ppm.

Synthesis of [2]rotaxane 7

Tris(4-methoxyphenyl)phosphine (14.6 mg, 0.0414 mmol) was
added to a solution of cryptand 6 (10.0 mg, 0.0138 mmol) and
paraquat derivative 2 (11.2 mg, 0.0138 mmol) in MeNO, (3 mL).
The reaction was left to stir overnight at room temperature.
Et,O was then added to the reaction mixture and the resulting
precipitate was filtered off and washed with Et,0O. The air-dried
precipitate was dissolved in H,O and a saturated aqueous solution
of NH,PF, was added until no further precipitate was observed.
The resulting solid was filtered off, washed with H,O and dried.
The crude compound was purified by preparative thin layer
chromatography (SiO,: MeOH-NH,Cl (2 M)-MeNO, =17 : 2:
1) to give [2]rotaxane 7 (30.0 mg, 92%) as a yellow solid. Mp 202—
204 °C (decomp.). '"H NMR (400 MHz, CD;CN, 22 °C): ¢ 8.92
(4H,d,J=7.0Hz),806(4H,d,J=70Hz),7.58 (4 H,d,J=
8.0 Hz), 7.47-7.40 (12 H, m), 7.14-7.11 (16 H, m), 5.84 (4 H, s),
573 (2H,s),4.67(4H,d,J=1.6Hz),4.51 (4 H,d, J = 14.8 Hz),
3.85-3.81 (22 H, m), 3.76-3.61 (32 H, m), 3.53-3.51 (4 H, m),
3.48-3.44 (4 H, m), and 3.27 (4 H, br). Low-resolution ESIMS:
m/z646.8 (11%)[7 — 3PF(]**, 598.2 (7%) [7 — 3PF, — HPF,]**, and
448.8 (100%) [7 — 4PF4]*. High-resolution ESIMS: m/z caled for
[7 — 3PF** CsH i FsN,O,,P;, 646.5833, found 646.5832, error
—0.2 ppm, and calcd for [7 — 4PF]* C,,,H 9 N,O,,P,, 448.6965,
found 448.6962, error —0.7 ppm.

Synthesis of dumbbell-shaped compound 3*

Triphenylphosphine (65.5 mg, 0.250 mmol) was added to a
solution of paraquat derivative 2 (81.4 mg, 0.100 mmol) dissolved
in MeNO, (5 mL). The reaction was left to stir overnight at
room temperature. Et,0O (20 mL) was added to precipitate the
product. The resulting white precipitate was filtered off, washed
with CH,Cl, and collected. The air-dried precipitate was dissolved
in H,O and a saturated aqueous solution of NH,PF, was added
until no further precipitation was observed. The resulting solid
was filtered off and washed with H,O to give a white solid. The
crude product was treated with MeCN and Et,O to remove the
residue impurities. Drying gave the dumbbell-shaped compound
3 (126 mg, 86%) as a white solid. Mp 195-197 °C (decomp.). 'H
NMR (400 MHz, CD;CN, 22 °C): 6 891 (4 H, d, J = 7.0 Hz),

8.39 (4 H, d, J = 7.0 Hz), 7.86-7.90 (6 H, m), 7.66-7.70 (12 H, m),
7.54-7.59 (12 H, m), 732 (4 H, d, J = 7.6 Hz), 7.04 4 H, d, J =
7.6 Hz), 5.76 (4 H, s), and 4.66 (4 H, d, J = 14.8 Hz).

Synthesis of dumbbell-shaped compound 4

Tris(4-methoxyphenyl)phosphine (88.0 mg, 0.250 mmol) was
added to a solution of paraquat derivative 2 (81.4 mg, 0.100 mmol)
dissolved in MeNO, (5 mL). The reaction was left to stir overnight
at room temperature. Et,0 (20 mL) was added to precipitate the
product. The resulting white precipitate was filtered off, washed
with CH,Cl, and collected. The air-dried precipitate was dissolved
in H,O and a saturated aqueous solution of NH,PF, was added
until no further precipitation was observed. The resulting solid
was filtered off and washed with H,O to give a white solid. The
crude product was treated with MeCN and Et,O to remove the
residue impurities. Drying gave the dumbbell-shaped compound
4 (115 mg, 70%) as a white solid. Mp 161-163 °C (decomp.).
'"H NMR (400 MHz, CD;CN, 22 °C): 6 892 (4 H, d, J =
6.6 Hz), 839 (4 H, d, J = 6.6 Hz), 7.45-7.40 (12 H, m),
732 (4 H, d, J = 8.0 Hz), 7.18-7.15 (12 H, m), 7.03 (4 H,
d, J = 7.6 Hz), 577 (4 H, s), 449 (4 H, d, J = 14.8 Hz),
and 3.10 (18 H, m). Low-resolution ESIMS: m/z 1502.0 (25%)
[4 — HPF(]*, 1022.7 (43%) [4 — 2PF, — 2HPF, — 20CH,; +
H,0]*, 757.0 (100%) [4 — 3PF, — (4-MeOPh),PCH,PhCH,]*,
679.1 (28%) [4 — 2PFJ**, 611.2 (76%) [4 — 3PF, — HPF; — (4-
MeOPh);PCH,PhCH,]*, 606.2 (62%) [4 — HPF, — 2PF,]**, 533.4
(9%)[4 — 2HPF, — 2PF,]**. High-resolution ESIMS: m/z calcd for
[4 — PF]" CHgFisN,O4Ps, 1503.3322, found 1503.3221, error
6.7 ppm; and calcd for [4 — 2PF]** CesHgF1,N,O(P,, 679.1840,
found 679.1825, error 2.2 ppm.
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potential anticancer agentsT

Aurélie Bourderioux,” Valérie Bénéteau,” Jean-Yves Mérour,” Brigitte Baldeyrou,” Caroline Ballot,”
Amélie Lansiaux,? Christian Bailly,7? Rémy Le Guével,® Christiane Guillouzo¢ and Sylvain Routier*“

Received 21st January 2008, Accepted 3rd March 2008
First published as an Advance Article on the web 15th April 2008
DOI: 10.1039/b801121d

We report the synthesis and biological evaluation of new oxophenylarcyriaflavins designed as potential
anticancer agents. An efficient synthesis involving palladium-catalyzed Suzuki and Stille reactions is
presented, without any indolic protective group. The central ring closure of the scaffold was performed
through an electrophilic reaction on the position C-2 of the indole ring. The use of indole and
5-benzyloxyindole, along with substituted phenyl rings, generated three different scaffolds, which were
successively exploited to modulate the structure. The cytotoxicity of the newly designed compounds on
four cancer cell lines and activities against three kinases (CDK 1, CDK5 and GSK3) were evaluated.
Several compounds showed a marked cytotoxicity with ICs, values in the sub-micromolar range, and
induced important cell cycle perturbations, with a G2/M arrest. Some compounds revealed DNA
binding properties and were found to inhibit topoisomerase-mediated DNA relaxation of supercoiled
DNA, but these properties are not mandatory for a cytotoxic action. A novel lead compound (32) has

been identified and warrants further investigations.

Introduction

Indolo[2,3-a]pyrrolo[3,4-c]carbazole alkaloids form a class of
compounds endowed with potent antitumor, antiviral and/or
antimicrobial activities.! This family has raised considerable
attention because of the central role of these molecules in
the regulation of cell cycle progression and specific enzyme
inhibition.>* Structure-activity relationships (SAR) in the indolo-
carbazole series have been extensively studied in the context of
topoisomerase I inhibition and tumor cell killing. Compounds
bearing a pyrroloindolocarbazole and possessing one N-glycosidic
bond, such as the antibiotic rebeccamycin, generally function as
DNA topoisomerase I inhibitors.* A few analogues such as NB-
506 and J-107088 (also known as Edotecarin) have entered clinical
trials for cancer treatment.>’” More recently, fluorinated derivatives
of such molecules have been reported and their topoisomerase
I-dependent anticancer activity looks promising.*' We have
recently described the bioisosteric replacement of an indole
moiety by a 7-azaindole unit to afford the first symmetrical
and dissymmetrical 7-azaindolocarbazoles I and II (Fig. 1)."
In the same vein, the cytotoxic properties of the N-glycosylated
derivatives of T and II have been reported by others.’*!* For these
different molecules, the role of topoisomerase I inhibition in the
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cytotoxic action seems relatively minor when compared to the NB-
506-type series. The data suggested that other signalling proteins,
particularly kinases, may play a role.

In order to develop selective kinase inhibitors, fitting in the ATP
binding site, modifications of the aromatic heterocyclic indolocar-
bazole moiety appeared as a valid alternative to the synthesis of
glycosylated compounds. In addition, most of the aryl carbazoles
designed so far for kinase inhibition possess an unsubstituted
maleimide whereas in general the most cytotoxic compounds bear
hydrophilic side chains. It is noteworthy to mention also that
closely related heteroarylcarbazoles (type III) have been described
as inhibitors of Cyclin D1/CDK4."*% Cyclin dependent kinases
(CDKs) were also targeted with indolocarbazoles such as bis
N-indolyl alkylated arcyriaflavins recently described as CDKI,
CDK2 and CDK4 inhibitors.’®'” In the NH maleimide series,
indole versus (hetero)arylcarbazole replacement represents also
an interesting strategy.

With this in mind, we envisaged the synthesis of different
naphthalenic compounds IV."® The replacement of one of the
two indoles by a naphthalene ring produced highly cytotoxic
naphthocarbazoles IV, suggesting that the naphthalene is effec-
tively a suitable bio-isostere for indole. At the same time, we
developed a phenylcarbazole series V in order to broaden our
SAR knowledge.” In both series, the SAR studies showed that
i) for the phenylcarbazoles of type V, unsubstituted maleimide
compounds were non cytotoxic and enhanced the inhibition of
CDAK, ii) the presence of a basic side chain on the maleimide led to
cytotoxic agents with weak CDK inhibition, iii) the introduction
of a hydroxyl group on the indole in position 5 greatly influenced
the biological properties.

We have identified a few studies on bis-indolic compounds such
as homoarcyriaflavin VI, arcyriacyanin A VII which were synthe-
sized but as yet no significant activities have been reported.?**' In
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Fig. 1 Modifications of the indolocarbazole skeleton.

the present article, we report the design and the synthesis of new
hybrid derivatives type VIII containing: an indole, an unusual
seven-membered ring and a fused phenyl group. The central
tropone moiety in VIII was surmounted by a fused substituted
maleimide ring. In addition, we introduced molecular diversity by
using indole or 5-hydroxyindole for the left part of the molecule
and phenyl or dihydroxyphenyl rings for the right part to improve
the SAR in this new series.

Chemistry

In this paper we report an improvement on the previously reported
methodology® and a general synthesis (Scheme 1), which starts
from indoles and involves (i) the introduction of the maleimide
leading to A, (i) a Suzuki or Stille cross coupling reaction
adding the 2-formylphenyl or the 2-carboxyphenyl groups, (iii)
the transformation of the aldehyde or the ester into carboxylic
acid, iv) an intramolecular electrophilic cyclization to afford
the attempted cycloheptatrienones (tropones) currently named
oxophenylarcyriaflavins.

\
N ]
]
—
R1 Br
A\
N A
\
H

Scheme 1 Retrosynthesis of oxophenyl-arcyriaflavins.

A. Palladium catalyzed reactions

Following this strategy, we began the synthesis by preparing
compounds 1 and 2, classically obtained from indole or 5-
benzyloxyindole and 2,3-dibromo- N-methylmaleimide in the pres-
ence of LIHMDS in THF in a fairly good yield.” First, a
palladium-catalyzed cross coupling Suzuki type reaction between

1 and the commercially available 2-formylphenylboronic acid led
to 3 (Scheme 2). The reaction was carried out in the presence of
K,CO; in a refluxing mixture of dioxane-water using Pd(OAc),
as catalyst. After 6 h, compound 3 was obtained in the best yield

N0 N0
CHO
o= _ 0= _
R1 B R O
\ O \
N

N N
1,R1=H 3,R1=H
2,R1=0Bn 4,R1=0Bn

R“:@Br i o jii
R3 COOR?2

6, R2=Me, R3=R4=H
8, R2=H, R3=R4 = OMe
9, R2 = Me, R3 = R4 = OMe

6,R=Bu,R2=Me, R3=R4=H
7,R=Me, R2=Me, R3=R4=H
10, R =Bu, R2 = Me, R3 = R4 = OMe

11, R=Me, R2 = Mg, R3 = R4 = OMe

N
N

12,R1=R3=R4=H
13, R1=H, R3=R4 = OMe
14,R1=0Bn,R3=R4=H

Scheme 2 Reagents and conditions: 1) 2-formylphenylboronic acid
(1.5 eq.), Pd(OAc), (0.1 eq.), K,CO; (1.8 eq.), dioxane-water 85 : 15,
rflx, from 1 to 3, 6 h, 72%, from 2 to 4, 3.5 h, 79%; ii) Pd(PPh;), (0.1 eq.),
toluene, rflx, from 5 to 6, Sn,Bug (1.2 eq.), 23 h, 47%, from 5 to 7, Sn,Me;
(1.2 eq.), 2 h, 97%, from 9 to 11, Pd(PPh;), (0.2 eq.), Sn,Me; (1.5 eq.),
6 h, 81%; iii) from 9 to 10, Sn,Buy (1.2 eq.), PACL,(PPh;), (0.1 eq.), LiCl
(0.5 eq.), toluene, rflx, 24 h, 54%; iv) PACL,(PPh;), (0.2 eq.), Cul (0.1 eq.),
dioxane, rflx, from 1 and 6 (1.5 eq.) to 12, 6 h, 74%, from 1 and 10 (1.5 eq.)
to 13, 5.5 h, 78%, from 2 and 6 (1.5 eq.) to 14, 3 h 45 min, 75%.
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of 72%."%22 Applying these conditions to the 5-benzyloxyindole
derivative 2 led to the desired compound 4 in a 79% yield.

An alternative method to insert a carbonyl group between the
indole and the phenyl rings consisted in the direct introduction
of the 2-carboxymethylphenyl unit using 5, 8 and 9 as starting
materials. We have previously prepared 6 and 7.22* By increasing
the amount of Pd(PPh;), and Sn,Me, we obtained 11 from 9 in
an 81% yield. The compound 10 was obtained from 9 in best
yield (54%) by modifying the nature of the palladium catalyst
(PdCL,(PPh;),) and adding LiCl.

The Stille procedure applied to the bromo compound 1 and stan-
nylated derivative 6 (1.5 eq.) was next performed with PdCL,(PPh;),
and Cul in refluxing dioxane. After 6 h, the desired compound
12 was obtained in 74% yield. Under similar conditions, the
trimethyltin derivative 7 led to the same product 12 after Shin a
70% yield, and 10 afforded 13 in a 78% yield. Disappointingly, the
trimethylstannyl derivative 11 led to 13 in only 53% yield in the
best case. From 2 and 6, the desired compound 14 was isolated
without any difficulty in a fairly good yield (75%).

B. Synthesis of the carboxylic acids

The next step was aimed at generating a C-2 indolic keto function
by oxidation of the aldehydes 3 (Scheme 3). This reaction was
carried out with an aqueous solution of sodium chlorite and
sulfamic acid at 6 °C, by accurate control of the temperature
during the oxidant addition, and led to the acid 15 in a 81%
yield.?? Applying these conditions to compound 4 led to 16 in only
a 59% yield. Lowering the temperature to 2 °C (limits of freeze)
afforded 16 in 83% yield.

16, R1=0Bn
”',—_—21, R1=0H

R1 ii
N
N
H
12,R1=H,R3=R4=H 17, R1=H,R3=R4=H<——
13, R1=H, R3=R4 = OMe 18, R1=H, R3=R4=0Me
14,R1=0Bn, R3=R4=H 19, R1=0Bn, R3=R4 = He——
'“':20,R1=OH,R3=R4=H '"’:22,R1=OH,R3=R4=H<—

Scheme 3 Reagents and conditions: 1) NH,SO;H (8.1 eq.), NaClO,
(2.2 eq.), dioxane-water, 1 min, from 3 to 15, 6 °C, 81%, from 4 to 16,
2°C, 83%; ii) a) aq. KOH (45%, 60 eq.), acetone, rt, b) HCl conc. to pH =
1, rt; from 12 to 17, a) 20 h, b) overnight, quant., from 13 to 18, a) 2 h,
reflux and b) overnight, quant., from 14 to 19, a) KOH (40 eq.), 7 h and b)
overnight, 36%, from 15 to 17, a) KOH (40 eq.), 28 h, and b) 3 min, 91%,
from 16 to 19, a) 24 h, and b) 24 h, 95%, from 21 to 22, a) KOH (40 eq.),
25 h and b) 3 days, 94%; iii) BBr; (25 eq.), CH,Cl,, 0 °C to rt, 5 min, from
14 to 20, 86%, from 19 to 22, quant., from 16 to 21, 83%.

The second method used was hydrolysis of the ester 12 using
a large excess of an aqueous KOH solution in acetone for 20 h
at room temperature. Then, acidification with a concentrated
hydrochloric acid solution (pH = 1) led, after a few addi-

tional hours, to the maleic anhydride compound 17 in a quan-
titative yield. Starting from 13 and 14, this reaction required
adaptation of reaction times but yielded 18 and 19 in average
to excellent yields.

In parallel, we cleaved the benzyl group of 14, 16 and 19 using
BBr; at room temperature to generate respectively compounds 20,
21 and 22 in very good yields. Basic treatments of compounds 15,
16 and 21 led to 17, 19 and 22 respectively in satisfying yields.

C. Electrophilic intramolecular reaction

The ring closure leading to the central seven-membered cycle
through an electrophilic cyclization without any pre-activation
of the carboxylic acid function, was the next goal. Based on our
knowledge, mild conditions involving a large excess of BF;-Et,O
in refluxing DCE had to be applied.”* After a few hours, the
maleimide containing compounds 15 or 21 led to compound 23
and 24 in 89% and 60% yield, respectively. The same reaction
carried out starting from 16 led to an intractable mixture. The ben-
zyloxy group proved very sensitive toward Lewis acids (Scheme 4).

16, R1=0Bn 23 R1=H

N
H N O
17,R1=H,R3=R4=H 25 R1=H,R3=R4=H=-——
18, R1=H, R3=R4 = 0OMe " 26, R1=H, R3 = R4 = OMe
22, R1=0OH,R3=R4=H oL, 27 R1=H R3=R4=0OH
28, R1=0H,R3=R4=H

Scheme 4 Reagents and conditions: 1) BF;. Et,0 (40 eq.), DCE, rflx, from
15 to 23, 5.5 h, 89%, from 21 to 24, 2 h, 60%, from 17 to 25, 20 h, 70%,
from 18 to 26, 5.5 h, 32%, from 22 to 28, 19 h, 60% ii) BBr; (25 eq.), DCE,
0°Ctorflx, 47 h, from 18 to 27, 88%iii) a) aq. KOH (45%, 40 eq.), acetone,
rt, b) HCl conc. to pH = 1, rt, from 23 to 25, a) 24 h, b) 12 h (overnight),
quant., from 24 to 28, a) 23 h and b) 2 days, 90%.

The intramolecular reaction performed with the anhydride 17,
required 20 h of reaction time to improve the yield of 25 to
70%. Compound 22 led to impure 28 in only 60% (as judged
by 'H NMR). Starting from 18, the reaction led, even after flash
chromatography to a mixture of compounds but a supplementary
recrystallization afforded only 26 in a 32% yield.

We next attempted to selectively demethylate 18 with BBr;
in dichloromethane. In all cases, a concomitant electrophilic
cyclization, leading to complex mixtures, occurred. Thus, we set
out for one pot cleavage and intramolecular reaction using a large
excess of BBr; (25 eq.). At room temperature, after 18 h, only 25%
of the desired product 27 was isolated. Increasing the temperature
to reflux of dichloroethane led to the targeted compound in
a good yield (88%) after 47 h. Disappointed by the problems
associated with preparation of 28 from 22, we decided to treat
N-methylmaleimide 24 with alcoholic KOH solution for 23 h.
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After the acidification step the attempted compound 28 was
obtained in a 90% yield. Similarly, compound 23 furnished the
derivative 25 in a quantitative yield.

D. Synthesis of functionalized oxophenylarcyriaflavins

The first modification we attempted was the introduction of
a dimethylaminoethyl side chain on the maleimide or maleic
anhydride part of scaffold 23, 25, 27, 28 (Scheme 5, Table 1,
entries 1-10). Previously, we reported that, in boiling dimethy-
laminoethylamine, in a sealed tube and in the presence of DMF,
the reaction of compound 23 led only to the reduced compound
29 in 41% yield.** Under similar conditions, the reaction of the
more reactive anhydride 25 afforded compound 31 in 59% yield
(entries 1,2). Application of these reaction conditions to our
new derivatives 27 and 28 was fruitless. These results prompted
us to investigate other conditions. In open glassware, in boiling
dimethylaminoethylamine, compound 30 was synthesized either
from maleimide 23 or from anhydride 25 in 48% and 86% yield,
respectively (entries 3, 4). All attempts starting from 27 failed
again.

In order to reduce the reaction time, we next investigated the
reactivity of 25, 27 and 28 in the presence of dimethylaminoethy-
lamine under microwave irradiation (Biotage apparatus).” In
the above diamine, at 150 °C, compound 25 led to the desired
compound 31 after 15 min, but in only 10% yield. It is possible
that the poor solubility of 25 causes the low yield. Next, the
two reagents were adsorbed on a solid phase.”® From the furo
derivatives 25 and 28, the direct absorption on silica gel with
5.0 eq. of diamine led to the attempted products 31 and 32 in
an improved yield of 48% and 33% respectively. Starting materials
(30%) and reduced compounds 30 or 33 were also isolated during
the purification steps (entries 5, 6).

The next attempted variation dealt with the reaction of 25
with ammonia in the presence of DMF (entry 7).” Refluxing for
67 h an aqueous solution of NH,OH (30%) containing 25 led
to compound 34 in 70% yield with no trace of reduction of the
tropone. Another solution to perform the NH insertion consisted
in the reaction of the anhydride 25 with melted NH,OAc. After
2 h, the derivative 34 was isolated in a best yield of 81%. The
major advantage of this method was its compatibility with the

Table 1 Substitution of derivatives, 23, 25, 27, 28 and 34

29,R =CH,
23 30, CH,CH,N(CHj),

R = CH,CH,N(CHj),

25 R1=H,R3=R4=H 30, R1=R3=R4=H, (X,Y) = (HH)
27,R1=H, R3=R4 = OH 31,R1=R3=R4=H, (XY)=0
28 R1=OH,R3=R4=H 32,R1=0H,R3=R4=H, (XY)= O

33,R1=0H,R3=R4=H, (X)Y) = (H,H)
R=H

34,R1=R3=R4=H, (X)Y)=0

35,R1=H,R3=R4=0H, (X,Y)=0

36,R1=0H,R3=R4=H, (XY)=0

23, R=CH, 8

34, R=H N—
' /

37, R=CH,
38, R = CH,CH,N(CHj),

Scheme 5 For reagents and conditions see Table 1.

presence of quinonic or quinonimine sensitive systems. So, we
next performed the reaction with the two anhydrides 27 and 28
to isolate compounds 35 and 36 in 65 and 73% yield, respectively
(entries 8-10).

Then, we used compounds 23 and 34 to introduce the dimethy-
laminoethyl side chain onto the free indolic nitrogen atom (entries
11, 12) in the presence of NaH and chloroethyldimethylamine in
DMF at 90 °C. From compound 23, the derivative 37 was isolated
in a 84% yield, whereas starting from 34, both nitrogen atoms
reacted with the chloroalkyl derivative and the compounds 31 and

Entry  Starting material Reagent Conditions Temperature Time Product (yield)
1 23 Excess of NH,(CH,),N(CH;), Sealed tube, DMF rflx 22 h 29 (41%)°
2 25 Excess of NH,(CH,),N(CH,), Sealed tube, DMF rlx 18 h 31 (59%)°
3 23 Excess of NH,(CH,),N(CHj;), Open flask without solvent rflx 22h 30 (48%)°
4 25 Excess of NH,(CH,),N(CH,), Open flask without solvent rflx 64 h 30 (86%)
5 25 NH,(CH,),N(CH;), (5 eq.) puwave, SiO; (8.5 eq.) 150 °C 15 min 31 (48%)°, 30 (15%)°
6 28 NH,(CH,),N(CH,), (5eq.) uwave, SiO, (8.5 eq.) 150 °C 32 (33%)°, 33 (9%)"
7 25 Aqueous NH,OH DMF rflx 67h 34 (70%)°
8 25 Fused NH,OAc in excess 130 °C 2h 34 (81%)*
9 27 Fused NH,OAc in excess 130°C 3h 35 (65%)"
10 28 Fused NH,OAc in excess 130 °C 3h30min 36 (73%)"
11 23 CICH,CH,N(CH,), (2.5¢q.) NaH (3.8 eq.), DMF 90°C 9h 37 (84%)*
12 34 CICH,CH,N(CH;), (2.5 eq.) NaH (3.8 eq.), DMF 90°C 24h 31 (13%)°, 38 (30%)"
13 34 CICH,CH,N(CH;), (2.5 eq.) K,CO, 65°C 24h 31 (33%)*, 38 (10%)*

« Estimated by '"H NMR. ? Isolated product.
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38 were obtained in 13 and 30% yield respectively. Replacing NaH
for K,CO; and performing the reaction at 65 °C slightly favored
the maleimide substitution and compound 31 was isolated in 33%
yield whereas only 10% of 38 was obtained (entry 13).

Biological results and discussion

The newly synthesized compounds were tested for DNA binding
and topoisomerase inhibition. Their cytotoxic properties were also
measured. The data are collected in Table 2. DNA interaction was
first estimated using a conventional melting temperature assay
with calf thymus DNA (CT-DNA, 42% GC). Unsurprisingly, the
molecules bearing a dimethylaminoethyl side chain were found to
stabilize CT-DNA whereas the other neutral molecules showed
little, if any, interaction with nucleic acids. Compounds 31 and
32 bearing the cationic chain on top of the maleimide ring
showed marked interaction with DNA, with AT,, of 7 °C and
these two compounds were markedly cytotoxic toward HL60
human leukemia cells. Compound 32 showed the most cytotoxic
activity in the series, with an ICsy of 0.3 uM close to that of
the reference antitumor antibiotic rebeccamycin. The hydroxyl
group on the indole ring contributed modestly to DNA binding
but, more significantly, to cytotoxicity (and solubility as well).
Interestingly, by comparing compounds 30 and 31, as well as 32
and 33, it clearly appeared that the reduction of the keto group
of the central tropone ring strongly reduced the DNA binding
capacity and abolished the cytotoxic effects, suggesting that DNA
interaction may contribute (to some extent) to the biological
activity of 31 and 32. This conclusion is also supported by the
observation that the other neutral compounds that bind weakly,
or with no detectable binding to DNA, correspondingly showed
no significant cytotoxic properties. However, DNA interaction is
not sufficient to determine cytotoxicity since compound 38, with
two dimethylaminoethyl side chains on the maleimide and indole
rings, was found to be poorly cytotoxic towards HL60 cells despite
its superior propensity to DNA binding.

DNA binding of four key molecules (30-32, 38) was investigated
further using the alternative polymer poly(dAdT),. Under the
experimental conditions used (16 mM Na*), the helix-to-coil
transition occurs at 42 °C in the absence of drugs. The T, was
shifted to higher temperatures with the four drugs and more
pronounced with the keto derivative 31 as compared to the
methylene analogue 30 (Fig. 2). Thus corroborating the previous
observation with CT-DNA, we can conclude that the keto group
is directly involved in DNA recognition (through H-bonding,
for example) and/or indirectly, by providing a more planar
chromophore. The AT, values reached 18 °C with compound
38, and the molecules rank order 38 > 31, 32 > 30.

The mode of binding to DNA was investigated by spectroscopic
methods. These compounds intercalate into DNA and this is
particularly clear with compound 38. DNA induces significant
shifts in the UV-Visible spectra of 38 with a marked decrease in
the extinction coefficient around 450 nm and a shift of the band toa
much longer wavelength (Fig. 3). The UV-Visible spectral changes
are more subtle with 32. Circular dichroism (CD) measurements
showed that a negative band centered at 350 nm appeared upon
addition of CT-DNA. This band reflects the orientation of the
tetracyclic chromophore bound to the double helix and is entirely
consistent with an intercalative binding process. Intercalating

—a— 31
—— 38
——30
——32

ATm (°C)

] 1
0.0 0.2 0.4 0.6 0.8 1.0
Drug/poly(dAdT),

Fig.2 Melting temperature variation AT, (T, mePNA complex _ 77 DNA alone jp
°C) of poly(dAdT), after incubation with drugs at increasing drug/DNA.
T, measurements were performed in BPE buffer, in 1 cm quartz cuvettes
at 260 nm with a heating rate of 1 °C min~'. The T, values were obtained
from first-derivative plots.

o Compound 38

Compound 32 251

151
00 T T T % T T T T T T T 1
20 30 40 0 230 26 280 306 30 Fb 3|0 46 430
wavelenght (nm) wavelenght (nm)

Fig. 3 (left) Absorption and (right) CD DNA titration of compound 38
and 32 in BPE buffer for absorption and cacodylate buffer for CD DNA
titration. Aliquots of a concentrated calf thymus DNA solution were added
to 1 ml of a drug solution (20 uM for the absorbance and 50 pM for the
CD measurements). The drug/DNA ratios increased from 0 to 1.

agents usually (but not always) give this type of negative CD
signal whereas positive signals are commonly seen with minor
groove binders. The negative CD band was not observed with 32
but the unwinding data (see below) also support intercalation.
Based on the structural analogy with rebeccamycin, the com-
pounds were tested as potential inhibitors of topoisomerases
I and II. In all cases, none of the compound was found to
act as a “poison” capable of stabilizing topoisomerase-DNA
complexes, as can be commonly detected with the reference
drugs camptothecin (for topoisomerase I) or etoposide (for
topoisomerase II) (data not shown). An interference with the
catalytic activity of the enzyme was observed in some cases,
but this only reflects the DNA-binding capacity. As shown in
Fig. 4, concentration-dependent inhibition of the relaxation of
a supercoiled plasmid DNA with topoisomerase I was detected
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Table 2  In vitro cytotoxic effect ICs, (uM); Fibro = human diploid skin fibroblastic cells (normal cell line); HL60 human leukemia cells (tumor cell line),
Caco2 = human colon carcinoma cells (tumor cell line);”” Huh7 = human hepatocarcinoma cells (tumor cell line);® F1 = RLEC for rat biliary epithelial

cells clone F1 (tumor cell line)®

Compound AT,.* Fibro¢ HL60° Caco® Huh7¢ Fl¢
23R1=H 0 >25 >100 10 >25 10
24 R1=0OH 0 10 27 2 30 20
29 ND >25 ND 20 4 4
25R1=R3=R4=H 0 >25 52 2 >25 0.2
26 R1 =H,R3=R4 =0OMe 0 10 50 10 5 10
27R1 =H,R3=R4=0H 0 >25 >100 >25 >25 0.4
28 R1 =0OH,R3=R4=H 0 >25 >100 >25 >25 >25
3IRI=H 6.8 10 1.22 1 2 0.4
32 R1 =0H 7.1 0.6 0.31 0.5 1 0.07
30R1=H 2.5 10 72 3 30 0.7
33R1=0H ND >100 ND 30 10 4
37 R = CH; ND 10 ND 10 2 2
38 R = CH,CH,N(CH;), 9.9 >25 17 7 6 2
34R1 =R3=R4=H 1.2 10 22 0.3 >25 20
35R1 =H,R3=R4=0H 0.9 >25 5.81 10 0.3 2
36 R1 =0OH,R3=R4=H 0 >25 37 >25 10 20
References Roscovitin ND 20 ND 2 3 5
Rebeccamycin ND ND 0.16 ND ND ND

ND = not determined.” Variations in melting temperature, AT, = T, veDNA complex _

T, CTPNAdlene iy °C, T’ measurements were performed in BPE buffer,

in 1 cm quartz vials at 260 nm with a heating rate of 1 °C min~'. The T, values were obtained from first-derivative plots. * Drug concentrations that
inhibit circulating HL60 leukemia cells from solid tumors growth by 50% after 72 h of incubation. Roscovitin and Rebeccamycin were used as internal
standard for cell assays. ¢ Drug concentrations that inhibit circulating adherent cells from solid tumors growth by 50% after 48 h of incubation. Roscovitin

and Rebeccamycin were used as internal standard for cell assays.

on poly-acrylamide gels. The unwinding of DNA resulting from
the insertion of the drug between base pairs is clearly evidenced
with several compounds, in particular with 31 and 38. In these
cases, the topoisomer population is shifted to the top part of
the gel at 20 uM (relaxation) and at higher concentrations, the
DNA becomes positively supercoiled because of intercalation and
it starts to migrate faster in the gel. Together with the CD data,
this result effectively attests that these compounds intercalate into
DNA.

The cytotoxicity was evaluated further using a pair of murine
leukemia cells, either sensitive or resistant to the antitumor drug
camptothecin (CPT) which is a reference topoisomerase I poison.
The resistance of the P388CPTS5 cells has been attributed to the
expression of a deficient form of topoisomerase I as a result of
a mutation in the ropl gene of these cells.’ The two mutations
(Gly*'Val and Asp’Tyr) in conserved regions of the fopl gene
strongly diminish the sensitivity of the cells to CPT, by a factor
>100 (Table 3).
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Fig. 4 Inhibition of topoisomerase I-mediated DNA plasmid pUCI19 in
the presence of graded concentrations of drugs. Plasmid DNA (120 ng,
lane DNA) was incubated for 45 min at 37 °C with drug, then 30 min at
50 °C with 4 units of topoisomerase I (topogen Inc) in the absence (lane
topol) or in the presence of drug at the indicated concentrations (uM).
Reaction was stopped with SDS and treatment with proteinase K. The
DNA was analyzed by agarose gel electrophoresis. The gel was stained
with ethidium bromide and photographed under UV light. Nck: nicked;
Rel: relaxed; Sc: supercoiled.

In contrast, these mutations showed little effect on the cytotoxic
potential of 31 and 32, as is the case for rebeccamycin. Topoiso-
merase I is not the main target of these compounds. Nevertheless,
the use of these additional pair of cell lines confirmed the cytotoxic
bioactivity of 31-32, with ICs, < 1.0 uM. Noteworthy, the higher
cytotoxicity of 32 compared to 31 was observed in all cases, with

P388
Controf Cpt 30

-}
| -, o -
= -

'!'!__.. | —

Fluorescence of Pl ——m»

Events —

PI88CPTS . ny
_-"!"l—.4 _"."1—-| _

Events ——

Fluorescence of Pl ———»

Table 3 Cytotoxicity on sensitive and resistant P388 cell line

Compound P388 (ICs,/uM) P388CPTS5 (ICs,/uM) RRI“
Camptothecin 0.031 3.310 107
Rebeccamycin 0.19 0.71 3.7
31 0.70 1.02 1.46
32 0.231 0.521 2.26

# Relative resistance index: ICs,(CPT-resistant)/I1Cs (CPT-sensitive).

circulating HL-60 cells and P388 cells as well as with adherent
cancer cells derived from solid tumors, such as human colon
carcinoma Caco? cells and human hepatocarcinoma Huh7 cells
(Table 2). In addition, very actively proliferating transformed rat
biliary epithelial cells were also found to be exquisitely sensitive to
this molecule, with an IC,, of 700 nM (Table 2). Meanwhile, this
compound was also found to be active onto non-tumoral poorly
proliferating human skin fibroblastic cells, suggesting distinct
signaling pathways that warrant further investigation.

In parallel, the effect on the cell cycle of P388 and P388CPT5
leukemia cells of DNA-binding compounds 30-32, 38 was in-
vestigated (Fig. 5). Compounds 31 and 32 induced a strong
accumulation of the cells in the G2 + M phase at 1 uM, as observed
with camptothecin, whereas 38 and 30 showed no significant effect
at the same concentration. A similar trend was observed with the
topoisomerase I-mutated cell line P388CTPS. It is clear that the
mutation of the topl gene does not impact on the activity of the
two oxophenylarcyriaflavin compounds.

Kinase inhibition

It is well known that (hetaryl)pyrrolo[3,4-c]carbazole derivatives
can induce selective protein kinase inhibition."*'"* So we next
tested the compounds for potential inhibition of CDK1, CDKS5
and glycogen synthase kinase-3 (GSK3) to evaluate a possible
selectivity (Table 4).” The non cytotoxic compound 36 showed a
significant inhibitory activity (ICs, CDK1 =1.3uM, IC;, CDK5 =
0.9 uM ICs;, GSK3 = 2.2 uM), without any selectivity, thus
indicating the major role of the unsubstituted maleimide group in

31 32 38
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A
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[s
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Fig. 5 Cell cycle distribution in CEM cells treated for 24 h with graded concentrations of 30-32, 38. Cells were analyzed with the FACScan flow

cytometer. Data are the result of two independent experiments.
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Table 4 Inhibition tests on CDK 1, CDK5 and GSK3

ICx/uM

Compound CDK1 CDKS5 GSK3
23RI=H >10 ND >10
24R1=0H 75 10 >100
25RI=R3=R4=H 45 14 45
26R1 =H, R3 = R4 = OMe >10 >10 >10
27R1=H, R3 =R4 =OH 40 30 57
28R1=OH,R3=R4=H 19 >100 >100
31R1=H 16 8.2 12
32R1=0H >10 >10 >10
30R1=H 4 9 20
38 R = CH,CH,N(CH,), 2.6 4.8 10
34R1=R3=R4=H 43 3.9 18
36R1=0OH,R3=R4=H 13 0.9 2.2

this activity. The lack of the hydroxyl group impaired the inhibition
indicating that the indolic hydroxyl group of 36 gives a favourable
interaction with the enzyme catalytic site (compound 34, ICs,
CDKI1 =4.3uM,IC,, CDK5=3.9uM IC;,, GSK3 =18 uM). The
selectivity of CDKs versus GSK3 was enhanced when the indolic
hydroxy group was absent. Surprisingly the last unsubstituted
maleimide compound 35, which is hydroxylated on the phenyl
ring, was inactive against all the tested kinases but exhibited strong
cytotoxic activities against Huh7 and F1 cell lines. This result
indicates also that kinase inhibition and cytotoxicity were not
correlated. Compound 36 constitutes an interesting scaffold from
which more potent and more selective inhibitors could potentially
be designed.

Conclusion

To sum up, in this paper we designed new polysubstituted
oxophenylarcyriaflavins starting from indoles using efficient syn-
theses. Preparation of these compounds was achieved using a
Suzuki or a Stille procedure whereas formation of the central
tropone ring required an intramolecular electrophilic reaction.
Different substitutions either on the indolic nucleus, on the phenyl

ring or on the maleimide moiety were successfully achieved
to provide access to a new potential anticancer agent family.
Some molecules proved to be potent cytotoxic agents able to
interfere with the cell cycle of cancer cells. DNA binding, but
not topoisomerase inhibition, seems to play a role in the cytotoxic
action. CDK 1, CDK5 and GSK3 are apparently not major targets
for these compounds but the oxophenylarcyriaflavin scaffold may
be further exploited to generate kinase inhibitors.

Experimental section
A. Chemistry

'H and *C NMR spectra were recorded on a Bruker Avance DPX
250 instrument using CDCI; or DMSO-d,. The chemical shifts are
reported in ppm (0 scale) and all J values are in Hz. The following
abbreviations are used: singlet (s), doublet (d), doubled doublet
(dd), triplet (t), multiplet (m), quaternary carbon (Cq). Melting
points are uncorrected. IR absorptions were recorded on a Perkin
Elmer PARAGON 1000 PC and values were reported incm~'. MS
spectra (Ion Spray) were performed on a Perkin Elmer Sciex API
300 or on Avatar 320 equipped using an ATR (Ge) technique.
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HRMS were performed by the Centre Régional de Mesures
Physiques de 1'Ouest (CRMPO, Rennes) on a high resolution
mass spectrometer with double focalisation Varian Mat 311 using
electronic impact. Monitoring of the reactions was performed
using silica gel TLC plates (silica Merck 60 F,s,). Spots were
visualized by UV light at 254 and 356 nm. Flash chromatography
columns were performed using silica gel 60 (0.040-0.063 mm,
Merck). Microwave experiments were performed on a Biotage
Initiator apparatus. For compounds 4, 12-22 in the 'H NMR data
the H' refers to phenyl ring protons. Synthesis and experimental
data of compounds 3, 15, 23, 25, 29-31, 34, 37, 38 were previously
reported.”

For the preparation and characterization of compounds 4, 10—
14, 16-22, 24, 26-28, 32, 33, 35, 36, see the ESI.

B. Biological studies

Topoisomerase inhibition assays.
previously described.

These were performed as

DNA binding measurements

Melting curves were measured with an Uvikon 943 spectropho-
tometer coupled to a Nesab RTE111 cryostat. Titrations of
the drug with DNA, covering a large range of drug/DNA-
phosphate ratios (D/P), were performed by adding aliquots of a
concentrated drug solution to a constant DNA solution (20 uM).
T, measurements were performed in BPE buffer pH 7.1 (6 mM
Na2HPO4, 2 mM NaH,PO,, 1 mM EDTA). The temperature
inside the cuvette (10 mm path length) was increased over the
range 20-100 °C with a heating rate of 1 °C min~'. The “melting”
temperature 7', was taken as the mid-point of the hyperchromic
transition.

Cell culture and survival assay

Human CEM and CEMC?2 leukemia cells were obtained from the
American Tissue Culture Collection. Cells were grown at 37 °C
in a humidified atmosphere containing 5% CO, in RPMI 1640
medium, supplemented with 10% fetal bovine serum, 4.5 g L™
glucose, 10 mM HEPES, | mM sodium pyruvate, penicillin
(100 TU mL"), and streptomycin (100% g mL~"). The cytotoxicity
on these cells of the tested compounds was assessed using a cell
proliferation assay developed by Promega (CellTiter 96 Aqueous
one solution cell proliferation assay). Briefly, 2 x 10* exponentially
growing cells were seeded in 96-well microculture plates with
graded drug concentrations in a volume of 100 puL. After 72 h
incubation at 37 °C, 20 uL of the tetrazolium dye was added to
each well, and the samples were incubated for a further 2 h at
37 °C. Plates were analyzed on a Labsystems Multiskan MS (type
352) reader at 492 nm.

Skin diploid fibroblastic cells were provided by BIOPREDIC
International Company (Rennes, France). Caco-2 cells and Huh7
cells were obtained from the ECAC collection. Cells were grown
according to ECAC recommendations. RLEC-F1 clone is derived
from an established rat biliary epithelial cell line as previously
described.® The toxicity test of the compounds on these cells
was as follows: 4 x 10° cells were seeded in 96 multiwell plates
and left for 24 h for attachment, spreading and growing. Then,
they were exposed for 48 h to increasing concentrations of the

compounds, ranging from 0.1 to 25 uM in a final volume of 80 ul
of culture medium. They were fixed with 4% paraformaldehyde
solution and nuclei were stained with Hoechst 3342 and counted
using automated imaging analysis (Simple PCI software).

Cell cycle analysis

For flow cytometric analysis of DNA content, 0.7 x 10° cells
in exponential growth were treated with graded concentrations
of the tested drug for 24 h and then washed with 1 mL of
PBS. After centrifugation, the cell pellet was resuspended in 1 mL
of cold ethanol for 24 h at —0 °C. The ethanol was removed,
and the pellet was washed with 1 mL PBS and then incubated for
30 min in a solution containing 50 pg mL~' PI and 100 pg mL™'
RNase. Samples were analyzed on a Becton Dickinson FACScan
flow cytometer using CellQuest software, which was also used
to determine the percent of cells in the different phases of the
cell cycle. PI was excited at 488 nm, and fluorescence analyzed at
620 nm on channel FI1-2.
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We report the synthesis of a broad variety of functionalized molecules for assembly on gold, allowing
the formation of biologically relevant SAMs by a modular approach: either utilizing 1,3-dipolar
cycloaddition of alkynes and azides in solution or by ‘click on SAM’. Extensive studies into the various
parameters of SAM formation and stability have been carried out, leading us to deduce reliable

conditions under which glyco-decorated self-assembled monolayers can be formed and studied such as

in SPR-supported binding assays.

Introduction

Eukaryotic cell surfaces are covered by a highly complex sugar
coat, called the glycocalyx. It comprises of glycoproteins, gly-
colipids, complex oligosaccharides as well as proteoglycans and
other glycoconjugates.! It may be considered as a cell organelle,?
whose function is essential in cell biology, because processes
like cellular recognition, cell development and differentiation,
fertilisation and immune response are affiliated with molecular
recognition within the glycocalyx. In addition, states of disease
can depend on molecular interaction with the glycocalyx, such as
in the case of cancer and metastasis.® Interaction of cell surface
saccharides with specialized proteins called lectins and selectins® is
of crucial biological importance. However, in spite of this, lectin—
carbohydrate interactions are typically weak in in vitro testing,
with K}, values in the millimolar or high micromolar range.’ Tt
has been assumed that the multivalency of carbohydrate—protein
interactions® is fundamental to their biological effect,” but so
far, multivalency effects occurring in carbohydrate recognition
have not been conclusively understood.® Therefore, molecular
mimetics are needed to study carbohydrate—protein interactions in
detail; such designer molecules should preferably try to mimic the
complexity and heterogeneity of the cell surface. There is a broad
range of approaches, stretching from carbohydrate libraries to
distinct multivalent glycoconjugates (such as glycodendrimers and
glycopolymers, for example),’ all of which can be regarded as ‘one-
dimensional’ setups; however, a nano-size molecular array such
as the glycocalyx rather requires a ‘two-dimensional’, or ideally
‘three-dimensional’, molecular mimicry. Consequently, surface-
based glycomimetics have recently gained much interest including
glyconanoparticles,' glycoarray technology," and in particular
self-assembled monolayers (SAMs).

We became interested in the synthesis of sugar-modified SAMs,
the so-called ‘glyco-SAMs’,'? for the study of molecular interac-
tions of carbohydrates, because glyco-SAMs have the potential to
serve as tailor-made carbohydrate arrays, allowing control over
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density and orientation of the carbohydrate ligands, in addition
to being amenable to many spectroscopic techniques like surface
plasmon resonance (SPR), ellipsometry or AFM (atomic force
microscopy).

For the formation of glyco-SAMs on gold, carbohydrate-
terminated long-chain thiols or thioacetates have to be prepared,
as well as their non-carbohydrate analogs, in order to allow
‘dilution’ of the monolayer to avoid steric hindrance at the surface,
which continuously increases during assembly. Furthermore, it has
been our goal to include labelled molecules in SAM formation
to facilitate characterization of the monolayer once it is formed.
Finally, as SAM formation often is hard to control, we sought
a method to allow modification of a preformed monolayer. This
has led us to a modular approach for the controlled construction
of glyco-functionalized SAMs involving a sequence of formation
of a initial monolayer and its modification by the attachment of
biological relevant headgroups ‘on SAM’. We chose the copper(1)-
catalysed modification of Huisgen’s 1,3-dipolar cycloaddition of
alkynes to azides,”® introduced more-or-less simultaneously in
2001 by Meldal* and Sharpless.'”® This reaction allows modifi-
cation of a preformed SAM without the requirement for classical
workup or purification procedures.

This so-called ‘click’ chemistry’® has recently become a popular
method in organic and biological chemistry, including the field
of self-assembled monolayers. Modification of alkyne-terminated
SAMs with azido-functionalized aromatic molecules, nucleotides
and carbohydrates has been shown,'” as well as attachment
of functionalized alkynes to azido-terminated SAMs on silicon
dioxide,” and binding of biologically and electrochemically rel-
evant molecules like oligonucleotides and ferrocenes to SAMs."
Recently, 1,3-dipolar cycloaddition has been used for construction
of carbohydrate SAMs in order to measure carbohydrate—protein
interactions.”

Here we report an extended study on the synthesis of func-
tionalized molecules for the formation of glyco-SAMs, their
modification in a modular approach utilizing 1,3-dipolar cy-
cloaddition of alkynes and azides, and biophysical investigation
of a collection of different SAMs. An essential requirement for
the molecules synthesized for self-assembly is that they have to
contain oligoethylene glycol (OEG) portions, to suppress non-
specific adhesion of proteins to the SAM,* and to allow accurate
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measurement of specific ligand-receptor interactions.”> To com-
bine ‘click’ chemistry with our rather complex oligoethylene glycol
spacers, first in solution and eventually ‘on SAM’, was one of the
main challenges of this project.

Results and discussion

Our modular approach for formation of glyco-SAMs included
introduction of both biorepulsive OEG moieties as well as
the carbohydrate headgroups ‘on SAM’ (Fig. 1), after initial
monolayer formation using a basic thio-functionalized type of
spacer. The latter molecules were synthesized first.

Synthesis of basic spacer molecules

Two types of spacer molecules were synthesized, those with a
terminal alkyne group to allow ‘click on SAM” by 1,3-dipolar
cycloaddition, and a second group of non-alkyne analogs, which
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are unreactive under cycloaddition conditions and serve to ‘dilute’
the alkyne-functionalized monolayer.

Thus, the commercially available 10-undecenic acid (1,
Scheme 1) was quantitatively converted into the methyl amide
2 via its mixed anhydride using isobutyl chloroformate (IBCF)
under basic conditions. Thioacetic acid was then added to the
terminal double bond of 2 in a photoinduced radical reaction
initiated with AIBN, providing 3. An alkyne-functionalized analog
of 3, the amide 5, was obtained from well known acetyl-
protected mercaptoundecanoic acid 4** by peptide coupling with
propargylamine, again according to the mixed anhydride method
using IBCF.

With the first two basic spacer types 3 and 5 in hand,
oligoethylene glycol-containing spacers had to be prepared next,
to allow the construction of monolayers resistant to non-specific
binding of proteins. An oligoethylene unit can very easily be
introduced using the monomethyl ether of hexaethylene glycol.
Esterification of 4 with this alcohol under standard conditions
employing DCC and DMAP led to the thio-functionalized
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Fig. 1 Surface modification of a mixed SAM on gold by coupling of azides. The two possible concepts of generating mixed SAMs containing one
functional compound generated by ‘click’ chemistry are shown. Right: direct assembly of the preformed molecules onto the surface. Left: SAM formation
followed by “click’ reaction of the reactive groups. The latter approach permits more flexibility in the surface modification, both chemically and spatially.
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THEF, hv, RT, 3 h, 86% for 3, 95% for 8, 83% for 14, 97% for 15; ¢) propargyl amine, NPr;, IBCF, DMF, RT, 2 h, 78%; d) DCC, DMAP, DCM, —20 °C —
RT, 15 h, 75%; e) TosCl, DABCO, ethyl acetate, 4 A molecular sieves, 0 °C — RT, 1.5 h, 82%; f) NaN;, TBAI, DMF, 70 °C, 2 h, 97%; g) PPhs;, 1 : 1
THF-H,O0, RT, 3 d, 63%; h) propiolic acid, DCC, DCM, 0 °C — RT, 3 h, 70%; 1) propiolic acid, DCC, DMAP, DCM, —26 °C — RT, 15 h, 73%.

alkyloxy spacer 6 in 75% yield. On the other hand, esterification
could be avoided when the literature-known alkene 7** was used
as the starting material, which can be obtained from bromoundec-
11-en and monomethyl hexaethylene glycol under Williamson
etherification conditions in over 90% yield. Radical addition
of thioacetic acid under UV irradiation yielded the methoxy-
terminated spacer 8 in excellent 95%. To achieve the synthesis
of an alkyne-functionalized analog of 8, the alkyl oligoethylene
alcohol 9 was subjected to a sequence of OH-activation to
yield the tosylate 10, followed by nucleophilic substitution and
Staudinger reduction of the resulting azide 11 to the amine 12.
It is noteworthy that the use of DABCO, according to Hiinig’s
procedure,® allowed us to omit pyridine in the tosylation step.
Next, amide coupling of the amine 12 with propiolic acid had to
be addressed. In this case, however, the use of IBCF led to decom-
position, whereas DCC-mediated peptide coupling was successful
and delivered alkyne 13 in 70%. This was in turn converted into the
terminal acetyl thioate 14 in a photoaddition reaction, as described
earlier. A byproduct carrying thioacetyl units at both termini
of the molecule was formed in this step; it was easily removed
during chromatographic purification. The amount of byproduct
formation was diminished when irradiation was performed at
wavelengths >295 nm using a cut-off filter. This allowed the

preparation of the target alkyne 14 in 30% yield over five steps
starting with 9.

As molecules with internal amide linkages tend to form rather
stable monolayers due to intermolecular hydrogen bridging,* an
ester analog of 14 was sought for comparison reasons. This is
easily accessible in two steps from 9, through radical addition of
thioacetic acid followed by DCC-mediated esterification of the
resulting alcohol 15% with propiolic acid, delivering 16 in 71%
overall yield.

Optimization of 1,3-dipolar cycloaddition conditions for the
convergent synthesis of spacer molecules

According to our synthetic plan, the convergent synthesis of more-
or-less complex spacer molecules using 1,3-dipolar cycloaddition
had to be accomplished next. The literature provides a vast
number of different reaction conditions for the copper(1)-mediated
1,3-dipolar cycloadition, with a variety of solvents, bases and
catalysts involved. Our first investigation of reaction conditions
was performed with commercially available undecynic acid (17)
and the acetylthio-functionalized alkyne 5. Cycloaddition of the
alkyne 17 to dodecyl azide delivered triazole 18 in 50% yield,
whereas the reaction of 5 with the tosyl-functionalized triethylene
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Scheme 2 Convergent synthesis of spacer molecules employing 1,3-dipo-
lar cycloaddition. Reagents and conditions: a) 1-azidododecane, Cul,
2,6-lutidine, MeCN, 0 °C — RT, 15 h, 50%; b) TosEG,Nj;, Cul, DIPEA,
MeOH, RT, 15 h, 62%.

glycolylazide TosOEG;N; gave the cycloaddition product 19 in a
reasonable 64% yield (Scheme 2).

To further optimize the reaction conditions of the copper(1)-
catalysed Huisgen reaction, to allow ‘click on SAM’ with the
molecules prepared here, we performed a systematic study in a
homogeneous solution employing alkyne 5 and hexaethylene gly-
colylazide 20 leading to triazole 21 after 1,3-dipolar cycloaddition
(Scheme 3). Published reaction conditions, using water as solvent
and a Cu(i1) ascorbate-system,”® were unsuccessful in our case.
This might be due to the extremely polar hexaethylene glycol
moiety causing problems during workup and purification in an
aqueous system.

As indicated in Table 1, the solvent, base, temperature, reaction
time and catalyst were varied in the synthesis of 21. Starting
materials were employed as 0.1 mM solutions. Reactions were
finished after about 8 h, regardless of solvent or temperature.

M OH
"o ™

Extension of reaction time up to 63 h had no effect on the yields.
Also, varying the temperature had little effect on conversion.
As the reaction conditions were intended to be applicable ‘on
SAM’, temperatures over 45 °C were not examined thoroughly.
As ligation of the copper ion is of importance for the reaction,
it can be understood that both the nitrogen base applied as well
as the solvent have strong effects on the outcome of the reaction.
Common nitrogen bases such as 2,6-lutidine and diisopropylethyl
amine (DIPEA) were tested. Interestingly, the combination of
methanol with DIPEA as the base (Table 1, entry 8) is a low
yielding solvent-base system, as is lutidine in acetonitrile (entry 6).
On the other hand, DIPEA in acetonitrile or lutidine in methanol
provide good yields, with the desired 1,4-triazoles being the only
cycloaddition products. The reaction conditions with elevated
temperatures applied in entries 9 and 11 led to regioisomeric
mixtures of the 1,4- and 1,5-cycloaddition products.

Finally, a 1 : 1 mixture of DMF and methanol with 0.2
equivalents of cuprous iodide and without any nitrogen base was
identified to be the best system in homogeneous solution, with a
96% yield at 45 °C.

Synthesis of functionalized spacers under optimized 1,3-dipolar
cycloaddition conditions

The results of our study on advantageous reaction conditions for
the 1,3-dipolar cycloaddition of ethylene glycol-type spacers (cf.
Table 1) paved the way for the synthesis of diversely functionalized
spacers, suited for self-assembly of monolayers. Thus, the impor-
tant dendritic building block 22% was converted into the alkyne
23 using propiolic acid in a HATU-mediated peptide coupling
reaction® (Scheme 4). Then, 1,3-dipolar cycloaddition with the
azide 24 proceeded in very good yield (91%). Deprotection of
the resulting dendritic triester 25 using TFA in 1,2-dichloroethane

o) a’bl o)
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Scheme 3  Optimization of 1,3-dipolar cycloaddition conditions employing azide 20. Reagents and conditions: a) TosCl, DABCO, ethyl acetate, 0 °C —

RT, 1.5 h, 80%; b) NaN;, TBABr, DMF, 90 °C, 3.5 h, 72%; c) see Table 1.

Table 1 Reaction conditions for the 1,3-dipolar cycloaddition of 5 and 20 leading to 21

Entry Base Solvent Temp./°C Catalyst Time/h Yield (%)*
1 1.3 eq. DIPEA MeCN RT 1 eq. Cul 2 <10
2 1.3 eq. DIPEA MeCN 45 1 eq. Cul 2 23
3 1.3 eq. DIPEA MeCN 45 1 eq. Cul 8 62
4 1.3 eq. DIPEA MeCN 45 5eq. Cul 8 65
5 1.3 eq. DIPEA MeCN RT 1 eq. Cul 15 86
6 1.3 eq. 2,6-lutidine MeCN RT 1 eq. Cul 15 33
7 1.3 eq. 2,6-lutidine MeOH RT 1 eq. Cul 15 74
8 1.3 eq. DIPEA MeOH RT 1 eq. Cul 15 43
9 1.3 eq. DIPEA toluene 100 1 eq. Cul 15 80°

10 — H,0-'BuOH 45 CuSO, + Na ascorbate 15 50

11 — DMF-MeOH (1:1) 70 0.2 eq. Cul 15 91°

12 — DMF-MeOH (1:1) 45 0.2 eq. Cul 15 96

“Tsolated yield. ® Both regioisomeric triazoles were detected.
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Scheme 4 Synthesis of dendritic triacidic spacer 26, employing 1,3-dipolar cycloaddition. Reagents and conditions: a) propiolic acid, HATU, DIPEA,
DMEF, 0 °C — RT, 18 h, 56%; b) Cul, DIPEA, MeCN, RT, 20 h, 91%; c¢) TFA, DCE, RT, 1 h, 98%.

(DCE) provided the target compound 26 in almost quantitative
yield. This molecule is of interest to modify polarity and acidity,
respectively, of SAMs, which is of importance with regard to the
high sialic acid content of many cells.

We then applied these reaction conditions to the synthesis of
carbohydrate-decorated spacers. The known mannoside 27** was
employed as the azido component, whereas spacer 13 (Scheme 1)
was used as the alkyne. Cycloaddition with Cul in DMF-MeOH
(1 : 1) at 45 °C yielded 1,4-triazole 28 in 73%, which was
subsequently turned into the thioacetate 29 following the usual
UV irradiation protocol in THF at room temperature (Scheme 5).
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Scheme 5 Synthesis of D-mannose-decorated thioacetate spacers.
Reagents and conditions: a) alkyne 13, Cul, DMF-MeOH, 45 °C, 15 h,
73%; b) AcSH, AIBN, THF, hv, RT, 5 h, 40%.

Finally we set out to apply 1,3-dipolar cycloaddition to the
synthesis of fluorescence-labeled spacers, suited for SAM forma-
tion, as labelling is an important tool in bioassays. In addition,
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fluorescence labels can be used to investigate the properties
of an actual SAM.*® Commercially available dansylcadaverin
(30, Scheme 6) was used as fluorescence dye and had to be
converted into an azido-functionalized derivative for 1,3-dipolar
cycloaddition to a spacer alkyne. Conversion of the terminal
amino group in 30 into the respective azide via a metal-catalysed
diazo transfer with triflyl azide* gave the desired product in only
63% yield. Therefore, we decided to employ azidoacetic acid, which
is easily accessible from chloroacetic acid in a quantitative reaction
with sodium azide in an aqueous medium. DCC-mediated peptide
coupling with 30 then led to the azide 31 in 92% yield. 1,3-Dipolar
cycloaddition to the spacer alkynes 5 and 14 delivered triazoles 32
and 33, respectively. Unfortunately, cycloaddition to 33 proceeded
in poor yields (around 60%).

SAM formation and ‘click on SAM’

With this array of thio-functionalized molecules in hand, SAM
formation and ‘click on SAM’ chemistry were evaluated next.
Ellipsometry was used to estimate the success of different reaction
conditions by determination of the layer thickness ex situ. Initial
experiments showed that the acetonitrile-Cul-DIPEA system
developed for the homogeneous solutions only works well for cy-
cloaddition of azides to alkyne-terminated monolayers, resulting
in an increase of layer thickness. In contrast, azido-terminated
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Scheme 6 Synthesis of fluorescence-labelled spacers. Reagents and conditions: a) azidoacetic acid, DCC, HOBt, DCM, 0 °C — RT, 15 h, 92%; b) 5, Cul,
DIPEA, MeCN, 45 °C, 15 h, 84%; ¢) 14, Cul, DMF-MeOH, 45 °C, 15 h, 59%.
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Table 2 Thicknesses and BSA adsorptions of SAMs of triazole-bridged 21, formed from pure 21 or from a homogeneous mixture of reaction partners

(d: optical thickness)

Entry Deposition conditions Deposition time/h dsan/A Adpsa /A

1 Pure 21 and EtOH 15 199 +2.7 1.8+£3.2
Mixture of 5 and 20¢ 15 10.6 + 1.4 8.8 +2.1

3 Mixture of 5 and 20° 72 8.8+3.0 50+3.8

“das, =374 A Adysa (Au) = 19.6 + 1.0 A. ¢ Reaction mixture: 5.0 mM thioacetate, 5.0 mM azide, 5.0 mM Cul, 6.3 mM DIPEA, MeCN.

monolayers did not react readily with alkynes. Instead of a smooth
reaction, the formation of a precipitate (presumably a copper(1)—
alkyne complex) was observed, whose formation removes the
catalyst from the reaction solution.

Therefore, our interest focused first on the acetylenic molecule
5, which due to its simple structure should form densely packed
monolayers. In fact, deposition of this molecule from ethanolic
solution reproducibly yielded monolayers with a thickness of
about 19 = 1 A, in excellent agreement with a theoretical value
of 18.8 A for molecules that have lost their acetyl group, being
packed in the monolayer with a tilt angle of 30°.

Reaction of a monolayer formed from 5 with the ethylene glycol
derivative 20 is of interest since attachment of this molecule should
not only increase the layer thickness, but also render the monolayer
resistant to the adhesion of proteins. Two approaches were tested
(Table 2); firstly, pure triazole 21, the reaction product of 5 and 20,
was used for monolayer formation, and secondly a homogeneous
reaction mixture of alkyne 5 and azide 20 was employed under
‘click’ conditions. The latter option is attractive, as isolation and
purification of 21 could be avoided by selectively depositing it from
a reaction mixture.

The layer thickness was in all cases much smaller than
anticipated, hinting on incomplete monolayer formation. This
is a commonly observed phenomenon for longer molecules, in
particular with OEG headgroups, since unfolding of the coiled-
up chain costs too much entropy.** Nevertheless, the resulting
monolayer almost completely suppresses the adsorption of bovine
serum albumin (BSA), a ‘sticky’ protein commonly used to test
bioresistance that typically results in layers about 20 A thick
(depending on the deposition conditions). The situation becomes
worse for the layers prepared from the reaction mixtures: even after
prolonged immersion (entry 3) only partial monolayers could be
attained, and these are not bioresistant.

If entropy is really the force suppressing the formation of
denser monolayers, it would be reasonable to expect that the post-
monolayer formation chemistry, such as ‘click on SAM’ should
result in thicker layers. In fact, when the complete monolayer of
5 was treated with 20 using the above-mentioned catalyst solution
at room temperature for 16 h, a layer thickness of 31.7 + 1.8 A
(Ad = 11.4 £ 1.0 A; Table 3, entry 1), significantly higher than
attained from the preformed molecule 21, resulted.

Nevertheless, this monolayer was still thinner than the expected
(37.4 A), showing again the influence of entropy, meaning that
a number of reaction sites remain inaccessible. As a test for
this hypothesis, we used so-called diluted monolayers consisting
of a mixture of reactive molecule 5 with its unreactive deriva-
tive 3. The presence of the unreactive molecule should render
all the reactive sites accessible for the azide, thus permitting
complete transformation. In fact, the transformation resulted

Table 3 1,3-Dipolar cycloaddition of the spacer azide 20 (MeO-EG¢-Nj5)
to SAMs formed from a mixture of the amide 3 and alkyne-terminated 5
(d: optical thickness)

Entry Ratio5:3"  dsw/A des /A Adge/A Ads /A
1 1:0 203+08 188 114410 186

2 1:3 203+£0.6 172 92407 47

3 1:4 189+£09 17.0 70+11 37

4 0:1 16.0+£24 166 —06+1.0 0

“Ratio in the deposition solution.

not only in layers approaching the expected thickness (column
4 in Table 3) but exceeding it. Since any reactivity of the
methyl derivative 3 could be excluded (as shown in entry 4 in
Table 3), this excess thickness can only be interpreted as a result
of a higher ratio of 5:3 in the SAM than in the deposition
on.

Since in principle all the alkyne sites should be reactive in
these SAMs, we set out to use higher temperatures for the ‘click’
reaction. As trivial as this might sound, it should be kept in
mind that most SAMs are desorbed into solution at elevated
temperature.’® We therefore tested up to which temperature diluted
SAMs deposited from 1 : 1 mixtures of 3 and 5 remain stable in
acetonitrile (Table 4).

Surprisingly, even up to 80 °C no complete desorption took
place, although the upper limit for keeping the monolayers
unaltered seemed to be 60 °C. We therefore decided to carry
out ‘click’ reactions using azide 20 up to this temperature. For
this, pure monolayers of 5 were used, (i) to learn if even in a
dense monolayer all reactive groups can be approached under
these conditions, and (ii) to be certain of the maximum attainable
thickness after the ‘click’ reaction, since — as shown above —
the molecular ratio in a diluted monolayer does not need to
be the same as in the deposition solution. As can be seen in
Table 5, the elevated temperature had only a minor influence on
the completeness of the ‘click’ reaction: at 50 °C and 60 °C a

Table 4 Temperature stability in acetonitrile of SAMs formed from 1 : 1
mixtures of alkyne 5 and amide 3 (d: optical thickness)

dsam/A ¢
Temperature/°C Before treatment After treatment
50 141+£0.3 13.1+0.2
60 12.6 £0.3 129 +£0.5
70 142+0.1 13.1+0.2
80 16.1£04 13.7+£1.0

adek =17.7A.

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 2118-2132 | 2123





Table 5 ‘Click’ reaction of MeOEG4xN; (20) to SAMs of 5 at different
temperatures (d: optical thickness)

Table 6 Bioresistance of EG4-containing monolayers as a function of the
number of alkyne groups exposed in the SAM (d: optical thickness)

Entry dsa/A¢  Temperature/°C Time/h Adya/A® Adgsa/Ac< Entry Ratio 16:15° dsam/A dss, /A Adpsa /A

1 203+0.8 25 15 114+10 49408 1 1:0 158+ 1.6 36.8 148422

2 19240.6 40 15 11,5409 20409 2 50: 1 153409 36.7 31+ 1.7

3 17.84£0.7 50 16 149+16 05426 3 10:1 226+ 1.5 36.5 1L4+21

4 163412 60 15 131+£19 —1.0+22 4 1:1 21.340.2 353 0.9+0.4
5 1:2 203406 347 —0.8+0.7

adar =188 AP Ad = 18.6 A. ¢ Adysa (Au) = 20.0 4+ 0.4 A, 6 0:1 242402 33.7 —22404

224
204
184
16 —m— ad (click), T=50 °C
14+ —0—Ad (BSA)
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Fig. 2 Time-dependence of the added layer thickness (‘click’ reaction of

20 to SAM of 5 according to entry 3 in Table 5) and the BSA resistance.

couple of A in thickness were gained (compared to Table 3, entry
1), but no complete layer was formed in either case.

Protein resistance of the monolayers on the other hand became
significantly better with increasing reaction temperature (Table 5,
column 5), an important criterion for future applications. In
continuation of the optimization of the reaction conditions, the
time dependence of the layer properties was studied after reaction
at 50 °C. In a series of time-dependent experiments it was
again observed that the increase in thickness never reached the
theoretical value of 18.6 A, but levelled off at about 13 A after
4 h (Fig. 2). Despite this, complete bioresistance was not achieved
before 8 h reaction time, a situation mirroring the temperature-
dependent experiments. We therefore decided to perform all
further ‘click’ reactions for 16 h at 50 °C.

Since the introduction of bioresistance was not the primary goal
of this work, but to use bioresistant molecules as a background
to attach recognition sites (in particular carbohydrate sites), we
switched to the use of the OEG-containing alkyne 16 as SAM-
forming material. The monolayers exclusively formed from 16 are
not only thinner than calculated, but also are not bioresistant
(Table 6, entry 1).

This comes to no surprise, since — as mentioned before —
molecules this long hardly form perfect monolayers. In addition,
these layers should be terminated with a significant number of
hydrophobic alkyne groups, thus exposing adsorption sites for
BSA. We hoped that dilution with the molecule 15 of proven
bioresistance (entry 6) would render the monolayers bioresistant
at some point. This expectation was more than fulfilled, since even
a proportion as low as 9% of 15 (entry 3) induces bioresistance in
the system.

“In solution.

It should be mentioned at this point that the de facto proportion
of 15 in the SAMs may exceed the one in solution — the reverse of
the process previously observed for the 5:3 system. Experiments
to clarify this point by determination of the number of reactive
acetylenic groups by ‘click on SAM’ using the azide 20 again
resulted in a surprise: instead of a gain in thickness, we observed
a loss of matter as well as a loss of bioresistance. For example,
a 1 : 1 diluted monolayer of 16 and 15, being completely
bioresistant beforehand, became thinner by almost 12 A instead
of thickening by 18.8 A, accompanied by adherence of 3 A
of BSA compared to 0 A before the cycloaddition. Extensive
experiments (data not shown) showed that OEG-terminated
thiolate SAMs in general are not compatible with Cu* ions in
hot acetonitrile. We assume that under these conditions a Cu*—
thiolate complex is formed which becomes soluble due to the very
polar OEG part of the molecule. Unfortunately no conditions
could be found to achieve a ‘click on SAM’ reaction without
desorption.

Because of this, we returned to the system based on the
monolayers generated by 5 on gold to study carbohydrate-lectin
interactions. Using the optimised conditions for ‘click on SAM”’,
the azidoethyl mannoside 27 was attached to a SAM of thioacetate
5 on gold. Surprisingly, the resulting increase of the layer thickness
(10.8 + 0.6 A) is significantly larger than the expected value (6.5
A). We attribute this either to physisorbed material or to some
kind of side reaction attaching additional material. The water
contact angles of the modified surfaces were 34 + 1° (advancing)
and 17 £ 2° (receding), corresponding to a hydrophilic surface.
However, for a pure hydroxy-terminated surface the value of
the advancing contact angle is too high. This suggests that the
surface exposes not only OH groups, but also methylene groups.
This assumption is supported by the relatively large contact
angle hysteresis of ca. 17 A, indicating an imperfectly ordered
surface.

Since disorder should not hinder the recognition of the man-
nosyl groups (since, for example, the glycocalyx is not a laterally
ordered system) we decided to perform SPR experiments to see
if some specificity for concanavalin A (ConA), a strongly binding
plant lectin, exists. In fact, the pure monolayer of 5 turned out not
to be very adhesive for ConA, thus permitting a clear distinction
from the very strong response obtained from the mannosyl-
terminated monolayer (Fig. 3).

Since these data were obtained on a home-built SPR system,
the quality of the data does not permit a quantitative assessment
yet, but the data suggest that the specific recognition is at least
five times stronger than the non-specific adhesion, thus proving
our modular system suitable for further investigation.
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Fig. 3 The adsorption of concanavalin A onto a native monolayer
of alkyne 5 (A) as well as onto a monolayer modified by ‘click on
SAM’ chemistry using the azidoethyl mannoside 27 (B) as followed by
SPR. Although some non-specific adsorption takes place in case A, the
recognition of the mannosyl substituents is dominant.

Conclusion

We have reported the synthesis of a series of differently function-
alized molecules for the formation of SAMs and their utilization
in a modular approach employing 1,3-dipolar cycloaddition
of alkynes and azides. Thus, we have provided a molecular
toolbox, allowing for the preparation of biorelevant monolayers,
including carbohydrate decoration. We have extensively studied
the parameters of SAM formation and reported on drawbacks and
limitations as well as on breakthroughs en route to glyco-SAMs as
glycocalyx models.

We have demonstrated that ‘click on SAM’ chemistry permits
the modification of surfaces with biologically relevant headgroups
such as bioinert OEG chains or substrate groups recognized
by lectins. It seems generally advisable to have the acetylenic
compound for the Huisgen reaction in the SAM and the azide
in solution to avoid precipitation of presumably inactive Cu
acetylides rendering them unsuitable for a surface reaction. For
the ligation with long OEG azides, the ‘click on SAM’ approach
permits the synthesis of denser SAMs with a reliable bioresistance
against non-specific protein adhesion as opposed to the layers
obtained from the pre-formed, complete molecules. Although the
optimizations of the click reactions conditions were performed
on a single and stable short-chain SAM using OEG as a ligand,
we have shown that the reaction conditions were also useful
for the attachment of bio-entities such as mannose, resulting in
surfaces recognized by lectins. Investigations are now under way
to understand how surface libraries made from this building-block
toolbox influence the recognition process by, for example, proteins.

Experimental
General remarks

Reactions were carried out in dried glassware under argon or nitro-
gen and using distilled solvents unless otherwise indicated. THF
was dried by distillation from sodium/potassium ketyl, methanol
by distillation from magnesium turnings, and dichloromethane by
distillation from calcium hydride, each under argon. Commercially
available starting materials, reagents and pure DMF were used

without further purification. TLC was performed on GF254 silica
gel plates (Merck), detection was effected by the use of UV light
(254 nm and 366 nm) and with mixtures of either 10% sulfuric acid
in ethanol or cerium(1v) sulfate and phosphomolybdate in 10%
sulfuric acid followed by heat treatment. Flash chromatography
was performed on silica gel 60 (230-400 mesh, particle size 0.040—
0.063 mm, Merck). NMR spectra were recorded on Bruker DRX
500 (500 MHz for 'H, 125.47 MHz for “C) and ARX 300
instruments (300 MHz for 'H, 75.47 MHz for *C). Spectra were
calibrated with respect to the solvent peak (CDCl; 7.24 ppm for
'H and 77.0 ppm for “*C; [D,]Jmethanol 3.35 ppm for 'H and
49.30 ppm for *C.) Assignment of the peaks was achieved with the
aid of 2D NMR techniques ('H-'H-COSY and 'H-*C-HSQC).
Peak values that could not be unequivocally assigned to one atom,
and may therefore be interchangeable, are marked with an asterisk.
In some cases, amide isomers delivered a double set of signals, as
indicated by ‘1.

Hydrogen and carbon atoms within the scaffold are indexed
as follows: the sugar residue is numbered as usual from 1 to 6
with the anomeric position being number 1, and aglycon atoms
are numbered in ascending order starting with the atom adjacent
to the glycosidic bond being number 7, as exemplified in Fig. 4
for compound 29. For spacer molecules without a sugar moiety,
the acetyl thio-group was defined as the terminus of the molecule,
and carbon and hydrogen atoms were numbered accordingly, as
exemplified for 29, 33 and the dendritic molecule 25 (Fig. 4).
MALDI-TOF mass spectra were recorded on a Bruker Biflex III
19 kV instrument, with norharmane (9 H-pyrido[3,4-b]indole) in

:O
(@]
O1

S N0
Y
(0]

N

1
N/
>( 0 W 20 25
N OmSYSZ
0
o]
0 0
OH 12 4
o N N%\/ Mskss
HO o 1 \\_ H 29
N, 9
1 °N
O\)

HO

7

0=S=0 33
16 N

HN NH PN
v o
o —
" oy_
\_%*N'(’\/ }V@\s
3 H 6 10 44

Fig.4 Numbering of hydrogen and carbon atoms for assignment of NMR
data.
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THF being used as a matrix. For sample preparation, a drop of
matrix solution was first placed on the target and left to evaporate.
Afterwards, a solution of the sample in THF or in methanol was
placed on the pre-crystallized matrix.

Even though NMR spectra showed no contamination and
analytical HPLC showed no impurities, correct elemental analyses
could not be obtained for most of the reported substances.
ESI-MS measurements were consulted to prove purity. High-
resolution mass spectra were recorded on a Mariner (Part-No.
V800600) instrument. For analytical HPLC chromatography a
Merck-Hitachi machine with a diode array detector L-7455 was
used with either LiChrosorb® RP-8 7 um silica or a Chromolith®
performance RP-18 100 x 4.6 mm column. Preparative HPLC
chromatography was carried out on a Shimadzu system with a
Merck Hibar® RT250-25 mm column with LiChrosorb® RP-8
7 um silica.

Ellipsometric contact angle measurements and protein adsorp-
tion experiments were performed under ambient conditions. Ellip-
sometry was performed on a SE 400 (Sentech Instruments GmbH)
ellipsometer under an incident angle of 70° at a wavelength of
633 nm. Water contact angles were measured by the sessile drop
method using a Multiskop (Optrel GBR, Germany) instrument.

SPR measurements were also carried out on the Multiskop
instrument using the Kretschmann geometry with prism coupling
(BK?7), p-polarized laser radiation (785 nm) being used for the
excitation of the plasmon. The prism and the gold-covered glass
substrate were optically connected using a matching fluid with a
refractive index of # = 1.51. Home-made PDMS chambers with
a volume of 36 puL. were used as flow cells. The solutions were
pumped through the cell using syringe pumps (Braun Perfusor
Secura, Germany).

Au(111)-covered substrates for the SAM formation were pre-
pared by electron beam deposition of 1.5 nm of chromium as
adhesion promotor followed by the deposition of 200 nm of
gold onto Si(100) wafers (Wacker Siltronic AG). For the SPR
experiments, gold-covered microscope slides (2 nm Cr, 50 nm Au)
were used.

A Harrick Plasma Cleaner/Sterilizer PDG-32G was used to
generate a microwave-induced hydrogen plasma for the cleaning
of the gold surfaces.*’

Monolayer formation

Before use, the gold-covered substrates were cleaned by the treat-
ment with hydrogen plasma for 60 s. Thiolate SAMs were formed
by immersion of the cleaned gold substrates in 5 mM solutions
of the corresponding thioacetate in dry ethanol overnight under
nitrogen. After immersion, substrates were rinsed thoroughly with
ethanol and dried in a stream of nitrogen.

Monolayer modification by ‘click on SAM’

Substrates covered with alkyne-terminated monolayers were
treated with a solution of Cul (5.0 mM), DIPEA (6.5 mM)
and the corresponding azide (5.0 mM) in oxygen-free acetonitrile
overnight at a temperature of 50 °C. Then the substrates were
thoroughly rinsed with acetonitrile, immersed in demineralised
water for 2 h to remove physisorbed material and dried in a stream
of nitrogen.

Protein adsorption

The samples were immersed for 2 h in a solution of 1 mg
mL~" bovine serum albumin (BSA) in aqueous KH,PO,/K,HPO,
buffer (pH = 7.0). After immersion each sample was rinsed with
100 cm?® of demineralised water and dried in a stream of nitrogen.
The amount of adsorbed BSA was determined by ellipsometric
measurements.

Ellipsometry

Optical film thicknesses were determined assuming a complex
refractive index N = n — ik with a real part n = 1.45 and an
imaginary coefficient k¥ = 0 for both the SAMs as well as the
BSA adlayers.® The parameters n and k of the gold substrates
were obtained by ellipsometric measurements of the plasma-
cleaned films before monolayer formation. For each experiment
six readings were recorded to calculate an average value as well as
the standard deviation.

Contact angle

Contact angles were measured for water as contact fluid. The
droplets were imaged by a CCD camera and the contact angle was
calculated from the shape of the recorded image using an included
software. In all cases the advancing and the receding contact angle
was determined. The value of each contact angle (as well as its
standard deviation) was obtained by averaging six readings.

SPR measurements

The binding of concanavalin A (ConA) to mannosyl-terminated
monolayers was monitored using surface plasmon resonance spec-
troscopy. The angle shift was calculated from the resonance angles
determined before and after lectin adsorption. The measurements
were carried out in HEPES-buffered saline (150 mM NacCl,
10 mM NaHEPES, 0.005% Tween 20) containing Ca** (1 mM
CaCl,-2H,0) and Mn** (1 mM MnCl,-4H,0) ions for ConA
activation. Briefly, adsorption was performed by first running
buffer until a stable signal was observed, followed by 10 uM of
ConA dimer in buffer solution (10 min) and then again buffer
(10 min). The resonance angles were determined after the first and
the second buffer purge, respectively. For all experiments a flow
rate of 30 mL h~' was chosen.

H,C=C,C(O)NHMe (2). 10-Undecenic acid (091 g,
10.85 mmol) was dissolved in dried DMF (15 ml) and cooled to
0 °C. Tripropylamine (4.13 ml, 21.70 mmol) and IBCF (1.48 ml,
11.40 mmol) were added and the reaction mixture was stirred
for 30 min. Then 2 M methylamine solution in THF (5.43 ml,
10.85 mmol) and more tripropylamine (2 ml, 10.85 mmol) were
added, the reaction mixture was warmed to ambient temperature
and kept stirring overnight. Subsequently the solvents were
removed under reduced pressure and the colourless crude product
was purified by column chromatography on silica using ethyl
acetate and cyclohexane (1 : 1 — 2 : 1) as the solvent system.
The alkene 2 was obtained as a colourless amorphous solid
(2.11 g, 99%). The spectroscopic data were in accordance with the
literature.®
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AcSC,,C(O)NHMe (3). To a stirred solution of alkene amide
2 (1.00 g, 5.07 mmol) in abs. THF (30 cm®) were added thioacetic
acid (0.90 cm?®, 12.67 mmol) and AIBN (832.2 mg, 0.51 mmol) at
room temperature and the UV irradiation (4 > 295 nm) was started
and maintained for 2 h. For workup the solvents were removed
under reduced pressure and the residual pale yellow crude oil was
purified by flash chromatography on silica using an ethyl acetate—
cyclohexane gradient (2: 1 — 4 : 1). The product 3 was obtained
as a colourless amorphous solid (1.19 g, 86%). V. (film/cm™)
3308s, 3088w, 2920s, 2849s, 1690s, 1643s, 1560s, 1459w, 1411m,
1237w, 1142m, 707w, 631m; &, (500 MHz, CDCl;, Me,Si) 5.82
(1H, br, NH), 2.86 (2H, m~t, J 7.26, 2 x 12-H), 2.81 (3H, d, J
4.85,3 x 1-H),2.33 (3H, s, 3 x 14-H), 2.16 (m~t, J 7.33, 2 x 3-H),
1.58 (4H, m, 2 x 4-H, 2 x 11-H), 1.27 (12H, m, 2 x (5-10-H));
dc (125 MHz, CDCl;, Me,Si) 196.18 (13-C), 173.81 (2-C), 36.71
(3-0), 30.64 (14-C), 29.45 (12-C), 29.32-28.74 (5-11-C), 26.25 (1-
C), 25.75 (4-C); m/z (ESI-MS) 296.1302 (M* + Na. C,H;;NO,S
requires 296.1655).

AcSC,,C(O)NHCH,C=CH (5). A solution of the carboxylic
acid 4 (1.60 g, 6.14 mmol), IBCF (956.4 ul, 7.37 mmol) and
tripropylamine (2.34 cm?®, 12.29 mmol) in abs. DMF (25 cm?)
was cooled to 0 °C and stirred for 50 min before a cooled
solution of propargylamine (505.8 ul, 7.37 mmol) in abs. DMF
(5 cm?®) and tripropylamine (1.17 cm?®, 6.15 mmol) were added
dropwise. The clear reaction mixture was slowly warmed to
room temperature and stirring was maintained for 2 h. Then
the solvents were removed under reduced pressure and the crude
product was purified by column chromatography on silica using
ethyl acetate and cyclohexane (1 : 1.5) as solvent system. The
product 5 was obtained as a colourless amorphous solid (1.43 g,
78%). Vmux(film/cm™") 3311s, 3287s, 2919s, 2849s, 1691s, 1634s,
1534s, 1534s, 1471m, 1454w, 1418m, 1357w, 1284w, 1232m, 1209w,
1141m, 959w, 643m, 579w, 549w; J, (500 MHz, CDCl;, Me,Si)
4.05 (2H, dd, J 2.56 and 5.24, 2 x 3-H), 2.86 (2H, t, J 7.37, 2 x
14-H), 2.32 (3H, s, 3 x 16-H), 2.23 (1H, t, J 2.55, 1-H), 2.20
(2H, m, 2 x 5-H), 1.63 (2H, m, 2 x 13-H), 1.56 2H, m, 2 x
6-H), 1.27 (12H, m, 12H, 2 x (7-12-H)); 6. (125 MHz, CDCl;,
Me,Si) 196.10 (15-C), 172.78 (4-C), 79.69 (2-C), 71.38 (1-C), 36.37
(5-C), 30.59 (16-C), 29.48-28.70 (3-C, 6-13-C), 25.48 (4-C); m/z
(ESI-MS) 298.1828 (M* + H. C,;H,,NO,S requires 298.1835).

AcSC,,C(O)OEG(OMe (6). A solution of carboxylic acid 4
(430 mg, 1.65 mmol) and hexaethylene glycol monomethyl ether
(538.3mg, 1.82 mmol) in dry DCM (3 cm?®) was cooled to —20 °C
and a mixture of DCC (357.8 mg, 1.73 mmol) and DMAP
(20.2 mg, 0.17 mmol) in DCM (3 cm®) were added slowly. The
reaction mixture was then allowed to warm to room temperature
and was stirred overnight. The solvents were removed under
reduced pressure and the viscous crude product was purified by
column chromatography (MeOH-DCM, 1 : 20) to yield the title
compound as a pale yellow oil (667.2 mg, 75%). V., (film/cm™")
2924s, 2855s, 1735s, 1691s, 1456m, 1352m, 1298w, 1246m, 1111s,
1045w, 954m, 852m, 628m; Jy (500 MHz, CD;0D) 4.20 (2H, m,
2 x 13-H), 3.69 (2H, m, 2 x 12-H), 3.63 (18 H, m, 2 x (3-11-H)),
3.53 (2H, m, 2 x 2-H), 3.35 (3H, s, CH;), 2.86 (2H, t, J 7.30, 2 x
24-H), 2.33 (2H, t, J 7.41, 15-H), 2.30 (3H, 5, 3 x 26-H), 1.61 (2H,
m, 2 x 16-H), 1.55 (2H, m, 23-H), 1.30 (12H, m, 2 x (17-22-H));
dc (125 MHz, CD;0D) 197.50 (25-C), 175.35 (14-C), 72.96 (15-
C), 71.59-71.35 (3-12-C), 70.14 (2-C), 64.55 (13-C), 59.10 (1-C),

34.96 (16-C), 32.41-29.76 (17-24-C), 30.54 (26-C), 26.00%; m/z
(MALDI-TOF-MS) 561.5 (M* + Na. CyH;,0,S + Na requires
561.5), (ESI-MS) 434.3474 (M* + H. C,,H,NO, + H requires
434.3476).

AcSCEG,OMe (8). To a stirred solution of alkene 7 (2.92 g,
6.50 mmol) in abs. THF (30 cm?), thioacetic acid (1.16 cm?,
16.27 mmol) and AIBN (840 mg, 5.21 mmol) were added and
the mixture was irradiated with UV light for approx. 3 h at room
temperature. The solvents were then evaporated and the yellow
crude product was purified by chromatography with a methanol-
DCM gradient (1 : 20 — 1 : 18) to yield a colourless oil (3.245 g,
95%). Vi (film/cm™") 2925s, 2855s, 1692s, 1461m, 1352m, 1299w,
1249w, 1116s, 952m, 884w, 627 m; Jy (300 MHz, CD,0D) 3.73—
3.68 and 3.66-3.54 (22H, m, 2 x (2-13-H)), 3.44 (2H, t, J 6.81,
2 x 14-H), 3.38 (3H, s, 3 x H-1), 2.85 (2H, t, J 7.36, 2 x 24-
H), 2.31 (3H, s, 3 x 26-H), 1.59-1.49 (4H, m, 2 x 15-H, 2 x
23-H), 1.30-1.24 [14H, m, 2 x (16-22-H)]; 6. (75 MHz, CD;0D)
196.12 (25-C), 71.92-70.39 (3-13-C), 59.05 (1-C), 30.66 (26-C),
29.62-28.81 (15-22-C), 26.08 (24-C); m/z (CI-MS) 511 (M* + H),
100.0%), 496 (13.5), 435 (1.3), 361 (1.4), 325 (2.5), 317 (1.7), 283
(2.8), 229 (2.0), 187 (2.6), 177 (2.8) 133 (3.9), (ESI-MS) 547.3267
(M* + Na. C,sH;,O4S +Na requires 547.3275).

TosOEG,C,CH=CH, (10). To astirred solution of the alcohol
9 (4.0 g, 9.20 mmol) in ethyl acetate (13 cm?) were added DABCO
(2.07 g, 18.4 mmol) and 4 A molecular sieves (100 mg). The
reaction mixture was cooled to 0 °C and tosyl chloride (2.63 g,
13.80 mmol) was added in portions. Upon addition of TosCl a
highly viscous suspension formed immediately. The mixture was
warmed to room temperature and stirred for 1.5 h before the
slurry was filtered through filter paper. The filtrate was acidified
by dilute hydrochloric acid (5 cm?®) and washed with sat. NaHCO,
(5 cm?) in demineralised water prior to drying over Na,SO,. After
filtration, solvents were evaporated and the crude product was
purified by column chromatography using silica and an ethyl
acetate-cyclohexane gradient (2 : 1 — 4 : 1). The product 10
was obtained as a pale yellow oil (4.43 g, 82%). Vpa(film/cm™")
3509w, 3072w, 2925s, 2856s, 1736w, 1640m, 1598m, 1454m, 1359s,
1292m, 1248m, 1189s, 1178s, 1113br, 1019m, 923s, 817m, 775m,
664s, 555s; oy (300 MHz, CDCl;, Me,Si) = 7.80 (2H, dt, J 1.88
and 8.3,2 x Ar-H), 7.48 2H, m, 2 x Ar-H), 5.81 (1H, ddt, J 6.63,
10.29, 17.1; 21-H), 5.03-5.01 and 4.97-4.90 (2H, m, 2 x 23-H),
4.16 2H, t, J 4.81, 2 x 1-H), 3.70-3.56 (22H, m, 2 x (2-12-H)),
3.44 (2H, t, J 6.8, 2 x 15-H), 2.45 (3H, s, 3 x Ar-CH;), 2.07—
2.00 (2H, m, 2 x 21-H), 1.59-1.55 (2H, m, 2 x 14-H), 1.30-1.28
(12H, m, 2 x (15-20-H)); o (75 MHz, CDCl;, Me,Si) 144.74
(C-Ar), 139.19 (22-C), 132.90 (C-Ar), 129.78 (C-Ar), 127.94 (C-
Ar), 114.07 (23-C), 71.49 (2-C), 70.53 (3-11-C), 69.99 (1-C), 69.20
(12-0), 68.62 (13-C), 33.77 (21-C), 29.10 (14-19-C), 26.03*, 21.61
(CH;-Ar); m/z (CI-MS) 598 (M* + H, 100%), 545 (1.5), 501 (2.6),
437 (41.4), 375 (9.6), 331 (29.6), 287 (27.7), 241 (37.5), 199 (59.8),
133 (18.9), 89 (39.5).

N;EG,C,CH=CH, (11). The tosylate 10 (4.39 g, 7.46 mmol),
sodium azide (2.43 g, 37.28 mmol) and tetrabutylammonium
iodide (1.54 g, 4.20 mmol) were dissolved in abs. DMF (50 cm?)
and warmed to 70 °C for 2 h with stirring. Then the solvents
were removed under reduced pressure and the crude material
was purified by flash chromatography on silica using ethyl
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acetate—cyclohexane (2 : 1). The title compound was obtained
as a colourless oil (3.33 g, 97%). Vpux(film/cm™") 3590w, 3074w,
2924s, 2854s, 2103s, 1737w, 1340m, 1455s, 1348s, 1300s, 1249m,
1118s, 1039m, 994m, 910s, 853m, 722w, 644w, 556w; o, (500 MHz,
CDCl;, Me,Si) 5.80 (1H, ddt, J 6.75,10.28, 17.14; 22-H), 4.98 (1H,
ddt, J 1.65, 2.20, 17.06; 23-H), 4.94 (1H, ddt, J 1.19, 2.02, 10.18;
23-H), 3.68-3.62 (20H, m, 2 x (3-12-H)), 3.58-3.56 (2H, m, 2 x
2-H), 3.43 (2H, t, J 6.79, 2 x 13-H), 3.38 (2H, t, J 5.14, 2 x 1-H),
2.05-2.00 (2H, m, 2 x 12-H), 1.56 (2H, q, J 14.67, 2 x 14-H),
1.36 (2H, t, J 7.25, 2 x 15-H), 1.32-1.28 (10H, m, 2 x (16-20-H);
dc (125 MHz, CDCl;, Me,Si) 139.23 (22-C), 114.09 (23-C), 71.53
(13-C), 70.63 (3-12-C), 70.03 (2-C), 50.65 (1-C), 33.80 (21-C),
29.61-28.90 (14-20-C), 26.00%; m/z (CI-MS) 460 (M* + H, 9.61%),
432 (100.0), 388 (1.2), 292 (2.1), 241 (2.5), 177 (1.4), 147 (2.1), 133
(2.1),97 (3.0), (ESI-MS) 482.3270 (M* + Na. C,;H,sO,N; requires
482.3201).

H,NEG,C,CH=CH, (12). The azide 11 (2.20 g, 4.79 mmol)
was dissolved in a 1 : 1 mixture (24 cm®) of THF and water at
room temperature, triphenylphosphine (1.30 g, 4.96 mmol) was
added and the solution was stirred for 3 d vigorously. Then the
solution was extracted three times with a 1 : 1 mixture (200 cm?)
of diethyl ether and cyclohexane followed by three subsequent
extractions with ethyl acetate, diethyl ether and cyclohexane
(50 cm® each). The combined extracts were washed with brine
and dried over Na,SO, prior to column chromatography on silica
using a methanol-dichloromethane gradient (1 : 20 — 1 : 10) as
solvent system. Solvent evaporation provided the purified product
12 as a colourless amorphous solid (1.30 g, 63%). Vy.(film/cm™")
3372br, 2925s, 2856s, 1640w, 1590w, 1438s, 1350w, 1300w, 1182m,
1119s, 1037s, 996w, 750w, 722s, 696s, 542s; 5; (500 MHz, CDCI;,
Me,Si) 5.81 (1H, ddt, J 6.66, 10.16, 16.88; 22-H), 4.97 (2H, m,
23-H), 3.66 (18H, m, 2 x (3-11-H)), 3.58 (2H, m, 2 x 12-H), 3.51
(2H,t, J 5.12,2 x 13-H), 3.43 2H, t, J 6.81, 2 x 2-H), 2.86 (2H,
t, J 5.23, 2 x 1-H), 2.03 (2H, dd, J 6.7, 14.36; 2 x 21-H), 1.52
(4H, m, 2 x 14-H, 2 x 20-H), 1.28 (10 H, m, 2 x (15-19-H));
dc (125 MHz, CDCl;, Me,Si) 139.00 (22-C), 113.96 (23-C), 71.34
(13-C), 70.45-69.88 (2-12-C), 33.62 (1-C), 29.51-28.74 (14-21-C),
25.91%; m/z (MALDI-TOF-MS) 456.5 (M* + Na. C;;H;;NO, +
Na requires 456.32), (ESI-MS) 434.3474 (M* + H. C;H,;NO, +
H requires 434.3476).

H,C=CHC,EG,NHC(O)C=CH (13). To a stirred solution of
DCC (740 mg, 3.59 mmol) in dry DCM (19.5 cm?), propiolic
acid (0.18 cm?, 2.92 mmol) was slowly added at 0 °C. After
10 min stirring the amine 12 (1.267 g, 2.924 mmol), dissolved
in dry DCM (7 cm?), was added dropwise. The reaction mixture
was stirred for 1 h at 0 °C, warmed to room temperature and
then stirred for another 2 h before the solvents were removed
in vacuo. The crude product was purified by chromatography on
silica gel (MeOH-DCM, 1 : 20) to yield the title compound as a
colourless amorphous solid (1.20 g, 70%). Vpax(film/cm") 3324m,
2926s, 2850s, 2108m, 1226s, 1573w, 1467w, 1436w, 1346w, 1242m,
1116s, 962w, 893w, 843w, 640m, 542m, 417w; Jy; (500 MHz, CDCl;,
Me,Si) 6.99 (1H, br, NH), 5.81(1H, ddt, J 6.69, 10.18, 16.94; 25-
H),4.96 2H, m, 2 x 26-H), 3.66 (22H, m, 2 x (4-14-H)), 3.50 (2H,
m, 2 x 15-H), 3.44 (2H, t, J 6.82, 2 x 16-H), 2.85 (1H, s, 1-H),
2.04 2H, m, 2 x H-24), 1.57 2H, m, 2 x 17-H), 1.37 2H, m, 2 x
23-H), 1.28 (10H, m, 2 x (18-22-H)); 6 (125 MHz, CDCl;, Me,Si)
152.23 (3-C), 139.19 (25-C), 114.07 (26-C), 73.21 (2-C), 71.51

(1-C), 70.58-69.24 (5-16-C), 39.58 (4-C), 33.76 (24-C), 29.58—
28.88 (17-23-C), 26.04*; m/z (CI-MS) 485 (M*, 0.5%), 391 (7.4),
280 (2.5), (ESI-MS) 508.3319 (M* + Na. C» H,;NO, +Na requires
508.3245).

AcSC,EG,NHC(O)C=CH (14). The alkyne 13 (200 mg,
0.42 mmol) were dissolved in abs. THF (3 c¢cm?), and thioacetic
acid (0.06 cm®) and AIBN (66.4 mg, 0.42 mmol) were added at
room temperature. The reaction mixture was irradiated with UV
light (4 > 295 nm) for 3 h. Then dichloroethane (2 cm?) was added
and the solvents were removed under reduced pressure to yield
a brownish crude product. This was subjected to flash column
chromatography (MeOH-DCM, 1 : 20) to yield a pale yellow oil
(0.19 g, 83%). Vo, (film/cm™") 3324m, 2925s, 2852s, 2106m, 1692s,
1656m, 1573w, 1538w, 1437w, 1352m, 1245m, 1118s, 954s, 627m,
542w; oy (300 MHz, CDCl;, Me,Si) 3.66 (24 H, m, 2 x (4-15-H)),
3.44 (2H, t, J 6.83, 2 x 16-H), 2.86 (2H, t, J 7.29, 2 x 26-H),
2.85 (1H, s, 1-H), 2.33 (3H, s, 3H, 3 x 28-H), 1.56 (4H, m, 2 x
17-H, 2 x 25-H), 1.26 (14H, m, 2 x (18-24-H)); dc (75 MHz,
CDCl;, Me,Si) 196.74 (27-C), 152.53 (3-C), 73.41 (2-C), 71.54
(1-C), 70.59-69.26 (4-16-C), 30.74 (28-C), 29.60-26.06 (17-26-C);
m/z (ESI-MS) 584.3260 (M* + Na. CxH5 NOgS + Na requires
584.3228).

AcSC,EG(OC(O)C=CH (16). The alcohol 1577 (1.29 g,
2.53 mmol) and propiolic acid (0.16 cm?, 2.53 mmol) were
dissolved in dry DCM (10 cm®) and cooled to —26 °C. Then DCC
(547.6 mg, 2.65 mmol) and DMAP (30.9 mg, 0.25 mmol) were
added, the reaction mixture was warmed to room temperature and
stirred overnight. For workup the solvents were removed under
reduced pressure and the crude product was purified by column
chromatography using an ethyl acetate—cyclohexane gradient (2 :
1 — 4: 1) providing the title compound as a yellow oil (1.04 g,
73%). Vau(film/cm™") 3217m, 2925s, 2855s, 2113s, 1716s, 1692s,
1462m, 1352m, 1228s, 1111s, 956s, 756m, 628m; Jy (500 MHz,
CDCl;, Me,Si) 4.35 2H, m, 2 x 4-H), 3.74 2H, m, 2 x 5-H),
3.66-3.58 (20 H, m, 2 x (6-15-H)), 3.44 (2H, t, J 6.81, 2 x 16-H),
2.99 (1H, s, 1-H), 2.86 (2H, t, J 7.26, 2 x 26-H), 2.32 (3H, s, 3 x
28-H), 1.56 (4H, m, 2 x 17-H, 2 x 25-H), 1.26 (14H, m, 2 x
(18-24-H)); d¢ (125 MHz, CDCl,, Me,Si) 196.05 (27-C), 152.58
(3-0), 75.28 (2-C), 74.45 (1-C), 71.46-69.95 (5-15-C), 68.47 (16-
(), 65.17 (4-C), 30.59 (28-C), 29.54 (26-C), 29.48-28.73 (17-25-C),
26.00%; m/z (MALDI-TOF-MS) 585.0 (M* + Na. CxH50,S +
Na requires 585.3), (ESI-MS) 585.3063 (M* + Na. C,xH5,O,S +
Na requires 585.3068).

9-(1-Dodecyl-1H-[1,2,3]triazol-4-yl)nonanic acid (18). Un-
decynic acid (17, 50.0 mg, 0.27 mmol) and 1-azidododecane
(60.9 mg, 0.29 mmol) were dissolved in acetonitrile (1.5 cm?),
the mixture was degassed and flushed thoroughly with nitrogen
and cooled to 0 °C before Cul (104.5 mg, 0.55 mmol) and 2,6-
lutidine (0.06 cm?, (0.55 mmol) were added. The clear solution
was warmed to room temperature and then stirred overnight. The
reaction was quenched by addition of dilute hydrochloric acid
(0.5 cm?), the phases were separated and the aqueous phase was
extracted three times with DCM (1 ¢cm?). The combined organic
extracts were washed with brine, dried over Na,SO,, and then it
was filtered and the filtrate evaporated under reduced pressure to
provide a brownish crude product, which was purified by flash
chromatography using a gradient of ethyl acetate and cyclohexane
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(2:1 — 4:1). The title triazole was obtained as a colourless
amorphous solid (29.6 mg, 50%). oy (500 MHz, CDCl;, Me,Si)
7.25 (1H, s, 11-H), 4.30 (2H, t, J 7.29 Hz, 2 x 12-H), 2.70 (2H,
m~t, 2 x 9-H), 2.34 2H, t, J 7.50, 2 x 2-H), 1.88 2H, m, 2 x
13-H, 1.64 (4H, m, 2 x 3-H, 2 x 8-H), 1.38 and 1.25 (26H, m, 2 x
(4-7-H, 14-22-H)), 0.88 (3H, t, J 6.98, 3 x 23-H); dy (125 MHz,
CDCl;, Me,Si) 178.87 (1-C), 148.30 (10-C), 120.43 (11-C), 50.26
(12-C), 34.08 (2-C), 31.91 (21-C), 30.34-25.56 (4-9-C, 13-20-C),
24.71 (3-C), 22.69 (22-C), 14.12 (23-C); m/z (MALDI-TOF-MS)
394.3 (M* + H. C;3H;3N;0, + H requires 394.6).

AcSC,;,C(O)NHCH,-triazole-EG,Tos (19) The alkyne 5 (30 mg,
0.10 mmol) and tosylated triethylene glycol azide (TosEG,Ns,
34.3 mg, 0.10 mmol) were dissolved in MeOH (1 cm?), the solution
was degassed and rinsed with nitrogen prior to addition of Cul
(96.0 mg, 0.50 mmol) and DIPEA (0.09 cm’, 0.50 mmol). The
mixture was stirred at room temperature overnight, then the
suspension was filtered through a 0.45 um HPLC filter. Analytical
HPLC (250/4 LiChrosorp 7 pm C8, A = H,0, B = MeCN,
0% B — 90% B, 60 min, 1 cm® min~!, R, = 26.49 min) proved
the high purity of product 19 (43.3 mg, 62%) without further
chromatography. J,; (500 MHz, CDCl;, Me,Si) 7.78 2H, d, J
8.34,2 x Ar-H),7.73 (1H, s,9-H), 7.35 (2H, d, J 8.10, 2 x Ar-H),
6.42 (1H, brs, NH), 4.51 (4H, m, 2 x 8-H, 2 x 11-H), 4.15 (2H,
m, 2 x 1-H), 3.87 (2H, dd, J 4.63 and 9.83, 2 x 7-H), 3.69 (2H, m,
2 x 2-H), 3.60 (8H, m, 2 x (3-6-H)), 2.86 (2H, dd, J 7.20, 14.56;
2 x 22-H), 2.45 (3H, s, 3 x Ar-CH;), 2.32 (3H, s, 3 x 24-H), 2.19
(2H, m, 2 x 13-H), 1.56 (4H, m, 2 x 14-H, 2 x 21-H), 1.49 (12
H, m, 2 x (15-20-H)); o (125 MHz, CDCl;, Me,Si) 196.00 (23-
C), 173.13 (12-C), 144.83 (Ar-C), 144.45 (10-C), 132.82 (Ar-O),
129.89 (Ar-C), 127.86 (Ar-C), 123.20 (9-C), 70.66-68.60 (1-7-C),
54.35 (Ar-CH;), 50.21 (8-C), 42.67 (11-C), 36.47 (13-C), 30.57 (24-
C), 29.39-28.69 (14-21-C), 25.54 (22-C); m/z (ESI-MS) 693.3025
(M* + Na. C;;H5,N,O;S requires 693.2962).

MeEG¢N; (20). Hexaethylene glycol monomethyl ether
(1.85 g, 6.24 mmol) and DABCO (1.40 g, 12.49 mmol) were
dissolved in 7 cm?® ethyl acetate, and dried 4 A molecular sieves
(100 mg) were added. The reaction mixture was cooled to 0 °C
and tosyl chloride (1.79 g, 9.63 mmol) was added to the stirred
reaction mixture, which was then warmed to ambient temperature.
Stirring was maintained for 1.5 h, the suspension was then
filtered and the filtrate washed twice with 2 M hydrochloric
acid. After phase separation the aqueous layer was extracted
with ethyl acetate twice and the recombined organic fractions
were washed with brine and finally dried over sodium sulfate.
The tosylate was obtained as a colourless oil (2.25 g, 80%) and
used without further purification. The spectroscopic data were ac-
cording to the literature.* The intermediate MeEG,Tos (1-tosy1-
1,4,7,10,13,16,19-heptaoxaicosane tosylate, 2.50 g, 5.00 mmol)
was dissolved in dry DMF (50 cm®) and sodium azide (2.03 g,
31.21 mmol) and tetrabutylammonium bromide (50 mg) were
added at room temperature. The stirred reaction mixture was
warmed to 90 °C for 3.5 h prior to stopping the reaction by solvent
removal under reduced pressure. The crude product was purified
by column chromatography using a gradient of MeOH and DCM
(1:20 — 1:15) providing the product 20 as a colourless 0il (1.16 g,
72%). Vaux(film/cm=") 3441br, 2875s, 2107s, 1721w, 1642w, 1454m,
1349m, 1300m, 1250m, 1199w, 1106s, 948m, 850w; 5 (500 MHz,
CDCl;, Me,Si) 3.66 (20H, m, 2 x (3-12-H)), 3.55 (2H, m, 2 x

2-H), 3.39 (2H, m~t, J 5.23, 2 x 1-H), 3.38 (3H, s, 3 x 13-H);
dc (125 MHz, CDCl;, Me,Si) 71.87 (12-C), 70.64-70.45 (3-11-C),
69.96 (2-C), 58.96 (13-C), 50.62 (1-C); m/z (ESI-MS) 344.1767
(M* + Na. C;H,;N;0,4 + Na requires 344.1792).

AcSC,,C(O)NHCH,-triazole-EG;Me (21). The alkyne
thioate 5 (100.0 mg, 0.54 mmol) and the azide 20 (103.1 mg,
0.32 mmol) were dissolved in acetonitrile (2 cm?®), the mixture
was degassed and rinsed with nitrogen twice. Cul (61.1 mg,
0.32 mmol) was added to the stirred colourless solution before
DIPEA (72.6 pl) was added slowly. The colour changed
immediately to yellow. The reaction mixture was stirred overnight
at room temperature prior to removal of the solvents under
reduced pressure. The crude product was purified by column
chromatography using a ethyl acetate—cyclohexane gradient (4 :
1 — 10 : 1). This procedure provided the title compound as a
yellow amorphous solid (0.17 g, 86%). For further evaluation of
the reaction conditions according to Table 1, 1 : 1 mixtures of
alkyne 5 and azide 20 (20.0 mg, 0.03 mmol each) were dissolved
in the solvents listed (1.5 cm?) and the resulting solution was
degassed and flushed with nitrogen twice. Catalyst was added as
listed and the reaction mixture was stirred under the condition
provided in Table 1; workup was performed as described above.
Vimax(film/cm™") 3292w, 2919s, 2852m, 1694s, 1635s, 1548s, 1471s,
1421w, 1348s, 1287w, 1225w, 1110s, 962s, 848m, 775w, 714m,
664w, 631s, 419w; Jy (500 MHz, CDCl;, Me,Si) 7.76 (1H, s,
14-H), 6.63 (1H, m~t, J 5.38, NH), 4.54 (2H, d, J 4.9, 13-H),
4.52 (2H, d, J 5.39, 16-H), 3.87 2H, t, J 5.10, 2 x 12-H), 3.63
(18H, m, 2 x (3-10-H)), 3.54 (2H, m, 2 x 2-H), 3.37 (3H, s,
3 x 1-H), 2.86 (2H, t, J 7.36, 2 x 27-H), 2.32 (3H, s, CH), 2.19
(2H, m~t, J 7.50, 2 x 18-H), 1.54 (4H, m, 2 x (19-H, 26-H),
1.25 (12H, m, 2 x (20-25-H)); éc (125 MHz, CDCIl,;, Me,Si)
196.04 (28-C), 173.22 (17-C), 144.66 (15-C), 123.53 (14-C), 71.88
(2-C), 70.57-70.44 (3-12-C), 69.37 (3-C), 59.00 (1-C), 50.36
(13-C), 36.50 (16-C), 34.71 (18-C), 30.64 (29-C), 29.47-28.76
(19-27-C), 25.60 (28-C); m/z (MALDI-TOF-MS) 657.6 (M* +
K. CyHsN,OsS + K requires 657.4), m/z (ESI-MS) 641.3625
(M* + Na. CyHyyN,O4S + Na requires 641.3555).

Propiolic acid tris(2-zert-butoxycarbonylethyl)methylamide (23).
Propargylic acid (100.0 mg, 1.42 mmol) was dissolved in abs. DMF
(1 em?®) and cooled to 0 °C. HATU (593.3 mg, 1.560 mmol) was
added and a solution of the amine 22% (589.5 mg, 1.42 mmol)
in DMF (1.5 cm®) was added dropwise to the stirred reaction
mixture. Addition of DIPEA (0.371 c¢m?®, 2.128 mmol) turned
the clear solution yellow. Stirring was maintained for 3 h at
0 °C, followed by stirring at room temperature overnight. For the
workup the solvents were removed under reduced pressure and the
crude product was purified by column chromatography with ethyl
acetate—cyclohexane (1 : 1) as the eluent to yield the title alkyne as
a colourless oil (373 mg, 56%). 4 (300 MHz, CDCl;, Me,Si) 6.40
(1H, s, NH), 2.71 (1H, s, 7-H), 2.56 (6H, m, 6 x 2-H), 1.99 (6H,
m, 6 x 3-H), 1.44 (27H, m, 9 x CH,); d (75 MHz, CDCl;, Me, Si)
172.62 (1-C), 151.16 (5-C), 80.86 (CCHs), 77.80 (7-C), 71.63 (6-C),
58.79 (4-C), 29.82-29.67 (2-C, 3-C), 29.09 (CH;); m/z (ESI-MS)
490.1831 (M* + Na. C,sH, NO; + Na requires 490.2775).

4-[Tris(2-tert-butoxycarbonylethyl)methylcarbamoyl]-1-[c-(11-
acetylthioundecyl)hexaethylene glycol]-1H-[1,2,3]triazole (25). In
degassed and nitrogen-saturated acetonitrile (I cm®) were
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dissolved the azide 24 (20.0 mg, 0.037 mmol) and the alkyne
23 (26.2 mg, 0.056 mmol), and Cul (8.5 mg, 0.044 mmol) and
DIPEA (8.5 x 107* cm) were added at room temperature. The
reaction mixture was stirred for 20 h and was then filtered through
a 0.45 um HPLC filter before the solvent was removed in vacuo.
Purification was performed by preparative HPLC (A = water, B =
MeCN, 0% B, 10 min, 0% B — 70% B, 30 min, 70% — 100%
B, 30 min, 10 cm® min™', R, = 65.1 min) to yield a colourless
lyophilisate (34.1 mg, 91%). Jy (500 MHz, CDCl;, Me,Si) 8.19
(1H,s, 7-H), 6.84 (1H, s, NH), 4.58 (2H, m~t, 2 x 8-H), 3.88 (2H,
m~t, 2 x 9-H), 3.65-3.63 (18H, m, 2 x (10-18-H)), 3.57 (2H, m,
2 x 19-H), 3.44 (2H, t, J 6.82, 2 x 20-H), 2.86 (2H, t, J 7.34, 2 x
30-H), 2.32 (3H, s, 3 x 32-H), 2.26 (6H, m, 6 x 2-H), 2.08 (6H, m,
6 x 3-H), 1.56 (4H, m, 2 x 21-H, 2 x 29-H), 1.43 (27H, m, 9 x
CH;),1.26 (14H, m, 2 x (22-28-H)); 6 (125 MHz, CDCl;, Me,Si)
196.03 (31-C), 172.33 (1-C), 159.33 (5-C), 143.55 (6-C), 126.32 (7-
C), 80.51 (CCHj;), 71.52-70.02 (9-19-C), 69.21 (7-C), 57.68 (4-C),
57.68 (8-C), 30.62 (20-C), 30.00 (2-C), 29.64 (3-C), 29.61-28.79
(21-30-C), 28.06 (CH;); m/z (MALDI-TOF-MS) 1026.1 [M* +
Na. C5,HgN,O,S + Na requires 1026.3).

4-| Tris(2-carboxyethyl)methylcarbamoyl]-1-[®-(11-acetylthioun-
decyl)hexaethylene glycol]-1H-[1,2,3]triazole (26). Into the
solution of triester 25 (34.0 mg, 0.034 mmol) in DCM (0.7 cm?)
trifluoric acid (0.7 cm?) was added at room temperature. The
mixture was stirred over 1 h and then the solvent was removed
under reduced pressure to yield a colourless oil (27.7 mg, 98%),
which was used without further purification. v, (film/cm™)
3398br, 2926s, 2856s, 1723s, 1569m, 1511w, 1460m, 1416m,
1352m, 1301w, 1203w, 1180m, 1102s, 1027m, 952m, 628m; Jy
(300 MHz, CD;0D) 8.46 (1H, s, 7-H), 4.67 (2H, m, 2 x 8-H),
3.95 2H,m, 2 x 9-H), 3.66 (20H, m, 2 x (10-19-H)), 3.50 (2H, t,
J6.61,2 x 20-H), 2.90 (2H, t, J 7.20, 2 x 30-H), 2.39 (6H, m, 6 x
2-H), 2.34 (3H, s, 3 x 32-H), 2.21 (6H, m, 6 x 3-H), 1.59 (4H, m,
2 x 21-H, 2 x 29-H), 1.34 (14H, m, 2 x (22-28)); d¢ (75 MHz,
CD;0D) 197.64 (31-C), 176.83 (1-C), 162.10 (5-C), 140.14 (6-C),
128.17 (7-C), 72.36-70.13 (9-19-C), 59.25 (4-C), 51.66 (8-C),
30.86-29.26 (2-C, 3-C, 21-30-C); m/z (ESI-MS) 857.4116 (M* +
Na. C;3H¢N,O,S + Na requires 857.4188).

ManC,-triazole-C(O)NHEG,C,C=CH, (28). Alkyne 13
(70.0 mg, 0.14 mmol) and azide 27 (35.9 mg, 0.14 mmol) were
dissolved in dried MeOH (0.5 cm?®) and dried DMC (0.5 cm?),
and the solution was degassed. Copper(1) iodide (5.5 mg) was
then added and the reaction mixture was warmed to 45 °C
and kept stirred at that temperature overnight. After that the
suspension was filtered and the solvents were removed under
reduced pressure. The yellowish crude product was purified
by column chromatography on silica gel with methanol and
dichloromethane (1 : 20) as the solvent system. The alkene 28
was obtained as a pale yellow amorphous solid (77.5 mg, 73%).
Jx (500 MHz, CD,OD) 8.44 (1H, s, 9-H), 5.84 (ddt, 1H, J 6.80,
10.18, 16.98, 33-H), 497 (2H, m, 2 x 34-H), 4.78 (1H, m~s,
1-H), 4.73 (2H, m, 2 x 8-H), 4.19 (1H, m, 7-H), 3.95 (2H, m,
6-H, 7-H), 3.88 (2H, m, 2 x 12-H), 3.82 (1H, dd, J 2.30, 11.77,
2-H), 3.78 (2H, m, 3-H, 6-H), 3.68 (20H, m, 2 x (14-23-H)), 3.63
(2H, m, 4-H, 5-H), 3.51 (2H, t, J 6.70, 2 x 13-H), 3.46 2H, t, J
495, 2 x 24-H), 2.01 (2H, m~q, 2 x 32-H), 1.61 2H, m, 2 x
25-H), 1.35 (12H, m, 2 x (26-31-H)); J. (125 MHz, CD,0D)

162.67 (11-C), 143.87 (10-C), 140.12 (33-C), 127.78 (9-C), 114.70
(34-C), [101.78 + 101.70]% (1-C), [75.00 + 74.84]% (5-C), [72.44 +
724111 (3-0C), 72.37 (24-C), [72.02 + 71.84]% (2-C), 71.37-71.26
(-CH,OCH,-), [68.51 + 68.34]f (4-C), [62.84 + 62.77]1 (6-O),
[51.74 + 51.45]% (8-C), 40.03*, 34.86*, 30.66-30.09 (CH,), 27.16*.
m/z (MALDI-TOF-MS) 733.5 (M* C3,H;,N,O,; requires 734.9);
m/z (ESI-MS) 735.4383 (M* + H. C3,H,N,O,; + H requires
735.4386); m/z 757.4234 (M* + Na. C;,H,N,O; + Na requires
757.4206).

ManC,-triazole-C(O)NH-EG,C,;SAc (29). Alkene 28
(70.0 mg, 0.10 mmol) was dissolved in THF (1 cm?) and thioacetic
acid (34.0 pl, 0.48 mmol) and AIBN (20 mg, 0.12 mmol) were
added. The reaction mixture was stirred at room temperature and
then UV irradiation (4 > 295 nm) was started and maintained
for 5 h. For workup the solvents were removed under reduced
pressure and the residual pale yellow crude oil was purified by
flash chromatography on silica using methanol-dichloromethane
(1 : 18) as the solvent system. The product was obtained as a
colourless oil (22.0 mg, 40%). J,; (500 MHz, CD;0D) 8.29 (1H, s,
9-H), 4.64 (1H, m~s, 1-H), 4.59 (2H, m, 2 x 8-H), 4.05 (1H, m,
7-H), 3.81 (2H, m, 6-H, 7-H), 3.74 (2H, m, 2 x 12-H), 3.69 (1H,
dd, J 2.43,11.79, 2-H), 3.64 (2H, m, 3-H, 6-H), 3.54 (20H, m, 2 x
(14-23-H)), 3.53 (2H, m, 4-5-H), 3.36 (2H, t, J 6.65, 2 x 13-H),
332 (2H, t, J 4.95, 2 x 24-H), 2.75 2H, t, J 7.29, 2 x 34-H),
2.21 3H, s, 2 x 36-H), 1.45 (4H, m, 2 x (24-H, 33-H), 1.20 (12H,
m, 12H, 2 x (26-32-H)); é. (125 MHz, CD;0D) 197.61 (35-C),
162.65 (11-C), 143.85 (10-C), 127.80 (9-C), [101.78 + 101.69]%
(1-C), [75.03 + 74.88]1 (5-C), [72.39 + 72.36]f (3-C), 71.84 (24-C),
[71.44 + 71.30]% (2-C), 71.06-70.60 (-CH,OCH,-), 68.31 (4-C),
62.78 (6-C), [51.71 + 51.42]f (8-C), 40.05*, 30.76-29.79 (CH,),
27.19*%. m/z (ESI-MS) 811.4307 M* + H. C;H(N,O,,S + H
requires 811.4375).

N-Acidoacetyl-dansylcadaverine  (31). Azidoacetic  acid
(137 mg, 1.36 mmol) and DCC (280 mg, 1.36 mmol) HOBt
(183.1 mg, 1.36 mmol) were dissolved in abs. DCM (6 cm?) and
cooled to 0 °C. To the stirred solution of dansylcadaverine (30,
500 mg, 1.49 mmol) in abs. DCM (4 cm?®) was slowly added. The
reaction mixture was slowly warmed to room temperature over
10 min and stirring was maintained overnight. Distilled water
(10 cm?®) was added and the aqueous phase was extracted with
DCM (7 cm?®) four times. After drying (Na,SO,) the organic
solvents were removed under reduced pressure and the crude
material was purified by flash chromatography using a ethyl
acetate—cyclohexane gradient (1 : 1 — 2 : 1). Product fractions
were detected using a standard UV lamp. The fluorescent product
31 was obtained as viscous oil (523.0 mg, 92%). Vu.(film/cm™")
3310br, 2938s, 2863m, 2789w, 2106s, 1661s, 1575m, 1538m,
1455m, 1355w, 1314s, 1201w, 1160s, 1144s, 1074m, 912w, 792s,
732s, 683w, 626s, 571s; dy (500 MHz, CDCl;, Me,Si) 8.55 (1H,
d, J 8.52, 8-H), 8.29 (1H, d, J 8.63, 6-H), 8.24 (1H, dd, J 1.15, J
7.27, 7-H), 7.55 (2H, m, 3-4-H), 7.45 (1H, m~t, CONH), 7.20
(1H, d, J 7.50, 2-H), 6.27 (1H, br, SO,NH), 3.97 (2H, s, 2 x
16-H), 3.15 (2H, q, J 7.36, 2 x 27-H), 2.90 (8H, m, 3 x 9-H,
3 x 9-H, 2 x 10-H), 1.39 (4H, m, J 7.50, 2 x (11-H, 13-H)),
1.25 (2H, m, 2 x 12-H); ¢ (125 MHz, CDCl;, Me,Si) 166.65
(15-C), 152.10 (1-C), 134.74 (5-C), 130.45 (8-C), 129.93 (4a-C),
129.68 (8a-C), 129.65 (6-C), 128.43 (3-C), 123.25 (7-C), 118.70
(4-0), 115.23 (2-C), 52.74 (16-C), 45.44 (9-C), 42.93 (10-C), 38.95
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(14-C), 28.92 (11-C), 28.71 (13-C), 23.34 (12-C); m/z (ESI-MS)
441.1439 (M* + Na. C,yH;N¢O;S + Na requires 441.1683); m/z
(ESI-MS) 418.17871 (M*. CyH,sN(O;S requires 418.17855).

Dansylcadaverine- NHC(O)CH, - triazole- CH,NHC(O)C,,SAc
(32). Alkyne 5 (60.0 mg, 0.18 mmol) and azide 31 (100 mg,
0.24 mmol) were dissolved in acetonitrile (1 cm?®) and twice
degassed and flushed with nitrogen. Cul (18 mg, 0.10 mmol) and
DIPEA (21 pl, 0.12 mmol) were subsequently added to the stirred
reaction mixture and it was heated to 45 °C overnight before the
mixture was filtered and concentrated in vacuo. The crude product
was purified by flash chromatography (ethyl acetate—cyclohexane,
4 : 1; then MeOH-DCM, 1 : 20). Product fractions were detected
using a standard UV lamp. The fluorescent product 32 was
obtained as viscous oil (112.8 mg, 84%). V. (film/cm™") 3297s,
3081w, 2921s, 2849s, 1692s, 1668s, 1634s, 1549s, 1446s, 1418m,
1354w, 1319m, 1261m, 1232m, 1201w, 1184w, 1143s, 1058m, 947w,
785s, 682m, 628s, 570s; dy (500 MHz, CDCl;, Me,Si) 8.51 (1H, d,
J 8.47, 8-H), 8.30 (1H, d, J 8.63, 4-H), 8.18 (1H, d, J 7.26, 6-H),
7.90 (1H, s, 17-H), 7.49 (2H, m, 3-H, 7-H), 7.15 (1H, d, J 7.53,
2-H), 7.11 (1H, br, 15-CNH), 6.99 (1H, br, 20-CNH), 6.21 (1H,
m~t, J 5.64, SO,NH), 5.15 (2H, s, 2 x 16-H), 4.54 2H, m~t, J
5.43,2 x 19-H), 3.13 (2H, m, 2 x 14-H), 2.87 (6H, s, 3 x 9-H),
2.84 (4H, m~t, J 7.40, 2 x (10-H, 30-H)), 2.31 (3H, s, 32-CH,),
2.13 2H, m~t, J 7.50, 2 x 21-H), 1.51 (6H, m, 2 x (11-H, 13-
H, 22-H)), 1.36 (4H, m, 2 x (12-H, 23-H)), 1.18 (12H, m, 2 x
(24-29-H)); o¢ (125 MHz, CDCl;, Me,Si) 196.13 (31-C), 173.95
(20-C), 165.47 (15-C), 151.87 (1-C), 145.46 (18-C), 134.81 (5-C),
130.28 (6-C), 129.83 (4a-C), 129.56 (8a-C), 129.27 (8-C), 128.33 (3-
Q), 124.80 (17-C), 123.16 (7-C), 118.92 (4-C), 115.25 (2-C), 53.05
(16-C), 45.39 (9, 9'-C), 42.73 (10-C), 39.23 (14-C), 36.41 (21-C),
34.73 (19-C), 30.63 (32-C), 29.67-29.12 (13-C, 24-28-C), 29.05
(30-C), 28.76 (23-C), 28.60 (29-C), 28.19 (13-C), 25.57 (22-C),
23.23 (12-C); m/z (ESI-MS) 738.3398 (M* + Na. C;sHs;N;OsS, +
Na requires 738.3443).

Dansylcadaverine-NHC(O)CH,-triazole- C(O)NH-EGC,;SAc
(33). Alkyne 14 (72 mg, 0.13 mmol) and azide 31 (53.6 mg,
0.13 mmol) were dissolved in a 1 : 1 mixture of dry DMF and
MeOH (1.2 cm?®). After degassing and flushing with nitrogen
twice, Cul (7.3 mg, 0.04 mmol) was added and the stirred
suspension was warmed to 45 °C and kept stirring overnight at this
temperature. The solvents were removed iz vacuo and purification
was accomplished by flash chromatography with ethyl acetate—
cyclohexane (4 : 1) as the first eluent, followed by MeOH-DCM
(1 : 20). The fluorescent product 33 was obtained as viscous oil
(72.5 ng, 59%). oy (500 MHz, CDCl;, Me,Si) 8.59 (1H, d, J 8.52,
8-H), 8.42 (1H, s, 17-H), 8.39 (1H, d, J 8.68, 4-H), 8.22 (1H, dd,
J 1.24, J 7.30, 6-H), 7.62 (2H, m, 3-H, 7-H), 7.30 (1H, d, J 7.59,
2-H), 5.19 (2H, s, 2 x 16-H), 3.65 (24H, m, 2 x (21-31-H)), 3.49
(2H, t, J 6.60, 2 x 32-H), 3.07 (2H, t, J 6.98 Hz, 2 x 14-H), 2.93
(6H, s, 6 x 9-H), 2.88 (4H, m, 2 x (10-H, 43-H)), 2.33 (3H, s,
44-CH;), 1.58 (4H, m, 2 x (33-H, 42-H)), 1.33 (22H, m, 2 x
(11-13-H, 34-41-H)); d (125 MHz, CDCl;, Me,Si) 197.62 (43-C),
167.23 (15-C), 162.49 (19-C), 153.21 (1-C), 143.89 (18-C), 137.21
(5-C), 131.22 (8-C), 131.10 (4a-C), 130.99 (8a-C), 130.15 (6-C),
129.07 (3-C), 128.82 (17-C), 124.32 (7-C), 120.60 (4-C), 116.44 (2-
C), 72.36-70.51 (20-32-C), 53.11 (16-C), 45.83 (9-C), 43.62 (10-C),
40.43 (14-C), 30.74 (44-C), 30.72-29.77 (33-43-C), 29.55 (11-C),

27.19 (13-C), 24.67 (12-C); m/z (ESI-MS) 1002.5463 (M* + Na.
C;H;;N,0,,S, + Na requires 1002.5015).
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A simple and efficient synthesis of N-sulfonyl ketimines through a Pd-catalyzed cross-coupling reaction
between organoboronic acids and tosylbenzimidoyl chlorides under mild conditions has been

developed.

Introduction

N-Sulfonyl imines are attractive synthetic intermediates because
they are highly reactive and configurationally stable. They have
been widely used in organic synthesis.! For example, they
are used as substrates in hetero Diels-Alder reactions® and
trimethylenemethane cycloadditions,® which provide a useful
route to nitrogen-containing heterocycles. N-Sulfonyl imines
are also employed as electrophiles in various addition* and
reduction reactions.® Therefore, many synthetic methods have
been developed for their preparation. However, unlike sulfonyl
aldimines, N-sulfonyl ketimines are relatively difficult to prepare
by direct condensation of ketones with sulfonylamines. The most
prevalent strategy for N-sulfonyl ketimine synthesis relies on the
condensation of oximes with sulfinyl chloride® or sulfonyl cyanide.”
However, sulfinyl chlorides are often unstable and very reactive,
and the analogous cyanides are quite expensive and generate toxic
byproducts. For these reasons, alternative strategies toward the
synthesis of N-sulfonyl ketimines have been explored. Recently the
Ruano group?® reported a high-yielding method for synthesizing N-
sulfonyl ketimines through condensation of carbonyl compounds
and sulfonamides followed by oxidation with m-CPBA. As regards
transition-metal-catalyzed methods, so far only two examples
have been reported, by Wolfe’* and Tanaka. In the former
case the substrate scope was limited to methyl ketimines, and
the latter method used organotin compounds as the starting
materials. Therefore, it is apparent that the synthesis of sulfonyl
ketimines remains a big challenge. We present herein a simple,
efficient procedure for N-sulfonyl ketimine synthesis through a Pd-
catalyzed cross-coupling reaction between organoboronic acids
and tosylbenzimidoyl chlorides (Scheme 1).

¢ [Pd

+ RB(OH), ————>

A r\f NTs

R

Ar NTs

Scheme 1
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Results and discussion

Initially, we screened various reaction conditions for the reaction
of tosylbenzimidoyl chloride with phenylboronic acid, and the
results are summarized in Table 1.

PdCl,(PPh;), was determined to be the most effective catalyst.
Among the three additives, Ag,O gives the highest yield (Table 1,
entries 1-3). After several attempts, we were pleased to find that
N-sulfonyl ketimine 3a could be obtained in quantitative yield
(99% isolated yield) when the reaction was run using Na,CO; as
the base, Ag,O as the additive and toluene as solvent. The reaction
proceeded smoothly with Mg(OH),, NaHCO; and Na,CO;, while
K;PO,-3H,0 and KHCO, gave low yields. Lower yields also
resulted when a smaller number of equivalents of Ag,O were used
or when other solvents were used instead of toluene, indicating
that both Ag,O and the solvent play an important role (Table 1,
entries 10-16).

We applied these optimised conditions to other substrates,
the results being summarised in Table 2. We found that the

Table 1 Optimization of the Pd-catalyzed cross-coupling reaction of
phenylboronic acid with tosylbenzimidoyl chloride
cl o PdCly(PPhs),, additive oh NTs
+

Ph NTs O base, solvent, 30 C Ph
1a 2a 3a

Entry Additive Base Solvent Yield® (%)
1 Ag,0 K,CO, Toluene 41
2 KI K,CO;, Toluene 12
3 Si-Al-supporting K,CO; Toluene 25
4 Ag,0 KHCO;, Toluene 14
5 Ag,0 Cs,CO, Toluene 25
6 Ag,0 K;PO,-3H,0 Toluene 41
7 Ag,0 Mg(OH), Toluene 87
8 Ag,0 NaHCO, Toluene 89
9 Ag,0 Na,CO; Toluene 99
10 Ag,0(0.5¢eq.) Na,CO; Toluene 82
11 Ag,0(0.2¢eq.) Na,CO; Toluene 76
12 Ag,0(0.1eq.) Na,CO; Toluene 61
13 Ag,0 Na,CO; CH,(Cl, 43
14 Ag,0 Na,CO; CH,CN 54
15 Ag,0 Na,CO; DME 39
16 Ag,0 Na,CO; THF 30

“ Reagents and conditions: tosylbenzimidoyl chloride (1.0 eq.), phenyl-
boronic acid (1.2 equiv.), base (1.5 equiv.), additives (1.1 equiv.) and
1.0 mol% PdCl,(PPh;),.  Isolated yield.
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Table 2 Pd-catalyzed cross-coupling reaction of arylboronic acids with tosylbenzimidoyl chloride*
cl PdClo(PPha)z, AgO

R NTs
+ RB(OH) -
Ph NTs 2 Na,COs3, toluene, 30 C \FE
1a 2a-g 3a-g

Entry Arylboronic acid R Product Time/h Yield® (%)
1 2a Ph 3a 1 99
2 2b 4-Me-C4H, 3b 1 95
3 2c 4-MeO-C4H, 3c 1 99
4 2d 4-CF;—C4H, 3d 4 80
5 2e 3-CF;-C¢H, 3e 12 36
6 2f 3-Cl-C¢H, 3f 6 65
7 2g 2-CI-C¢H, 3g 12 Not detected

“ Reagents and conditions: tosylbenzimidoyl chloride (1.0 eq.), arylboronic acid (1.2 eq.), Na,CO; (1.5 eq.), Ag,O (1.1 eq.) and PdCL,(PPh;), (1.0 mol%).

b Isolated yield.

reaction works well irrespective of whether the substituents at
the 4-position of the phenylboronic acid are electron-donating or
electron withdrawing. We were, however, disappointed to find that
very low yields resulted when there were substituents at the 3- and
2-positions (Table 2, entries 5-7).

To improve the yield, we carefully checked our reaction condi-
tions, and noted that K;PO,-3H,O gives a higher yield than other
potassium salts (Table 1, entries 1, 4 and 6). We also found some
Suzuki-type cross-coupling reactions that had been carried out
in water,'" and this led us to consider that the water molecules of
K;PO,-3H,0 may be affecting the reaction. To test our hypothesis,
we carried out the unsuccessful cases in Table 2 by adding a trace
amount of water to the reaction, and were pleased to observe a
dramatic improvement of yields (compare entries 5-7 in Table 2

Interestingly, an alkenylboronic acid (Table 3, entry 12) and
triethylborane (Scheme 2) also afforded the cross-coupling
products, in 48% and 45% yields respectively. The cross-
coupling product 3p, 4-methyl-N-(1-phenylpropylidene)benzene
sulfonamide, which is prone to enolization and is difficult to
prepare by other methods, was synthesized by Suzuki cross-
coupling for the first time under our reaction conditions. A
single crystal of 3p was obtained and X-ray diffraction analysis
performed.

Cl PdCl,(PPh3),, Ag20 Et

NTs
with entries 1-3 in Table 3). Almost all reactions gave good to ph/gNTs + B(Eth 5
excellent yields. In fact, reagent-grade toluene could be used rather NeOAc, toluene, 30 Ph
ST . 1a 2p 3p 45%
than dry toluene, giving similarly good results, and making the
reaction very simple and convenient. Scheme 2
Table 3 Pd-catalyzed cross-coupling reaction of organoboronic acids with tosylbenzimidoyl chlorides in the presence of water”
/i' + roOH) PACI(PPhg)s, Ago0 R\fNTS
Ar NTs : Na,COs, toluene Ar
1a-c 2e-p Hz0,30C 3e-0
Tosylbenzimidoyl chloride Arylboronic acid
Entry No. Ar No. R Product Time/h Yield® (%)
1 la Ph 2e 3-CF;-C4H, 3e 4 88
2 la Ph 2f 3-CI-C¢H, 3f 3 88
3 1a Ph 2g 2-Cl-C4H, 3g 1 85
4 la Ph 2h 3-MeC(0)-C4H, 3h 2 94
5 la Ph 2i 3-EtOOC-C4H, 3i 2 92
6 1a Ph 2 3-Me C H, 3i 8 75
7 la Ph 2k 2-MeO-C4H, 3k 1 98
8 la Ph 21 4-F-C4H, 31 7 86
9 1a Ph 2m 4-CI-C¢H, 3m 2 88
10 1b 2-F-C¢H, 2n Ph 3n 1 94
11¢ 1c 2-MeO-C¢H, 2n Ph 3k 12 99
124 la Ph 20 (E)-PhCH=CH 30 12 48

“ Reagents and conditions: tosylbenzimidoyl chloride (1.0 eq.), arylboronic acid (1.2 eq.), Na,CO; (1.5 eq.), Ag,O (1.1 eq.), PACL(PPh;), (1.0 mol%)
solvent (water—toluene = 1 : 1000, v/v).  Isolated yield. ¢ NaOAc was used as the base. ¢ Water was not added.
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Conclusions

In summary, we have demonstrated a mild PdCl,(PPh;),/Ag,O-
catalyzed' cross-coupling reaction of organoboronic acids with
tosylbenzimidoyl chlorides to afford sulfonyl ketimines in mod-
erate to excellent yields. This method offers several advantages
including mild reaction conditions and a highly catalytic process.
It was found that our catalytic system could also effectively
catalyze the cross-coupling reaction of an alkenylboronic acid
or triethylborane with N-tosylbenzimidoyl chloride, which are
difficult to prepare by other methods.

Experimental

All reagents were used as received. All solvents were dried
and/or distilled by standard methods. All anaerobic sensitive
manipulations were carried out with standard Schlenk techniques
under predried nitrogen. 'H and *C NMR spectra were recorded
on a Bruker AMX-300 spectrometer. IR spectra were obtained
on a Shimadzu IR-440 infrared spectrophotometer. Mass spectra
were determined on a Finnigan 8230 mass spectrometer. Elemental
analyses were performed on a Foss-Heraeus Vario EL instrument.
HRMS analyses were acquired on an ApexIII Bruker (Daltonions)
instrument. The X-ray structure determination for complex 3p was
carried out on a Smart Apex Bruker diffractometer.

Synthesis of NV-tosylbenzamides

N-Tosylbenzamide. TsNH, (3.42 g, 0.02 mol) and K,CO;
(6.9 g, 0.05 mol) were dissolved in 200 mL THF and stirred for
20 min at rt, then cooled to 0 °C with an ice-bath. Benzene carbonic
chloride (36. g, 0.026 mol) in 100 ml THF was syringed into the
reaction mixture. After stirring for 48 h, a white precipitate formed,
and the reaction mixture was then refluxed for 12 h. The reaction
was quenched by 50% H,SO, and was extracted with 100 mL
ethyl estacetate twice, washed with water and brine, dried over
Na,SO,, evaporated in vacuo, and crystallized to give colorless
crystals of N-tosylbenzamide (5.155 g, 0.0187 mol, 94% yield).
Colorless crystals; mp 144-146 °C; "TH NMR (300 MHz, CDCl,,
25 °C, TMS): 6 = 9.15 (s, 1H), 8.05 (d, J = 8.7 Hz, 2H), 7.80
(d, J = 8.7 Hz, 2H), 7.58-7.53 (m, 1H), 7.45-7.34 (m, 4H), 2.44
(s, 3H); *C NMR (75 MHz, CDCl;, 25 °C, TMS): 6 = 164.37,
145.22, 133.43, 131.05, 129.59, 128.84, 128.59, 127.83, 21.68; MS:
m/z = 276, 211, 155, 108, 105, 91, 77; IR(KBr): v = 3262, 1696,
1598, 1453, 1427, 1168, 1083, 1062, 563, 547; Anal. Calcd for
C,,H;;NO;S: C, 61.07; H, 4.76; N, 5.09; Found: C, 61.00; H, 4.83;
N, 5.00.

2-Fluoro-N-tosylbenzamide. Prepared as for N-tosylbenza-
mide. Colorless crystals; mp 131-133 °C; 'H NMR (300 MHz,
CDCl;, 25°C, TMS): 6 =9.70 (d, J = 15.0 Hz, 1H), 8.04 (d, J =
9.0 Hz, 2H), 8.00-7.94 (m, 1H), 7.59-7.51 (m, 1H), 7.36 (d, J =
9.0 Hz, 2H), 7.28-7.12 (m, 2H), 2.44 (s, 3H); "C NMR (75 MHz,
CDCl;, 25 °C, TMS): § = 162.27, 160.22, 158.97, 145.20, 135.55,
135.22, 132.12, 129.46, 128.66, 125.19, 125.14, 118.44, 118.30,
116.47, 116.14, 21.57; IR(KBr): v = 3256, 1699, 1614, 1428, 1169,
754, 571 em™'; MS: m/z = 294, 229, 155, 123, 108, 95, 91; Anal.
Calcd for C,,H,F;NO;S: C, 57.33; H, 4.12; N, 4.78; Found: C,
57.46; H, 4.33; N, 4.77.

2-Methoxy-/N-tosylbenzamide. Prepared as for N-tosylbenz-
amide. Colorless crystals; mp 99-101 °C; "H NMR (300 MHz,
CDCl;, 25 °C, TMS): 6 = 9.82 (s, 1H), 8.04 (d, J = 8.1 Hz, 2H),
7.40-7.26 (m, 5H), 7.07-7.04 (m, 1H), 3.74 (s, 3H), 2.42 (s, 3H);
BC NMR (75 MHz, CDCl;, 25 °C, TMS): 6 = 164.46, 159.70,
145.19, 135.23, 132.18, 129.75, 129.54, 128.47, 120.36, 120.02,
112.02, 55.35, 21.61; IR(KBr): v = 3261, 2925, 1701, 1599, 1160,
1037, 866, 547 cm™'; MS: m/z = 304, 241, 171, 155, 135, 108,
91, 77; Anal. Calcd for C,;sH,;sNO,S: C, 59.00; H, 4.95; N, 4.59;
Found: C, 59.00; H, 4.94; N, 4.40.

Typical procedure for the preparation of /V-tosylbenzimidoyl
chlorides

A typical procedure is given for the synthesis of N-
tosylbenzimidoyl chloride 1a. A mixture of N-tosylbenzamide
(2.40 g, 8.7 mmol) and PCl; (1.90 g, 8.8 mmol) was dissolved
in benzene (30 ml) at room temperature, and stirred at this
temperature for 0.5 h. Then the reaction mixture was refluxed
for 6 h, after which time the reaction was complete, as determined
by TLC analysis. The solvent was removed in vacuo, and the crude
product was recrystallized from diethyl ether to afford 1a (2.34 g,
91%) as a white solid.

Typical procedure for the coupling reaction to prepare /V-sulfonyl
ketimines

N-Tosylbenzimidoyl chloride 1a (293 mg, 1.0 mmol), phenyl-
boronic acid 2a (1.2 mmol), Na,CO; (160 mg, 2.1 mmol), Ag,O
(254 mg, 1.1 mmol), PdCL,(PPh;), (7 mg, 1 mol%) and toluene
(10 ml) were combined and stirred at 30 °C. The reaction was
monitored by TLC. The reaction mixture was filtered and evapo-
rated in vacuo, and the residue purified by flash chromatography
(pentane-EtOAc 15 : 1) to give a white solid 3a (332 g, 0.99 mmol,
99% yield).

N-(Diphenylmethylene)-4-methylbenzenesulfonamide (3a).
White solid; mp 100-101 °C; R; 0.48 (hexane-EtOAc = 5:1); 'H
NMR (300 MHz, CDCl,, 25 °C, TMS): 6 = 7.83 (d, J = 8.1 Hz,
2H), 7.56-7.29 (m, 10H), 7.25 (d, J = 8.1 Hz, 2H), 2.42 (s, 3H);
BC NMR (75 MHz, CDCl;, 25 °C, TMS): 6 = 178.70, 143.31,
143.29, 138.33, 129.32, 128.06, 127.97, 127.24, 21.64; MS: m/z =
228,157,129, 113,91, 77, 55, 43; Anal. Calcd for C,)H;;NO,S: C,
71.62; H, 5.11; N, 4.18; Found: C, 71.63; H, 5.20; N, 3.96.

4-Methyl-N-(phenyl(p-tolyl)methylene)benzenesulfonamide (3b).
White solid; mp 127-129 °C; R; 0.45 (hexane-EtOAc = 5:1);'H
NMR (300 MHz, CDCl;, 25 °C, TMS): 6 = 7.83 (d, J = 8.1 Hz,
2H), 7.53-7.41 (m, 7H), 7.30-7.23 (m, 4H), 2.43 (s, 3H), 2.42 (s,
3H); *'CNMR (75 MHz, CDCl,, 25°C, TMS): 6 = 178.77, 143.14,
138.51, 130.74, 129.25, 128.84, 127.92, 127.17, 21.61, 21.50; MS:
m/z =349, 285,194, 155,91, 77, 65; Anal. Calcd for C,;H,,NO,S:
C, 72.18; H, 5.48; N, 4.01; Found: C, 72.02; H, 5.67; N, 3.90.

N-((4-Methoxyphenyl)(phenyl)methylene)-4-methylbenzenesul-
fonamide (3c). White solid; mp. 105-107 °C; R; 0.26 (hexane—
EtOAc = 5: 1); '"H NMR (300 MHz, CDCl,, 25 °C, TMS): 6 =
7.80 (d, J= 7.8 Hz, 2H), 7.58 (m, J = 9.0 Hz, 2H), 7.51-7.39 (m,
5H), 7.25 (d, J = 7.8 Hz, 2H), 6.86 (d, J = 7.8 Hz, 2H), 3.52
(s, 3H), 2.41 (s, 3H); “C NMR (75 MHz, CDCl;, 25 °C, TMS):
0=177.88,142.92, 138.67, 132.76, 132.34, 129.14, 128.01, 127.22,
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126.98, 126.19, 113.52, 55.36, 21.35; MS: m/z = 364, 210, 195,
167, 135,91, 77, 65, 44; E. A. Anal. Calcd: C, 69.02; H, 5.24; N,
3.83; Found: C, 68.99; H, 5.39; N, 3.73.

4-Methyl- N -(phenyl(4-(trifluoromethyl) phenyl)methylene)ben-
zenesulfonamide (3d). White solid; mp 129-131 °C; R; 0.08
(hexane-EtOAc = 2 : 1); 'H NMR (300 MHz, CDCl;, 25 °C,
TMS): 6 = 7.81 (d, J = 8.4 Hz, 2H), 7.70-7.42 (m, 9H), 7.30 (d,
J =8.4 Hz, 2H), 2.44 (s, 3H); *C NMR (75 MHz, CDCl;, 25 °C,
TMS): 6 = 176.77, 143.70, 137.81, 133.83, 130.47, 129.41, 128.43,
127.27, 125.35, 124.97, 121.73, 21.48; IR(KBr): MS: m/z = 402,
338, 248, 155, 91, 77, 65; Anal. Calcd: C,;H, NF;0,S: C, 62.52;
H, 4.00; N, 3.47; Found: C, 62.77; H, 4.05; N, 3.42.

4-Methyl- NV -(phenyl(3-(trifluoromethyl)phenyl)methylene)ben-
zenesulfonamide (3¢). White solid; mp 88-90 °C; R, 0.08
(hexane-EtOAc = 2 : 1); 'H NMR (300 MHz, CDCl,, 25 °C,
TMS): 6 = 7.80-7.73 (m, 4H), 7.57-7.45 (m, 7TH), 7.29 (s, J =
7.5Hz,2H),2.43 (s, 3H); *"C NMR (75 MHz, CDCl;, 25 °C, TMS):
0=176.87,143.77, 137.75, 130.57, 129.45, 128.74, 128.39, 127.32,
125.30, 21.55; YF NMR (75 MHz, CDCl;, 25 °C, TMS): —63.10;
IR (KBr): MS: m/z = 338,248, 155,91, 77, 65, 51, 44; Anal. Calcd:
C, 62.52; H, 4.00; N, 3.47; Found: C, 62.55, H, 3.96, N, 3.25.

N-((3-Chlorophenyl)(phenyl)methylene)-4-methylbenzenesulfon-
amide (3f). White solid; mp 83-85 °C; R; 0.35 (hexane-EtOAc =
5:1); "HNMR (300 MHz, CDCl;, 25°C, TMS): 6 =7.79 (d, J =
8.4 Hz, 2H), 7.56-7.41 (m, 9H), 7.28 (d, J = 8.1 Hz, 2H), 2.42
(s, 3H); *C NMR (75 MHz, CDCl;, 25 °C, TMS): 6 = 176.90,
143.60, 137.89, 134.25, 139,67, 129.38, 128.27, 109.64, 21,52; MS:
m/z = 370, 368, 305, 214, 155, 91, 77, 65, 51; Anal. Calcd: C,
64.95; H, 4.36; N, 3.79; Found: C, 64.90, H, 4.20, N, 3.45.

N-((2-Chlorophenyl)(phenyl)methylene)-4-methylbenzenesulfon-
amide (3g). White solid; mp 94-95 °C; R; 0.35 (hexane-EtOAc =
5:1); '"H NMR (300 MHz, CDCl;, 25 °C, TMS): 6 = 7.84 (d,
J = 8.4 Hz, 2H), 7.68 (m, 2H), 7.56-7.51 (m, 1H), 7.56-7.51 (m,
1H), 7.45-7.34 (m, 6H), 2.28 (d, J = 8.7 Hz, 2H), 2.43 (s, 3H);
“C NMR (75 MHz, CDCl;, 25 °C, TMS): 6 = 174.73, 143.79,
137.36, 135.78, 134.59, 133.83, 131.01, 129.91, 129.38, 129.28,
128.64, 127.60, 1126.51, 21.60; MS: m/z = 333, 214, 155, 111,
91, 77, 65, 51; Anal. Calcd: C, 64.95; H, 4.36; N, 3.79; Found: C,
64.97, H, 4.34, N, 3.60.

N-((4-Methoxyphenyl)(phenyl)methylene)-4-methylbenzenesul-
fonamide (3h). White solid; mp 120-122 °C; R; 0.26 (hexane—
EtOAc =2 : 1); '"H NMR (300 MHz, CDCl;, 25 °C, TMS): =
8.10 (d, J/ = 7.5 Hz, 1H), 8.02 (br, 1H), 7.79 (d, J = 8.1 Hz, 2H),
7.73-7.72 (m, 1H), 7.57-7.72 (m, 6H), 7.27 (d, J = 8.1 Hz, 2H),
2.57 (s, 1H), 2.40 (s, 3H); “C NMR (75 MHz, CDCl;, 25 °C,
TMS): 6 = 196.82, 177.50, 143.48, 137.97, 132.80, 130.47, 129.31,
128.28,127.15,26.49, 21.41; IR (KBr): v = 3063, 2924, 1686, 1598,
1561, 1322, 1154, 1090, 833, 685, 554 cm™"'; MS (m/z) 378.2; Anal.
Calcld: C, 70.00; H, 5.07; N, 3.71; Found: C, 69.85; H, 5.42; N,
3.62.

Ethyl 3-(phenyl(tosylimino)methyl)benzoate (3i). White solid;
mp 104-105 °C; R, 0.14 (hexane-EtOAc = 2 : 1); 'H NMR
(300 MHz, CDCl;, 25 °C, TMS): 6 = 8.20 (d, J = 7.8 Hz, 1H),
7.82-7.75 (m, 4H), 7.57-7.42 (m, 6H), 7.28 (d, J = 8.1 Hz, 2H),
4.36 (d, ¢ = 6.9 Hz, 2H), 2.41 (s, 1H), 1.36 (t, J = 6.9 Hz, 3H); “C
NMR (75 MHz, CDCl;, 25 °C, TMS): 6 = 177.50, 165.48, 143.47,

137.99, 130.41, 129.34, 128.22, 127.24, 61.24, 21.46, 14.15; MS:
m/z =407, 343,252,224, 155, 104, 91, 77, 65, 44; Anal. Calcd: C,
67.79; H, 5.19; N, 3.44; Found: C, 67.84; H, 5.32; N, 3.18.

4-Methyl-N-(phenyl(m-tolyl)methylene)benzenesulfonamide (3j).
White solid; mp 99-101 °C; R; 0.46 (hexane-EtOAc = 5 : 1);
'"H NMR (300 MHz, CDCl;, 25 °C, TMS): 6 = 7.81 (d, J =
7.8 Hz, 2H), 7.53-7.28 (m, 9H), 7.26 (d, J = 8.1 Hz, 2H), 2.42 (s,
3H), 2.35 (s, 3H); 3C NMR (75 MHz, CDCl,, 25 °C, TMS): 6 =
178.96, 143.18, 138.34, 129.24, 127.94, 127.21, 21.47, 21.28; MS:
m/z = 349, 285, 242, 194, 155, 91, 77, 65; Anal. Calcd: C, 72.18;
H, 5.48; N, 4.01; Found: C, 72.17; H, 5.53; N, 4.16.

N-((2-Methoxyphenyl)(phenyl)methylene)-4-methylbenzenesul-
fonamide (3k). White solid; mp 89-91 °C; R; 0.25 (hexane—
EtOAc=5:1);'HNMR (300 MHz, CDCl;, 25°C, TMS):6 =7.73
(m, 4H), 7.50-7.19 (m, 7H), 7.06 (t, J = 7.2 Hz, 1H), 6.84 (d, J =
8.1 Hz, 1H), 3.58 (s, 3H), 2.39 (s, 3H); *C NMR (75 MHz, CDCl;,
25°C, TMS): 6 = 176.51, 155.65, 143.06, 137.49, 136.77, 133.27,
131.32, 131.27, 129.74, 128.91, 128.22, 127.38, 124.15, 119.92,
55.25, 21.42; Anal. Calcd: C, 69.02; H, 5.24; N, 3.83; Found: C,
68.84; H, 5.31; N, 3.46.

N-((4-Fluorophenyl)(phenyl)methylene)-4-methylbenzenesulfon-
amide (31). Prepared as N-(diphenylmethylene)-4-methylben-
zenesulfonamide 3a to give a colorless oil; R; 0.12 (hexane—
EtOAc = 5: 1); 'H NMR (300 MHz, CDCl;, 25 °C, TMS): 6 =
7.83 (d, J = 8.1 Hz, 2H), 7.60-7.51 (m, 7H), 7.29 (d, J = 8.1 Hz,
2H), 7.09 (m, 2H), 2.42 (s, 3H); *C NMR (75 MHz, CDCl;, 25 °C,
TMS): 0 = 177.26, 143.28, 138.17, 133.11, 130.60, 129.22, 127.97,
127.06, 115.29, 21.33; MS: m/z = 270, 238, 223, 152, 104, 76, 43;
HRMS Calcd: 353.0880; Found: 353.0874.

N-((4-Chlorophenyl)(phenyl)methylene)-4-methylbenzenesulfon-
amide (3m). White solid; mp 106-108 °C; R; 0.38 (hexane—
EtOAc = 5:1); '"H NMR (300 MHz, CDCl;, 25 °C, TMS): 6 =
7.82 (d, J = 8.4 Hz, 2H), 7.56-7.41 (m, 9H), 7.28 (d, J = 8.1 Hz,
2H), 2.42 (s, 3H); "C NMR (75 MHz, CDCl;, 25 °C, TMS): 6 =
177.29, 143.43, 138.09, 129.31, 128.37, 128.12, 127.18, 21.46; MS:
m/z = 371, 369, 305, 214, 155, 111, 91, 77, 65, 51; Anal. Calcd:
C, 64.95; H, 4.36; N, 3.79; Found: C, 64.87; H, 4.49; N, 3.68.

N-((2-Fluorophenyl)(phenyl)methylene)-4-methylbenzenesulfon-
amide (3n). White solid; mp 74-76 °C; R; 0.10 (hexane-EtOAc =
5:1); "H NMR (300 MHz, CDCl;, 25 °C, TMS): 6 =7.82(d, J =
8.1 Hz, 2H), 7.69 (d, J = 7.8 Hz, 2H), 7.53-7.29 (m, 8H), 7.12 (t,
J =9.1 Hz, 1H), 2.41 (s, 3H); "C NMR (75 MHz, CDCl;, 25°C,
TMS): 6 = 173.10, 143.64, 137.50, 136.31, 133.85, 132.12, 132.03,
129.81, 129.32, 128.53, 127.85, 127.36, 123.80, 115,58, 115,31,
21.47; MS: m/z = 353, 289, 198, 155, 91, 77, 65, 51; Anal. Calcd:
C, 67,97; H, 4.56; N, 3.96; Found: C, 67.94; H, 4.54; N, 3.73.

(E)-N-(1,3-Diphenylallylidene)-4-methylbenzenesulfonamide (30).
White solid; mp 147-149 °C; R, 0.69 (hexane-EtOAc = 5 : 1);
'H NMR (300 MHz, CDCl;, 25 °C, TMS): 0 = 8.12-8.07 (m,
1H), 7.94 (s, J = 6.9 Hz, 2H), 7.65-7.30 (m, 12H), 7.05 (d, J =
15.9 Hz, 1H), 2.42 (s, 3H); “C NMR (75 MHz, CDCI;, 25 °C,
TMNS): 6 = 177.52, 148.82, 143.39, 138.56, 134.41, 131.93, 131.12,
129.36, 128.95, 128.65, 127.09, 122.47, 21.50; MS: m/z =361, 296,
206,103, 91, 77, 65.
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4-Methyl-N-(1-phenylpropylidene)benzenesulfonamide 3p).
White solid; mp 113-115 °C; R; 0.74 (hexane-EtOAc=5:1); 'H
NMR (300 MHz, CDCl;, 25 °C, TMS): 6 = 7.97 (d, J = 6.6 Hz,
2H), 7.81 (d, J = 6.6 Hz, 2H), 7.55-7.53 (m, 1H), 7.48-7.43 (m,
1H), 7.48-7.43 (m, 2H), 7.32-7.29 (m, 2H), 3.01 (q, / = 7.2 Hz,
2H), 2.42 (s, 3H), 1.23 (t, J = 7.2 Hz, 2H). A single crystal
of 3p suitable for X-ray diffraction analysis was obtained by
recrystallization from pentane-EtOAc (15: 1).

X-Ray crystal structure determination. Data were collected us-
ing a Smart Apex Bruke diffractometer, with graphite monochro-
mated MoKa radiation using standard procedures at 293 K. The
structure was solved by direct methods, all non-hydrogen atoms
were refined with anisotropic thermal parameters. Hydrogen
atoms were added at idealised positions. C;sH;NO,S: M =287.37,
monoclinic, space group P2,/c¢, a = 8.6787(9), b = 13.9781(15),
c=12.3242(13) A, a = 90, f = 99.664(2), y = 90°, V = 1473.9(3)
A3, Z = 4, calculated density 1.295 Mg m~3, colourless blocks,
crystal dimensions = 0.496 x 0.415 x 0.347 mm’. Range for data
collection: 4.761-53.719°. A total of 8462 unique reflections were
measured for —11 <h <11, -17<k <17, —15 </ < 7. The final
R indices were R1 = 0.0498, wR2 = 0.1359 [I > 20(I)]. See ESI
for further detailst.
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Two approaches to tetrahydro-[1 H]-2-benzazepin-4-ones of interest as potentially selective,

muscarinic (M;) receptor antagonists have been developed. Base promoted addition of
2-(tert-butoxycarbonylamino)methyl-1,3-dithiane 5 with 2-(tert-butyldimethylsiloxymethyl)benzyl
chloride 14 gave the corresponding 2,2-dialkylated 1,3-dithiane 15 which was taken through to the
dithiane derivative 19 of the parent 2,3,4,5-tetrahydro-[1 H]-2-benzazepin-4-one by desilylation,
oxidation and cyclisation via a reductive amination. After conversion into the N-tert-butyloxycarbonyl,
N-toluene p-sulfonyl and N-benzyl derivatives 20-22, hydrolysis of the dithiane gave the N-protected
tetrahydro-[1 H]-2-benzazepin-4-ones 23-25. However, preliminary attempts to convert these into

S-cycloalkyl-5-hydroxy derivatives were not successful. In the second approach, ring-closing metathesis
was used to prepare 2,3-dihydro-[1 H]-2-benzazepines which were hydroxylated and oxidized to give the
required 5-hydroxy-2,3,4,5-tetrahydro-[1 H]-2-benzazepin-4-ones. Following preliminary studies,
ring-closing metathesis of the dienyl N-(2-nitrophenyl)sulfonamide 48 gave the dihydrobenzazepine 50
which was converted into the 2-butyl-5-cyclobutyl-5-hydroxytetrahydrobenzazepin-4-one 55 by
hydroxylation and N-deprotection followed by N-alkylation via reductive amination, and oxidation.
This chemistry was then used to prepare the 2-[(N-arylmethyl)aminoalkyl analogues 69, 72, 76 and 78.
N-Acylation followed by amide reduction using the borane—tetrahydrofuran complex was also used to

achieve N-alkylation of dihydrobenzazepines and this approach was used to prepare the
5-cyclopentyl-5-hydroxy-2,3,4,5-tetrahydro-[1 H]-2-benzazepin-4-one 103 and the
S-cyclobutyl-8-fluoro-5-hydroxy-2,3,4,5-tetrahydro-[ 1 H]-2-benzazepin-4-one 126. The structures of
2-tert-butyloxycarbonyl-4,4-propylenedithio-2,3,4,5-tetrahydro-[1 H]-2-benzazepine 20 and
(4RS,5SR)-2-butyl-5-cyclobutyl-4,5-dihydroxy-2,3,4,5-tetrahydro-[ 1 H]-2-benzazepine 53 were
confirmed by X-ray diffraction. The racemic 5-cycloalkyl-5-hydroxy-2,3,4,5-tetrahydro-
[1H]-2-benzazepin-4-ones were screened for muscarinic receptor antagonism. For M; receptors from
guinea pig ileum, these compounds had log, Ky values of up to 7.2 with selectivities over M, receptors

from guinea pig left atria of approximately 40.

Introduction

Muscarinic receptors are intimately involved in many metabolic
processes.! The M; receptor is prevalent in smooth muscle and
its regulation has therapeutic applications in muscle relaxation
ranging from the alleviation of chronic obstructive pulmonary
disease to treatments for urinary tract incontinence involving blad-
der relaxation.? Preferential selectivity against other sub-types of
muscarinic receptors is important, the M, receptor on stimulation
regulating the parasympathetic control of heart rate. Amongst
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M13 9PL. E-mail: e.j.thomas@manchester.ac.uk
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other sites, M, receptors are also found in the ileum, antagonism
producing constipation. Darifenacin (1), which shows some 40-
fold selectivity against M,-receptors, was the first pharmaceutical
commercially available to treat urinary incontinence by the control
of M; receptor antagonism.* More selective therapies are currently
under investigation.

From an ab initio approach using a model of muscarinic recep-
tors based on bacteriorhodopsin, 5-hydroxy-2,3,4,5-tetrahydro-
[1H]-2-benzazepin-4-ones with the general structure 2, were iden-
tified as potential muscarinic antagonists with possibly improved
selectivity for the M; receptor.* The use of tetrahydro-[1H]-2-
benzazepines was seen to have two potential advantages. Firstly,
the alignment of o-helices on the bacteriorhodopsin receptor
structure® indicated that M; selectivity over M,-receptors might
be achieved by contact of the fused aromatic ring with residue
151 (Ala M,, M;, Ms; Val M,, M,). Secondly, early data on
analogues of NPC-14695 3¢ indicated that an o-hydroxy keto
group linked through a CH, group to a piperazine ring, has
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an advantage in overall binding even in the presence of the
second nitrogen atom (pK, ~6.6) due to the close contact
distance of this atom with a backbone hydrogen atom. The
possibility existed, therefore, that improved potency might be
achieved with tetrahydrobenzazepinones even if the presence of
a non-interacting nitrogen atom (—2.5 log,, units on the given
model) would require increased lipophilic character for optimum
pharmacodynamics and potency. The remainder of the target
structure was completed by a benzylamino C, or C; linkage to
give compounds 2.

We report syntheses of these compounds and of N-acyl and
N-alkyl derivatives of 2,3,4,5-tetrahydro-[ 1 H]-2-benzazepin-4-one
4 together with aspects of their biological activities. Prior to
this work, 2,3,4,5-tetrahydro-[1 H]-2-benzazepin-4-ones were un-
known.

Two strategies for the assembly of the 2,3,4,5-tetrahydro-[1 H]-
2-benzazepin-4-ones have been investigated. In the first approach,
the 2-(zert-butoxycarbonylaminomethyl)-1,3-dithiane 57 was used
as an umpolung reagent to prepare intermediates for a ring-closing
reductive amination. In the second, more intensively investigated
approach, ring-closing metathesis,® which has been used to prepare
seven-membered ring heterocycles’ including 2,3-dihydro-[1 H]-
2-benzazepines,'® was used to prepare 5-cycloalkyl-2,3-dihydro-
[1H]-2-benzazepines which were hydroxylated and oxidised to give
the required S-hydroxytetrahydrobenzazepin-4-ones 2.

Results and discussion

Synthesis of 2,3,4,5-tetrahydro-[1H]-2-benzazepin-4-ones by
dithiane alkylation

The Weinreb amide 6 was prepared from phthalide by treat-
ment with N,O-dimethylhydroxylamine followed by immediate

protection of the alcohol as its rerr-butyldimethylsilyl ether to
prevent reversion to the lactone, see Scheme 1. The amide 6
then gave the aryl cyclobutyl ketone 7 on reaction with an ex-
cess of cyclobutyllithium. 2-(tert-Butoxycarbonylamino)methyl-
1,3-dithiane 5 has been prepared from the tert-butoxycarbonyl
(Boc) protected aminoacetal 9 using propane-1,3-dithiol and
boron trifluoride diethyletherate’ but, in our hands, this procedure
was complicated by competing loss of the Boc-group.'* However,
conversion of the unprotected aminoacetal 8 into 2-aminomethyl-
1,3-dithiane followed by Boc-protection gave a reliable procedure
for the synthesis of the required dithiane 5. Lithiation of dithiane
5 using two equivalents of n-butyllithium followed by addition
of the ketone 7 gave the tertiary alcohol 10. In this reaction,
it would appear that deprotonation of the carbamate prevented
elimination of the Boc fragment. Indeed, the lithiated dithiane also
reacted with the Weinreb amide 6 to give ketone 12. Desilylation
of the adduct 10 to the diol 11 was carried out at 0 °C" using
tetra-n-butylammonium fluoride since prolonged reaction at room
temperature appeared to result in cleavage of the dithiane—benzylic
carbon bond.

The diol 11 contains most of the elements required for a
synthesis of 5-hydroxytetrahydro-[1 H]-2-benzazepin-4-ones but
attempts to effect an oxidation of the primary alcohol in anticipa-
tion of ring formation using reductive amination were complicated
by the presence of the tertiary alcohol. Alternative procedures
could be imagined for this cyclisation, e.g. via a Mitsunobu
reaction,” although this would require protection of the tertiary
alcohol to avoid competing formation of a tetrahydrofuran ring.
To avoid these complications, it was decided to prepare the
core 2,3,4,5-tetrahydro-[1 H]-2-benzazepin-4-one ring system first
with incorporation of the 5-hydroxy and 5-cycloalkyl substituents
later in the synthesis. This strategy would have the advantage of
allowing the cycloalkyl group to be varied more easily.

OH

: >
H S
N/\ N
HoOHEN
Boc

LN

1 3 4 5
0 O (0]
i NMe.OMe i
O —
OTBS OH S/j
Phthalide iv, v
Y 6 7 OTBS o S
o} S/j / NHBoc
OEt
S RNH i S/j o
Ot . BocNH \)\S 10R=TBS
NHBoc 11R=H
12 0TBS 8R=H 5
9R =Boc

Scheme 1 Reagents and conditions: i, (a) NHMe-OMe-HCIl, AlMe;, CH,Cl,, 0 °C to r.t. (b) TBSCI, imid., DMF (60% over the two steps);
ii, bromocyclobutane, -BuLi, —78 °C, 1 h, add 6 (59%); iii, (a) propane-1,3-dithiol, BF;-Et,O, CH,Cl,, r.t. (b) Boc,O, Et;N, CH,Cl, (63% over the
two steps); iv, 5, n-BuLi, DMPU, THF, —40 to —20 °C, add to 7 or 6, —78 °C (10, 42%; 12, 69%); v, TBAF, THF, 0 °C (71%).
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1,2-Bis(hydroxymethyl)benzene was protected as its mono-zert-
butyldimethylsilyl ether 13'* which was converted into the chloride
14 using thionyl chloride with simultaneous addition of pyridine
to avoid desilylation, see Scheme 2. Alkylation of the dithiane 5
using the chloride 14 gave the 2,2-bis-alkyldithiane 15 which was
desilylated and the alcohol 16 oxidised to the aldehyde 17 at room
temperature using manganese dioxide. Attempts to carry out this
oxidation at reflux in dichloromethane led to the formation of
side-products which were not fully identified.

Removal of the Boc-group was achieved using concentrated
aqueous hydrogen chloride in ethyl acetate for 5 h at room
temperature’ and generated the imine 18. This was reduced using
sodium cyanoborohydride'® to give the tetrahydrobenzazepine
19 in an overall yield of 73%. If the deprotection step was
quenched after 1 h, side-products were isolated after the reduction.
Protection of the tetrahydrobenzazepine 19 using Boc-anhydride
or toluene p-sulfonyl chloride gave the corresponding derivatives
20 and 21 and reductive amination with benzaldehyde gave the N-
benzyl derivative 22. The '"H NMR spectrum of the Boc-protected
azepine 20 was broadened due to the interconversion of rotamers
in solution, but its structure was confirmed by X-ray diffraction.
Fig. 1 shows a projection of the compound as established by a
single crystal X-ray study which confirmed the structure as shown.
In all cases hydrolysis of the dithiane using mercuric oxide and
boron trifluoride!” gave the parent ketones 23-25. Perhaps of
interest was the position of the carbonyl stretching peak in the
IR spectrum of the N-benzyltetrahydro[l H]-2-benzazepin-4-one
25 which was observed at 1749 cm™' indicative of little bonding
interaction between the tertiary amine and the ketone.

Ketones 23-25 have the required tetrahydro-[1 H]-2-benzazepin-
4-one structure albeit protected on nitrogen, but it remained
to introduce the hydroxyl and alkyl substituents at C-5 and
the aminoalkyl groups on nitrogen, to complete syntheses of
the derivatives 2 required for evaluation as muscarinic receptor
antagonists. To effect a regioselective oxidation, the conversion of
ketones 23 and 24 into silyl enol ethers was investigated. Initial
attempts to prepare the triethylsilyl enol ethers 26 and 27 using

Fig. 1 ORTEP projection of the 2,3,4,5-tetrahydro-[1 H]-2-benzazepine
20 as determined by X-ray crystallography, ellipsoids shown at the 30%
probability.

lithium di-isopropylamide and lithium hexamethyldisilazide with
an in situ quench using triethylsilyl trifluoromethanesulfonate™
gave rise to the formation of mixtures of regioisomers, but the use
of triethylamine as base at room temperature' was more success-
ful. The structures of the enol ethers were confirmed by NOE data,
but attempts to use them to introduce an oxygen substituent via
epoxidation using dimethyl dioxirane® and rearrangement of the
epoxides so formed using fluoride, acid or base, led to mixtures of
products which could not be identified.

At this point, it was decided to embark on an alternative route
based on ring-closing metathesis®'° to prepare 2,3-dihydro-[1 H]-2-
benzazepines 28 which would be hydroxylated and oxidised to give
5-hydroxy-2,3,4,5-tetrahydro-[1 H]-2-benzazepin-4-ones 2. Using
an asymmetric Sharpless hydroxylation, this route could provide
an asymmetric synthesis of these compounds.

) ) )
X i, jii iv v
i L ms N s
NHBoc CHO "NHBoc —N
OTBS OR
i 13X =0OH 15R =TBS 17 18
14X =Cl 16R=H .
Vi l
OTES 0 8 S/\>
= i ©C/§ X s viiix S
N\ N\ N\ NH
R R R
26 R =Boc 23R =Boc 20 R =Boc 19
27R=Ts 24R=Ts 21R=Ts
25R =Bn 2R =Bn

Scheme 2 Reagents and conditions: i, SOCl,, py., CH,Cl,, 0 °C (53%); ii, 5, n-BuLi, THF, —40 to —20 °C, DMPU, —78 °C, add 14 (67%); iii, TBAF,
THE, 0 °C (89%)); iv, MnO,, CH,Cl, (70%); v, aq. HCI, EtOAc, 5 h, r.t.; vi, NaBH;CN, MeOH, cat. HCI, r.t. (73% over the two steps); vii, Boc,O, Et;N,
CH,Cl,, r.t. (ca. 100%); viii, TsCl, py., r.t. (68%); ix, Ph\CHO, NaBH;CN, THF, r.t. (66%); x, HgO, BF;-Et,0, THF, H,O0, r.t. (23, 86%; 24, 72%; 25, 84%);

xi, Et;N, TESOTf, CH,Cl,, r.t. (26, 65%; 27, 67%).
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Preliminary studies of the synthesis of
2,3-dihydro-[1 H]-2-benzazepines using ring-closing metathesis

Ring-closing metathesis has been used to prepare 2,3-dihydro-
[1H]-2-benzazepines albeit lacking alkyl or aryl substituents at
the 4- or 5-positions.' Initial studies were undertaken to confirm
this approach in our hands. o-Ethenylbenzaldehyde 29* was
converted into the amine 30 by reductive amination and the amine
protected as its toluene p-sulfonyl (tosyl) and 2-nitrobenzene
sulfonyl (nosyl)*? derivatives 31 and 32. Ring-closing metathesis
using Grubbs’ T catalyst, see Fig. 2,%?* gave the 2,3-dihydro-
[1H]-2-benzazepines 33 and 34 in excellent (>90%) yields and
deprotection of the nosyl derivative 34 using thiophenol under
basic conditions? gave the parent 2,3-dihydro-[1 H]-2-benzazepine
35. Hydroxylation of the protected dihydrobenzazepines 33 and
34 using the Upjohn conditions in aqueous acetone® gave
the cis-diols 36 and 37, and deprotection of the N-nosyl pro-
tected diol 37 gave the water soluble dihydroxytetrahydroben-
zazepine 38 which was converted into 2-butyl-4,5-dihydroxy-
2,3,4,5-tetrahydro-[1 H]-2-benzazepine 39 by reductive amination
using butanal, see Scheme 3.

ol '?CYB Mes—N_ _N—Mes
2y
PCys Ph crr |U:\

Fig. 2 Structures of Grubbs’ I and II catalysts.

This work confirmed the viability of ring-closing metathesis
for the synthesis of 2,3-dihydro-[1 H]-2-benzazepines and further
functionalisation by hydroxylation and reductive amination. It
now remained to use this chemistry to prepare tetrahydroben-
zazepines with cycloalkyl groups at C-5.

Synthesis of N-alkyl-5-cyclobutyl-5-hydroxy-2,3,4,5-tetrahydro-
[1H]-2-benzazepin-4-ones by ring closing metathesis followed by
N-alkylation using reductive amination

In the earlier work, the aryl cyclobutyl ketone 7 had been
prepared from the reaction of the Weinreb amide 6 with cy-
clobutyllithium generated from cyclobutyl bromide. Cyclobutyl
bromide is commercially available and can be prepared from
cyclobutyl carboxylic acid via a Hunsdiecker reaction.?® However,
subsequently it was found to be more convenient to prepare ketone
7 from cyclobutyl phenyl carbinol 40> by ortho lithiation® and
addition of formaldehyde to give diol 41, see Scheme 4. After
regioselective protection of the primary alcohol, oxidation of the
secondary alcohol using the Dess—Martin periodinane® gave the
ketone 7 in an excellent yield. This was converted into the alkene 43
using the Petasis reagent® since the standard Wittig reaction was
difficult to drive to completion. After desilylation and oxidation of

| |
@f\ i i
N\
CHO R

29 30R=H
31R=Ts
32R =Ns
|v,v\

HO

OH
Vi - vii
N\R N\R
36R=Ts 33R=Ts
37R=Ns 34R=Ns
38R=H 3B5R=H
39R =n-Bu

Scheme 3 Reagents and conditions: i, prop-2-enylamine, MgSO,, r.t., 18 h,
then NaBH,, MeOH, r.t., 1 h (61%); ii, TsCl, py., DMAP (cat.), r.t.,
48 h (50%); iii, NsCl, Et;N, DMAP (cat.), r.t., 1.5 h (85%); iv, Grubbs’
I (10 mol%), CH,Cl,, r.t. (33, 97%; 34, 90%); v, PhSH, K,CO;, 18-c-6
(cat.), DMF, r.t., 4 h (84%); vi, NMO, OsO, (2-2.5 mol%), acetone, water,
r.t., 24 h (36, 58%; 37, 82%); vii, PhSH, K,CO;, acetonitrile, r.t., 15 h, then
n-PrCHO, NaBH(OAc);, THF, MeCO,H, r.t., 24 h (39, 46%).

the alcohol 44 to the aldehyde 45, reductive amination using prop-
2-enylamine gave amine 46 which was protected as its toluene p-
sulfonyl and 2-nitrobenzene sulfonyl derivatives 47 and 48. Initial
studies of ring-closing metathesis of the tosyl derivative 47 using
Grubbs’ T catalyst®® were rather inefficient with only a low yield
of the dihydrobenzazepine 49 (18%) together with unchanged
starting material (60%) and what appeared to be a dimeric material
being isolated after heating for 24 h under reflux in benzene.
However, the use of Grubbs’ IT catalyst,* see Fig. 2, was much
more effective and, in the case of the nosyl protected amine 48, gave
the required dihydrobenzazepine 50 in an excellent yield (96%).

Hydroxylation of the dihydrobenzazepine 50 gave the racemic
cis-diol 51. This was deprotected to give the 4,5-dihydroxy-
2,3,4,5-tetrahydro[1 H]-2-benzazepine 52 which was immediately
converted into the N-butyl derivative 53 by reductive amination.
It remained to oxidise the vicinal diol to generate the required 5-
hydroxy-2,3,4,5-tetrahydro-[1 H]-2-benzazepin-4-one system. The
Swern oxidation procedure was initially selected for this to avoid
over oxidation and C—C-bond cleavage which can be a problem
in the oxidation of vicinal diols.’? In the event, oxidation under
Swern conditions of the N-nosyl tetrahydrobenzazepine 51 gave
hydroxyketone 54 and a similar oxidation of the N-butyl analogue
53 gave the 5-hydroxy-2,3.4,5-tetrahydro-[1H]-2-benzazepin-4-
one 55 in an acceptable yield of 73%.

The structures assigned to the products in Scheme 4
were consistent with their spectroscopic data and the struc-
ture of the 2-butyl-5-cyclobutyl-4,5-dihydroxy-2,3,4,5-tetrahydro-
[1H]-2-benzazepine 53 was confirmed by X-ray crystallography,
see Fig. 3. The 'H and “C NMR spectra of the hydroxyketones
obtained on oxidation of the diols 51 and 53 indicated that
single products had been obtained in each case, consistent
with the formation of 54 and 55, respectively. However, o-
hydroxyketones can undergo 1,2-rearrangements® and so it was
necessary to confirm that the hydroxytetrahydrobenzazepine 55

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 2138-2157 | 2141





s

Vi
CHO

OTBS OH
40 44 R=H 7X=0 an 45
42R=TBS 43 X = CH,
vii - ix
OH o
— X
N '}'\/\
N
R R
= 1R=N - R=H
54R =Ns ii ,:5 S 49R=Ts 46
55R =n-Bu 52R=H 50 R =Ns 47R=Ts
48R =Ns

xiii 53R =n-Bu

Scheme 4 Reagents and conditions: i, n-BuLi, THF, Et,0, 0 °C-reflux, 2 h, HCHO, r.t.,

12 h (74%); ii, TBSCI, imid., DMF, —10 °C, 2 h (80%);

iii, Dess—Martin periodinane, CH,Cl,, r.t., 2 h (96%); iv, Cp,TiMe,, THF, reflux, 15 h (92%); v, TBAF, THF, r.t., 2 h (83%); vi, MnO,, CH,Cl,, r.t., 48 h
(93%); vii, prop-2-enylamine, MgSO,, CH,Cl,, r.t., 24 h, then NaBH,, MeOH, r.t., 2 h (91%); viii, TsCl, Et;N, DMAP (cat.), CH,Cl,, r.t., 4 h (96%);
ix, NsCl, Et;N, DMAP (cat.), r.t., 3 h (79%); x, Grubbs’ I cat., benzene, reflux, 24 h (49, 18%) or Grubbs’ II (cat.), CH,Cl,, reflux, 18 h (50, 96%);
xi, NMO, OsO, (10 mol%), acetone, water, r.t., 18 h (80%); xii, PhSH, K,CO;, DMF (86%); xiii, n-PrCHO, NaBH(OAc);, MeCO,H, r.t., 15 h (53%);
xiv, (COCl),, DMSO, CH,Cl,, —78 °C, 15 min, then Et;N, —78 °C (54, 58%; 55, 73%).

Fig. 3 ORTEP projection of the 4,5-dihydroxy-2,3,4,5-tetrahydro-
[1H]-2-benzazepine 53 as determined by X-ray crystallography, ellipsoids
shown at 30% probability.

and not one of the isomeric hydroxyketones 55a or 55b was
the product isolated on oxidation of the diol 53, see Fig. 4.

NOe spectroscopy confirmed hydrogen proximity and HMBC
and HMQC spectra established the long-range 'H-"*C coupling
and carbon-hydrogen correlations consistent with structure 55.
However 2D "C-C INADEQUATE spectra unambiguously
confirmed the presence of the bonds shown in bold in structure
55, see Fig. 4, and ruled out the alternative structures 55a and 55b.
Again the carbonyl stretching peak at 1728 cm™' indicated little
interaction between the tertiary amine and the ketone carbonyl
group.

It now remained to attach the arylmethylaminoalkyl side-chains
to the nitrogen of the tetrahydrobenzazepinones to complete syn-
theses of the derivatives 2 required for biological evaluation. Syn-
theses of the side-chains are outlined in Scheme 5. 3-(N-Benzyl-
N-trifluoroacetyl)aminopropanal 56 is a known compound.**
2-(N-Benzyl-N-2-nitrophenylsulfonyl)aminoethanal 59 was pre-
pared by ozonolysis of the N-(2-nitrophenylsulfonyl) derivative
58% of N-benzylprop-2-enylamine 57. 3-(N-Naphth-2-ylmethyl-
N-2-nitrophenylsulfonyl)aminopropanal 62 was prepared by N-
nosylation of 3-(N-naphth-2-ylmethyl)aminopropan-1-ol*¢ fol-
lowed by oxidation, and the 6-methylnaphth-2-yl analogue 66
was similarly prepared from the alcohol 64 which had been
obtained by reductive amination of 6-methyl-2-naphthaldehyde
63.%7

OH (o] 0
0
OH OH
N
\/\/
NV\/ N\/\/

55

55b

Fig. 4 Isomeric hydroxyketones which could originate from oxidation of 4,5-dihydroxy-2,3,4,5-tetrahydro-[1 H]-2-benzazepine 53.
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Scheme 5 Reagents and conditions: i, NsCl, Et;N, DMAP, CH,Cl,, r.t., 3 h (76%); ii, ozone, CH,Cl,, —78 °C, 30 min, then Me,S, r.t., 15 h (92%);
iii, (a) 60, 3-aminopropanol, MgSO,, CH,Cl,, then NaBH;CN, MeOH (75%) (b) NsCl, Na,CO;, n-Bu,NI, acetone, water, r.t., 4 h (68%); iv, Dess—Martin
periodinane, CH,Cl,, r.t. (62, 41%; 66, 97%); v, 3-aminopropanol, MgSO,, CH,Cl,, r.t., 24 h, then NaBH;CN, r.t., 1 h (58%); vi, NsCl, Na,CO;, n-Bu,NI,

acetone, water (77%).

Reductive amination of the N-benzyl-N-trifluoroacetyl-
aminopropanal 56 by the tetrahydro-[1 H]-2-benzazepine 52 was
carried out using sodium cyanoborohydride and gave the N-
alkylated tetrahydrobenzazepine 67 in an acceptable yield of
76%. Following this procedure the N-nosyl protected aldehydes
59, 62 and 66 gave the corresponding N-alkylated dihydroxyte-
trahydrobenzazepines 70, 73 and 74, in modest to acceptable
yields (31-66%). Oxidation of the dihydroxytetrahydro-[1H]-2-
benzazepines under Swern conditions, or using the Dess—Martin
periodinane, gave the corresponding N-alkyl-5-hydroxy-2,3,4,5-
tetrahydro-[1 H]-2-benzazepin-4-ones 68, 71, 75 and 77, and these
were deprotected to give the target compounds 69, 72, 76 and 78,
see Scheme 6.

Structures were assigned to these products on the basis of
spectroscopic data. In particular, the protons attached to C-3 were
observed as two doublets with very similar chemical shifts and
coupling constants to those observed for hydroxyketone 55 (55,
0 3.95,4.18, J 16; 69, 0 3.85, 4.14, J 16; 72, 0 3.76, 4.15, J 16.5;
76 6 3.90,4.18, J 16,78, 6 3.84, 4.12, J 16). These chemical shifts
contrast with those of the protons attached to C-3 for the 4,5-
dihydroxytetrahydrobenzazepines, e.g. 53, 70, 73 and 74, which
were all within the range J 2.7-3.1. These data confirmed that no
a-hydroxyketone rearrangement to give isomeric hydroxyketones
analogous to 55a and 55b had occurred. However, the carbonyl
stretching peak in the IR spectrum of 72 was observed at
1693 cm™', ie at a lower frequency than had been observed
earlier for the simpler compounds 25 and 55. This may be due to

additional hydrogen bonding. These compounds together with the
N-butyl analogue 55 were subjected to biological evaluation, see
below.

Introduction of N-alkyl side-chains into 2,3,4,5-tetrahydro-
[1H]-2-benzazepines via N-acylation and reduction

Although N-alkylation of the tetrahydrobenzazepine 52 by reduc-
tive amination had delivered sufficient quantities of the adducts
for further investigation, it was decided to see whether N-acylation
and reduction was more generally useful, see Scheme 7. 3-[N-
Benzyl-N-(2-nitrophenyl)sulfonylamino]propanoic acid 81 was
prepared from 3-(N-benzylamino)propan-1-01 79 by N-nosylation
to give the amide 80 followed by oxidation. It was coupled with
the 2,3-dihydro-[1 H]-2-benzazepine 82 prepared by deprotection
of the N-nosyl derivative 50 to give the N-acyl-2,3-dihydro-2-
benzazepine 83 in a reasonable yield (79%). Since it was thought
that a tertiary amine might cause problems at the dihydroxylation
stage, it was decided to carry out the dihydroxylation and removal
of the side-chain N-nosyl protecting group before reduction of the
amide. In the event, dihydroxylation of the dihydrobenzazepine
83 under the Upjohn conditions gave the diol 84 which was
denosylated to give the N-acyldihydroxytetrahydrobenzazepine
85. Reduction using the borane-THF complex then pro-
ceeded smoothly to give the N-alkyl-4,5-dihydroxy-2,3,4,5-
tetrahydrobenz-[1 H]-2-azepine 86. Although slightly longer
than the reductive amination route, this preparation of the
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Scheme 6 Reagents and conditions: 1, 56, 59, 62 or 66, NaBH;CN, MeOH, ¢. HCl (cat.), r.t. (67, 76%; 70, 66%; 73, 32%; 74, 31%); ii, (COCl),, DMSO,
CH,Cl,, —78 °C, then Et;N, 0 °C (68, 67%; 71, 77%); iii, K,CO;, MeOH, water, r.t., 24 h (80%); iv, PhSH, K,CO;, DMF, r.t., 18 h (72, 52%; 76, 41%; 78,

97%); v, Dess—-Martin periodinane, CH,Cl,, r.t., 2 h (75, 85%; 77, 80%).
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Scheme 7  Reagents and conditions: i, NsCl, Na,CO;, n-Bu,NI, acetone, r.t., 2 h (78%); ii, (a) Dess—Martin periodinane, CH,Cl,, r.t., 2 h (b) NaOCl,,
2-methyl-2-butene, NaH,PO,, r-BuOH-water, r.t., 12 h (81% from 80); iii, 81, TBTU, i-Pr,NEt, CH,Cl,, 0 °C, add 82, r.t., 12 h (79%); iv, NMO, OsO,
(10 mol%), --BuOH-water, r.t., 12 h (ca. 99%); v, PhSH, K,CO;, DMF, r.t., 12 h (94%); vi, BH;-THF, THF, 0 °C-r.t. 3 h, then aq. HC, reflux, 1 h (57%).

N-alkylbenzazepines by acylation and reduction was found to
be more reliable for less reactive tetrahydrobenzazepines, vide
infra.

The benzazepine acylation and reduction procedure was
used to prepare the 5-cyclopentyl-5-hydroxytetrahydro-[1H]-2-
benzazepin-4-one 103, see Scheme 8. In this case, the tetrahydropy-

ranyl ether 88, prepared from (2-bromophenyl)methanol 87, was
converted into the corresponding aryllithium reagent which was
reacted with cyclopentanecarboxaldehyde followed by oxidation
to give ketone 89. Following a Wittig reaction, deprotection
and oxidation, reductive amination and nosyl protection gave
the metathesis precursor 94. Metathesis using the Grubbs’ II
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Scheme 8 Reagents and conditions: i, DHP, TsOH (cat.), CH,Cl,, r.t., 3 h (98%); ii, (a) -BuLi, THF, —78 °C, 15 min, then cyclopentanecarboxaldehyde,
THF, —78 °C, 30 min (89%) (b) Dess—Martin periodinane, CH,Cl,, py., r.t., 4 h (98%); iii, Ph;PMe*Br~, n-BuLi, r.t., 30 min, then add 89, r.t., 18 h (80%);
iv, TsOH (cat.), MeOH, r.t., 4 h (86%); v, Dess—Martin, CH,Cl,, r.t., 2 h (92, 86%; 102, 60%); vi, prop-2-enylamine, CH,Cl,, MgSO,, r.t., 24 h, then
NaBH,, MeOH, r.t., 3 h (91%); vii, NsCl, DMAP (cat.), Et;N, CH,Cl,, r.t., 20 min (92%); viii, Grubbs’ II (cat.), CH,Cl,, 45 °C, 24 h (40%); ix, PhSH,
K,CO;, DMF, r.t., 24 h (99, 75%; 103, 75%); x, 81, TBTU, CH,Cl,, i-Pr,NEt, r.t., 15 min, then add 96, r.t. 16 h (91% from 95); xi, NMO, OsO, (cat.),
acetone, --BuOH, water, r.t., 12 h (91%); xii, BH;-THF, THF, r.t., 12 h, then aq. HCI, 80 °C, 1 h (60%); xiii, NsCl, Na,COj;, n-Bu,NI, acetone, water, r.t.,

4h.

catalyst then gave the 2,3-dihydro-[1 H]-2-benzazepine 95 which
was converted to the N-acyl-2,3-dihydro-[1H]-2-benzazepine 97
by denosylation and N-acylation. After hydroxylation and re-
moval of the side-chain N-nosyl group, reduction of the amide
99 using the borane-THF complex gave the tertiary amine 100.
The secondary amine then had to be reprotected before selective
oxidation of the secondary alcohol gave the cyclopentyl substi-
tuted 5-hydroxy-2,3,4,5-tetrahydro-[1 H]-2-benzazepin-4-one 103
after a final deprotection. The activity of this compound towards
muscarinic receptors was also evaluated, vide infra.

/@iBr i -iii
F Me

Preparation of 8-fluorinated
2,3,4,5-tetrahydro-[1 H]-2-benzazepines

8-Fluorinated 5-hydroxy-2,3,4,5-tetrahydro-[1 H]-2-benzazepin-4-
ones were of interest to check the effect of the additional
aromatic substituent on the selectivity of binding to the
muscarinic M; and M, receptors. 1-Bromo-2-bromomethyl-4-
fluorobenzene 105* is commercially available and can also be
prepared by free-radical bromination of 2-bromo-5-fluorotoluene
104, see Scheme 9. Hydrolysis gave the benzyl alcohol 106*

D)LNMG OMe

104 105 X = Br 108 109X = OOPMB
106 X = OH 110 X = CH, )
107 X = OPMB vii
OH o
viii, ix
Xi-Xiii
- \/\ F CHO

116 R=Ns 113R=H 112
117R=H 114R =Ns
118 R = n-Bu

Scheme 9  Reagents and conditions: i, NBS, (BzO), (cat.), CCl,, reflux (99%); ii, CaCOs, dioxane, water, 100 °C, 24 h (99%); iii, NaH, THF, DMF,
0°C-r.t., 2 h, PMBC], r.t. (94%); iv, Mg, THF, reflux, 3 h, then 108, r.t., 12 h (60%); v, Cp,TiMe,, THF, 0 °C-65 °C, 15 h (93%); vi, DDQ, CH,Cl,, water,
r.t., 2 h (94%); vii, Dess—Martin periodinane, CH,Cl,, r.t., 12 h (85%); viii, prop-2-enylamine, MgSO,, CH,Cl,, r.t., 24 h, then NaBH,, MeOH, r.t., 2 h
(99%); ix, NsCl, Et;N, DMAP (cat.), CH,Cl,, r.t., 12 h (86%); x, Grubbs’ II (cat.), CH,Cl,, reflux, 20 h (97%); xi, NMO, OsO, (cat.), acetone, water, r.t.,
36-48 h (97%); xii, PhSH, K,CO; (ca. 100%); xiii, n-PrCHO, MeOH, NaBH;CN, r.t., 12 h (90%).
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which was protected as its p-methoxybenzyl ether 107. The
Grignard reagent generated from this bromide was reacted with
the Weinreb amide 108 derived from cyclobutyl carboxylic acid to
give the ketone 109 which was converted into the alkene 110 using
the Petasis reagent. After deprotection and oxidation, reductive
amination of the aldehyde 112 with prop-2-enylamine gave the
sulfonamide 114 after nosylation. Ring-closing metathesis using
Grubbs’ II catalyst then gave the 2,3-dihydro-[1 H]-2-benzazepine
115 which was hydroxylated and deprotected to give the 4,5-
dihydroxy-2,3,4,5-tetrahydro-[1 H]-2-benzazepine 117. Reductive
amination of this secondary amine with butanal gave the N-
butyltetrahydrobenzazepine 118, but the use of other more
complex aldehydes, e.g., 66, were unsuccessful, perhaps due to
the reduced nucleophilicity of the nitrogen because of the fluorine
substituent. However, the N-alkyl side-chain could be attached by
acylation.

Denosylation of the dihydrobenzazepine 115 followed by N-
acylation and dihydroxylation, gave the 4,5-dihydroxytetrahydro-
[1H]-2-benzazepine 121 which was also available by N-acylation
of the parent 4,5-dihydroxytetrahydro-[1H]-2-benzazepine 117,
see Scheme 10. Following removal of the side-chain nosyl group,
reduction gave the tertiary amine 123 which was renosylated before
Swern oxidation to give the hydroxyketone 125. A final deprotec-
tion gave the required 8-fluoro-5-hydroxy-2,3,4,5-tetrahydro-[1 H]-
2-benzazepin-4-one 126 which was subjected to binding assays.

Biological evaluation of 5-hydroxy-2,3,4,5-tetrahydro-
[1H]-2-benzazepin-4-ones and related compounds

Binding data ‘in vitro’ using contraction of the guinea pig ileum
(M;) and guinea pig left atria (M,) were evaluated. Both M,
and M, muscarinic tests utilised methacholine as agonist, the
measurements being determined as a percentage inhibition of
contractility (M;) and of twitch height (M,), respectively. Binding
constants were determined from the dose-response curves. A

number of the compounds showed membrane sensitization at
higher doses. For these compounds, data at 30% response only
were utilised to determine the binding constant or measurements
were confined to lower doses of the antagonist. The results
for selected compounds including representative 4,5-dihydroxy-
2,3,4,5-tetrahydro-[1 H]-2-benzazepines, are given in Tables 1
and 2.

The value of log,, K for the racemic 5-cyclobutyl-5-hydroxy-
2,3,4,5-tetrahydro-[1 H]-2-benzazepin-4-one 69 with the 3-(N-
phenylmethyl)aminopropyl group on nitrogen, for the M; re-
ceptors in the guinea pig ileum was 6.7 with a selectivity over
the M, receptors from the guinea pig left atria of about 40, see
Table 1. This selectivity is comparable to that of darifenacin
(1) but the overall potency was less (by one to two orders
of magnitude). The potency of the cyclopentyl analogue 103
was slightly, but not significantly, higher, whereas analogue 72,
with the 2-aminoethyl side-chain, was a little less potent. The
8-fluorinated benzazepinone 126 did not show any increase
in selectivity for the M; over the M, receptors. However, the
simpler 2-butyltetrahydrobenzazepinone 55 was significantly less
potent towards the M; receptors, as were the analogues 76 and
78 with (N-naphthylmethyl)aminopropyl substituents. The 4,5-
dihydroxy-2,3,4,5-tetrahydro-[1 H]-2-benzazepines 53, 86, 100 and
118 showed only moderate binding to both the M; and M,
receptors, see Table 2.

Summary and conclusions

A series of 2,3-dihydro-[1H]-2-benzazepines has been pre-
pared using ring-closing metathesis as the key step and
converted into 5-cycloalkyl-5-hydroxy-2,3,4,5-tetrahydro-[1 H]-2-
benzazepin-4-ones 2, a hitherto unknown class of benzazepine
derivative, by hydroxylation and selective oxidation. Reductive
amination or N-acylation followed by reduction were used for

OH
i i i OH iv
115 —— - I — _ - 117
l}ls Ns
|
N N No
F W F \[(\/ Bn F N\H/\/N\Bn
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Scheme 10  Reagents and conditions: 1, PhASH, K,CO;, DMF, rt, 16 h (ca. 100%); ii, 81, EDC, DMAP, DMF, rt, 16 h (73%); iii, NMO, OsO,, acetone,
t-butanol, water, rt, 16 h (94%); iv, 81, i-Pr,EtN, TBTU, CH,Cl,, rt, 16 h (95%); v, PhSH, K,CO;, DMF, r.t., 16 h (87%); vi, LiAlH,, THEF, reflux, 4 h;
vii, nosyl chloride, i-Pr,EtN, CH,Cl,, rt, 16 h (91% from 122); viii, DMSO, (COCl),, CH,Cl,, —78 °C, Et;N, 0 °C, 30 min (81%); ix, PhSH, K,CO;,

MeCN, rt, 16 h (95%).

2146 | Org. Biomol. Chem., 2008, 6, 2138-2157

This journal is © The Royal Society of Chemistry 2008





Table 1 Activities of tetrahydrobenzazepin-4-ones as muscarinic (M;) and (M,) antagonists

)n

OH

(o)

!
m

Compound no. n X m Ar Log, K3 guinea pig ileum Log, K3 guinea pig left atria Log,yselectivity
69 1 H 1 Ph 6.7+ 0.4(4) 524+0.34) 1.5+ 0.34)

72 1 H 0 Ph 6.5+ 0.4(4) 4.9 £+ 0.6(4) 1.6 £0.7(4)

76 1 H 1 2-Naph <5.0 — —

78 1 H 1 2-(6-Me-naph) <5.0 — —

103 2 H 1 Ph 7.2 — —

126 1 F 1 Ph 6.4+ 0.3(2) 5.4+0.1 1.0 £0.3(2)

55 1 H 2-Butyl <5.0 — —

Table 2 Activities of racemic dihydroxytetrahydrobenzazepines as muscarinic (M;) and (M,) antagonists

)n

OH OH
!
NN -Ph
Compound no. n Log, K3 guinea pig ileum Log, K} guinea pig left atria
86 1 5.5 —
100 2 5.6 +0.5(2) 54+0.1
O OH
X N\/\/
Compound No. X Log, K3 guinea pig ileum Log K3 guinea pig left atria Log,selectivity
53 H 6.2 +£0.2(2) < 5.0 >1.2
118 F 54 — —

the synthesis of N-alkylated derivatives and 8-fluorinated ana-
logues were also prepared. The 5-cycloalkyl-5-hydroxy-2,3,4,5-
tetrahydro-[1 H]-2-benzazepin-4-ones 2, albeit racemic, were an-
tagonists towards the M; receptors in the guinea pig ileum with
useful selectivities over the M, receptors in the guinea pig left atria,
but the overall potencies were 10-100 times less than optimal.
Preliminary work also showed the usefulness of the dithiane 5 for
the preparation of 2,3,4,5-tetrahydro-[1 H]-2-benzazepin-4-ones.
In the accompanying paper, a Mitsunobu reaction is used to form a
more complex 2,3-dihydro-[1 H]-2-benzazepine when ring-closing
metathesis was unsuccessful.

Experimental
General

Flash column chromatography was performed using Merck silica
gel (60H; 40-60 p, 230-240 mesh). Light petroleum was redistilled

before use and refers to the fraction boiling between 40 and
60 °C. Tetrahydrofuran was dried over sodium-benzophenone
and was distilled prior to use. Dichloromethane was dried over
CaH, and was distilled before use. Ether refers to diethyl ether.
Reactions under non-aqueous conditions were carried out under
an atmosphere of nitrogen or argon.

Electron impact (EI) or chemical ionisation using ammonia
(CI) mass spectra were recorded using a Fisons VG Trio 200
spectrometer and high resolution mass spectra on a Kratos
Concept IS spectrometer. Infra-red spectra were measured using
a Genesis FTIR spectrometer on NaBr plates, either neat or
as evaporated films unless otherwise stated. Nuclear magnetic
resonance spectra were recorded in deuteriated chloroform unless
otherwise indicated on either a Varian Unity 500 (500 MHz),
Varian INOVA 300 (300 MHz), or a Varian Gemini 200 (200 MHz)
spectrometer. Coupling constants (J) are given in Hertz (Hz) and
chemical shifts relative to tetramethylsilane.
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2-(tert-Butyldimethylsilyloxymethyl)phenyl cyclobutyl ketone 7

tert-Butyllithium (1.7 M in pentane, 16 cm?®, 27.31 mmol) was
added dropwise at —78 °C under argon to cyclobutyl bromide
(1.3 cm?, 13.66 mmol) in tetrahydrofuran (THF) (15 cm?). The
solution was stirred for 1 h before adding via a cannula to the
amide 6 (2.11 g, 6.83 mmol) in THF (30 cm®) at —78 °C. After
1 h, saturated aqueous ammonium chloride (50 cm?®) was added
and the mixture was warmed to room temperature. Following
extraction with ether (3 x 50 cm?®), the organic extracts were
dried (MgSO,) and concentrated under reduced pressure. Chro-
matography of the residue using light petroleum—ethyl acetate (8 :
1 — 5:1) afforded the title compound 7 (1.10 g, 59%) as a clear
oil (found: M+, 304.1847. CsH,s0,Si requires M, 304.1859); vy
3067, 1676, 1601, 1573, 1471, 1253, 1217, 1194, 1129, 1081 and
967 cm™'; 6y (300 MHz, CDCl;) 0.02 (6 H, s, 2 x SiCHj;), 0.83
[9 H, s, C(CH;);], 1.74 and 1.91 (each 1 H, m, CH), 2.08-2.18 and
2.19-2.31 (each 2 H, m, CH,), 3.82 (1 H, pent, J 8.5, CH), 4.95
(2 H, s, OCH,), 7.19 and 7.39 (each 1 H, t, J 7.5, ArH) and 7.52
and 7.73 (each 1 H, d, J 7.5, ArH); . (75 MHz, CDCl;) —5.40,
17.87, 18.35, 25.15, 25.95, 43.61, 63.47, 126.04, 126.64, 128.98,
131.97, 133.05, 143.77 and 203.78; m/z (EI) 304 (2%), 247 (50),
155 (40) and 75 (100).

The alcohol 42 (10.32 g, 33.73 mmol) was added to the Dess—
Martin periodinane (21.45 g, 50.59 mmol) in dichloromethane
(170 cm?, 0.2 M) at room temperature and the mixture was stirred
for 2 h then cooled to 0 °C and aqueous sodium hydroxide
(1.3 M, 200 cm?®) was added. After 10 min, the aqueous phase
was extracted with ether (3 x 150 cm®) and the organic extracts
were washed with aqueous sodium hydroxide (1.3 M, 200 c¢cm?),
deionised water (150 cm?), dried (Na,SO,) and concentrated under
reduced pressure to give the ketone 7 (9.87 g, 32.47 mmol, 96%).

2-(4-Methylphenyl)sulfonyl-2,3-dihydro-[1 H]-2-benzazepine 33

Toluene p-sulfonyl chloride (419 mg, 2.20 mmol) and 4-
dimethylaminopyridine (ca. 2 mg) were added to the amine 30
(362 mg, 2.09 mmol) in pyridine (20 cm?®) at room temperature.
After stirring for 2 days, ether (50 cm®) and aqueous hydrogen
chloride (3.5 M, 50 cm®) were added. The aqueous phase was
extracted with ether (3 x 50 cm’) and the organic extracts
were washed with saturated aqueous copper sulfate (50 cm?)
and dried (MgSO,). After concentration under reduced pressure,
chromatography of the residue using light petroleum—ethyl acetate
(5 : 1) gave the N-(2-ethenylphenyl)methyl- N-prop-2-enyl toluene
p-sulfonamide 31 (339 mg, 50%) as a colourless solid, used without
further purification (found: M* + H, 328.1372. C,,H,NO,S
requires M, 328.1371); dy (300 MHz, CDCl;) 2.50 (3 H, s, CH,),
3.78(2H,d,J 7,NCH,), 4.21 (2 H, s, ArCH,), 4.92-5.08 2 H, m,
3-H,), 529 (1 H,dd, J 1, 11, 2"-H), 5.49 (1 H, m, 2-H), 5.62 (1 H,
dd, J 1, 17.5, 2"-H’), 7.03 (1 H, dd, J 11, 17.5, 1”-H), 7.21-7.38
(3H, m, ArH), 7.39 2 H, d, J 8, ArH), 7.52 (1 H, dd, J 1, 7.5,
ArH) and 7.79 2 H, d, J 8, ArH); m/z (CI) 345 (M* + 18, 25%)
and 328 (M* + 1, 100).

Grubbs’ T catalyst (83 mg, 0.10 mmol, 10 mol%) was added
to a degassed solution of the dienylsulfonamide 31 (330 mg,
1.01 mmol) in dichloromethane (25 cm®) and the mixture was
stirred at room temperature for 15 h before silica (ca. 1 g) was added
and the solvent removed under reduced pressure. Chromatography

of the residue using light petroleum—ethyl acetate (5 : 1) as eluent
gave the title compound 33 (292 mg, 97%) as a colourless solid
recrystallised from ether, m.p. 116-118 °C (found: C, 68.0; H,
5.75; N, 4.65; S, 10.35%. C,;H,;NO,S requires C, 68.2; H, 5.7; N,
4.7;S,10.7%. Found: M* + H, 300.1056. C;;H sNO,S requires M,
300.1058); 04 (300 MHz, CDCl;) 2.36 (3 H, s, CHj;), 4.28 (2 H,
m, 3-H,), 449 (2 H, s, 1-H,), 5.69 (1 H, dt, J 12.5, 3, 4-H), 6.33
(1 H, dt, J 12.5, 1.5, 5-H), 6.97 (1 H, m, ArH), 7.06 2 H, d, J
8, ArH), 7.18-7.28 (3 H, m, ArH) and 7.39 (2 H, d, J 8, ArH);
dc (75 MHz, CDCl;) 21.33, 51.20, 52.70, 127.05, 127.28, 127.63,
127.76, 128.56, 128.97, 129.98, 130.66, 135.19, 135.81, 136.31 and
142.62; m/z (CI) 317 (M* + 18, 60%) and 300 (M* + 1, 100).

2-(2-Nitrophenyl)sulfonyl-2,3-dihydro-[1 H]-2-benzazepine 34

Following the procedure outlined for the synthesis of the dihy-
drobenzazepine 33, the dienyl sulfonamide 32 (444 mg, 1.24 mmol)
and Grubbs’ I catalyst (102 mg, 0.12 mmol, 10 mol%) in
dichloromethane (25 cm?®) gave, after stirring for 4 h and chro-
matography using light petroleum-ethyl acetate (3 : 1) as eluent,
the title compound 34 (368 mg, 90%) as a pale grey solid, which
was recrystallised from dichloromethane, m.p. 114-116 °C (found:
C, 57.8; H, 4.3; N, 8.5; S, 10.05%; M*, 330.0670. C,;H,;N,O,S
requires C, 58.2; H, 4.2; N, 8.5; S, 9.7%; M, 330.0674); V.
(CH,Cl,) 3097, 3073, 3025, 1533, 1437, 1373, 1340, 1164, 1076
and 907 cm™'; Jy (300 MHz, CDCL;) 4.41 (2 H, m, 3-H,), 4.62
(2 H, s, 1-H,), 5.85 (1 H, dt, J 12.5, 3.5, 4-H), 6.46 (1 H, dt, J
12.5,1,5-H), 7.09 (1 H, d, J 7.5, ArH), 7.18-7.29 (3 H, m, ArH),
7.37 (1 H, dt, J 1.5, 7.5, ArH) and 7.49-7.62 (3 H, m, ArH); d¢
(75 MHz, CDCl;) 51.02, 52.75, 123.44, 127.19, 127.88, 128.17,
128.34, 129.69, 130.36, 130.78, 130.83, 132.66, 132.86, 134.97,
135.50 and 147.85; m/z (CI) 348 (M* + 18, 100%) and 331 (M* +
1, 30).

(2-Hydroxymethylphenyl)cyclobutylcarbinol 41

n-Butyllithium (2.5 M, 2.47 c¢cm?®, 6.17 mmol) was added to
cyclobutylphenylcarbinol 40?7 (0.5 g, 3.09 mmol) in diethyl ether
(21 cm®) at 0 °C. The mixture was heated under reflux for 2 h
and then allowed to cool to room temperature. An excess of
paraformaldehyde was heated and the formaldehyde produced
was bubbled through the orange/red solution until it became
colourless. The reaction mixture was stirred overnight at room
temperature, then deionised water (30 cm®) was added and the
aqueous layer was extracted with ethyl acetate (5 x 30 cm?). The
organic fractions were dried (MgSO,) and concentrated under
reduced pressure. Chromatography of the residue using light
petroleum—ethyl acetate (1 : 1) as eluent gave the title compound 41
(0.44 g, 74%) as an oil (found: M* + NH,, 210.1499. C,,H,,NO,
requires M, 210.1494); v,... 3334, 3065, 3028, 1452, 1000 and 755;
Jn (300 MHz, CDCl;) 1.75 (1 H, m), 1.82-2.01 (3 H, m), 2.11 and
2.27 (each 1 H, m), 2.93 (1 H, sex, J 8.5), 3.12 (2 H, br. s, 2 x
OH), 4.66 and 4.83 (each 1 H, d, J 12, HCHO), 4.87 (1 H, d,
J 8.5, 1-H) and 7.29-7.41 (4 H, m, ArH); . (75 MHz, CDCl,)
17.79, 24.78, 25.35, 39.90, 63.82, 75.75, 126.78, 127.85, 128.21,
130.03, 138.86 and 140.54; m/z (CI) 192 (M*, 23%)), 173 (32) and
157 (100).
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1-(2-tert-Butyldimethylsilyloxymethyl)phenyl-1-cyclobutylethene
43

The ketone 7 (476 mg, 1.57 mmol) and Cp,TiMe, (700 mg,
3.37 mmol) in THF (20 cm®) were heated to reflux for 15 h under
nitrogen in a foil covered apparatus. Light petroleum (100 cm?)
was added and the reaction mixture filtered through Celite®. The
residue was washed with light petroleum (2 x 50 cm®) before
silica (ca. 5 g) was added and the solvent removed under reduced
pressure. Chromatography of the residue using light petroleum—
ethyl acetate (19 : 1) gave the title compound 43 (434 mg, 92%) as a
clear oil (found: M*, 302.2062. C,,H;,0Si requires M, 302.2066);
Jn (300 MHz, CDCl;) —0.08 (6 H, s, 2 SiCHj;), 0.84 [9 H, s,
C(CH,);], 1.61 (1 H, m), 1.69-2.01 (5 H, m), 3.10 (1 H, pent, J 8§,
CH), 4.58 (2 H, s, OCH,), 4.79 and 5.06 (each 1 H, d, J 1.5, 2-H),
6.94 (1 H,d, J 7.5, ArH), 7.09 and 7.17 (each 1 H, t, J 7.5, ArH)
and 7.44 (1 H, d, J 7.5, ArH); o (75 MHz, CDCl;) —5.33, 17.63,
18.35, 25.92, 28.04, 41.97, 62.64, 112.06, 126.17, 126.69, 126.73,
127.92, 138.00, 140.18 and 151.89; m/z (CI) 320 (M* + 18, 5%),
303 (M* + 1, 10) and 171 (100).

N-[2-(1-Cyclobutylethenyl)phenyl]methyl-/V-prop-2-enyl
2-nitrobenzene sulfonamide 48

The amine 46 (200 mg, 0.881 mmol), triethylamine (0.18 cm?,
1.29 mmol), 2-nitrophenylsulfonyl chloride (215 mg, 0.970 mmol)
and 4-dimethylaminopyridine (ca. 2 mg) in dichloromethane
(10 cm?) were stirred at room temperature for 3 h. Ether (25 cm?)
and water (25 cm®) were added and the aqueous layer was extracted
with ether (2 x 15 cm?). The organic extracts were dried (MgSO,)
then concentrated under reduced pressure. Chromatography of the
residue using light petroleum—ethyl acetate (3 : 1) as eluent gave the
title compound 48 (285 mg, 79%) as a clear viscous oil (found: M* +
H, 413.1528. C,,H,sN,0,S requires M, 413.1535); v, 3075, 1543,
1372, 1352, 1163, 1126, 915 and 778; 4 (300 MHz, CDCl;) 1.70
(1 H, m), 1.82-2.11 (5§ H, m), 3.16 (1 H, pent, J 8, CH), 3.94 (2 H,
d, J 6, 1-H,), 4.61 (2 H, s, ArCH,), 4.88 (1 H, s, 2"-H), 5.01-5.12
(2H, m, 3-H,), 5.22 (1 H, t, J 1.5, 2"-H’), 5.61 (1 H, m, 2-H), 7.08
(1H,m, ArH), 7.18-7.26 (2 H, m, ArH), 7.38 (1 H, m, ArH), 7.63—
7.76 (3 H, m, ArH) and 8.04 (1 H, d, J 7.5, ArH); . (75 MHz,
CDCl;) 17.59, 28.00, 42.00, 48.09, 49.58, 112.78, 119.00, 124.06,
126.84, 127.09, 127.20, 128.64, 130.99, 131.59, 131.99, 132.17,
133.36, 134.03, 141.85, 143.80 and 151.63; m/z (CI) 430 (M* +
18, 15%), 413 (M* + 1, 5), 383 (30), 228 (50) and 171 (100).

5-Cyclobutyl-2-(4-methylphenyl)sulfonyl-2,3-dihydro-[1 H]-2-
benzazepine 49

The dienyl sulfonamide 47 (35 mg, 0.0919 mmol) and Grubbs’ I
catalyst (12 mg, 0.0146 mmol, 16 mol%) in benzene (10 cm®) were
heated under reflux for 24 h. Silica (ca. 1 g) was added and the
mixture was concentrated under reduced pressure. Chromatogra-
phy of the residue using (light petroleum—ethyl acetate (9: 1 — 3:
1) gave recovered starting material 47 (21 mg, 60%) and then the
title compound 49 (6 mg, 18%) as a solid (found: M*, 353.1452.
C, Hy;NO,S requires M, 353.1449); 6 (300 MHz, CDCl;) 1.50—
1.62 (3 H, m), 1.79 (1 H, m), 1.93-2.04 (2 H, m), 2.36 (3 H, s,
CHs;), 3.28 (1 H, br. pent, J 8, CH), 3.49 (2 H, d, J 7.25, 3-H,),
4.01 (2 H, s, 1-H,), 545 (1 H, dt, J 2, 7, 4-H), 7.05-7.31 (6 H,
m, ArH) and 7.67 (2 H, d, J 8, ArH); m/z (CI) 354 (M* + 1,
80%), 198 (100) and 184 (70). The third fraction off the column

was provisionally identified as a dimer (7 mg, 20%); m/z (CI) 752
M* + 18, 1%).

5-Cyclobutyl-2-(2-nitrophenylsulfonyl)-2,3-dihydro-[1 H]-2
-benzazepine 50

The dialkenyl sulfonamide 48 (885 mg, 2.12 mmol) and the
Grubbs’ II catalyst (90 mg, 0.106 mmol) were heated under
reflux for 18 h in degassed dichloromethane (100 cm?®). The
reaction mixture was cooled to room temperature and silica (ca.
3 g) was added. After concentration under reduced pressure,
chromatography of the residue using light petroleum—ethyl acetate
(3 :1) as eluent gave the title compound 50 (780 mg, 96%) as a clear
viscous oil (found: M* + H, 385.1224. C,,H,,N,O,S requires M,
385.1222); v, 1543, 1373, 1164, 1125, 911, 851, 766 and 745; oy
(300 MHz, CDC;) 1.77 (1 H, m), 1.83-2.04 (3 H, m), 2.13-2.24
(2 H, m), 3.49 (1 H, pent, J 8, CH), 3.67 2 H, d, J 7.5, 3-H,),
4.19 (2 H, s, 1-H,), 590 (1 H, dt, J 2, 7.5, 4-H), 7.25-7.32 (2 H,
m, ArH), 7.35-7.42 (2 H, m, ArH), 7.64-7.77 (3 H, m, ArH) and
8.05 (1 H, dd, J 2, 5.5, ArH); 6. (75 MHz, CDCl;) 17.80, 28.39,
39.55,43.00,49.22, 116.95, 124.05, 126.04, 127.95, 128.35, 129.80,
130.53, 131.42, 132.95, 133.16, 133.29, 139.94 and 151.00; m/z
(CI) 385 (M* + 1, 5%), 355 (20), 198 (90) and 94 (100%)).

(4RS,55R)-5-Cyclobutyl-2-(2-nitrophenylsulfonyl)-2,3,4,5-
tetrahydro-[1 H]-2-benzazepine-4,5-diol 51

N-Methylmorpholine-N-oxide (40 mg, 0.341 mmol) and osmium
tetroxide (8 mg, 0.0315 mmol, 10 mol%) were added at room
temperature to the dihydrobenzazepine 50 (120 mg, 0.313 mmol)
in acetone (5 cm’) and water (2.5 cm®) and the mixture was
vigorously stirred for 18 h. Dichloromethane (15 cm®) and water
(15 cm?) were added and the mixture was acidified with aqueous
hydrogen chloride (3 M) until the pH was 2. The aqueous
phase was extracted with dichloromethane (3 x 15 cm?®) and
the organic extracts were dried (MgSO,). Concentration under
reduced pressure followed by chromatography of the residue using
light petroleum—ethyl acetate (2 : 1) gave the title compound 51
(104 mg, 80%) as a solid further purified by reprecipitation from
ether and petroleum ether, m.p. 140-142 °C (found: M* + H,
419.1274. C,oH;3N,O¢S requires M, 419.1277); v (CDCl;) 3540,
3093, 1590, 1545, 1445, 1371, 1352, 1266, 1164 and 1065 cm™; oy
(300 MHz, CDCl;) 1.29 (1 H, m), 1.78-1.90 (3 H, m), 2.13-2.38
(2H,m), 249 (1 H,d,J9, OH), 291 (1 H, pent, J §, CH), 3.22
(1 H, s, OH), 3.53 (1 H, dd, J 1, 15, 3-H), 3.86 (1 H, m, 4-H),
4.03 (1 H, ddd, J 2, 4, 15, 3-H'), 446 (1 H, d, J 16, 1-H), 4.83
(1 H,dd, J 2, 16, 1-H"), 7.23-7.26 (2 H, m, ArH), 7.38 (1 H, m,
ArH), 7.67-7.81 3H, m, ArH), 7.86 (1 H,d, J 7.5, ArH) and 8.11
(1 H,dd, J 2,7, ArH); 6. (75 MHz, CDCl;) 17.55, 21.60, 21.75,
39.34, 50.92, 54.16, 72.51, 79.21, 124.24, 127.65, 128.23, 129.24,
130.17, 131.41, 131.74, 132.17, 132.80, 133.90, 140.84 and 147.90;
m/z (CI) 436 M* + 18, 10%), 419 (M* + 1, 5), 389 (20), 232 (40)
and 94 (100).

(4R S ,5SR)-5-Cyclobutyl-2,3,4,5-tetrahydro-[1 H]-2-benzazepine-
4,5-diol 52

Thiophenol (80 pL, 0.78 mmol) was added at room tempera-
ture to a mixture of the 2-nitrophenylsulfonamide 51 (256 mg,
0.61 mmol) and potassium carbonate (296 mg, 2.14 mmol) in
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N,N-dimethylformamide (15 cm?®) and the mixture was stirred for
24 h. Ethyl acetate (25 cm®) and water (25 cm®) were added and
the aqueous layer was extracted with ethyl acetate (5 x 25 cm?).
The organic extracts were dried (MgSO,) and concentrated under
reduced pressure. Chromatography of the residue using ethyl
acetate-methanol (3 : 1) containing 1% triethylamine gave the title
compound 52 (122 mg, 86%) as an amorphous colourless solid
(found: M* + H, 234.1498. C,H,,)NO, requires M, 234.1494); v,
3363, 3059, 1667, 1652, 1446, 1264, 1148, 1083, 1000, 967, 755 and
734; 5y (300 MHz) 1.32 (1 H, m), 1.69-1.88 (3 H, m), 2.07-2.28
(2 H, m), 2.88 (1 H, m, CH), 3.05 (1 H, d, J 13.5, 3-H), 3.18 (1 H,
dd, J 3.5, 13.5,3-H’), 3.26 (3 H, br. 5,2 x OH, NH), 3.66 (1 H, d,
J 3.5,4-H), 3.84 and 4.00 (each 1 H, d, J 15, 1-H), 7.01 (1 H, d, J
7.5,ArH), 7.16 and 7.28 (each 1 H, t, J 7.5, ArH) and 7.80 (1 H, d,
J 1.5, ArH); ¢ (75 MHz) 17.59, 21.57, 21.81, 39.66, 51.92, 55.84,
73.16, 79.79, 126.90, 127.10, 128.85, 129.53, 136.34 and 141.73;
m/z (CI) 234 (M* + 1, 100%)).

(4R S ,5SR)-2-Butyl-5-cyclobutyl-2,3,4,5-tetrahydro-[1 H]-2-
benzazepine-4,5-diol 53

Butanal (150 pL, 1.70 mmol), sodium triacetoxyborohydride
(359 mg, 1.70 mmol) and glacial acetic acid (32 uL, 0.56 mmol)
were added to the crude tetrahydrobenzazepine 52 in THF
(10 cm?) prepared from the 2-nitrophenylsulfonamide 51 (472 mg,
1.13 mmol), thiophenol (130 pL, 1.27 mmol) and potassium
carbonate (500 mg, 3.62 mmol) in N,N-dimethylformamide
(20 cm®). After stirring at room temperature for 15 h, ether (25 cm?)
and water (25 cm?®) were added and the mixture was basified to
ca. pH 10 with aqueous sodium hydroxide (1 M). The aqueous
layer was extracted with ether (5 x 25 cm?®) and the ethereal
extracts were dried (MgSO,). After concentration under reduced
pressure, chromatography of the residue using light petroleum—
ethyl acetate (3 : 1 — 1 : 1) containing triethylamine (1%) as
eluent gave the title compound 53 (172 mg, 53%) as a colourless
solid recrystallised from ethyl acetate as colourless needles, m.p.
96-98 °C (found: M* + H, 290.2108. C,sH,xNO, requires M,
290.2120); vy (CDCly) 3437, 3054, 1265 and 739 cm™; oy
(400 MHz, CDCl;) 093 3 H, t, J 7, 4-H;), 1.33 (3 H, m, 3-
H, and 3"-H), 1.49-1.59 (2 H, m, 2 x CH), 1.71-1.87 (3 H, m),
2.14-2.29 (2 H, m), 2.55-2.68 (2 H, m, 1'-H,), 2.82 (1 H, pent, J
8.5, CH), 2.90 (1 H, dd, J 1, 13, 3-H), 3.04 (2 H, br. s, 2 x OH),
3.11 (1 H,ddd, J 2.5, 5, 13, 3-H'), 3.64 (1 H, dd, J 2.5, 14.5, 1-H),
371(1H,d,J5,4-H),3.76 (1 H, d, J 14.5, 1-H"), 7.05 (1 H, dd, J
1,7.5,ArH),7.17 (1 H, dt, J 1.5, 7.5, ArH), 7.26 (1 H, dt, J 1, 7.5,
ArH) and 7.81 (1 H, dd, J 1.5, 7.5, ArH); d. (75 MHz, CDCl,)
13.99, 17.75, 20.39, 21.70, 21.80, 29.59, 39.68, 59.45, 59.59, 63.28,
73.03, 79.56, 126.98, 127.12, 129.05, 129.95, 135.49 and 141.81;
m/z (CI) 290 (M* + 1, 100%)).

5-Cyclobutyl-5-hydroxy-2-(2-nitrophenylsulfonyl)-1,2,3,5-
tetrahydro-[1 H]-2-benzazepin-4-one 54

Dimethyl sulfoxide (120 pL, 0.1.69 mmol) was added dropwise at
—78 °C to oxalyl chloride (84 uL, 0.963 mmol) in dichloromethane
(2 cm®) and the solution was stirred at —78 °C for 10 min
before the diol 51 (100 mg, 0.239 mmol) in dichloromethane
(2 cm?®) was added. The mixture was stirred for 15 min at

—78 °C before triethylamine (200 puL, 1.435 mmol) was added and
then for a further 15 min before saturated aqueous ammonium
chloride (10 cm®) was added. The mixture was warmed to
room temperature, dichloromethane (10 cm?) was added, and the
aqueous phase was extracted with dichloromethane (2 x 10 cm?®).
The organic extracts were dried (MgSO,) and concentrated under
reduced pressure. Chromatography of the residue using light
petroleum—ethyl acetate (1 : 1) as eluent gave the title compound 54
(57 mg, 58%) as a viscous yellow oil (found: M* + NH,, 434.1377.
CyH,N;O4S requires M, 434.1386); v, (CDCl;) 3481, 3092,
1713, 1545, 1440, 1361, 1168, 1126 and 1095 cm™"; 5 (300 MHz,
CDCl;) 1.51-1.84 (5 H, m), 2.31 (1 H, m), 3.27 (1 H, m, CH),
3.99 and 4.12 (each 1 H, d, J 17, 1-H and 3-H), 4.59 and 4.90
(each 1 H, dd, J 2.5, 17, 1-H  and 3-H'), 7.06 (1 H, d, J 7, ArH),
7.15-7.29 2 H, m, ArH), 7.60-7.74 (4 H, m, ArH) and 7.96 (1 H,
dd, J 2, 7, ArH); 6. (75 MHz, CDCl;) 16.79, 21.52, 21.71, 42.36,
53.14,57.07, 83.70, 124.42, 127.83, 127.94, 128.11, 128.24, 129.37,
131.03, 131.60, 131.93, 133.71, 134.25, 139.05 and 206.40; m/z
(CT) 434 (M* + 18, 20%) and 230 (100).

2-Butyl-5-cyclobutyl-5-hydroxy-1,2,3,5-tetrahydro-[1 H]-2-
benzazepin-4-one 55

Dimethyl sulfoxide (162 pL, 2.28 mmol) was added dropwise at
—78 °C to oxalyl chloride (120 uL, 1.38 mmol) in dichloromethane
(5 cm®) under nitrogen. After 10 min, the diol 53 (132 mg,
0.46 mmol) in dichloromethane (4 cm®) was added dropwise by
syringe and the stirring was continued for 2 h during which
time the temperature was allowed to rise from —78 °C to
0 °C. Triethylamine (0.38 cm?®, 2.72 mmol) was added and, after
a further 15 min, ether (15 cm?®) and water (15 cm®) were added.
The aqueous layer was extracted with ether (3 x 25 cm®) and
the organic extracts were dried (MgSO,). After concentration
under reduced pressure, chromatography of the residue using light
petroleum—ethyl acetate (5 : 1) containing triethylamine (1%) gave
the title compound 55 (96 mg, 73%) as a yellow oil (found: M* + H,
288.1972. C;sH,NO, requires M, 288.1963); v,., 3469, 3156, 3054,
1728, 1705, 1466, 1455, 1375, 1264, 1249 and 1168 cm™; dy
(400 MHz, CDCl;) 091 3 H, t, J 7.25, 4-H;), 1.32 (2 H, sex,
J 7.25,3-H,), 1.45-1.53 (2 H, m, CH,), 1.68 (1 H, m), 1.79 (3 H,
m), 1.90 and 2.29 (each 1 H, m), 2.38-2.45 (2 H, m), 3.54 (1 H, dd,
J 1,16, 1-H), 3.59 (1 H, pent, J 8, CH), 3.74 (1 H, d, J 16, 1-H),
3.95and4.18 (each 1 H,d, J 16,3-H),7.06 (1H,dd, J 1, 7.5, ArH),
7.21and 7.25 (each 1 H, dt, J 1,7.5, ArH) and 7.86 (1 H, dd, J 1.5,
7.5, ArH); . (100 MHz, CDCl;) 13.85, 17.20, 20.20, 21.66, 21.78,
29.23, 41.51, 54.47, 60.35, 64.11, 83.91, 127.16, 127.24, 127.37,
129.42, 134.86, 138.34 and 208.01; m/z (CI) 288 (M* + 1, 100%).

(4SR,5RS)-5-Cyclobutyl-4,5-dihydroxy-2-[3-(N-phenylmethyl- V-
trifluoroacetyl)aminopropyl]-2,3,4,5-tetrahydro-[1 H]-2-
benzazepine 67

The crude diol 52 [prepared from the 2-nitrophenylsulfonamide 51
(120 mg, 0.287 mmol), potassium carbonate (129 mg, 0.933 mmol)
and thiophenol (44 pL, 0.428 mmol) in N,N-dimethylformamide
(5 cm?)], the aldehyde 56** (223 mg, 0.861 mmol) and sodium
cyanoborohydride (18 mg, 0.286 mmol) were dissolved in
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methanol (5 cm®) containing a drop of conc. aqueous hydrogen
chloride and the solution was stirred at room temperature for
15 h. The mixture was extracted with ether (5 x 25 cm®) which
was washed with aqueous sodium hydroxide (1 M, 25 cm?)
and dried (MgSQO,). Concentration under reduced pressure and
chromatography of the residue using light petroleum—ethyl acetate
(3:1 — 1:1) containing triethylamine (1%) as eluent gave
the title compound 67 (104 mg, 76%), as an oil, a 60 : 40
mixture of rotamers (found: M+, 476.2287. C,sH; F;N,O; requires
M, 476.2290); 6y (300 MHz, CDCl;) 1.37 (1 H, m), 1.63-1.91
(4 H, m), 2.14-3.10 (9 H, m), 3.20-3.90 (5 H, m), 4.52 (0.4 H, d, J
14.5, NHCHPh), 4.56 and 4.69 (each 0.6 H, d, J 15.5, NHCHPh),
4.82 (0.4 H,d, J 14.5, NHCHPh), 7.05-7.18 (2 H, m, ArH), 7.22
(1 H, m, ArH), 7.25-7.45 (5 H, m, ArH) and 7.84 (1 H, m, ArH);
m/z (CI) 477 (M* + 1, 100%)).

5-Cyclobutyl-5-hydroxy-2-[3-(N-phenylmethyl- V-
trifluoroacetyl)aminopropyl]-2,3,4,5-tetrahydro-[1 H]-2-
benzazepin-4-one 68

Dimethyl sulfoxide (133 pL, 1.87 mmol) was added to oxalyl
chloride (98 pL, 1.12 mmol) in dichloromethane (3 cm?®) at
—78 °C. After 10 min, the hydroxytetrahydrobenzazepine 67
(179 mg, 0.376 mmol) in dichloromethane (5 cm?) was added
and the reaction mixture was allowed to warm to 0 °C over
1 h. Triethylamine (0.31 cm?, 2.22 mmol) was added and, after
30 min, water (25 cm?®) and ether (25 cm?®). The aqueous layer
was extracted with ether (4 x 25 cm®) and the organic extracts
were dried (MgSO,) and concentrated under reduced pressure.
Chromatography of the residue using light petroleum—ethyl acetate
(5 : 1) containing triethylamine (1%) as eluent gave the title
compound 68 (120 mg, 67%), a mixture of rotamers, as a yellow oil
(found: M* + H, 475.2205. C,H;3,F;N,O; requires M, 475.2208);
Vmax 3466, 3065, 1690, 1452, 1202 and 1144 cm™'; 6, (200 MHz,
CDCl;) 1.49-1.98 (8 H, m), 2.18-2.40 (2 H, m, CH,), 3.28-3.60
(4 H, m), 3.74-3.90 (2 H, m), 4.23 (1 H, m), 4.55-4.73 3 H, m,
CH, and OH), 6.98 (1 H, m, ArH), 7.10-7.45 (7 H, m, ArH) and
7.77 (1 H, m, ArH); m/z (CI) 475 (M* + 1, 5%), 261 (40), 221 (80),
108 (100) and 91 (90).

5-Cyclobutyl-5-hydroxy-2-|3-(phenylmethylamino)propyl}-1,2,3,5-
tetrahydro-[1 H]-2-benzazepin-4-one 69

Potassium carbonate (117 mg, 0.847 mmol) in water (0.6 cm?)
was added to the trifluoroacetamide 68 (80 mg, 0.169 mmol) in
methanol (10 cm?) and the solution was stirred for 24 h. After con-
centration under reduced pressure, chromatography of the residue
using light petroleum—ethyl acetate (1 : 2) containing triethylamine
(1%) as eluent gave the title compound 69 (50 mg, 80%) as a yellow
oil (found: M* + H, 379.2381. C,,H; N, O, requires M, 379.2385);
oy (300 MHz, CDCl;) 1.41-1.88 (7 H, m), 2.20 (1 H, m), 2.38 (2 H,
dt,J 3.5,7,CH,), 2.59 2 H, t,J 7, CH,), 3.45 (1 H, m, CH), 3.45
and 3.68 (each 1 H, d, J 16, 1-H), 3.69 (2 H, s, ArCH,N), 3.85 and
4.14 (each 1 H, d, J 16, 3-H), 6.97 (1 H,d, J 7.5, ArH), 7.11 (1 H,
dt, J 1.5, 7.5, ArH), 7.14-7.26 (6 H, m, ArH) and 7.67 (1 H, d, J
7.5, ArH); o (75 MHz, CDCl,) 17.16, 21.55, 21.71, 27.35, 30.25,
41.71, 47.08, 52.50, 60.14, 64.07, 83.99, 126.96, 127.29, 127.41,

128.04, 128.35, 129.59, 134.49, 138.38 and 207.74; m/z (CI) 379
M* + 1, 50%), 284 (50), 267 (55) and 108 (100).

(4SR,5RS)-5-Cyclobutyl-4,5-dihydroxy-2-[2-(/V-2-
nitrophenylsulfonyl-/V-phenylmethylamino)-ethyl]-2,3,4,5-
tetrahydro-[1 H]-2-benzazepine 70

Sodium cyanoborohydride (33 mg, 0.525 mmol) and concentrated
aqueous hydrogen chloride (1 drop) were added to the tetrahy-
drobenzazepine 52 (122 mg, 0.524 mmol) and the aldehyde 59
(350 mg, 1.048 mmol) in methanol (5 cm?) at room temperature.
After 15 h, ethyl acetate (25 cm?) and water (25 cm?) were added
and the pH was adjusted to ca. 12 with aqueous sodium hydroxide
(1 M). The aqueous phase was extracted with ethyl acetate (2 x
25 cm®) and dichloromethane (3 x 25 cm?®). The organic extracts
were dried (MgSO,), silica (ca. 2.5 g) was added and the mixture
was concentrated under reduced pressure. Chromatography of
the residue using light petroleum-ethyl acetate (1 : 1) — neat
ethyl acetate containing triethylamine (1%) as the eluent gave
the title compound 70 (189 mg, 66%) as a viscous yellow oil
(found: M* + H, 552.2172. C,xH3,N;O¢S requires M, 552.2168);
Vmax (CDCly) 3468, 3065, 1544, 1455, 1370, 1162, 1068, 1000 and
911 ecm™; dy (300 MHz, CDCl;) 1.25 (1 H, m), 1.57-1.77 (3 H,
m), 2.05-2.22 (2 H, m), 2.50-2.62 (2 H, m, 1'-H,), 2.71 (1 H, pent,
J 8.5, CH), 2.82-2.93 (2 H, m, 3-H,), 3.25-3.50 (3 H, m, 1-H,
2'-H,), 3.58 (1 H, d, J 3.5, 4-H), 3.69 (1 H, d, J 15, 1-H'), 4.40
and 4.48 (each 1 H, d, J 14 NHCHPh), 6.91 (1 H,d, J 7.5, ArH),
7.10(1H,dt,J 1.5,7.5, ArH), 7.18-7.31 (6 H, m, ArH), 7.53-7.67
(3H, m, ArH), 7.73 (1 H, dd, J 1.5, 8, ArH) and 795 (1 H, d, J
8, ArH); 6 (100 MHz, CDCl;) 17.72, 21.67, 21.79, 39.60, 45.52,
52.18, 57.54, 60.17, 62.96, 73.06, 79.30, 124.22, 126.86, 127.17,
128.09, 128.16, 128.70, 128.82, 130.17, 130.79, 131.61, 133.11,
133.46, 134.49, 135.16, 141.43 and 147.83;. m/z (CI) 552 (M* + 1,
2%, 363 (10) and 108 (100).

5-Cyclobutyl-4-hydroxy-2-[2-(/V-2-nitrophenylsulfonyl-/V-
phenylmethylamino)ethyl]-2,3,4,5-tetrahydro-[1 H]-2-benzazepin-
4-one 71

Dimethyl sulfoxide (60 uL, 0.846 mmol) was added to oxalyl
chloride (42 pL, 0.481 mmol) in dichloromethane (1 cm?®) at
—78 °C followed, after 15 min, by the addition of the diol 70
(60 mg, 0.109 mmol) in dichloromethane (2 cm?®). The mixture
was allowed to warm to —10 °C, then triethylamine (100 pL,
0.718 mmol) was added. After 30 min, water (20 cm®) and ether
(20 cm?®) were added and the aqueous phase was extracted with
ether (4 x 20 cm?). The organic extracts were dried (MgSO,) and
concentrated under reduced pressure. Chromatography using light
petroleum—ethyl acetate (3 : 1 — 1 : 1) containing triethylamine
(1%) as eluent gave the title compound T1 (46 mg, 77%) as a
yellow oil (found: M* + H, 550.2021. C,0H;,N;04S requires M,
550.2012); vy, 3466, 3065, 1698, 1544, 1454, 1369 and 1163 cm™';
on (300 MHz, CDCl;) 1.55 (1 H, m), 1.65-1.88 (4 H, m), 2.22 (1 H,
pent, J 9, CH), 2.33 2 H, t, J 7, I'-H,), 3.34-3.39 (3 H, m), 3.38
and 3.64 (each 1 H, d, J 15, 1-H), 3.76 and 4.04 (each 1 H, d, J
16, 3-H), 4.50 (2 H, s, NCH,Ph), 4.54 (1 H, br. s, OH), 6.91 (1 H,
d,J7.5,ArH), 7.10 (1 H, dt, J 1.5, 7.5, ArH), 7.18-7.31 (6 H, m,
ArH), 7.53-7.67 3 H, m, ArH), 7.73 (1 H, dd, J 1.5, 8, ArH) and
7.95(1 H,dd, J 1, 8, ArH); m/z (CI) 550 (M* + 1, 20%), 363 (40),
106 (90) and 94 (100).
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5-Cyclobutyl-5-hydroxy-2-|2-(phenylmethylamino)ethyl]-2,3,4,5-
tetrahydro-|[1 H]-2-benzazepin-4-one 72

Potassium carbonate (212 mg, 1.534 mmol) and thiophenol (60 nL,
0.584 mmol) were added to the 2-nitrophenylsulfonamide 71
(260 mg, 0.474 mmol) in N,N-dimethylformamide (5 cm?). After
18 h, water (25 cm®) and ethyl acetate (25 cm?) were added, and
the aqueous layer was extracted with ethyl acetate (5 x 15 cm?).
The organic extracts were dried (MgSO,) and concentrated under
reduced pressure. Chromatography of the residue using light
petroleum—ethyl acetate (1 : 1 — 1 : 2) containing triethylamine
(1%) as eluent gave the title compound 72 (90 mg, 52%) as a yellow
oil (found: M* + H, 365.2220. C;;H», N, O, requires M, 365.2229);
Vmax 3454, 3054, 1693, 1673, 1453, 1265, 1133 and 1106 cm™'; dy
(300 MHz, CDCl,) 1.44 (1 H, m), 1.58-1.76 (4 H, m), 2.08-2.16
(1H,m),2.48and 2.71 (each 2 H, t, J 6, I'-H, and 2'-H,), 3.26 (1 H,
pent, J 8.5, CH), 3.44 and 3.75 (each  H, d, J 15.5, 1-H), 3.76 (1 H,
d,J16.5,3-H),3.90 and 3.96 (each 1 H, d, J 13.5, NHCHPh), 4.15
(1H,d,J16.5,3-H),6.84 (1 H,d, J 7.5, ArH), 7.05 (1 H, dt, J 1,
7.5, ArH), 7.11-7.36 (6 H, m, ArH) and 7.64 (1 H, d, J 7.5, ArH);
m/z (CI) 365 (M* + 1, 80%), 347 (30%), 108 (100) and 74 (80).

5-Cyclobutyl-2,3-dihydro-[1 H]-2-benzazepine 82

Potassium carbonate (0.63 g, 4.56 mmol) and thiophenol (0.19 g,
1.69 mmol) were added to the 2-nitrobenzene sulfonamide 50
(0.50 g, 1.302 mmol) in N,N-dimethylformamide (33 cm?) at room
temperature and the mixture was stirred for 16 h. Deionised water
(50 cm®) was added and the aqueous phase was extracted with ethyl
acetate (5 x 50 cm®). The organic extracts were dried (MgSO,) and
concentrated under reduced pressure to give the title compound 82
(0.259 g, 1.302 mmol, ca. 100%) as an oil used without further
purification (found: M* + H, 200.1434. C,,H;N requires M,
200.1439); vy 3059, 1713, 1633, 1589, 1563, 1517, 1334, 1304,
851, 752 and 734; Jy (300 MHz, CDCl;) 1.6-2.2 (6 H, m), 3.16
(2H,dJ7,3-H,), 3.22 (1 H, pent, J 7.5, I'-H), 3.84 2 H, s, 1-
H,), 5.85 (2 H, br. m, 2-H and 4-H) and 7.1-7.6 (4 H, m, ArH); d
(75 MHz, CDCl;) 17.94, 28.47, 39.85, 40.76,47.07, 117.57, 126.24,
128.07, 128.67, 130.40, 133.72, 140.16 and 151.68; m/z (CI) 200
M* + 1, 100%).

5-Cyclobutyl-2-[3-(/N-2-nitrophenylsulfonyl-/V-phenylmethyl)-
aminopropanoyl]-2,3-dihydro-[1 H]-2-benzazepine 83

O-(Benzotriazol-1-yl)-N,N,N’,N'-tetramethyluronium tetraflu-
oroborate (TBTU) (177.5 mg, 0.553 mmol) and di-
isopropylethylamine (130 mg, 1.01 mmol) were added to
the sulfonylaminopropanoic acid 81 (183 mg, 0.50 mmol) in
dichloromethane (3.2 cm®) at 0 °C and the reaction mixture
was stirred for 15 min before the dihydrobenzazepine 82
(100 mg, 0.50 mmol) in dichloromethane (1 cm?) was added.
The reaction mixture was stirred at room temperature overnight,
dichloromethane (10 cm?) was added and the mixture was washed
with aqueous hydrogen chloride (3 x 15 cm?), deionised water
(1 x 15 cm?), saturated aqueous ammonium chloride (3 x
15 cm®) and deionised water (1 x 15 cm®) then dried (MgSO,)
and concentrated under reduced pressure. Chromatography of
the residue using light petroleum—ethyl acetate (1 : 1) containing
triethylamine (1%) as eluent gave the title compound 83 (215 mg,
79%) as an oil (found: M* + H, 546.2069. C;,H3,N;O;S requires

M, 546.2063); v, 3059, 1669, 1634, 1543, 1455, 1434, 1372,
1346, 1162, 768 and 736; oy (300 MHz, dimethyl sulfoxide-d6,
150 °C) 1.80 (1 H, m), 1.87-2.02 (3 H, m), 2.17-2.28 (2 H, m),
2.52(2H,t,J75,2-H,),3.51-3.73 (5 H, m), 422 (2 H, s, I-H,),
4.57 2 H, s, ArCH,N), 5.87 (1 H, dt, J 2,7,4-H), 7.38-7.23 (O H,
m, Ar-H), 7.88-7.76 (3 H, m, Ar-H) and 8.01 (1 H, d, J 12, ArH);
dc (75.5 MHz, dimethyl sulfoxide-d6, 150 °C) 17.94, 28.92, 28.96,
33.30, 43.37, 43.41, 45.02, 48.81, 52.51, 120.33, 124.99, 126.93,
128.00, 128.33, 128.39, 128.83, 129.11, 129.84, 130.72, 132.87,
134.94, 136.43, 137.09, 139.92, 147.01 and 168.63; m/z (CI) 546
(M* + 1, 3%), 481 (3), 359 (35), 198 (90) and 94 (100).

(4SR,5RS)-5-Cyclobutyl-4,5-dihydroxy-2-[3-(/N-phenylmethyl)-
aminopropyl]-2,3,4,5-tetrahydro-[1 H]-2-benzazepine 86

The N-acyltetrahydrobenzazepine 85 (48 mg, 0.12 mmol) in
tetrahydrofuran (1 cm?) was added to the borane in tetrahydrofu-
ran (1 M, 0.61 cm?, 0.61 mmol) cooled to 0 °C and the reaction
mixture was stirred at room temperature for 3 h. The reaction
mixture was cooled to 0 °C and deionised water (1 cm®) was
added followed by aqueous hydrogen chloride (1 M, 1 cm?). The
reaction mixture was then heated under reflux for 1 h, cooled
and concentrated under reduced pressure. The solid residue was
dissolved in deionised water (~3 cm?) and the pH was adjusted to
12 by the addition of solid sodium hydroxide. The aqueous phase
was then extracted with dichloromethane (3 x 10 cm?®) and the
combined organic phases were dried (MgSO,) and concentrated
under reduced pressure to give the title compound 86 (27 mg,
57%) as an oil (found: M* + H, 381.2547. C,,H3;N,O, requires
M, 381.2543); v, 3406, 3059, 3023, 1455, 1310, 1277, 1243, 1217,
1158, 1142, 1081, 998, 747 and 699; dy (300 MHz, CDCl;) 1.35
(1 H, m) 1.73-1.96 (5 H, m), 2.14-2.33 (2 H, m, CH,), 2.64-2.83
(5H, m),2.87(1 H,d, J 13, 3-H), 3.16 (1 H, br. s, OH), 3.24 (1 H,
ddd, J 13, 5, 2, 3-H'), 3.88-3.61 (5§ H, m), 7.05 (1 H, d, J 8, ArH),
7.16-7.37(7TH, m, ArH) and 7.85(1 H, d, J 8, ArH); 0. (75.5 MHz,
CDCl;) 17.97,21.90,22.12,26.79,39.91,47.59, 53.32, 58.86, 59.21,
64.46,73.21,79.47,127.20, 127.57, 127.75, 128.69, 128.89, 129.33,
130.29, 135.31 and 142.41; m/z (CI) 381 (M* + 1, 100%).

5-Cyclopentyl-2-(2-nitrophenylsulfonyl)-2,3-dihydro-[1 H]-2-
benzazepine 95

A solution of the dienylamine 94 (1.00 g, 2.40 mmol) in
dichloromethane (100 cm®) was degassed by repeated freezing
under a nitrogen atmosphere and thawing under reduced pressure.
Grubbs’ II catalyst (99 mg, 0.174 mmol) was added and the
resulting mixture was heated in a sealed tube at 45 °C for 24 h.
It was then filtered and concentrated under reduced pressure.
Chromatography of the residue using dichloromethane as eluent
gave the title compound 95 (380 mg, 40%) as a colourless
oil (found: M* + Na, 421.1189. C, H,N,O,SNa requires M,
421.1192); v, 1540, 1354, 1163, 1126, 1065, 914 and 777 cm™';
Jn (500 MHz, CDCL;) 1.36 (2 H, m), 1.54-1.68 (4 H, m), 1.84
(2H, m), 298 (1 H, m), 3.61 2H,d J 7.5, 3-H,), 424 2 H, s,
1-H,), 5.89 (1 H, dt, J 1.5, 7.5, 4-H), 7.29 (1 H, m, ArH), 7.35-
7.41 (3 H, m, ArH), 7.64-7.72 (3 H, m, ArH) and 8.03 (1 H, dd,
J 1.5, 7.5, ArH); ¢ (125 MHz, CDCl;) 152.15, 141.89, 133.31,
131.87, 130.17, 128.90, 128.36, 127.53, 127.51, 126.76, 126.61,
124.58, 116.76, 49.61, 45.22, 43.40, 32.03 and 24.82; m/z (ES)
437 (100%) and 421 (M* + 23, 25).
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(4R S ,5SR)-5-Cyclopentyl-2-(3-phenylmethylamino)propyl-4,5-
dihydroxy-2,3,4,5-tetrahydro-[1 H]-2-benzazepine 100

N-Methylmorpholine-N-oxide (4.2 mg, 0.0413 mmol) and
osmium tetraoxide (1 mg, 0.00376 mmol) were added to the
dihydrobenzazepine 97 (21 mg, 0.0376 mmol) in acetone (1 cm?),
tert-butanol (1 cm®) and water (270 uL) and the mixture was
stirred for 16 h at room temperature then was poured into rapidly
stirred aqueous sodium sulfite (5 cm?). The mixture was extracted
with ethyl acetate, dried (Na,SO,) and concentrated under reduced
pressure. Chromatography of the residue using ethyl acetate-light
petroleum (3 : 7) as eluent gave 5-cyclopentyl-4,5-dihydroxy-2-
[3-N-(2-nitrophenylsulfonyl)- N-(phenylmethyl)amino]propanoyl-
2,3,4,5-tetrahydro-[1 H]-2-benzazepine 98 (117 mg, 91%), a
mixture of rotamers, as a colourless oil (found: M* + H, 594.2272.
C; H3N;0;S requires M, 594.2268); v 3436, 1631, 1543, 1452,
1371 and 1162 cm™; m/z (ES) 616 (100%) and 594 (M* + 1, 50).

Potassium carbonate (49 mg, 0.36 mmol) and thiophenol
(14.5 uL, 0.134 mmol) were added to 2-nitrobenzene sulfonamide
98 (59 mg, 0.103 mmol) in N,N-dimethylformamide (1.5 cm?) and
the solution was stirred for 24 h. Water (3 cm?) was added and the
mixture extracted with ethyl acetate (3 x 5 cm?®), dried (MgSO,)
and concentrated under reduced pressure. Chromatography
of the residue using methanol-ethyl acetate (1 : 4) containing
triethylamine (1%) as eluent gave 5-cyclopentyl-4,5-dihydroxy-2-
[3-(N-phenylmethyl)aminopropanoyl]-2,3,4,5-tetrahydro-[1 H]-2-
benzazepine 99 (22 mg, 75%), a mixture of rotamers, as a colourless
oil (found: M* + H, 409.2487. C,sH3;N,O; requires M, 409.2486);
Vimax 3412, 1633 and 1453 cm™; m/z (ES) 409 (M* + 1, 100%).

Borane-tetrahydrofuran complex (1 M in THF; 7.72 mmol,
7.72 cm®) was added to the 2,3,4,5-tetrahydro-[1 H]-2-benzazepine
99 (590 mg, 1.54 mmol) in THF (15 cm®) and the mixture
was stirred for 16 h at room temperature. Aqueous hydrogen
chloride (1 M; 1 cm®) and water (1 cm?®) were added and the
reaction mixture was heated at 80 °C for 1 h then cooled and
extracted with ethyl acetate (3 x 5 cm?). The organic extracts
were dried (MgSO,) and concentrated under reduced pressure.
Chromatography of the residue using methanol-ethyl acetate (1 :
4) containing triethylamine (1%) gave the title compound 100
(360 mg, 60%) as a colourless oil (found: M* + H, 395.2688.
CysH3sN,O, requires M, 395.2693); v 3391, 1453, 1320 and
1062 cm™'; 6y (500 MHz, CDCl;) 0.75-0.86 (2 H, m), 1.18-1.26
(2H,m), 1.41-1.67 (6 H,m), 1.82 (1 H, m), 2.26 (1 H, m), 2.51-2.68
(4H,m,2 x CH,),2.87 (1 H,d, J 13.5, 3-H), 3.10 (1 H, br. s, OH),
3.15(1 H,dd, J 13.5, 3, 3-H"), 3.47 (1 H, dd, J 14.5, 2, 1-H), 3.57
and 3.62 (each 1 H, d, J 13, NHCHPh), 3.79 (1 H, d, J 14.5, I-H),
3.88 (1 H, m, 4-H), 6.59 (1 H, d, J 7, ArH), 7.01 (1 H, m, ArH),
7.10 (1 H, dt, J 7.5, 1, ArH), 7.16-7.20 (5 H, m, ArH) and 7.75
(1H,d,J8, ArH);d. (125 MHz, CDCl,;) 25.00, 25.61, 26.18, 26.90,
27.30,44.53,47.71, 53.40, 59.01, 59.30, 64.55, 74.69, 80.41, 127.17,
127.29, 128.75, 128.97, 129.34, 129.51, 130.42, 130.56, 135.43 and
144.48; m/z (ES) 396 (25%) and 395 (M* + 1, 100).

5-Cyclopentyl-2-[3-(/V-2-nitrophenylsulfonyl-/V-phenylmethyl)-
aminopropyl|-4,5-dihydroxy-2,3,4,5-tetrahydro-
[1H]-2-benzazepine 101

Sodium carbonate (79 mg, 0.739 mmol), tetra-n-butylammonium
iodide (25 mg, 0.067 mmol) and 2-nitrophenylsulfonyl

chloride (149 mg, 0.673 mmol) were added to the 2-
aminopropyltetrahydrobenzazepine 100 (43 mg, 0.11 mmol) in
acetone (5 cm?) and water (3.25 cm?) and the solution was stirred
for 4 h at room temperature then extracted with ethyl acetate
(2 x 15 cm®). The organic extracts were dried (MgSO,) and
concentrated under reduced pressure to afford the title compound
101 as an oil used without further purification (found: M* + H,
580.2481. C;;HxN;O4S requires M, 580.2476); vy, 3435, 1543,
1371 and 1162 cm™'; 6 (500 MHz, CDCl;) 0.8 (1 H, m), 1.2 (2 H,
m), 1.35-1.63 (7 H, m), 2.18, 2.28 and 2.44 (each 1 H, m), 2.68—
2.85 (2 H, m), 3.14 (2 H, m, 3-H,), 3.32 and 3.57 (each 1 H, d,
J 10, 1-H), 3.64 (1 H, m, 4-H), 4.30 and 4.42 (each 1 H, d, J 12,
NHCHPh), 6.86 (1 H, d, J 7, ArH), 7.02-7.2 (7 H, m, ArH), 7.47
(1H,dt,J1.5,7, ArH), 7.5-7.6 (2 H, m, ArH) and 7.70 and 7.80
(each 1 H, d, J 7.5, ArH); m/z (ES) 580 (M* + 1, 100%).

5-Cyclopentyl-2-[3-(/N-2-nitrophenylsulfonyl-/V-phenylmethyl)-
aminopropyl]-5-hydroxy-2,3,4,5-tetrahydro-[1 H]-2-
benzazepin-4-one 102

Pyridine (19 mg, 0.248 mmol) was added to the Dess—Martin
periodinane (21 mg, 0.049 mmol) in dichloromethane (1 cm?®) and
the mixture was stirred for 20 min then added to the 4,5-dihydroxy-
2,3,4,5-tetrahydro-[1 H]-2-benzazepine 101 (24 mg, 0.0414 mmol)
in dichloromethane (1 cm®). After 2 h, aqueous sodium sulfite
(1 cm®) was added and the mixture was stirred for 1 h then
extracted with dichloromethane (3 x 5 cm?). The organic extracts
were dried (MgSO,) and concentrated under reduced pressure.
Chromatography of the residue using methanol-ethyl acetate (1 :
4) containing triethylamine (1%) as eluent gave the title compound
102 (17 mg, 60%) as a colourless oil (found: M* + H, 578.2318.
C3H3N;O4S requires M, 578.2319); vi.. 3430, 1649, 1452, 1364
and 1076 cm™'; 4 (500 MHz, CDCl;) 0.80-1.65 (10 H, m), 2.05-
2.18 (2 H, m, I'-H,), 2.90 (1 H, quin, J 8.5, 1”-H), 3.18 and 3.28
(each 1 H, m, 3-H), 3.40 (1 H, d, J 15), 3.74 (1 H, d, J 16) 3.92
(1H,d,J15),4.23 (1 H,d, J 16),4.34 (1 H, br. s, OH), 4.41 and
4.44 (each 1 H, d, J 14, NHCHPh), 6.93 (1 H,d, J 7.5, ArH), 7.18
(1H,t,J 7, ArH), 7.27-7.33 (5 H, m, ArH), 7.58-7.71 (4 H, m,
ArH) and 7.83 and 7.96 (each 1 H, d, J 8, ArH); m/z (ES) 601
(25%), 600 (70) and 578 (M* + 1, 100).

5-Cyclopentyl-2-[3-(phenylmethylamino)propyl]-5-hydroxy-
2,3,4,5-tetrahydro-[1 H]-2-benzazepin-4-one 103

Potassium carbonate (49 mg, 0.36 mmol) and thiophenol (19 mg,
0.173 mmol) were added to the 2-nitrophenylsulfonamide 102
(100 mg, 0.173 mmol) in N,N-dimethylformamide (3.5 cm?®) and
the solution was stirred for 24 h. Water (3 cm?®) was added and the
mixture was extracted with ethyl acetate (3 x 5 cm?). The organic
extracts were dried (MgSO,) and concentrated under reduced
pressure. Chromatography of the residue using methanol-ethyl
acetate (1 : 4) containing triethylamine (1%) as eluent gave the title
compound 103 (50 mg, 75%) as a colourless oil (found: M* + H,
393.2542. CysHy;3N,O, requires M, 393.2537); v,.. 3437, 1668,
1520, 1454, 1361, 1208, 1176 and 1026 cm™"; 0y (500 MHz, CDCl;)
0.80 (1 H, m), 1.08-1.70 (9 H, m), 2.27 and 2.55 (each 2 H, m,
I'-H, and 3'-H,), 3.03 (1 H, quin, J 8, 1”-H), 3.48 (1 H, d, J 15.5,
1-H), 3.69 (2 H, s, CH,Ph), 3.83 (1 H, d, J 16, 3-H), 3.98 (1 H, d,
J15.5,1-H),4.32 (1 H, d, J 16, 3-H'), 4.38 (1 H, br. s, NH), 6.98
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(1H,d,J 7, ArH), 7.10-7.16 (6 H, m, ArH), 7.42 (1 H, m, ArH)
and 7.78 (1 H, dd, J 8, 1, ArH); m/z (ES) 393 (M* + 1, 100%).

5-Cyclobutyl-8-fluoro-2-(2-nitrophenyl)sulfonyl-2,3-dihydro-[1 H]-
2-benzazepine 115

Grubbs’ II catalyst (313 mg, 5 mol%) was added to the diene
114 (3.20 g, 7.44 mmol) in degassed dichloromethane (500 cm?)
at room temperature under nitrogen and the reaction was heated
under reflux for 20 h then filtered through celite and concentrated
under reduced pressure. Chromatography of the residue using
ether-light petroleum (1 : 1) as eluent gave the title compound 115
(2.90 g, 97%) (found: M*, 402.1041. C, H,,FN,O,S requires M,
402.1050); v, 1549, 1492, 1461, 1377, 1355, 1244 and 1170 cm™';
Jn (300 MHz, CDCl;) 1.58-2.12 (6 H, m, 3 x CH,), 3.33 (1 H, m,
1'-H), 3.55(2H,d,J 7,3-H,),4.16 2H, s, 1-H,), 5.77 (1 H, td, J
7,2,4-H), 6.91-7.02 (2 H, m, ArH), 7.16 (1 H, dd, J 8, 5.5, ArH),
7.70-7.52 (3 H, m, ArH) and 7.94 (1 H, m, ArH); . (75 MHz,
CDCl;) 17.75, 28.30, 39.63, 43.09, 48.80, 115.22 and 115.50 (d,
2Jer 21), 116.41 and 116.70 (d, *Jr 22), 116.93, 124.10, 127.77
and 127.88 (d, *J.r 8), 130.54, 131.56, 132.70, 133.54, 135.33 and
135.42 (d, °J r 7), 135.83 and 135.87 (d, *J . 3), 148.07, 150.19,
and 160.06 and 163.36 (d, 'J ., 247.5); m/z (CI) 420 (M* + 18,
40%), 297 (20) and 232 (100).

(4RS,55R)-5-Cyclobutyl-8-fluoro-2-(2-nitrophenyl)sulfonyl-
2,3,4,5-tetrahydro-[1 H]-2-benzazepine-4,5-diol 116

N-Methylmorpholine-N-oxide (592 mg, 4.98 mmol) was added to
the dihydrobenzazepine 115 (500 mg, 1.244 mmol) and osmium
tetraoxide (48 mg, 15 mol%) in acetone and water (5 : 1, 60 cm?)
and the mixture was stirred at room temperature for 48 h. Aqueous
sodium sulfite was added and the mixture was concentrated under
reduced pressure. Chromatography of the residue using ether as
eluent followed by repeated chromatography using methanol-
ether (1 : 19) as eluent gave the title compound 116 (526 mg, 97%)
as an oil (found: M* + NH,, 454.1445. C,H,;FN;O,S requires
M, 454.1448); v, 3542-3435, 1609, 1590, 1541, 1461, 1376, 1241,
1165, 1002 and 905 cm™; 4 (300 MHz, CDCl;) 1.37 (1 H, m),
1.70-1.90 (3 H, m), 2.08-2.38 (2 H, m), 2.53 (1 H, d, J 9, 4-OH),
2.85(1 H,m),3.22 (1 H,d, J2,5-0H), 3.53 (1 H, d, J 15, 3-H),
3.86(1H,ddd,J9,4,2,4-H),4.02(1 H,ddd, J 15,4, 2,3-H),4.42
(1H,d,J 16, 1-H),4.75 (1 H, dd, J 16, 2, 1-H'), 6.95-7.10 (2 H,
m, ArH), 7.69-7.89 (4 H, m, ArH) and 8.14 (1 H, m, ArH); ¢
(125 MHz, CDCl,) 17.97, 22.01, 22.20, 39.87, 51.28, 54.12, 66.27,
72.74,79.47,114.98 and 115.14 (d, *J . 20), 117.41 and 117.58 (d,
2Jer21.5),124.84,131.82 and 131.88 (d, *J .r 7.5), 132.01, 132.48,
134.55,135.37 and 135.43 (d, °J c.r 7.5), 137.04 and 137.07 (d, *J c.r
2.5), 148.32, and 161.02 and 162.98 (d, 'J .. 245); m/z (CI) 454
(M* + 18, 20%), 419 (15), 407 (47), 250 (90) and 94 (100).

(4R S,5SR)-5-Cyclobutyl-8-fluoro-2,3,4,5-tetrahydro-[1 H|-2-
benzazepine-4,5-diol 117

Thiophenol (56 pL, 0.55 mmol) was added to benzazepine
116 (80 mg, 0.183 mmol) and potassium carbonate (101 mg,
0.733 mmol) in acetonitrile (3.1 cm?) and the reaction mixture
was stirred at room temperature for 16 h. Water (30 cm?) was then
added and the aqueous phase was extracted with ethyl acetate
(4 x 30 cm?®). The organic extracts were dried (Na,SO,) and

concentrated under reduced pressure. Chromatography of the
residue using methanol-ether (up to 10% methanol) containing
triethylamine (1%) as eluent gave the title compound 117 (46 mg,
100%) as a dark coloured oil (found: M* + H, 252.1389.
C,H\yFNO, requires M, 252.1394); v,., 3318, 1610, 1590, 1490,
1445, 1412, 1238, 1144, 1098, 1074, 1056, 1002, 981, 909, 865, 815
and 732 cm™'; 6y (300 MHz, CDCl;) 1.34 (1 H, m), 1.69-1.92 (3 H,
m), 2.05-2.31 (2 H, m), 2.85 (1 H, m, 5-CH), 3.14 (1 H, dd, J 13.5,
1.0, 3-H), 3.24 (1 H, dd, J 13.5, 4.5, 3-H"), 3.69 (1 H, dd, J 4.5,
1, 4-H), 3.84 and 4.02 (each 1 H, d, J 15, 1-H), 6.75 (1 H, dd, J
9.5,3,9-H), 6.95(1 H, td, J 8.5, 3,7-H) and 7.79 (1 H, dd, J 9, 6,
6-H); 5. (75 MHz, CDCl;) 17.90, 21.89, 22.09, 40.13, 52.36, 56.17,
73.40, 80.10, 113.39 and 113.66 (d, °J.r 19.5), 116.37 and 116.65
(d, *Jc.r 21.5), 131.52 and 131.62 (d, °J .y 7.5), 137.54 and 137.51
(d,"Jcr 3),139.19 and 139.27 (d, *J .r 6.5) and 159.94 and 163.20
(d, 'J cr 244.5); m/z (ES) 252 (M* + 1, 100%)).

2-Butyl-5-cyclobutyl-8-fluoro-2,3,4,5-tetrahydro-[1 H]-2-
benzazepine-4,5-diol 118

Sodium cyanoborohydride (54 mg, 1.0 eq) and few drops of
concentrated aqueous hydrogen chloride were added to a mixture
of the diol 117 (200 mg, 0.86 mmol) and butanal (185 mg,
2.38 mmol) in methanol (15 cm?®) and the mixture was stirred at
room temperature for 12 h. Water and potassium carbonate were
added and the mixture was extracted with dichloromethane, then
filtered, dried (Na,SO,) and concentrated under reduced pressure.
Chromatography of the residue using ethyl acetate as eluent gave
the title compound 118 (238 mg, 90%) as an oil (found: M*,
307.1949. C3sH,xFNO, requires M, 307.1947); vn. 3449-3409,
1609, 1587, 1491, 1459, 1405, 1372, 1304, 1240, 1143, 1098, 1070,
1011 em™; dy (300 MHz, CDCl;) 0.84 3 H, t, J 7, 4-H,), 1.16
(3H,m), 1.32-1.52 (2H, m), 1.57-1.78 (3 H, m), 2.0-2.2 (2 H, m),
2.4-2.6(2H, m, I'-H,), 2.68 (1 H,m, CH), 2.8 (1 H, d, J 13, 3-H),
394 (1 H,d,J9,4-OH), 3.00 (1 H, m, 3-H'), 3.06 (1 H, s, 5-OH),
3.48 (1H,dd, J16,1.5,1-H),3.58 (1 H,dd, J 9, 6,4-H), 3.63 (1 H,
d,J 16, 1-H), 6.67 (1 H, dd, J 9.5, 2.5, ArH), 6.84 (1 H, td, J 8.5,
2.5, ArH) and 7.68 (1 H, dd, J 9, 6, ArH); d. (75 MHz, CDCl;)
13.89, 17.63, 20.30, 21.58, 21.70, 29.51, 39.73, 59.30, 59.53, 62.76,
72.74,79.24,113.13 and 113.37 (d, °J . 18), 116.36 and 116.64 (d,
2Jer 21), 130.97 and 131.07 (d, *Jcr 7.5), 137.37 and 137.41 (d,
“Jer 3), 137.52 and 137.60 (d, °J .- 6), and 159.61 and 162.87 (d,
'Je.r 244.5); m/z (CI) 309 (M* + 2, 30%) and 308 (100%).

(4RS,55R)-5-Cyclobutyl-4,5-dihydroxy-8-fluoro-2-[3-(/V-2-
nitrophenylsulfonyl-/V-phenylmethyl)-aminopropanoyl|-2,3,4,5-
tetrahydro-[1 H]-2-benzazepine 121

Thiophenol (305 pL, 2.98 mmol) was added to benzazepine
115 (920 mg, 2.29 mmol) and potassium carbonate (1.105 g,
8.01 mmol) in N,N-dimethylformamide (19 cm?®) and the reaction
mixture was stirred at room temperature for 16 h. Water (90 cm?)
was then added and the aqueous phase was extracted with
ethyl acetate (5 x 90 cm?®). The organic extracts were dried
(Na,S0O,) and concentrated under reduced pressure to give the
crude dihydrobenzazepine 119 (479 mg, ca. 100%) which was used
without purification.
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)
(746 mg, 3.89 mmo) and 4-dimethylaminopyridine (28 mg,
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0.23 mmol) were added to the crude acid 81 (1.09 g, 2.98 mmol)
in N,N-dimethylformamide (6.5 cm?) and the reaction mixture
was stirred for 15 min. The amine 119 (497 mg, 2.29 mmol)
in N,N-dimethylformamide (4.5 cm®) was then added and the
mixture was stirred for 16 h at room temperature before aqueous
hydrogen chloride (1 M, 90 cm?) and dichloromethane (200 cm?)
were added. The organic layer was washed with aqueous hydrogen
chloride (I M, 90 cm?) and saturated aqueous sodium hydrogen
carbonate (90 cm?®), dried (MgSO,) and concentrated under
reduced pressure to give the crude amide 120 (936 mg, 73%)
(found: M* + H, 564.1969. C;H;, FN;O5S requires M, 564.1963)
as an oil used without further purification; m/z (ES) 602 (M* +
39, 16%), 593 (100), 586 (15) and 564 (5).

N-Methylmorpholine-N-oxide (214 mg, 1.83 mmol) and os-
mium tetraoxide (42 mg, 0.17 mmol) were added to the crude
amide 120 (936 mg, 1.66 mmol) in acetone (26 cm?), fert-butanol
(26 cm?) and water (13 cm®). The reaction mixture was stirred
for 16 h at room temperature then saturated aqueous sodium
sulfite (140 cm®) was added. The mixture was then stirred for a
further 30 min before extracting with ethyl acetate (4 x 180 cm?®).
The organic layers were dried (Na,SO,) and concentrated under
reduced pressure. Chromatography of the residue using ethyl
acetate-light petroleum (50 : 50) containing triethylamine (1%)
as eluent gave the title compound 121 (936 mg, 94%), a 50 : 50
mixture of rotamers, as a white foam (found: M* + Na, 620.1837.
C;H;,FN;NaO;S requires M, 620.1837); v, 3430, 1633, 1590,
1543, 1493, 1455, 1371, 1346, 1267, 1239, 1163, 1126, 1095, 999,
982, 939, 852, 816, 776, 735 and 703 cm™'; dy (500 MHz, CDCl;—
D,0) 1.22 (1 H, m), 1.58-1.80 (2.5 H, m), 1.94-2.06 (2 H, m),
2.06-2.20 (1.5 H, m), 2.33 (0.5 H, m), 2.47-2.62 (1.5 H, m), 2.77
(0.5 H, m), 3.04 (0.5 H, d, J 15), 3.31-3.48 (2 H, m), 3.53 (0.5 H,
m), 3.62 (0.5H,d, J 3.5),3.72(0.5H, dd, J 15.5, 3.5),3.75 (0.5 H,
d,J 3),3.87(0.5H,d,J 15),4.23 (1 H, s),4.33 (0.5 H, d, J 15.5),
438 (0.5 H, d, J 15.5), 443 (0.5 H, d, J 15.5),4.50 (0.5 H, d, J
15.5), 4.95 (0.5 H, d, 15), 6.43 (0.5 H, dd, J 8.5, 2.5, 9-H), 6.82
(0.5 H, td, J 8.5, 2.5, 7-H), 6.85-6.91 (1 H, m, 7-H and 9-H),
7.15-7.28 (5 H, m, ArH), 7.47 (0.5 H, t, J 7.5, ArH), 7.53-7.64
(3 H, m, 6-H and ArH), 7.69 (0.5 H, dd, J 8.5, 6, 6-H), 7.78 and
7.87 (each 0.5H, d, J 8, ArH); d. (125 MHz, CDCl;) 16.50, 20.60,
20.66, 20.86, 20.99, 31.22, 31.77, 38.52, 39.09, 43.56, 43.58, 46.92,
49.77,49.84, 51.85, 52.38, 52.45,72.16, 72.63, 77.89, 78.08, 112.85
and 113.01 (d, ?Jcr 20), 113.17 and 113.32 (d, ?Jr 19), 115.04
and 115.21 (d, ?Jr 22), 116.61 and 116.78 (d, °J . 22), 123.22,
123.24, 127.00, 127.23, 127.43, 127.70, 127.85, 129.75, 129.91,
129.98, 130.04, 130.58, 130.64, 130.82, 130.84, 131.78, 131.95,
132.50, 132.68, 133.50, 133.56, 134.64, 134.70, 134.90, 135.03,
135.13, 136.47, 136.49, 146.93, 146.98, 159.24 and 161.26 (d, ' J c.r
246.5), 159.50 and 161.46 (d, 'J . 245), 169.43 and 170.77;, m/z
(ES) 620 (M* + 23, 100%) and 598 (M* + 1, 4).

TBTU (65 mg, 0.20 mmol) was added to the acid 81
(67 mg, 0.18 mmol) and Hiinig’s base (64 pL, 0.37 mmol)
in dichloromethane (1.0 cm?®) and the mixture was stirred for
15 min. The amine 117 (46 mg, 0.18 mmol) in dichloromethane
(0.7 cm?) was then added and the mixture was stirred for 16 h at
room temperature. Saturated aqueous sodium hydrogen carbonate
(20 cm?) and dichloromethane (20 cm?) were added. The aqueous
layer was washed with dichloromethane (3 x 20 cm?) and the
organic extracts were dried (Na,SO,) and concentrated under
reduced pressure. Chromatography of the residue using ethyl

acetate-light petroleum (50 : 50) containing triethylamine (1%)
gave the hydroxy-amide 121 (104 mg, 95%) as a white foam.

(4R S ,5SR)-5-Cyclobutyl-4,5-dihydroxy-8-fluoro-2-[3-(/V-
phenylmethyl)aminopropanoyl]-2,3,4,5-tetrahydro-[1 H]-2-
benzazepine 122

Thiophenol (125 pL, 1.22 mmol) was added to the amide
121 (560 mg, 0.94 mmol) and potassium carbonate (453 mg,
3.28 mmol) in N,N-dimethylformamide (19 cm?) and the mixture
was stirred at room temperature for 16 h. Water (90 cm?) was then
added and the aqueous phase was extracted with ethyl acetate
(4 x 140 cm®). The organic extracts were dried (Na,SO,) and
concentrated under reduced pressure. Chromatography of the
residue using methanol-dichloromethane (up to 5% methanol)
containing triethylamine (1%) as eluent gave the title compound
122 (336 mg, 87%) as a pale yellow foam (found: M* + H, 413.2229.
C,,H3FN,O; requires M, 413.2235); v,.., 3402, 1631, 1590, 1490,
1455, 1372, 1302, 1267, 1240, 1142, 1092, 1003, 980, 816, 736 and
700 cm™'; 0y (500 MHz, CDC;) 1.13-2.92 (11 H, m, cyclobutyl-H,
5-CH, 2-H, and 3-H,), 3.10 (0.33 H, d, J 14.5, 3-H), 3.31 (3 H,
brs, 2 x OH and NH), 3.36-3.52 (2.67 H, m, 3-H and NCH,Ph),
3.60 (0.67 H, d, J 3,4-H), 3.70 (0.33 H, d, J 4, 4-H), 3.94 (0.67 H,
d,J15,1-H),3.99 (0.67 H, dd, J 15.5, 2, 3-H'), 4.39 and 4.48 (each
0.33H,d,J 16.5,1-H),4.70 (0.33H, d, J 14,3-H"), 5.10 (0.67 H, d,
J15,1-H),6.74 (1 H, m, 9-H and 7-H), 6.80 (0.33 H, td, J 8.5, 2.5,
7-H), 6.95 (0.67 H, dd, J 9, 2.5,9-H), 7.03 (1.33 H, d, J 7, ArH),
7.06 (0.67H,d,J 7, ArH), 7.15-7.28 (3 H, m, ArH) and 7.56 (1 H,
m, 6-H); - (125 MHz, CDCl,) 17.51, 17.53, 21.69, 21.72, 21.98,
22.01, 31.40, 33.00, 39.63, 40.22, 44.75, 45.70, 48.29, 51.44, 51.81,
53.46, 54.00, 54.18, 73.16, 73.85, 78.87, 79.19, 113.65 and 113.81
(d,?Jcr 20), 114.19 and 114.35(d, °J . 19), 115.72 and 115.89 (d,
2Jer 22), 117.56 and 117.73 (d, *J r 21), 127.29, 127.55, 128.4,0
128.57, 128.62, 131.02, 131.08, 132.08, 132.15, 135.65, 135.71,
137.04, 137.07, 137.63, 160.16, 160.20, 162.16, 171.80 and 173.63;
m/z (ES) 435 (M* + Na, 35%) and 413 (M* + 1, 100).

(4RS,55R)-5-Cyclobutyl-4,5-dihydroxy-8-fluoro-2-[3-(/V-phenyl-
methyl)aminopropyl]-2,3,4,5-tetrahydro-[1 H]-2-benzazepine 123

A solution of the amide 122 (319 mg, 0.77 mmol) and lithium
aluminium hydride (235 mg, 6.19 mmol) in terahydrofuran (7 cm?)
was heated under reflux for 4 h. The mixture was then cooled
to 0 °C and aqueous sodium hydroxide (2 M, 30 cm®) was
added cautiously followed by ethyl acetate (25 cm?). The aqueous
phase was extracted with ethyl acetate (2 x 25 cm’) and the
organic extracts were washed with water, brine and dried (MgSO,).
Concentration under reduced pressure gave the title compound 123
(327 mg) as a pale yellow oil used without further purification
(found: M* + H, 399.2445. C,,H;,FN,O, requires M, 399.2442);
Vaax 3435, 1610, 1590, 1492, 1454, 1242, 1144, 1077, 1005, 845,
814, 735 and 699 cm™'; Jy; (500 MHz, CDCI;) 1.20-1.29 (2 H, m),
1.60-1.77 (5 H, m, 2'-H,, cyclobutyl-H and NH), 2.01-2.18 (2 H,
m), 2.54-2.73 (5 H, m, 5-CH, 1’-H, and 3'-H,), 2.80 (1 H, d, J 13,
3-H), 2.99-3.08 (2 H, m, 3-H and OH), 3.47 (1 H, dd, J 14.5, 2,
1-H), 3.59-3.72 (4 H, m, 1-H', 4-H and NCH,Ph), 6.66 (1 H, dd, J
9,3,9-H), 6.86 (1 H, td, J 8.5, 2.5, 7-H), 7.10-7.24 (5§ H, m, ArH)
and 7.70 (1 H, dd, J 8.5, 6, 6-H); . (75 MHz, CDCl;) 17.91, 21.87,
22.04,27.92,39.99, 47.63, 54.06, 58.43, 59.48, 63.38, 73.06, 79.43,
113.52 and 113.78 (d, *°J .y 19.5), 116.66 and 116.95 (d, °J .- 21.5),
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127.34, 128.37, 128.69, 131.33 and 131.43 (d, *J .+ 8), 137.77 and
137.85 (d, “Jcr 3), 159.90 and 163.16 (d, 'J oy 245.5); m/z (ES)
421 (M* + 23, 19%) and 399 (M* + 1, 100).

(4R S ,5SR)-5-Cyclobutyl-4,5-dihydroxy-8-fluoro-2-[3-(/V-2-
nitrophenylsulfonyl-/V-phenylmethyl)-aminopropyl]-2,3,4,5-
tetrahydro-|1 H]-2-benzazepine 124

2-Nitrobenzene sulfonyl chloride (167 mg, 0.75 mmol) in
dichloromethane (7 cm?®) was added to the amine 123 (300 mg,
0.75 mmol) and Hiinig’s base (130 pL, 0.75 mmol) in
dichloromethane (5 cm?) and the mixture was stirred at room
temperature for 16 h. Water (20 cm®) was then added and the
aqueous phase was extracted with dichloromethane (4 x 20 cm?).
The organic extracts were washed with brine, dried (MgSO,)
and concentrated under reduced pressure. Chromatography of
the residue using ethyl acetate-light petroleum (50 : 50 — 100 :
0) containing triethylamine as eluent gave the title compound
124 (399 mg, 91%) as a pale foam (found: M* + Na, 606.2047.
C;Hi,FN3NaO,S requires M, 606.2045); vy, 3468, 1609, 1590,
1543, 1494, 1455, 1372, 1348, 1265, 1242, 1162, 1126, 1076, 1003,
932, 852, 815, 780, 735, 700 and 652 cm™'; §; (500 MHz, CDCl;)
1.09-1.31 (2 H, m), 1.40-1.75 (4 H, m, 2’-H, and cyclobutyl-H),
1.99-2.15 (2 H, m), 2.32 and 2.44 (each 1 H, m, 1’-H), 2.54-2.69
(2 H, m, 5-CH and OH), 2.69 (1 H, d, J 13, 3-H), 2.81 (1 H,
dd, J 13, 4.5, 3-H"), 2.97 (1 H, br s, OH), 3.16-3.24 (2 H, m,
3-H,), 3.26 (1 H, d, J 15, 1-H), 3.49-3.55 (2 H, m, 1-H’ and 4-
H), 4.39 and 4.45 (each 1 H, d, J 15.5, NHCHPh), 6.58 (1 H,
dd, J 9, 2.5, 9-H), 6.86 (1 H, td, 8.5, 2.5, 7-H), 7.15-7.25 (5 H,
m, ArH), 7.51-7.64 (3 H, m, ArH), 7.68 (1 H, dd, J 8.5, 6, 6-H)
and 7.87 (1 H, d, J 8, ArH); . (125 MHz, CDCl,) 16.63, 20.55,
20.69, 25.24, 38.60, 44.99, 51.04, 55.50, 58.42, 61.39, 71.77, 78.14,
112.40 and 112.56 (d, °J «r 20), 115.69 and 115.86 (d, *Jc.r 22),
123.17, 127.07, 127.19, 127.75, 129.94, 129.99 and 130.05 (d, *J c.r
8), 130.65, 132.30, 132.55, 134.75, 136.03 and 136.08 (d, *J . 7.5),
136.35 and 136.37 (d, *J¢.r 2.5), 146.91 and 159.29 and 161.24 (d,
'Je.r 244); m/z (ES) 606 (M* + 23, 100%) and 584 (M* + 1, 4).

5-Cyclobutyl-8-fluoro-5-hydroxy-2-[3-(/V-2-nitrophenylsulfonyl-
N-phenylmethyl)aminopropyl]-2,3,4,5-tetrahydro-[1 H]-
2-benzazepin-4-one 125

Dimethyl sulfoxide (26 pL, 0.36 mmol) in dichloromethane
(475 uL) was added dropwise to oxalyl chloride (19 uL, 0.22 mmol)
in dichloromethane (0.52 cm?) at —78 °C and the mixture was
stirred for 30 min before the diol 124 (42 mg, 0.07 mmol) in
dichloromethane (1 cm?) was added. The mixture was stirred
for 30 min then triethylamine (60 pL, 043 mmol) was added.
The mixture was allowed to warm to 0 °C and was stirred for
30 min before water (20 cm®) was added. Following extraction
with ether (4 x 20 cm?), the organic extracts were washed with
brine, dried (Na,SO,) and concentrated under reduced pressure.
Chromatography of the residue using ethyl acetate-light petroleum
(25 : 75 — 50 : 50) as eluent gave the title compound 125
(34 mg, 81%) as a pale yellow gum (found: M* + Na, 604.1872.
C3H3,FN3;NaOgS requires M, 604.1888); v, 3461, 3068, 3031,
1698, 1610, 1588, 1543, 1489, 1456, 1440, 1371, 1349, 1163, 1127,
1013, 910, 852, 780 and 734 cm™'; 6, (500 MHz, CDCl;) 1.48-1.53
(3 H, m, 2’-H, and cyclobutyl-H), 1.53-1.80 (4 H, m), 2.05-2.17

(3 H, m, 1'-H, and cyclobutyl-H), 3.11-3.31 (4 H, m, 3-H, 5-CH
and 3'-H,), 3.55-3.62 (2 H, m, 1-H and 3-H'), 3.96 (1 H, d, J 16.5,
1-H'), 4.40 and 4.44 (each 1 H, d, J 15.5, NHCHPh), 4.61 (1 H,
brs, 5-OH), 6.54 (1 H, dd, J 9, 2.5, 9-H), 6.85 (1 H, td, 8.5, 2.5,
7-H), 7.18-7.26 (5 H, m, ArH), 7.51-7.67 (4 H, m, ArH and 6-H)
and 7.89 (1 H, d, J 8, ArH); . (125 MHz, CDCl,) 16.05, 20.33,
20.52,24.39, 40.79, 44.47, 49.68, 50.75, 58.20, 62.52, 82.70, 112.90
and 113.06 (d, °Jcr 20), 115.15 and 115.32 (d, °Jcr 21), 123.27,
127.09, 127.22, 127.78, 128.46 and 128.52 (d, *Jr 7.5), 129.90,
130.66, 132.40, 132.54, 133.10 and 133.12 (d, “‘Jr 2.5), 134.61,
135.53 and 135.58 (d, *Jcr 6.5), 146.88, 159.62 and 161.60 (d,
'J e 246.5) and 206.01; m/z (ES) 604 (M* + 23, 100%), 582 (M* +
1, 15) and 564 (9).

2-(3-Benzylaminopropyl)-5-cyclobutyl-8-fluoro-5-hydroxy-1,2,3,5-
tetrahydro-|[1 H]-2-benzazepin-4-one 126

Thiophenol (18 pL, 0.175 mmol) was added to the sulfonamide
125 (34 mg, 0.058 mmol) and potassium carbonate (32 mg,
0.234 mmol) in acetonitrile (0.98 cm®) and the mixture was
stirred for 16 h at room temperature. Water (20 cm?) and ether
(20 cm®) were added and the aqueous phase was extracted with
ether (3 x 20 cm®). The organic extracts were washed with
brine, dried (Na,SO,) and concentrated under reduced pressure.
Chromatography of the residue using ether-light petroleum (50 :
50 — 100: 0) containing triethylamine (1%) followed by methanol-
ether (10 : 90) containing triethylamine (1%) as eluent gave the title
compound 126 (22 mg, 95%) as a pale oil (found: M* + H, 397.2295.
C,H3FN,O, requires M, 397.2286); v,.., 3456, 3313, 3059, 3028,
1701, 1610, 1588, 1490, 1454, 1365, 1261, 1241, 1220, 1122, 1099,
1013, 977, 863, 810, 736, 699 cm™"; d,; (500 MHz, CDCl;) 1.48-
1.75 (7 H, m, 2’-H,, cyclobutyl-H and NH), 1.81 and 2.16 (each
1 H, m), 2.35-2.46 2 H, m, I'-H,), 2.55-2.64 (2 H, m, 3'-H,), 3.42
(1H, m,5-CH), 3.45and 3.68 (each 1 H, d, J 16, 3-H), 3.70 (2 H, s,
NCH,Ph), 3.79 and 4.10 (each 1 H, d, J 16.5, 1-H), 4.77 (1 H, brs,
5-OH), 6.68 (1 H, dd, J 9.5, 2.5, 9-H), 6.86 (1 H, td, J 8.5, 2.5,
7-H), 7.15-7.27 (S H, m, ArH) and 7.65 (1 H, dd, J 9, 6, 6-H); d
(125 MHz, CDCl;) 16.14, 20.50, 20.62, 26.24, 40.87, 45.98, 51.43,
52.80, 58.85, 62.85, 82.65, 112.87 and 113.03 (d, ?J~r 20), 114.98
and 115.15 (d, *J .r 22), 126.15, 127.18, 127.46, 128.51 and 128.57
(d,*Jcr 8), 133.20 and 133.23 (d, *J.r 2.5), 135.97 and 136.00 (d,
3 Jcr 5.5),139.01, 159.71 and 161.67 (d, 'J .r 245) and 206.58; m/z
(ES) 419 (M* + 23, 2%) and 397 (M* + 1, 100).

Crystal data for the 4,4-trimethylenedithiotetrahydrobenzazepine
20

C3sH,sNO,S,, M = 351.51, monoclinic, a = 10.712(6), b =
11.368(4), ¢ = 15.945(4) A, p = 103.78(3)°, U = 1885.6(13) A3,
T = 296(1)°, space group P 2,/n (no. 142), Z = 2, u(CuKa) =
2.621 mm™', 7554 reflections measured, 3619 unique (R;,, = 0.041),
2942 reflections with 7 > 2.00 o(/) were used in the final refinement.
The final R = 0.055 for reflections with 7 > 2.00 (1), wR2 = 0.169
(all data). Data deposited with the Cambridge Crystallographic
Data Centre, number CCDC 655337.%

1 CCDC reference numbers 655337 and 655338. For crystallographic data
in CIF or other electronic format see DOI: 10.1039/b801206g
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Crystal data for the 4,5-dihydroxy-2,3,4,5-tetrahydrobenzazepine
53

CsHyNO,, M = 289.41, triclinic, a = 7.783(2), b = 9.850(4),
e=12.1192) A, 0. = 110.81(2), f = 103.93(4), y = 97.43(2)°, U =
819.0(4) A3, T =293(1)°, space group P1 (no.2) Z = 4,u(MoKa) =
0.075 mm™', 3092 measured reflections, 2860 unique reflection
(R = 0.015), 1644 reflections with 7 > 2.00 g(I) were used in the
final refinement. The final R = 0.056 for reflections with 7 > 2.00
o(l), wR2 = 0.1409 (all data). Data deposited with the Cambridge
Crystallographic Data Centre, number CCDC 655338.1
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A synthesis of the racemic 6-aryloxymethyl-5-hydroxy-2,3,4,5-[1 H]-2-tetrahydrobenzazepin-4-one 2,
for evaluation as a muscarinic (M;) antagonist, is described. 2-[2-fert-Butyldimethylsilyloxymethyl-6-
(2,6-dimethoxyphenoxymethyl)phenyl]propan-2-ol 10 was prepared from 2,6-dimethyl-1-
bromobenzene 5 and taken through to N-[3-(2,6-dimethoxyphenoxymethyl)-2-(propen-2-yl)phenyl]-
methyl- N-prop-2-enyl 2-nitrobenzene sulfonamide 4. However, attempts to cyclise this diene by alkene
metathesis were unsuccessful, the open-chain alkene 15 being the only product isolated in yields of up
to 70%. In a second approach to the 6-aryloxymethyl-5-hydroxytetrahydrobenzazepin-4-one, methyl
(Z)-3-[2-(1-tert-butyldimethylsilyloxymethyl)-6-(1,6-dimethoxyphenoxymethyl)phenyl]but-2-enoate 24
was converted into (Z)-3-[2-hydroxymethyl-6-(2,6-dimethoxyphenoxymethyl)phenyl]but-2-enyl
2-nitrobenzene sulfonamide 17 which was cyclised under Mitsunobu conditions to the corresponding
2,3-dihydro-[1 H]-2-benzazepine 3. The structure of this was confirmed by an X-ray crystal structure of
its 2-(4-bromophenylsulfonyl) analogue 28, and functional group modification including hydroxylation,
attachment of the requisite side-chain at C(2) and further oxidation gave the target compound 2 which
was assayed for muscarinic (M;) activity.

synthesis had to be developed with formation of the 2,3-dihydro-
[1H]-2-benzazepine 3 being achieved using a Mitsunobu reaction.?

Introduction

In the preceding paper,' the synthesis of a series of 5-hydroxy-
2,3,4,5-tetrahydro-[1 H]-2-benzazepin-4-ones 1 and their activities
as selective muscarinic (M;) antagonists® are reported. Further
modelling studies® based on a-helices of the bacteriorhodopsin
receptor structure* using ab initio methods, suggested that the
incorporation of a 6-aryloxymethyl substituent would lead to
an improvement in the selectivity of these compounds towards
the M; receptor by providing two points of contact with the
moiety at position 151 (Ala, M,, M;, Ms; Val M,, M,). We now 0.1

describe a synthesis of the racemic 6-aryloxymethyl-5-hydroxy-
,?r
© Me Me
\J
N
N |
N\
Ns

2,3,4,5-tetrahydro-2-benzazepin-2-one 2 together with aspects of
Ns

MeO

its biological activity.

During the syntheses of the tetrahydro-[1H]-2-benzazepin-
4-ones 1,' ring-closing metathesis® had been used to prepare
the seven-membered rings. As applied to a synthesis of the
target compound 1, this would entail metathesis of the diene 4
to give the 1,2-dihydro-[1H]-2-benzazepine 3. The preparation
of 1,2-dihydro-[1 H]-2-benzazepines by ring-closing metathesis is
known'®” although an attempt to prepare a 5-phenyl-6-prop-
2-yloxy substituted derivative was unsuccessful.® Nevertheless,
if the dihydrobenzazepine 3 were available, hydroxylation and
functional group modification would give the required hydrox-
ybenzazepinone 2. The diene 4 was therefore synthesized but
attempted ring-closing metathesis gave the open-chain alkene 15,
not the required 1,2-dihydrobenzazepine 3, and so an alternative

3 4
(Ar = 2,6-dimethoxyphenyl)

Discussion

An approach to the 6-aryloxymethyl-5-hydroxytetrahydrobenzaze-
pin-4-one 2 using metathesis

The synthesis of the metathesis precursor 4 is outlined in Scheme 1.

The School of Chemistry, The University of Manchester, Manchester, UK Free-radical bromination of 1-bromo-2,6-dimethylbenzene 5 gave

M13 9PL. E-mail: e.j.thomas@manchester.ac.uk
T Electronic supplementary information (ESI) available: Full experimental

data for procedures not included in this text are available as supplementary
data. See DOI: 10.1039/b801208¢

the tribromide 6° which with 2,6-dimethoxyphenol under basic
conditions gave the ether 7. Hydrolysis then gave the alcohol 8
which was converted into the diol 9 by halogen-metal exchange
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Scheme 1

(Ar = 2,6-dimethoxyphenyl)

Reagents and conditions: i, NBS, AIBN (trace), CCl, (54%); ii, 2,6-dimethoxyphenol, NaH, THF, 80 °C, 16 h (51%); iii, K,CO;, water—dioxane

(50 : 50), reflux, 16 h (99%); iv, n-BuLi, THF, —78 °C, 30 min, then propanone, —78 °C, 1 h (75%); v, --BuMe,SiCl, imid., CH,Cl, (99%); vi, CH;SO,Cl,
Et;N, DMAP, rt, 16 h (66%); vii, n-Bu,NF, THF, rt, 1 h (86%); viii, (COCI),, DMSO, Et;N, CH,Cl, (87%); ix, prop-2-enylamine, CH,Cl,, rt, 16 h then
NaBH,, MeOH, 0 °C, 1 h (90%); x, 2-NO,C4H,SO,Cl, Et;N, DMAP, CH,Cl,, rt, 16 h (92%).

using n-butyllithium followed by the addition of propanone. Fol-
lowing selective protection of the primary alcohol, dehydration of
the tertiary benzylic alcohol was effected using mesyl chloride and
triethylamine to give the alkene 11. Desilylation gave the alcohol
12 which on oxidation gave the aldehyde 13. Finally, reductive
amination using prop-2-enylamine gave the amine 14 which was
converted into its 2-nitrophenylsulfonamide (nosyl) derivative 4.°

Interestingly, the '"H NMR spectra of the styrene derivatives
4 and 11-14 indicated that these compounds were chiral since
their benzylic methylene groups appeared as pairs of doublets
characteristic of diasterecotopic protons. Presumably there is
hindered rotation about the aryl carbon—vinyl carbon bond due
to the bulky ortho-substituents.®

However, in contrast to cyclisations of analogous substrates
which lacked the 2,6-dimethoxyphenoxymethyl group,! all at-
tempts to convert the diene 4 into the 2,3-dihydro-[1H]-2-
benzazepine 3 were unsuccessful. Only an open-chain alkene,
assumed to be the (E)-isomer 15, was isolated in up to 70% yield
using the Grubbs’ II catalyst,! even under vigorous conditions.
Denosylation of the alkene 15 gave the free amine 16 which
appeared to be predominantly the (E)-geometrical isomer perhaps
containing just a small amount, ca. 5%, of its (Z)-diastereoisomer.
The methylene groups of the trienes 15 and 16 also appeared as
AB-systems characteristic of diastereotopic hydrogens, although
the syn- and anti-atropisomers were not distinguished.

0

It would appear that ring-closing metathesis is unfavourable
in this system.® Perhaps the 2,6-dimethoxyphenoxymethyl group
forces the isopropenyl group out of the plane of the benzene ring so
disfavouring the conformation required for ring-closing metathesis
to occur.

Synthesis of the 6-aryloxymethyl-5-hydroxy-2,3,4,5-tetrahydro-
[1H]-2-benzazepin-4-one 2 using a Mitsunobu cyclisation

It was decided that an irreversible ring-closing procedure would
have to be used to assemble the seven-membered ring in the 2,3-
dihydro-[1 H]-2-benzazepine 3. Cyclisation of the 2-nitrobenzene
sulfonamide 17 via a Mitsunobu reaction was considered an
alternative approach to the dihydrobenzazepine 3.® The alkyne
18 was identified as a suitable precursor of the sulfonamide 17
since the alkyne should be accessible despite the steric hindrance
of the two neighbouring substituents.

Attempts to effect a Sonogashira coupling?> of the zert-
butyldimethylsilyl derivative of the bromobenzene 8 with
trimethylsilylethyne or similar alkynes were unsuccessful, perhaps
because of steric hindrance due to the two ortho substituents.
Therefore, a less direct synthesis of alkyne 18 had to be investi-
gated, see Scheme 2. Reaction of the aryllithium, prepared from
the bromide 8 by halogen-metal exchange using n-butyllithium,
with ethanal, gave the diol 19 which was selectively protected to

0O

Ar Me Ar Me
' Ns H
o R PhSH T XN
(5 - 10 mol%) Ns ) H
_—
4 KoCOg
40-80°C 15 Me A" DMF 16 Me Ar
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Scheme 2 Reagents and conditions: i, n-BuLi, THF, —78 °C, 30 min, then ethanal, —78 °C, 1 h (81%); ii, ~-BuMe,SiCl, imid., CH,Cl, (99%); iii, (COCl),,
DMSO, Et;N, CH,Cl, (81%); iv, LDA, THF, —78 °C, 30 min then (EtO),P(O)Cl, =78 °C to rt, 16 h; v, LDA, THF, —78 °C, 1 h (81% from 21); vi, n-BuLi,
THF, —78 °C, 30 min then CICO,Me, —78 °C, 30 min (94%); vii, LiCuMe, (5 eq.), THF, —78 °C to —50 °C, 20 h (99%); viii, DIBAL-H, CH,Cl,, —78 °C
to —40 °C, 1 h (81%); ix, 0-NO,C¢H,SO,NH,, DIAD, PPh;, THF, rt, 16 h (82%); x, n-Bu,NF, THF, rt, 1 h (97%); xi, DIAD, PPh;, THF, rt, 1 h (99%);
xii, PhSH, K,CO;, MeCN, rt, 16 h (99%); xiii, 4-BrC¢H,SO,Cl, Et;N, DMAP, CH,Cl,, rt, 16 h (55%).

give the silyl ether 20. Oxidation gave the methyl ketone 21 which
was converted to the alkyne 18 by elimination of diethyl phosphate
from the enol phosphate 22."* The alkyne 18 then gave the (Z)-
unsaturated ester 24 by methoxycarbonylation followed by the
stereoselective addition of a methyl cuprate.’* Shorter routes to
the ester 24 from the ketone 21 were less successful, for example
Wittig reactions on the ketone 21 gave recovered starting material,
perhaps because of steric hindrance to nucleophilic attack on
the carbonyl carbon of the ketone. Reduction of the ester 24
gave the alcohol 25 which was converted into the 2-nitrobenzene
sulfonamide 26 via a Mitsunobu reaction. Desilylation then gave
the alcohol 17 which was cyclised very efficiently, again using
Mitsunobu conditions,® to give the required 2,3-dihydro-[1H]-2-
benzazepine 3, and removal of the 2-nitrobenzenesulfonyl group
using thiophenol under basic conditions,” gave the parent 2,3-
dihydro-[1 H]-2-benzazepine 27.

The structures of all the intermediates in Scheme 2 were
consistent with spectroscopic data and the structure of the 1,2-
dihydro-[1 H]-2-benzazepine 27 was confirmed by an X-ray crystal
structure of'its 2-(4-bromophenyl) sulfonyl derivative 28, see Fig. 1.

The '"H NMR spectra of styrenes 17, 24-26 again showed that
these compounds were chiral, but the ketone 21 and the enol phos-
phate 22 did not exhibit atropisomerism, their benzylic methylene
protons being observed as singlets by 'H NMR. Interestingly,

Fig. 1 ORTEP projection of the 2,3-dihydro-[1 H]-2-benzazepine 28 as
determined by X-ray crystallography.

the 6-substituted 1,2-dihydro-[1H]-2-benzazepines 3 and 28 also
appeared to be chiral since their benzylic methylene groups were
observed as pairs of diastereotopic protons by '"H NMR. This was
not observed for the analogous 2,3-dihydrobenzazepines lacking
a 6-substituent which had been prepared previously,' and may
be due to steric hindrance between the 4- and 6-substituents pre-
venting racemisation of the non-planar 2,3-dihydrobenzazepines
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3 and 28, see Fig. 1. In contrast, the methylene protons of the 2-
unsubstituted 1,2-dihydrobenzazepine 27 appeared as broadened
singlets.

Having prepared the dihydrobenzazepine 27, it was now neces-
sary to oxidise the double-bond and attach the C(2)-side-chain to
complete a synthesis of the required 5-hydroxy-2,3,4,5-tetrahydro-
[1H]-2-benzazepin-4-one 2.

N-Acylation of the dihydrobenzazepine 27 using the acid
35' gave the amide 29 as a mixture of rotamers which on
dihydroxylation using osmium tetraoxide-N-methyl morpholine
N-oxide gave the racemic cis-diol 30 (Scheme 3)." This diol was
isolated as a single diastereoisomer and so either the hydroxylation
of the amide 29 had been highly selective for one face of the rigid
dihydrobenzazepine or, perhaps more likely, the 6-aryloxymethyl-
tetrahydrobenzazepine 30 is more flexible, the 6-aryloxymethyl
group no longer preventing ring inversion of the non-planar
2,3,4,5-tetrahydrobenzazepine nucleus at ambient temperature.

Before reduction of the amide, it was decided to remove
the N-nosyl group. Following this deprotection, reduction of
the dihydroxyaminoamide 31 using borane in tetrahydrofuran'®
gave the very polar dihydroxyamine 32. Following reinstatement
of the side-chain N-nosyl group, a Swern oxidation of the
secondary alcohol 33 gave the hydroxyketone 34, which, on
final deprotection gave the target tetrahydrobenzazepine 2. The
carbonyl peak in the IR spectrum of the tetrahydrobenzazepin-
4-one 2 was at 1715 em™" which is consistent with the presence
of a saturated ketone and indicative of the assigned structure.
However, the methylene protons on C-3, seen at ¢ 3.3-3.5, were
shielded slightly more than the analogous protons in the simpler
tetrahydrobenzazepinones prepared previously and may indicate
a conformational preference for the dimethoxyphenyl group to lie
over the tetrahydrobenzazepine ring.!

The biological activity of the racemic tetrahydrobenzazepine 2
was measured against M; receptors from guinea pig ileum and
log, Ky was found to be 6.3, i.e. the potency was slightly less

than that found (6.7) for the analogous compound 1 with 2-
(3-phenylmethylamino)propyl and 5-cyclobutyl substituents. The
activity of the tetrahydrobenzazepine 2 against M, receptors in
guinea pig left atria was not measured.

Summary and conclusions

The work outlined in this paper resulted in the synthesis of
the tetrahydrobenzazepinone 2 for evaluation as a selective M,
muscarinic receptor antagonist. Of note is the chirality observed
for the 2,6-bis-oxymethyl-1-alkenyl intermediates, e.g. 11, due to
hindered rotation about the phenyl carbon-vinyl carbon bond,
and the efficient assembly of the 2,3-dihydro-[1H]-2-benzazepine
ring system using a Mitsunobu reaction. The potency of tetrahy-
drobenzazepinone 2 against M; receptors in guinea pig ileum
was slightly less than had been observed earlier for simpler
compounds and may be due to loss of conformational flexibility
when bound to the receptor site.** This derivative also showed
membrane sensitisation effects at higher doses suggesting that
the 2,6-dimethoxyphenyl substituent in an intrinsically potent
compound may have advantages. Further work is underway on the
preparation of analogous compounds for evaluation as selective
muscarinic (M;) antagonists.

Experimental
General

Low resolution mass spectra were recorded on a Micromass Trio
200 spectrometer; high resolution mass spectra were recorded
on a Kratos Concept IS spectrometer. Modes of ionisation were
electron impact (EI), chemical ionisation (CI) using ammonia, or
electrospray in positive or negative mode (ES+). For halogenated
compounds, characteristic groups of peaks due to different iso-
topes were observed. Infrared spectra were recorded on a Genesis
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(Ar = 2,6-dimethoxyphenyl)

Scheme 3  Reagents and conditions: i, TBTU, 35, EtN'Pr,, CH,Cl,, rt, 16 h (83%); ii, OsO,, NMO, propanone-z-BuOH-water, rt, 16 h (73%); iii, PhSH,
K,CO;, MeCN, rt 16 h (96%); iv, BH;-THF, rt, 16 h then aq. HCI, rt, 5 min; v, 2-O,NCH,SO,Cl, Et;N, DMAP, CH,Cl,, rt, 16 h (74% from 31); vi,
(COCl),, DMSO, Et;N, CH,Cl, (82%); vii, PhSH, K,CO;, MeCN, rt, 16 h (97%).
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FTIR spectrometer as evaporated films (from deuterochloroform
or dichloromethane) on sodium chloride plates. Nuclear magnetic
resonance spectra were performed using deuterated chloroform
(CDCl;) as the solvent unless otherwise stated. Proton nuclear
magnetic resonance spectra ('H NMR) were recorded on Varian
INOVA Unity 500 and 300 (500 and 300 MHz) spectrometers.
Residual non-deuterated solvent was used as the internal standard.
Coupling constants (J) are quoted in Hertz (Hz). Carbon nuclear
magnetic resonance spectra (*NMR) were recorded on a Varian
INOVA Unity 300 (75 MHz) spectrometer.

Flash column chromatography was carried out using Merck
silica gel 60H (40-60 nm, 230-300 mesh). Thin layer chromatogra-
phy (TLC) was carried out using plastic plates coated with Merck
HF254/366 silica gel. All reagents and solvents were purified by
standard techniques and reactions in non-aqueous solvents were
carried out under an atmosphere of nitrogen or argon.

(E)-1,4-Bis-{ N-(2-nitrophenylsulfonyl)-/V-[3-(2,6-dimethoxyphe-
noxymethyl)-2-(propen-2-yl)phenylmethyl] } aminobut-2-ene 15

Grubbs’ II catalyst (3 mg, 5 mol%) was added to a degassed
solution of the diene 4 (37 mg, 0.007 mmol) in dichloromethane
(3.5 cm®) and the mixture was heated under reflux for 16 h, then
cooled and concentrated under reduced pressure. Chromatogra-
phy of the residue, using ether-light petroleum (1 : 2) as eluent,
gave the title compound 15 (24 mg, 67%) as a dark brown oil; v,
3075, 1640, 1596, 1544, 1493, 1478, 1372, 1296, 1254, 1163, 1112,
908, 773 and 734 cm™'; dy (300 MHz, CDCl;) 7.94 (2 H, m, ArH),
7.67 (8 H, m, ArH), 7.20 (4 H, m, ArH), 7.03 (2 H, t, J 8.5, ArH),
6.61 (4H,d, J 8.5, ArH), 5.31 (4 H, m, 2-H, 3-H, 2 x 1”-H), 5.01
and 4.89 (each2 H,d, /11,2 x ArHCH),4.77(2H, m, 2 x 1"-H’),
4.55and 4.49 (each2 H,d, J 16.5,2 x ArHCH), 3.84 (12 H, 5,4 x
OCH,;), 3.82 (4 H, m, 1-H,, 4-H,) and 2.01 (6 H, s, 2 x CH,); dc
(75 MHz, CDCl;) 154.13, 148.01, 142.32, 142.21, 137.40, 135.65,
134.15, 133.87, 132.19, 131.58, 131.12, 129.19, 128.94, 127.43,
126.82, 124.46, 124.11, 117.03, 105.60, 72.20, 56.31, 48.45, 48.33
and 25.10; m/z (ES) 1072 (100%) and 1067 (45). Starting material
4 (28%) was also recovered.

(E)-1,4-Bis-{ N-[3-(2,6-dimethoxyphenoxymethyl)-2-(propen-
2-yl)phenylmethyl] }aminobut-2-ene 16

Thiophenol (22.6 pL, 0.22 mmol) was added to the alkene 15
(86 mg, 0.17 mmol), and K,CO; (82 mg, 0.59 mmol) in N,N-
dimethylformamide (4.25 cm?®) and the mixture was stirred for 3 h
at room temperature. Ethyl acetate (20 cm®) and water (20 cm?)
were added and the aqueous phase was extracted with more ethyl
acetate (3 x 20 cm®). The organic extracts were washed with
brine, dried (MgSO,) and concentrated under reduced pressure.
Chromatography of the residue using ethyl acetate-light petroleum
(75 : 25 — 100 : 0) as eluent gave the title compound 16 (32 mg,
60%) as an oil (found: M* — H, 677.3590. C,,H, N, O, requires M,
677.3585); vimax 3070, 1640, 1596, 1494, 1478, 1296, 1254, 1216,
1112, 773 and 734 cm™'; 6, (300 MHz, CDCl;) 7.67 and 7.37
(each 2 H, dd, J 7.5, 1.5, ArH), 7.31 2 H, t, J 7.5, ArH), 7.03
(2H,t,J 8.5, ArH), 6.61 (4 H, d, J 8.5, ArH), 5.76 (2 H, m, 2-H
and 3-H), 5.32 2 H, m, 2 x 2"-H), 5.05 and 4.93 (each 2 H, d, J
11,2 x ArHCHO), 4.84 2 H, m, 2 x 2"-H’), 3.84 (12 H, s, 4 x
OCH;), 3.82 and 3.74 (each 2 H, d, J 11.5, 2 x ArHCHN), 3.72

(4 H,m, 1-H,, 4-H,), 2.10 (6 H, s, 2 x CH,) and 1.71 2 H, br. s,
2 x NH); d¢ (75 MHz, CDCl,) 154.23, 143.52, 142.35, 137.61,
136.31, 135.31, 130.68, 128.48, 128.30, 127.22, 124.00, 116.36,
105.70, 72.52, 56.35, 50.95, 50.76, 25.55; m/z (ES) 696 (M* +
18, 100%), 692 (80) and 678 (70).

1-[2-(2,6-Dimethoxyphenoxymethyl)-6-(hydroxymethyl)phenyl]-
ethanol 19

n-Butyllithium (1.6 M in hexanes, 88.04 cm®, 140.9 mmol)
was added to the bromide 8 (24.54 g, 64.03 mmol, 1 eq) in
tetrahydrofuran (320.1 cm®) at —78 °C and the solution was stirred
for 30 min before acetaldehyde (10.77 cm?, 192.1 mmol) was added.
After 1 h at —78 °C, saturated methanolic ammonium chloride
(40 cm®) was added followed by water (300 cm?). The mixture
was extracted with ether (3 x 340 cm®) and the organic extracts
were washed with brine, dried (Na,SO,) and concentrated under
reduced pressure. Chromatography of the residue using ether-light
petroleum (60 : 100 — 100 : 0) as eluent gave the title compound
19 (16.50 g, 81%) as a colourless oil (found: M* + NH, — H,0,
318.1698. C3H,,NO, requires M, 318.1700); v, 3392, 1597, 1478,
1296, 1255, 1111, 774 and 736 cm™'; 4 (300 MHz, CDCl;) 7.36
and 7.26 (each 1 H,dd, J 7,2, ArH), 7.20 (1 H, t, J 7.5, ArH), 7.02
(1H,t,J8.5 ArH), 6.60 (2 H, d, J 8.5, ArH), 5.82 (1 H, q, J 6.5,
1-H), 5.18 (1 H,d, J, 11, ArHCH), 5.13 (1 H, d, J 12.5, ArHCH),
507 (1 H,d, J 11, ArHCH), 4.58 (1 H, d, J 12.5, ArHCH), 3.82
(6 H,s, 2 x OCHs;), 3.8 (1 H, br. s, OH) and 1.73 3 H, d, J 6.5,
2-H,);0¢ (75 MHz, CDCl;) 153.88, 143.30, 139.78, 136.46, 135.13,
132.02, 131.47, 127.51, 124.28, 105.72, 73.81, 67.64, 64.71, 56.40
and 23.57; m/z (CI) 319 (M* + 1, 6%), 318 (16) and 301 (100).

1-[2-(tert-Butyldimethylsilyloxymethyl)-6-(2,6-
dimethoxyphenoxymethyl)phenyl]ethanone 21

tert-Butyldimethylsilyl chloride (8.21 g, 54.46 mmol) was added
to the alcohol 19 (16.50 g, 51.86 mmol) and imidazole (7.41 g,
108.9 mmol) in anhydrous dichloromethane (207 cm?) at 0 °C and
the mixture stirred for 2 h at 0 °C. Saturated aqueous ammonium
chloride (250 cm?®) was added and the mixture was extracted with
dichloromethane (3 x 250 cm®). The organic extracts were washed
with brine, dried (Na,SO,) and concentrated under reduced
pressure to give the silyl ether 20 (23.75 g, ca. 100%) as a pale yellow
oil, used without further purification (found: M* + H, 433.2409.
C,H3,05Si1 requires M, 433.2405); v,.. 3468, 1597, 1494, 1478,
1296, 1254, 1215, 1186, 1114, 838, 774 and 733 cm~'; 6,; (300 MHz,
CDCl;) 7.41 and 7.27 (each 1 H, dd, J 7.5, 1.5, ArH), 7.18 (1 H,
t, J 7.5, ArH), 6.99 (1 H, t, J 8.5, ArH), 6.56 (2 H, d, J 8.5,
ArH), 5.55 (1 H, quin, J 5.5, 1-H), 5.20 and 5.16 (each 1 H, d, J
10.5, ArHCH), 4.97 and 4.85 (each 1 H, d, J 12.5, ArHCH), 4.02
(1H,d,J 5.5, 0H),3.82(6H,s, 2 x OCH;), 1.64 3H, d, J 6.5,
2-H;), 0.94 [9 H, s, OSiC(CHj;);] and 0.14 and 0.12 (each 3 H, s,
OSiCH,;); d¢ (75 MHz, CDCl;) 153.97, 142.83, 138.58, 136.47,
134.74, 131.50, 129.33, 126.93, 124.17, 105.49, 73.64, 67.35, 64.01,
56.28, 26.20, 24.26, 18.61, —4.96 and —4.99; m/z (CI) 433 (M* +
1, 3%), 415 (50) and 154 (100).

Dimethyl sulfoxide (11.70 cm?, 164.8 mmol) in dichloromethane
(50 cm®) was added to oxalyl chloride (7.19 cm®, 82.42 mmol)
in dichloromethane (150 cm®) at —78 °C and the mixture was
stirred for 30 min before the alcohol 20 (23.75 g, 54.95 mmol) in
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dichloromethane was added. After a further 30 min, triethylamine
(45.91 cm?®, 329.7 mmol) was added dropwise and the mixture was
allowed to warm to 0 °C and then stirred for 30 min. Saturated
aqueous ammonium chloride (300 cm®) was added and the mixture
was extracted with dichloromethane (3 x 300 cm®). The organic
extracts were washed with brine, dried (Na,SO,) and concentrated
under reduced pressure. Chromatography of the residue using
ether-light petroleum (10 : 90 — 30 : 70) as eluent gave the title
compound 21 (19.15 g, 81%) as a pale yellow oil (found: M* + H,
431.2258. C,H;350;Si requires M, 431.2248); v, 1698, 1597, 1494,
1478, 1296, 1255, 1113, 838 and 774 cm™'; §;; (300 MHz, CDCl;)
7.56 (1 H,dd, J 5.5, 3, ArH), 7.41-7.39 (2 H, m, ArH), 7.05 (1 H,
t, J 8.5, ArH), 6.61 (2 H, d, J 8.5, ArH), 4.90 and 4.72 (each
2 H, s, ArCH,), 3.86 (6 H, s, 2 x OCH,), 2.74 (3 H, s, 2-Hj;), 0.96
[9 H, s, OSiC(CH5;);] and 0.13 [6 H, s, OSi(CHj;),]; dc (75 MHz,
CDCl;) 207.84, 154.09, 141.24, 136.558, 133.04, 129.74, 128.98,
128.61, 127.60, 124.36, 105.37, 72.06, 63.39, 56.19, 33.47, 26.19,
18.68 and —5.13; m/z (CI) 448 (M + 18, 46%), 431 (M* + 1, 47)
and 299 (100).

[2-(tert-Butyldimethylsilyloxymethyl)-6-(2,6-
dimethoxyphenoxymethyl)phenyl]ethyne 18

n-Butyllithium (1.6 M in hexanes, 27.01 cm’, 43.22 mmol) was
added to di-isopropylamine (6.35 cm?, 45.28 mmol) in tetrahydro-
furan (41 cm?) at 0 °C and the mixture was stirred for 30 min
then cooled to —78 °C. The ketone 21 (17.71 g, 41.16 mmol) in
tetrahydrofuran (37 cm®) was added and the mixture was stirred
at —78 °C for 1 h before diethyl chlorophosphate (6.45 cm?,
45.28 mmol) was added. The mixture was allowed to warm to
room temperature and stirred for 16 h before saturated aqueous
ammonium chloride (10 cm®) then water (100 cm?) were added.
Following extraction with ether (3 x 100 cm?®), the organic extracts
were washed with brine, dried (Na,SO,) and concentrated under
reduced pressure to give the enol phosphate 22 (23.3 g) as a pale
oil, used without further purification (found: M* + H, 567.2539.
CysH,,O4PSi requires M, 567.2538); v, 1650, 1597, 1478, 1295,
1255, 1113, 1032, 999, 838 and 777 cm™'; 5 (300 MHz, CDCl;)
7.69(1H,d,J7.5,ArH),7.59 (1 H,d, J 8, ArH), 7.44 (1 H,dd, J 8,
7.5,ArH), 7.02 (1 H, t, J 8.5, ArH), 6.60 (2 H, d, J 8.5, ArH), 5.47
(1H,t,J2,2-H),5.15(2H, s, ArCH,),4.99 (1 H, t, J 2,2-H), 4.89
(2 H, s, ArCH,), 4.18-3.94 (4 H, m, 2 x OCH,CH;), 3.83 (6 H, s,
2 x OCH,), 1.27 (6 H, td, J 7, 1, 2 x OCH,CH;), 0.98 [9 H, s,
OSiC(CH;),] and 0.14 [6 H, s, OSi(CH,),]; d¢ (75 MHz, CDCl,)
154.13, 148.83, 148.72, 140.13, 137.36, 136.70, 131.74, 131.66,
129.24, 127.88, 125.89, 124.00, 105.55, 104.08, 72.34, 64.52, 64.44,
62.70, 56.28, 26.23, 18.65, 16.29, 16.17 and —5.03; m/z (CI) 584
M+ + 18, 8%), 567 (M* + 1, 21) and 172 (100).

n-Butyllithium (1.6 M in hexanes, 44.80 cm?, 71.68 mmol)
was added to di-isopropylamine (10.29 cm?®, 73.43 mmol) in
tetrahydrofuran (77 c¢cm?®) at 0 °C and the solution was stirred
for 30 min then cooled to —78 °C. The enol phosphate 22 (23.3 g,
41.16 mmol) in tetrahydrofuran (137 cm®) was added and the
mixture was stirred at —78 °C for 1 h then saturated methanolic
ammonium chloride (10 cm®) was added. After extracting with
ether (3 x 200 cm?), the organic extracts were washed with brine,
dried (Na,SO,) and concentrated under reduced pressure to give
the title compound 18 (13.69 g, 81% from 21) as a pale yellow oil
(found: M* + NH,, 430.2414. C,,H;,NO,Si requires M, 430.2408);

Vo 3295, 1598, 1478, 1377, 1298, 1256, 1114, 1044, 839 and
776 em™'; 8y (300 MHz, CDCl,) 7.72 and 7.56 (each 1 H, d, J
7.5, ArH), 7.45 (1 H, dd, J 8, 7.5, ArH), 7.04 (1 H, t, J 8.5, ArH),
6.62(2H,d, J 8.5, ArH), 5.27 and 4.96 (each 2 H, s, ArCH.), 3.85
(6 H, s, 2 x OCH,), 3.55 (1 H, s, 2-H), 1.02 [9 H, s, OSiC(CH.):]
and 0.17 [6 H, s, OSi(CH.,),]; 6 (75 MHz, CDCl,) 154.09, 143.97,
140.78, 137.50, 128.91, 126.51, 124.90, 124.05, 117.15, 105.62,
87.10, 74.63, 72.97, 63.59, 56.36, 26.24, 18.70 and —5.05; m/z (CI)
430 (M* + 18,25%),413 (M* + 1,4), 172 (55), 155 (53) and 87 (100).

Methyl 3-[2-(1-tert-butyldimethylsilyloxymethyl)-6-(2,6-
dimethoxyphenoxymethyl)phenyl]prop-2-ynoate 23

n-Butyllithium (1.6 M in hexanes, 22.83 cm®, 36.53 mmol) was
added to the alkyne 18 (13.69 g, 33.21 mmol) in tetrahydrofuran
(565 cm?®) —78 °C and the solution was stirred for 30 min then
methyl chloroformate (17.96 cm?, 232.5 mmol) was added. After
a further 30 min at —78 °C, saturated methanolic ammonium
chloride (10 cm®) was added and the mixture was allowed
to warm to room temperature. Saturated aqueous ammonium
chloride (500 cm?®) was added and the mixture was extracted
with ether (3 x 500 cm®). The organic extracts were washed with
brine, dried (MgSO,) and concentrated under reduced pressure.
Chromatography of the residue using ether—light petroleum (10 :
90 — 40 : 60) as eluent gave the title compound 23 (14.72 g,
94%) as a yellow oil (found: M* + NH,, 488.2469. C,sH3NO,Si
requires M, 488.2463); 0.« 2216, 1713, 1597, 1478, 1283, 1254,
1199, 1172, 1111, 838 and 775 cm™'; dy (300 MHz, CDCl;) 7.77
(1 H,d,J 7, ArH), 7.61-7.51 (2 H, m, ArH), 7.04 (1 H, t, J
8.5, ArH), 6.61 (2 H, d, J 8.5, ArH), 5.26 and 4.94 (each 2 H, s,
ArCH,), 3.87 (3 H, s, CO,CH,), 3.86 (6 H, s, 2 x OCHj3), 1.00
[9 H, s, OSiC(CHj;);] and 0.17 [6 H, s, OSi(CHj;),]; dc (75 MHz,
CDCl;) 154.63, 153.99, 145.54, 142.14, 137.12, 130.94, 127.20,
125.52, 124.19, 114.86, 105.44, 89.55, 81.68, 72.54, 63.36, 56.30,
52.98, 26.21, 18.68 and —5.06; m/z (ES) 488 (M* + 18, 100%).

Methyl (Z)-3-[2-(1-tert-butyldimethylsilyloxymethyl)-6-(2,6-
dimethoxyphenoxymethyl)phenyl]but-2-enoate 24

Methyllithium (1.6 M in ether, 19.9 cm?, 31.9 mmol) was added to a
suspension of copper(1) iodide (3.04 g, 16.00 mmol) in tetrahydro-
furan (55 cm?) at 0 °C and the mixture was stirred for 30 min. More
tetrahydrofuran (108 cm?®) was added and the mixture was cooled
to —78 °C before the alkyne 23 (1.50 g, 3.19 mmol) was added. The
mixture was warmed to —50 °C and stirred for 20 h and allowed
to warm to room temperature before the addition of saturated
methanolic ammonium chloride (10 cm?®). The reaction was re-
cooled to —78 °C and methanol (7.5 cm®) was added followed
by aqueous ammonium chloride (60 cm?). The reaction mixture
was allowed to warm to room temperature then partitioned
between saturated aqueous ammonium chloride (100 cm?) and
ether (100 cm?®). The aqueous phase was extracted with ether
(100 cm?) and the combined organic extracts washed with brine,
dried (MgSO,) and concentrated under reduced pressure to give
the title compound 24 (1.55 g, ca. 100%) as a yellow oil (found: M* +
NH,, 504.2772. C,;H,,NO¢Si requires M, 504.2776); vp. 1728,
1645, 1596, 1477, 1373, 1296, 1254, 1224, 1160, 1113, 834 and
775 cm™; 0y (300 MHz, CDCl;) 7.63 and 7.52 (each 1 H, d, J 7.5,
ArH),7.38 (1 H,t,J 7.5, ArH), 7.04 (1 H, t, J 8.5, ArH), 6.62 (2 H,
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d,J 8.5, ArH), 6.12 (1 H, q, J 1.5, 2-H), 4.95 and 4.77 (each 1 H,
d, J 10.5, ArHCH), 4.65 and 4.60 (each 1 H, d, J 13, ArHCH),
3.85(6H,s,2 x OCH,;), 3.31 (3H,s, CO,CH;),2.34(3H,d, J 1.5,
4-H;), 0.98 [9 H, s, OSiC(CH;);] and 0.13 and 0.12 (each 3 H, s,
OSiCHs;); dc (75 MHz, CDCl;) 165.74, 155.60, 154.22, 138.62,
137.39, 136.11, 132.94, 128.76, 127.45, 126.77, 124.06, 119.36,
105.60, 72.47, 63.09, 56.25, 51.24, 27.31, 26.25, 18.68, —4.99 and
—5.05; m/z (CI) 504 (M* + 18, 13%), 488 (15), 355 (36) and 333
(100).

(£)-3-|2-(1-tert-Butyldimethylsilyloxymethyl)-6-(2,6-
dimethoxyphenoxymethyl)phenyl]but-2-enol 25

Di-isobutylaluminium hydride (I M in toluene, 8.19 cm’,
8.19 mmol) was added to the ester 24 (1.66 g, 3.41 mmol) in
dichloromethane (18.5 cm?) at —78 °C. The mixture was stirred
at —40 °C for 1 h, methanol (3.5 ¢cm?®) was added, and the
mixture was allowed to warm to room temperature and partitioned
between aqueous Rochelle salt (30 cm?) and ether (30 cm?®). The
aqueous phase was extracted with ether (3 x 30 cm®) and the
combined organic extracts washed with brine, dried (Na,SO,)
and concentrated under reduced pressure. Chromatography of
the residue using ether-light petroleum (30 : 70 — 50 : 50) as
eluent gave the title compound 25 (1.61 g, 81%) as a pale oil
(found: M* + NH,, 476.2822. C,4H,,NO;Si requires M, 476.2827);
Vmax 3436, 1597, 1478, 1296, 1254, 1113, 1004, 837 and 773 cm™';
Jn (300 MHz, CDCI;) 7.60 and 7.54 (each 1 H, d, J 7.5, ArH),
7.39 (1 H, t, J 7.5, ArH), 7.06 (1 H, t, J 8.5, ArH), 6.63 (2 H,
d, J 8.5, ArH), 6.02 (1 H, m, 2-H), 4.94 and 4.75 (each 1 H, d,
J 10, ArHCH), 4.65 and 4.61 (each 1 H, d, J 13, ArHCH), 3.87
(6 H,'s,2 x OCHj;), 3.85-3.68 (2 H, m, 1-H,), 3.04 (1 H, dd, J 8.5,
5, OH), 2.03 (3 H, s, 4-H;), 0.99 [9 H, s, OSiC(CH,);] and 0.16
and 0.15 (each 3 H, s, OSiCH,); dc (75 MHz, CDCl;) 153.93,
139.01, 138.27, 137.13, 135.94, 134.17, 129.90, 129.86, 127.59,
127.57, 124.36, 105.48, 72.82, 63.06, 60.05, 56.24, 26.28, 25.78,
18.74, —4.93 and —4.95; m/z (CI) 476 (M* + 18, 7%), 459 M* +
1, 13), 458 (5), 441 (45), 309 (53), 172 (100) and 154 (50).

(£)-3-2-Hydroxymethyl-6-(2,6-dimethoxyphenoxymethyl)-
phenyl]but-2-enyl 2-nitrobenzene-sulfonamide 17

Di-isopropyl azodicarboxylate (1.18 cm?®, 5.98 mmol) was added
to the alcohol 25 (1.61 g, 3.51 mmol), 2-nitrobenzene sulfon-
amide (2.13 g, 10.54 mmol) and triphenylphosphine (1.57 cm?,
5.98 mmol) in tetrahydrofuran (88 cm?®). The mixture was stirred
for 16 h and concentrated under reduced pressure. Chromatog-
raphy of the residue using ether-light petroleum (30 : 70 —
60 : 40) as eluent gave a mixture of the sulfonamide 26 and di-
isopropyl azodicarboxylate [3.32 g, ca. 1.85 g of 26, 82% together
with 1,2-(di-isopropoxycarbonyl)hydrazine (‘"H NMR)], as white
solid (found: M* + Na, 665.2322. C;,H,,N,04SSiNa requires M,
665.2323); 04 (300 MHz, CDCl;) 7.85 (1 H, dd, J 7.5, 1.5, ArH),
7.62(1H,dd, J 8, 1.5, ArH), 7.59-7.46 (4 H, m, ArH), 7.34 (1 H,
dd, J 8, 7.5, ArH), 7.07 (1 H, t, J 8.5, ArH), 6.63 (2 H, d, J 8.5,
ArH), 6.40 (1 H, dd, J 9, 3, NH), 5.84 (1 H, m, 2-H), 4.89 (1 H, d,
J 9.5, ArHCH),4.58 (1 H,d, J 13.5, ArHCH),4.58 (1 H, d, J 9.5,
ArHCH),4.54 (1H,d, J 13.5, ArHCH), 3.88 (6 H, s, 2 x OCHj),
3.31(1 H,m, 1-H), 3.61 (1 H, ddd, J 14, 9.5, 3, 1-H'), 2.00 3 H, s,
4-H,), 0.96 [9 H, s, OSiC(CHj;);] and 0.12 [6 H, s, OSi(CH,),]; ¢

(75 MHz, CDCl;) 153.82, 148.23, 138.49, 138.40, 137.28, 136.91,
134.46, 133.77, 133.01, 132.38, 130.45, 130.31, 127.88, 127.47,
125.89, 125.06, 124.55, 105.24, 72.95, 62.85, 56.15, 42.93, 26.24,
25.69, 18.69 and —4.99; m/z (ES) 665 (M* + 23, 18%), 431 (70),
277 (50) and 145 (100).

Tetra-n-butylammonium fluoride (1 M in tetrahydrofuran,
4.32 cm’®, 4.32 mmol) was added to a mixture of the silyl ether 26
and di-isopropyl azodicarboxylate (3.32 g, containing ca. 1.85 g
of 26, 2.88 mmol) in tetrahydrofuran (14.4 cm®) and the mixture
was stirred for 1 h at room temperature before being partitioned
between saturated aqueous ammonium chloride (30 cm?®) and
dichloromethane (30 cm®). The aqueous phase was extracted
with ether (3 x 30 cm®) and the combined organic extracts
were washed with brine, dried (Na,SO,) and concentrated under
reduced pressure. Chromatography of the residue using ether—
light petroleum (50 : 50 — 100 : 0) as eluent gave the title
compound 17 (1.47 g, 97%) as a pale yellow oil (found: M* +
Na, 551.1460. C,sH,sN,OsSNa requires M, 551.1459); v,.. 3306,
1715, 1597, 1544, 1479, 1375, 1254, 1168, 1110, 838 and 775 cm™';
Jn (300 MHz, CDCL) 7.92 (1 H, dd, J 7, 1.5, ArH), 7.70-7.52
(4H,m, ArH),7.44(1H,d,J 7.5, ArH), 7.36 (1 H, t, J 7.5, ArH),
7.07 (1 H, t,J 8.5, ArH), 6.63 (2 H, d, J 8.5, ArH), 6.49 (1 H, br.
m, NH), 5.84 (1 H, tq, J 7, 1.5, 2-H), 4.86 and 4.69 (each 1 H, d,
J 10, ArHCH), 4.61 and 4.56 (each 1 H, d, J 13, ArHCH), 3.87
(6 H,s,2 x OCHj;), 3.45 (2 H, m, 1-H,) and 2.02 (3 H, s, 4-H;); dc
(75 MHz, CDCl,) 153.91, 148.17, 139.46, 137.70, 137.65, 137.00,
134.90, 134.67, 133.14, 132.63, 130.60, 128.98, 128.11, 126.09,
125.10, 124.47, 105.36, 72.67, 63.18, 56.20, 42.75 and 26.08; m/z
(ES) 551 (M* + 23, 100%).

6-[(2,6-Dimethoxyphenoxy)methyl]-5-methyl-2-(2-nitrophenyl)-
sulfonyl-2,3-dihydro-[1 H]-2-benzazepine 3

Di-isopropyl azodicarboxylate (2.03 cm?, 10.30 mmol) was added
to the sulfonamide 17 (1.47 g, 2.78 mmol) and triphenylphosphine
(2.03 c¢cm®, 10.30 mmol) in tetrahydrofuran (284 c¢m?®) and the
mixture was stirred for 1 h then concentrated under reduced pres-
sure. Chromatography of the residue using ether-light petroleum
(40 : 60 — 70 : 30) as eluent gave the title compound 3 (1.55 g,
99%) as a yellow gum (found: M* + NH,, 528.1806. C,H;,N;0,S
requires M, 528.1799); v, 1727, 1596, 1545, 1478, 1373, 1296,
1255, 1166, 1112, 852, 773 and 733 cm™'; Jy (300 MHz, CDCl;)
8.00(1H,dd,J7,2,ArH), 7.81 (1 H, dd, J 7.5, 1.5, ArH), 7.76-
7.63 (3H,m, ArH), 7.36 (1 H, t, J 7.5, ArH), 7.34 (1 H, dd, J 7.5,
2, ArH), 7.04 (1 H, t, J 8.5, ArH), 6.60 (2 H, d, J 8.5, ArH), 6.02
(1H,td, J 8, 1.5,4-H), 5.08 and 4.96 (each 1 H, d, J 11, HCHO),
4.62 (1 H,d, J 13, 1-H), 4.04 (1 H, dd, J 13, 8, 3-H), 3.96 (1 H, d,
J13,1-H'),3.84 (6 H, s, 2 x OCHs;), 2.99 (1 H, dd, J 13, 8, 3-H)
and 2.24 (3 H, s, 5-CH,); d¢ (75 MHz, CDCl,) 154.02, 148.43,
143.44, 140.17, 137.10, 135.88, 133.66, 133.42, 132.42, 131.86,
131.37, 130.74, 129.45, 128.51, 124.37, 124.27, 121.85, 105.45,
72.48, 56.25, 49.59, 43.15 and 23.22; m/z (CI) 528 (M* + 18,
42%), 511 (M* + 1, 7), 324 (92) and 172 (100).

6-[(2,6-Dimethoxyphenoxy)methyl]-5-methyl-2,3-dihydro-[1 H]-2-
benzazepine 27

Thiophenol (0.89 cm?, 8.64 mmol) was added to a suspension
of the dihydrobenzazepine 3 (1.47 g, 2.88 mmol) and potassium
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carbonate (1.59 g, 11.53 mmol) in acetonitrile (48 cm®) and
the mixture was stirred for 16 h at room temperature then
concentrated under reduced pressure. Chromatography of the
residue using methanol-dichloromethane (0 : 100 — 10 : 90)
containing triethylamine (1%) as eluent gave the title compound 27
(937 mg, ca. 100%) as an oil (found: M* + H, 326.1751. C, H,,NO;
requires M, 326.1751); v, 3313, 1596, 1494, 1478, 1296, 1254,
1111, 1036, 773 and 734 cm™'; §,; (300 MHz, CDCl;) 7.79 (1 H, d,
J17.5,ArH),7.35(1 H,t,J 7.5, ArH), 7.26 (1 H,d, J 7.5, ArH), 7.03
(1H,t,J8.5, ArH), 6.60 (2 H,d, J 8.5, ArH), 6.08 (1 H, td, J 6, 1,
4-H), 5.07 (2 H, br. s, OCH,), 3.85 (6 H, s, 2 x OCH3), 3.70 (2 H,
br.s, 1-H,), 3.07 (2 H, br. s, 3-H,) and 2.26 (3 H, d, J 1, 5-CH;); ¢
(75 MHz, CDCl;) 154.12, 140.93, 140.89, 137.45, 136.96, 135.48,
130.08, 128.62, 127.89, 125.01, 124.06, 105.55, 72.80, 56.30, 49.12,
41.78 and 23.20; m/z (CI) 326 (M* + 1, 100%) and 172 (28).

2-(4-Bromophenylsulfonyl)-6-[(2,6-dimethoxyphenoxy)methyl]-5-
methyl-2,3-dihydro-[1 H]-2-benzazepine 28

4-Bromobenzene sulfonyl chloride (19 mg, 0.07 mmol) was added
to the dihydrobenzazepine 27 (20 mg, 0.06 mmol), triethylamine
(13 pL, 0.09 mmol) and 4-dimethylaminopyridine (0.15 mg,
2 mol%) in anhydrous dichloromethane (0.6 cm?®) and the mixture
was stirred for 16 h at room temperature. Water (10 cm®) was added
and the mixture was extracted with dichloromethane (4 x 10 cm?).
The organic extracts were washed with brine, dried (MgSO,),
and concentrated under reduced pressure. Chromatography of the
residue using ether-light petroleum (25 : 75 — 80 : 20) as eluent
gave the title compound 28 (18 mg, 55%) as a pale yellow solid,
m.p. 143-145 °C (found: C, 57.25; H, 5.05; N, 2.45; Br, 14.45;
S, 5.45%. C,HyBrNOsS requires C, 57.35; H, 4.8; N, 2.55; Br,
14.7; S, 5.9%. Found: M* + Na, 566.0603. C,xH,,NO;”BrSNa
requires M, 566.0607); vp., 1597, 1575, 1494, 1478, 1357, 1343,
1296, 1255, 1162, 1111, 1092, 1069, 911, 773, 749 and 733 cm™';
Joux (300 MHz, CDCly) 7.77 (1 H, dd, J 8, 1.5, ArH), 7.72-7.63
(4 H, m, ArH), 7.25 (1 H, t, J 7.5, ArH), 7.05 (1 H, dd, J 7.5,
1.5, ArH), 7.03 (1 H, t, J 8.5, ArH), 6.58 (2 H, d, J 8.5, ArH),
5.82 (1 H, tq, J 8, 1.5, 4-H), 5.03 and 4.95 (each 1 H, d, J 10.5,
OHCH), 4.55(1 H,d, J 12.5,1-H), 3.99 (1 H, dd, J 12.5, 8, 3-H),
3.87-3.75(7H, m, 1-H and 2 x OCH,), 2.77 (1 H, dd, J 12, 8, 3-
H), 2.67 (3 H, s, 5-CHa); d¢ (75 MHz, CDCl;) 154.00, 143.25,
139.98, 138.74, 136.97, 135.78, 132.55, 131.99, 131.26, 129.39,
129.15, 128.21, 127.66, 124.22, 121.46, 105.39, 72.36, 56.22, 49.92,
43.08 and 23.18; m/z (ES) 568 (M* + 23, 90%) and 566 (M* + 23,
100).

(4RS,55R)-4,5-Dihydroxy-6-[(2,6-dimethoxyphenoxy)methyl]-5-
methyl-2-[3-(/V-2-nitrophenyl-sulfonyl-/NV-phenylmethyl)-
aminopropanoyl]-2,3,4,5-tetrahydro-|1 H]-2-benzazepine 30

O-(Benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium tetrafluo-
roborate (1.11 g, 3.46 mmol) was added to the acid 35
(1.15 g, 3.17 mmol), the 2,3-dihydrobenzazepine 27 (937 mg,
2.88 mmol) and di-isopropylethylamine (1.20 cm®, 6.92 mmol)
in dichloromethane (25 cm?) and the reaction mixture was stirred
for 16 h at room temperature. Dichloromethane (50 cm?®) was
added and the organic layer was washed with saturated aqueous
sodium bicarbonate (50 cm?), water (50 cm?®), saturated aqueous
ammonium chloride (50 cm?) then water (50 cm?), dried (MgSO,)

and concentrated under reduced pressure. Chromatography of
the residue using ether-light petroleum (50 : 50 — 100 : 0)
as eluent gave the N-acyldihydrobenzazepine 29 (1.6 g, 83%), a
mixture of rotamers, as a white foam (found: M* + Na, 694.2191.
CssH3;N;O4SNa requires M, 694.2194); v, 1636, 1596, 1542,
1494, 1478, 1436, 1372, 1296, 1254, 1163, 1111, 852 and 772 cm™';
m/z (ES) 694 (M* + 23, 100%)).

N-Methylmorpholine-N-oxide (2.62 g, 22.34 mmol) and os-
mium tetraoxide (57 mg, 0.22 mmol) were added to the dihy-
drobenzazepine 29 (1.50 g, 2.23 mmol) in a mixture of acetone
(36 cm®), fert-butanol (36 cm®) and water (18 cm?). The mixture
was stirred for 96 h with addition of more osmium tetraoxide
(57 mg) every 24 h. Saturated aqueous sodium sulfite (50 cm?)
was added and the mixture was stirred for 30 min before being
extracted with ethyl acetate (4 x 50 cm®). The organic extracts
were dried (Na,SO,) and concentrated under reduced pressure.
Chromatography of the residue using ether-light petroleum (75 :
25 — 100 : 1) as eluent gave the title compound 30 (1.15 g, 73%),
a 60 : 40 mixture of rotamers, as a pale yellow gum (found: M* +
Na, 728.2244. C;xH;yN;0,,SNa requires M, 728.2248); v, 3468,
1634, 1544, 1478, 1373, 1296, 1254, 1163, 1113, 1033, 992, 939,
852,772 and 735 cm™'; 6y (500 MHz, CDCl;) 7.82 (1 H, m, ArH),
7.60-7.49 (2.4 H, m, ArH), 7.43 (0.6 H, m, ArH), 7.29 (0.4 H,
dd, J 7.5, 1.5, ArH), 7.25-7.11 (6.2 H, m, ArH), 7.06 (0.6 H, t, J
7.5, ArH), 7.03 (0.4 H, t, J 7.5, ArH), 6.93 (0.6 H, t, J 8.5, ArH),
6.92(0.4H,t,J 8.5 ArH), 6.73 (0.4 H, dd, J 7.5, 1.5, ArH), 6.50
(1.2H,d,J8.5,ArH), 6.48 (0.8 H,d, J 8.5, ArH), 5.70 (0.6 H, br. s,
OH), 5.29 (0.6 H, d, J 9.5, OHCH), 5.27 (0.8 H, s, OCH,), 5.22
(0.6 H,d, /9.5, OHCH), 493 (0.6 H, d, J 15, 1-H), 4.67 (0.4 H,
d, J 16.5, 1-H), 4.45 and 4.44 (each 0.6 H, d, J 14, NHCHPh),
4.42 and 4.41 (each 0.6 H, d, J 14, NHCHPh), 4.15 (0.4 H, d, J
16.5, 1-H'), 3.95-3.36 (11.8 H, m, 4-H, 3-H,, 3'-H,, 2 x OH and
2 x OCH,), 2.61 (0.6 H, br. s, OH), 2.56-2.33 (2 H, m, 2"-H,),
1.58 (1.8 H, s, 5-CH;) and 1.40 (1.2 H, s, 5-CHj;); d¢ (75 MHz,
CDCl;) 170.26, 170.17, 153.76, 153.55, 148.25, 143.15, 142.71,
138.51, 137.44, 136.46, 136.36, 136.10, 135.18, 134.73, 134.25,
133.97, 133.69, 133.58, 133.19, 132.11, 132.04, 131.04, 130.65,
129.08, 129.03, 128.96, 128.67, 128.54, 128.27, 128.21, 127.45,
127.34, 124.53, 124.45, 105.52, 105.49, 80.57, 79.78, 79.72, 78.77,
77.09, 76.95, 75.48, 66.90, 56.35, 56.32, 55.50, 53.31, 53.05, 51.69,
50.57, 46.84, 44.69, 44.61, 32.70, 32.34, 26.74 and 26.65; m/z (ES)
728 (M* + 23, 53%), 251 (69) and 139 (88).

(4R S,5SR)-4,5-Dihydroxy-6-[(2,6-dimethoxyphenoxy)methyl]-5-
methyl-2-[3-(/V-phenylmethyl)-aminopropanoyl|-2,3,4,5-
tetrahydro-[1 H]-2-benzazepine 31

Thiophenol (0.218 cm’, 2.23 mmol) was added to the 2-
nitrobenzene sulfonamide 30 (500 mg, 0.71 mmol) and potassium
carbonate (392 mg, 2.84 mmol) in acetonitrile (11.8 cm?) and
the reaction mixture was stirred at room temperature for 16 h.
After concentration under reduced pressure, water (30 cm®) was
added and the aqueous phase was extracted with ethyl acetate
(4 x 30 cm®). The organic extracts were dried (MgSO,) and
concentrated under reduced pressure. Chromatography of the
residue using methanol-dichloromethane (10 : 90) containing
triethylamine (1%) gave the title compound 31 (344 mg, 96%),a 7 :
3 mixture of rotamers, as a pale yellow foam (found: M* + H,
521.2653. C4H3N,O4 requires M, 521.2646); vy, 3419, 1632,
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1595, 1544, 1478, 1372, 1296, 1255, 1163, 1111, 772 and 733 cm™';
ou (500 MHz, CDCl;) 7.38 (0.3 H,dd, J 7.5, 1.5, ArH), 7.29 (0.7 H,
dd, J 7.5, 1.5, ArH), 7.24-7.1 (5.7 H, m, ArH), 7.08 (1 H, t, J 7.5,
ArH),7.01(0.3H,m, ArH),6.93(0.7H,t,J 8.5, ArH), 6.92 (0.3 H,
t, J 8.5, ArH), 6.50 (1.4 H, d, J 8.5, ArH), 6.49 (0.6 H, d, J 8.5,
ArH), 5.35 (0.7 H, d, J 9.5, HCHO), 5.33 and 5.26 (each 0.3 H,
d, J 10.5, HCHO), 5.24 (0.7 H, d, J 9.5, HCHO), 5.08 (0.7 H, d,
J 15, 1-H), 4.87 and 4.39 (each 0.3 H, d, J 16.5, 1-H), 4.05 (0.7 H,
d, J 15, 1-H'), 4.00-3.53 (11 H, m, 3-H,, 4-H, NCH,Ph, and 2 x
OCH;), 3.2 (2 H, br. s, OH), 2.78-2.27 (4 H, overlapping m, 2’-H,
and 3-H,), 1.64 (2.1 H, s, 5-CHj;) and 1.50 (0.9 H, s, 5-CH;); J.
(125 MHz, CDCl;) 171.88, 171.49, 153.59, 153.37, 142.74, 139.80,
139.06, 138.88, 137.50, 136.13, 136.08, 134.97, 133.75, 133.28,
133.12, 128.41, 128.39, 128.35, 128.22, 127.11, 127.06, 126.91,
124.06, 124.01, 105.23, 80.24, 79.53, 78.64, 76.51, 56.08, 56.05,
53.86, 53.63, 51.63, 50.81, 46.91, 46.05, 44.88, 44.59, 32.96, 32.35,
26.21 and 26.11; m/z (ES) 521 (M* + 1, 7%), 196 (69), 192 (56),
169 (29), 153 (94) and 110 (100).

(4RS,55R)-4,5-Dihydroxy-6-[(2,6-dimethoxyphenoxy)methyl]-5-
methyl-2-[3-(/V-2-nitrophenyl-sulfonyl-/NV-phenylmethyl)-
aminopropyl]-2,3,4,5-tetrahydro-[1 H]-2-benzazepine 33

The amide 31 (318 mg, 0.61 mmol) in tetrahydrofuran (5.1 cm?)
was added to borane (I M in tetrahydrofuran, 3.06 cm?®,
3.06 mmol) at 0 °C, and the mixture was stirred at room
temperature for 16 h then cooled to 0 °C and aqueous hydrogen
chloride (1 M, 5.1 cm®) was added. The mixture was heated
under reflux for 45 min and aqueous sodium hydroxide (1 M,
10 cm?) was added followed by dichloromethane (20 ¢cm?). The
layers were separated and the aqueous phase was extracted with
dichloromethane (3 x 20 cm®). The organic extracts were washed
with water, brine, dried (MgSQO,) and concentrated under reduced
pressure to give the amine 32 (304 mg) as a colourless gum
(found: M* + H, 507.2856. C;,H3N,Os requires M, 507.2853);
Vmax 3480, 3302, 1596, 1494, 1478, 1372, 1296, 1254, 1223, 1111,
1034, 910, 772, 733 and 700 cm™'; dy (300 MHz, CD,0D) 7.63
(1H,dd,J7.5,2, ArH), 7.34-7.23 (3 H, m, ArH), 7.23-7.11 (4 H,
m, ArH), 7.06 (1 H, t, J 8.5, ArH), 6.71 (2 H, d, J 8.5, ArH), 5.58
and 5.29 (each 1 H, d, J 11, HCHO), 3.94-3.81 (3 H, m, 4-H and
NCH,Ph), 3.86 (6 H, s, 2 x OCH,;), 3.82 and 3.76 (each 1 H, d, J
13, 1-H), 3.06 (1 H, dd, J 12.5, 2, 3-H), 2.93 (1 H, br. dd, J 13, 4.5,
3-H),2.79 2 H, t, J 6.5, 3-H,), 2.68 2 H, t, J 6.5, I'-H,), 1.84
(2 H, m, 2-H,) and 1.69 (3 H, s, 5-CH.); d¢ (75 MHz, CDCl,)
153.77, 144.05, 138.24, 137.00, 135.58, 134.80, 133.38, 132.23,
129.27, 129.06, 128.36, 127.07, 123.97, 105.58, 80.14, 78.63, 75.80,
64.76, 58.62, 56.39, 52.35, 47.80, 25.58 and 25.07; m/z (ES) 545
M+ + 39, 2%), 529 (M* + 23, 16) and 507 (M* + 1, 100).
2-Nitrobenzenesulfonyl chloride (136 mg, 0.61 mmol) was
added to the amine 32 (310 mg, 0.61 mmol), triethylamine
(0.128 cm?, 0.92 mmol), 4-dimethylaminopyridine (1.5 mg) in
dichloromethane (8 cm?®) and the mixture was stirred at room
temperature for 16 h. Water (20 cm®) was added and the aqueous
phase was extracted with dichloromethane (4 x 20 cm®). The
organic extracts were washed with brine, dried (MgSO,) and
concentrated under reduced pressure. Chromatography of the
residue using methanol-dichloromethane (0 : 100 — 2 : 98) as
eluent gave the title compound 33 (314 mg, 74% from 31) as a pale
yellow gum (found: M* + H, 692.2630. C;;H,,N;O,S requires M,

692.2636); Vo 3464, 1597, 1543, 1493, 1478, 1370, 1347, 1296,
1254, 1162, 1110, 1034, 774 and 732 cm™'; 3y, (300 MHz, CDCl,)
7.95 (1 H, d, J 7.5, ArH), 7.73-7.60 (3 H, m, ArH), 7.47 (1 H,
dd, J 7.5, 1.5, ArH), 7.40-7.32 (5 H, m, ArH), 7.18 (1 H, t, J
7.5, ArH), 7.03 (1 H, t, J 8.5, ArH), 7.00 (1 H, dd, J 7.5, 1.5,
ArH), 6.62 (2 H, d, J 8.5, ArH), 5.47 and 5.46 (each 1 H, d, J
16, HCHO), 5.26 (1 H, br. s, OH), 4.62 and 4.50 (each 1 H, d, J
15.5, NHCHPh), 3.89 (6 H, s, 2 x OCH,), 3.75 (1 H, m, 4-H),
3.62and 3.51 (each 1 H, d, J 14.5, 1-H), 3.31 @ H, t, J 7.5, 3-H,),
2.89 (2 H, br. d, J 2.5, 3-H,), 2.50 and 2.39 (each 1 H, m, I'-H),
1.78-1.52 (2 H, m, 2-H,) and 1.61 (3 H, s, 5-CH.); dc (75 MHz,
CDCl,) 153.75, 148.19, 143.89, 138.06, 136.85, 136.21, 136.04,
133.80, 133.75, 133.64, 132.32, 132.13, 131.26, 129.04, 128.54,
128.28, 127.14, 124.50, 123.98, 105.54, 80.46, 78.74, 75.90, 62.82,
59.79, 56.35, 55.79, 52.34, 46.28, 26.61 and 25.63; m/z (ES) 714
(M* + 23, 15), 692 (M* + 1, 15), 179 (12), 133 (12) and 101 (100).

6-[(2,6-Dimethoxyphenoxy)methyl]-5-hydroxy-5-methyl-2-[3-(/V-
2-nitrophenylsulfonyl-/V-phenyl-methyl)aminopropyl]-2,3,4,5-
tetrahydro-[1 H]-2-benzazepin-4-one 34

Dimethyl sulfoxide (0.120 cm?, 1.70 mmol) in dichloromethane
(2 cm®) was added to oxalyl chloride (89 pL, 1.02 mmol)
in dichloromethane (2 cm®) at —78 °C and the mixture was
stirred for 30 min before the diol 33 (234 mg, 0.39 mmol) in
dichloromethane (5 cm?®) was added. After a further 30 min,
triethylamine (0.283 cm?, 2.03 mmol) was added and the mixture
was allowed to warm to 0 °C and stirred for an additional
30 min. Water (20 cm?) was added and the mixture was extracted
with ether (4 x 20 cm?®). The organic extracts were washed with
brine, dried (Na,SO,) and concentrated under reduced pressure.
Chromatography of the residue using ethyl acetate-light petroleum
(75 :25 — 100 : 0) as eluent gave the title compound 34 (191 mg,
82%) as a pale yellow gum (found: M* + H, 690.2477. C;,H, N;0,S
requires M, 690.2480); v,.., 3444, 2360, 1714, 1595, 1544, 1477,
1369, 1296, 1255, 1163, 1113, 1021 and 782 cm™'; d (300 MHz,
CDCl;) 7.86-7.77 (2 H, m, ArH), 7.73-7.61 (3 H, m, ArH), 7.38—
7.21 (6 H, m, ArH), 7.05 (1 H, t, J 8.5, ArH), 6.94 (1 H, d, J 7.5,
ArH), 6.64 (2 H, d, J 8.5, ArH), 5.60 and 5.29 (each 1 H, d, J 12,
HCHO), 491 (1 H, br s, OH), 4.59 and 4.48 (each 1 H, d, J 15.5,
NHCHPh), 3.88 (6 H,s, OCHs;),3.69 (1 H,d, J 16,3-H), 3.67 (1 H,
d,J 18,1-H),3.54 (1 H, d, J 16, 3-H'), 3.35-3.25 (3 H, m, I-H  and
3'-H,), 2.50 and 2.37 (each 1 H, m, 1’-H), 1.89 (3 H, s, 5-CH;) and
1.80-1.51 (2 H, m, 2'-H,); ¢ (75 MHz, CDCl;) 208.90, 154.11,
148.12, 140.39, 138.39, 136.99, 136.25, 134.82, 133.91, 133.44,
132.36, 131.27, 131.21, 129.37, 129.07, 128.54, 128.32, 127.42,
124.44, 124.10, 105.56, 81.79, 73.36, 63.44, 59.90, 56.35, 53.77,
52.48, 46.18, 26.42 and 26.26; m/z (ES) 712 (M* + 23, 12%) and
690 (M* + 1, 100).

6-[(2,6-Dimethoxyphenoxy)methyl]-5-hydroxy-5-methyl-2-[3-(/V-
phenylmethyl)aminopropyl]-2,3,4,5-tetrahydro-[1 H]-2-
benzazepin-4-one 2

Thiophenol (38 pL, 0.37 mmol) was added to a suspension of
the sulfonamide 34 (86 mg, 0.13 mmol) and anhydrous potassium
carbonate (69 mg, 0.50 mmol) in acetonitrile (2.09 cm?®) and the
mixture was stirred for 16 h at room temperature then concentrated
under reduced pressure. The residue was partitioned between
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dichloromethane (20 cm?®) and water (20 cm®) and the aqueous
phase extracted with dichloromethane (4 x 20 cm?). The organic
extracts were washed with brine, dried (Na,SO,) and concentrated
under reduced pressure. Chromatography of the residue using
methanol-dichloromethane (0 : 100 — 5 : 95) as eluent gave the
title compound 2 (61 mg, 97%) as a pale yellow oil (found: M* + H,
505.2699. C;H3;N,O; requires M, 505.2697); vn. 3449, 1715,
1596, 1493, 1477, 1365, 1296, 1254, 1217, 1113, 1029, 770 and
733 cm™'; 5, (300 MHz, CsDy) 8.20 (1 H, dd, J 8, 1, ArH), 7.29-
7.08 (5 H, m, ArH), 7.08 (1 H, t, J 7.5, ArH), 6.85 (1 H, t, J 8.5,
ArH), 6.69 (1H,dd,J 7.5, 1, ArH), 6.37 (2 H, d, J 8.5, ArH), 5.98
and 5.70 (each 1 H, d, J 12.5, HCHO), 3.55 (2 H, s, NCH,Ph),
3.54-3.30 (3 H, m, 3-H, and 1-H), 3.40 (6 H, s, OCH,), 3.17 (1 H,
d, J 13,5, 1-H), 2.39 (2 H, t, J 6.5, 3-H,), 2.31 and 2.19 (each
1H, m, 1’-H), 1.97 (3 H, s, 5-CH;) and 1.38 (2 H, m, 2'-H,); d¢
(75 MHz, C4Dy) 208.73, 154.52, 141.06, 140.63, 139.30, 138.14,
135.06, 130.68, 128.84, 128.50, 128.28, 127.04, 126.97, 123.60,
106.00, 81.82, 73.52, 63.02, 60.32, 55.78, 54.78, 54.10, 47.18, 28.06
and 25.94; m/z (ES) 527 (M* + 23, 6%) and 505 (M* + 1, 100).

Crystal data for the 2,3-dihydro-[1 H]-2-benzazepine 28

C,xHy;xBrNOSS, M = 544.45, monoclinic, a = 24.883(2), b =
15.352(2), ¢ = 17.848(2), § = 133.610(3) A, U = 4936.6(9) A3,
T = 100(1)°, space group C2/c (no. 15), Z = 8, u(MoKa) =
1.787 mm™', 19 599 reflections were measured giving 5171 unique
reflection (R;,, = 0.0428). Refinement was carried out on F? using
all the data. The final R1 = 0.0432 for the 4173 reflections with
I >2.000a(I), wR2 = 0.1203 for all the data.}

Acknowledgements

We thank Dr R. H. Davies and Dr B. C. P. Allen of Musca-
gen Limited for the molecular modelling studies and Professor

1 CCDC reference number 632557. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b801208¢

K. J. Broadley, Dr Hamrouni and Dr C. Escargueil of the Welsh
School of Pharmacy for the biological results.

References

1 B. Bradshaw, P. Evans, J. Fletcher, A. T. L. Lee, P. G. Mwashimba, D.
Oehlrich, E. J. Thomas, R. H. Davies, P. C. P. Allen, K. J. Broadley, A.
Hamrouni and C. Escargueil, Org. Biomol. Chem., preceding paper in
this issue, 10.1039/b801206g.

2 P. Abrams, K. E. Anderson, J. J. Buccafusco, C. Chapple, W. Chet
deGroat, A. D. Fryer, G. Kay, A. Laties, N. M. Nathanson, P. J. Pasricka
and A. ). Wein, Br. J. Pharmacol., 2006, 148, 565.

3 K. J. Broadley, A. Hamrouni, C. Escargueil, B. C. P. Allen and R. H.
Davies, unpublished observations.

4 K. Palczewski, T. Kumaska, T. Hori, C. A. Behnke, H. Motoshima,
B. A. Fax, I. Le Trong, D. C. Keller, T. Okada, R. E. Stenkamp, M.
Yamamoto and M. Miyano, Science, 2000, 289, 739.

5 (a) A. Dieters and S. F. Martin, Chem. Rev., 2004, 104, 2199; (b) K. C.
Nicolaou, S. G. Bulger and D. Sarlah, Angew. Chem., Int. Ed., 2005,
44, 4490.

6 J.-L. Panayides, R. Pathak, C. B. de Koning and W. A. L. van Otterlo,
Eur. J. Org. Chem., 2007, 4953.

7 N. Toda, K. Tago, S. Marumoto, K. Takami, M. Ori, N. Yamada, K.
Koyama, S. Naruto, K. Abe, R. Yamazaki, T. Hara, A. Aoyagi, Y. Abe,
T. Kaneko and H. Kogen, Bioorg. Med. Chem., 2003, 11, 4389.

8 T. Kan, H. Kobayashi and T. Fukuyama, Synlett, 2002, 697.

9 C. Bibal, S. Mazieres, H. Gornitzka and C. Couret, Polyhedron, 2002,
21, 2827.

10 (a) T. Fukuyama, C.-K. Jow and M. Cheung, Tetrahedron Lett.,
1995, 36, 6373; (b) T. Kan and T. Fukuyama, Chem. Commun., 2004,
353

11 (a) M. Scholl, S. Ding, C. W. Lee and R. H. Grubbs, Org. Lett.,
1999, 1, 953; (b) S. Brass, H. D. Gerber, S. Dorr and W. E. Diderich,
Tetrahedron, 2006, 62, 1777; (¢) M. Berberis, P. Garcia-Losada, S. Pleite,
J. R. Rodriguez, J. F. Soriano and J. Mendiola, Tetrahedron Lett., 2005,
46, 4847.

12 K. Sonogashira, Y. Tohda and N. Hagihara, Tetrahedron Lett., 1975,
16, 4467.

13 E. Negishi, A. O. King, W. L. Klima, W. Patterson and A. Silveira, Jr.,
J. Org. Chem., 1980, 45, 2526.

14 F. Caussanel, K. Wang, S. A. Ramachandran and P. Deslongchamps,
J. Org. Chem., 2006, 71, 7370.

15 V. VanRheenen, D. Y. Cha and W. M. Hartley, Org. Synth., 1978, 58,
43,

16 H. C. Brown and P. Heim, J. Org. Chem., 1973, 38, 912.

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 2158-2167 | 2167






PAPER

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

The chemoselective and efficient deprotection of silyl ethers using

trimethylsilyl bromide T

Syed Tasadaque A. Shah and Patrick J. Guiry*

Received 7th March 2008, Accepted 10th March 2008
First published as an Advance Article on the web 18th April 2008
DOI: 10.1039/b803949f

An efficient and chemoselective cleavage of silyl ethers (primary, secondary and aromatic) by using
catalytic quantities of trimethylsilyl bromide (TMSBr) in methanol is reported. A wide range of alkyl
silyl ethers such as TBS, TIPS, and TBDPS can be chemoselectively cleaved in high yield in the presence
of aryl silyl ethers. The deprotection of silyl esters was also achieved employing catalytic quantities of

TMSBr.

Introduction

The protection of acid and hydroxy groups and their subsequent
deprotection is frequently applied in multistep transformations
and in the synthesis of complex organic molecules.! Silyl esters
and ethers are among the most frequently used protecting groups
for acid and alcohol functionalities.* Cleavage of silyl ethers can
be effected either using acidic conditions or a fluoride source.
However, cleavage using fluoride is often associated with poor
selectivity in the case of compounds having two different siloxy
groups which can give rise to unwanted side reactions such as silyl
migration.* A number of Lewis acids and other reagents have been
reported to be effective in promoting cleavage of silyl-protected
acids and alcohols.»*¢ Examples from the recent literature include:
BF,.* BCL,,° PdCL,(CH,;CN),,” BiBr;,? CuBr,,” ZnBr,,'"* and NIS."
Many of these reagents provide the added advantage of promoting
selective desilylation of bis-silyl ethers.'

Others approaches to desilylation require the use of relatively
expensive reagents, longer reaction times and heating."® Previously,
Friedrich and Delucca have reported the cleavage of ethers
and esters using TMSBr catalyzed by iodine monobromide.™
Moreover, in a very recent report Li and Peng have demonstrated
the desilylation of the TBS group using TMSCI and KF dihydrate
in acetonitrile.”®

Results and discussion

In this paper, we wish to report the desilylation of a wide range
of silyl-protected primary, secondary and aromatic hydroxy and
acid groups in the presence of a catalytic amount of trimethylsilyl
bromide in methanol (in situ generated HBr) without any added
reagent (Scheme 1). The in situ generation of HX (X = Br or CI)
from TMS halides in methanol has been exploited by Yu and Jin
for the preparation of o-halo vinyl ethers from the corresponding
alkynyl ethers.'® However, to our knowledge, studies exploiting this
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Chemical Biology, UCD Conway Institute, University College Dublin,
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OR TMSBr, MeOH CH
0°C or rt, 68-100%

R =TBS, TIPS or TBDPS

0 o}
d\OR TMSBr, MeOH @f‘LOH
OR rt, 10 min, 90-91% OH
R =TBS or TIPS
Scheme 1

catalyst system for deprotection transformations have not been
reported previously.

In order to explore the generality of this reagent system for
desilylation, we examined the solvent effect by employing TBS
ether 1 as substrate (Table 1). When methanol was employed,
desilylation went smoothly within minutes. Other alcoholic sol-
vents such as EtOH and isopropanol did afford high yields of
desilylation product but required longer reaction times of 1 and 5 h.
The use of acetonitrile or an acetonitrile-H,O mixture gave similar
yields of 73-88%, respectively. The reaction was also successful in
the polar aprotic solvent DMF although the reaction was slower
than in MeOH. Dichloromethane was a less effective reaction
medium as a longer reaction time of 24 h was required to achieve

Table 1 Desilylation of silyl ethers by using catalytic amount of TMSBr
(0.2 equiv.) in various solvents

©/\/OTBS

TMSBr, rt
—_—

Solvent
1 2
Entry Solvent Time Yield (%)
1 MeOH 10 min 94
2 EtOH lh 82
3 Isopropanol Sh 74
4 CH;CN 3h 73
5 CH;CN + H,0 lh 88
6 DMF 2h 91
7 CH,Cl, 24 h 75
8 THF 24h 66
9 n-Hexane 24 h —
10 Toluene 24 h —
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Table 2 Deprotection of silyl-protected hydroxy groups using catalytic amount of TMSBr (0.2 equiv.)

Entry Substrate Temp, time Product Yield (%)

1 ©/\,OR ©/\/OH
aR =TES rt, 10 min® 98
bR = TIPS rt,5h 90
¢ R =DPMS rt, 1 h —

OH

5 /©/\OTBS rt, 10 min /©/\ 84
MeO MeO

3 mmms rt, 6 h ©:>70H 99

OTES OH

4 S AF rt, 5 min” A 9

5 Br~_~_-0TBS rt, 5 min Bra._~_-OH 83

6 ~o~_-OTBDPS rt,9h ~~_-OH 90

7 RO OR (@] HO OH (0]
\\\)—MOMQ \)_k/\)J\OMe
aR =TBS rt, 10 min“ 92
bR =TMS rt, 5 min® 92

OTBS OH

0 /©/\/ rt,5h /©/\/ 95

TBSO HO
MeO OTBS MeO OH

9 :©/\/ rt,5h :@/\/ 0

TBSO HO
0 /@/\OTBS it Sh /@/\OH 96

TBSO HO

0.1 equiv. TMSBr. ® 0.05 equiv. TMSBr. All products were characterized from spectral ('H, *C NMR and MS) data and by comparison with the parent

alcohols.

75% yield and the use of THF gave 66% yield in a similar reaction
time. There was no observable reaction in hydrocarbon solvents
such as n-hexane or toluene.

A wide range of silyl-protected hydroxy groups were cleaved in
high to excellent yields under our optimized reaction conditions
using catalytic quantities of TMSBr in MeOH, Table 2. The silyl-
protecting group employed has a significant effect on the reaction
rate, and cleavage of the diphenylmethylsilyl (DPMS) ether did
not occur, entry 1. The deprotection of mono-protected silyl ethers
proceeded in 83 to 99% yield, entries 2-6.

In conjunction with an ongoing total synthesis project in our
laboratory, we have prepared a bis-zert-butyldimethylsilyl (TBS)
ether as a key synthetic intermediate.”” With this compound at
hand we applied our new deprotection methodology to afford the
corresponding diol in 92% yield after 20 min at room temperature,
entry 7a. In addition, we observed that the corresponding bis-
trimethylsilyl (TMS) ether was also effectively cleaved in 92%
yield using 0.05 equiv. of TMSBr, entry 7b. Our first attempts
at chemoselective deprotection of aryl alkyl silyl ethers were not

successful as we obtained the corresponding bis-deprotected diols
in 92-96% yield, entries 8-10.

In the literature, alcoholic and phenolic hydroxy groups are
present in many complex natural products such as vancomycin and
teicoplanian, and the chemoselective deprotection of alcoholic and
phenolic silyl ethers is of considerable interest.”® In this context,
we were pleased to find that we could develop a mild and efficient
methodology in which by controlling the reaction conditions, alkyl
silyl ethers were chemoselectively deprotected in the presence of
aryl silyl ethers using a catalytic amount of trimethylsilyl bromide,
Table 3." Surprisingly, exposure of a solution of the bis-TBS ether
at 0 °C in methanol to a catalytic amount of TMSBr provided
mono-deprotected ether in 91% yield with no traces of the fully
deprotected material, entry 1. In contrast, in the case of bulkier
silyl ethers such as TIPS and TBDPS, chemoselective deprotection
occurred at room temperature. However, longer reaction times
were required compared to less sterically hindered silyl groups,
entries 1, 2, 4. This chemoselective silyl cleavage procedure is
much faster than the previously reported method using TMSCI.!%

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 2168-2172 | 2169





Table 3 Chemoselective deprotection of bis-silyl-protected hydroxy groups by using a catalytic amount of TMSBr (0.2 equiv.)

Entry Substrate Temp, time Product Yield (%)
1 /@/\,OR /@/\/OH

RO RO

aR =TBS 0° C, 20 min* a R =TBS 91

bR = TIPS rt,5h bR = TIPS 90

¢ R =TBDPS rt, 12h ¢ R =TBDPS 85

d R = DPMS 0° C, 20 min d R = DPMS —
2 MEOD/\/OR MGOD/\/OH

RO RO

aR =TBS 0° C, 20 min® a R =TBS 99

bR = TIPS rt,5h bR = TIPS 100

¢ R =TBDPS rt, 12 h ¢ R =TBDPS 68
3 BrDA/OR BrU\/OH

RO RO

R =TBS 0° C, 20 min® R =TBS 77
4 /@/\OR /Ej/\OH

RO RO

R = TBDPS rt, 12 R = TBDPS 85

“0.1 equiv. TMSBr. All products were characterized from spectral ("H, *C NMR and MS) data and by comparison with the parent alcohols.

Collington and co-workers have used aqueous HF in acetonitrile
for the selective deprotection of alkyl silyl ethers in the presence
of aryl silyl ethers.® We believe that our method is superior
to Collington’s as they use HF which is hazardous, toxic and
also requires special care for its use whereas we have intro-
duced a simple, rapid, inexpensive and environmentally friendly
method.

To further explore the utility of this novel desilylation procedure
we have also investigated the cleavage of silyl-protected esters,
Table 4. This proceeded in high yields (90-95%) for aromatic

and o,B-unsaturated esters, entries 1-2. However, chemoselective
cleavage of silyl esters in the presence of silyl ethers was not
achieved, entry 3.

In conclusion, the use of trimethylsilyl bromide in alcoholic
solution provides a mild, efficient and chemoselective means of
removing alkyl silyl ethers such as TBS, TIPS and TBDPS in the
presence of aryl silyl ethers. The advantages of this procedure
over earlier reported processes include its simplicity, the non-
requirement of additional reagents and the clean and rapid
reactions it promotes.

Table 4 Deprotection of silyl-protected acid groups by using catalytic amount of TMSBr (0.1 equiv.)

Entry Substrate Temp, time Product Yield (%)
O O
1 rt,4h 90
OTIPS OH
2 OTBS 0°C, 10 min Q\WOH 95
o (o)
3 o] o}
6y cLr
OR OH
a R =TBS 0°C, 10 min 91
bR = TBDPS rt,4h 90

All products were characterized from spectral data and by comparison with the parent alcohols.
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By controlling the reaction conditions, selective desilylation can
be accomplished in the presence of bulkier silyl groups and other
acid-sensitive protecting groups. Nonetheless, the facile condi-
tions, high yields, and demonstrated applicability to complex,
highly functionalized molecules suggest that this protocol will find
widespread utility in synthesis.

Experimental

General

'"H NMR (300 or 400 MHz) and "C NMR (75 or 100 MHz)
were recorded at room temperature in CDCl; with Varian-Unity
spectrometers. Chemical shifts (9) are in parts per million relative
to CHCI; (7.26, 'H), CDCI; (77.0, C). Coupling constants are
given as absolute values expressed in Hz. High resolution mass
spectra were measured on a Waters/Micromass instrument. Thin
layer chromatography was carried out using Merck Kieselgel 60
F254 silica gel plates. Column chromatography separations were
performed using Merck Kieselgel 60 (Art. 7734). Dried solvents
were purchased from Sigma-Aldrich.

General procedure for the preparation of silyl ethers’

To a magnetically stirred solution of the alcohol (1.0 mmol), in
dry CH,Cl, or DMF (3.0 ml), imidazole (1.5 or 3.0 mmol) and
trialkylsilyl chloride (1.5 or 3.0 mmol) were added sequentially.
After the starting material disappeared on TLC, brine was poured
into the reaction mixture. The organic layer was washed with
brine (10.0 ml) twice, separated, dried over MgSQ,, filtered,
and concentrated. The resulting residue was purified by flash
chromatography. When DMF was used, the resulting reaction
mixture was directly purified by the flash chromatography elution
with diethylether—pentane (1 : 20).

General procedure for the preparation of silyl esters’

To a magnetically stirred solution of the acids (1.0 mmol), in dry
DMF (3.0 ml), imidazole (1.5 mmol) and trialkylsilyl chloride
(1.5 mmol) were added sequentially. After the starting material
disappeared on TLC, the resulting reaction mixture was purified
by flash chromatography elution with diethylether—pentane (1 :
20).

General procedure for silyl ether and ester cleavage

To a stirred solution of bis-silyl ether, silyl ether or ester
(1.0 mmol) at 0 °C or room temperature in MeOH TMSBr (0.1-
0.2 mmol) was added. After stirring for the indicated time the
reaction was quenched by the addition of a saturated aqueous
sodium bicarbonate solution (1 ml) and diluted with water (10 ml).
The product was extracted with ethyl acetate (3 x 10 ml). The com-
bined organic extracts were washed with brine (20 ml) and
concentrated in vacuo. If necessary, the crude product was purified
on silica gel. Elution with diethylether—pentane (1 : 4) or ethyl
acetate—pentane (1 : 1) afforded the required products.

(55,6R)-5,6-Dihydroxy-oct-7-enoic acid methyl ester.
entry 7, ref. 17.

Table 2,

2-|4'-(tert-Butyldimethylsilyloxy)phenyllethanol. See Table 3,

entry la, ref. 21.

2-|4-(Tri-isopropylsilyloxy)phenyllethanol. Table 3, entry 1b.
'H NMR (400 MHz, CDCl,)§ 7.07 (2H, d, J = 8.4 Hz), 6.83 (2H,
d,J =84Hz),3.82(2H,t,J =6.5Hz),2.80 2H, t, J = 6.5 Hz),
1.59 (1H, brs), 1.20-1.29 (18H, m), 1.05-1.10 (3H, m); *C NMR
(100 MHz, CDCl,) ¢ 154.6, 130.5, 129.8, 119.9, 63.8, 38.3, 17.9,
12.6.

2-[4'~(tert-Butyldiphenylsilyloxy)phenyllethanol. Table 3, entry
Ic. Eluted with diethylether—pentane = 3 : 1, colorless oil; 'H
NMR (400 MHz, CDCl;) ¢ 7.33-7.71 (10H, m), 6.93 (2H, d, J =
8.4Hz),6.70 2H,d,J =8.4Hz),3.74 2H,t,J = 6.5Hz),2.71 (2H,
t, J = 6.5 Hz), 1.53 (1H, brs), 1.09 (9H, s); “*C NMR (100 MHz,
CDCly) ¢ 154.1, 135.4, 132.9, 130.6, 129.8, 129.6, 127.7, 119.7,
63.6, 38.2,26.5, 19.4.

2 -[3' - Methoxy - 4’ - (tert - butyldimethylsilyloxy)phenyl]ethanol.
Table 3, entry 2a. '"H NMR (400 MHz, CDCl;) ¢ 6.65-6.79 (3H,
m), 3.82 (2H, t, J = 6.4 Hz), 3.79 (3H, s), 2.79 (2H, t, J = 6.4 Hz),
1.59 (1H, brs), 0.98 (9H, s), 0.14 (6H, s); *C NMR (100 MHz,
CDCl;) 6 150.9, 143.6, 131.6, 121.0, 120.8, 112.9, 63.7, 55.4, 38.8,
25.7,18.4, —4.6.

2-[3'-Methoxy-4'-(tri-isopropylsilyloxy)phenyl]ethanol. Table 3,
entry 2b. '"H NMR (400 MHz, CDCl;) J 6.65-6.82 (3H, m), 3.82
(2H,t,J =6.5Hz),3.80 (3H,),2.80 (2H, t, / = 6.5 Hz), 1.42 (1H,
brs), 1.21-1.30 (3H, m), 1.09-1.10 (18H, m); *C NMR (100 MHz,
CDCl,) 0 151.0, 144.4, 131.5, 121.2, 120.6, 113.3, 63.9, 55.7, 39.0,
18.1, 18.0, 17.9, 13.1.

2 - [3' - Methoxy - 4 - (tert - butyldiphenylsilyloxy)phenyl]ethanol.
Table 3, entry 2c. Eluted with diethylether—pentane = 3 : 1,
colorless oil); "H NMR (400 MHz, CDCl;) 6 7.31-7.71 (10H, m),
6.47-6.65 (3H, m), 3.76 (2H, t, J = 6.4 Hz), 3.55 (3H, s), 2.72 (2H,
t, J = 6.4 Hz), 1.57 (1H, brs), 1.10 (9H, s); *C NMR (100 MHz,
CDCl,) 0 150.4, 143.7, 135.3, 133.8, 131.4, 129.5, 127.4, 120.8,
120.1, 113.6, 63.6, 55.3, 38.7, 26.7, 19.7.

2-|3'-Bromo-4'-(tert-butyldimethylsilyloxy)phenyl]ethanol.
Table 3, entry 3. '"H NMR (400 MHz, CDCl;) 6 6.79-7.39 (3H, m),
3.82 (2H,t,J = 6.4 Hz), 2.77 2H, t, J = 6.4 Hz), 1.57 (1H, brs),
1.03 (9H, s), 0.24 (6H, s); *C NMR (100 MHz, CDCl;) ¢ 151.1,
133.6, 132.6, 128.7, 120.1, 115.2, 63.5, 37.9, 25.7, 18.3, —4.2.

4-(tert-Butyldipheylsilyloxy)benzyl alcohol. Table 3, entry 4.
Eluted with diethylether—pentane = 3 : 1, colorless oil; "H NMR
(400 MHz, CDCl;) 6 7.33-7.71 (10H, m), 7.07 (2H, d, J/ = 8.4 Hz),
6.74 (2H, d, J = 8.4 Hz), 4.51 (2H, s), 1.63 (1H, brs), 1.09 (9H, s);
BC NMR (100 MHz, CDCl;) 6§ 155.1, 135.4, 133.3, 132.8, 129.8,
128.3,127.7, 119.6, 65.0, 26.4, 19.4.
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Glycosylated zinc(11) phthalocyanines as efficient photosensitisers for
photodynamic therapy. Synthesis, photophysical properties and in vitro
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Treatment of 3- or 4-nitrophthalonitrile with 1,2:5,6-di-O-isopropylidene-a-D-glucofuranose or
1,2:3,4-di-O-isopropylidene-a-D-galactopyranose in the presence of K,CO; gave the corresponding
glycosubstituted phthalonitriles. These precursors underwent self-cyclisation, or mixed-cyclisation with
the unsubstituted phthalonitrile, to afford the tetra- or mono-glycosylated zinc(i1) phthalocyanines,
respectively. As shown by absorption spectroscopy, these compounds were not significantly aggregated
in organic solvents, giving a weak to moderate fluorescence emission. Upon irradiation these
compounds could sensitise the formation of singlet oxygen in DMF, with quantum yields in the range
of 0.40-0.66. The in vitro photodynamic activities of these compounds against HepG2 human
hepatocarcinoma and HT29 human colon adenocarcinoma cells were also studied. The

mono-glycosylated phthalocyanines exhibited significantly higher photocytotoxicity compared with the
tetra-a-glycosylated analogues, having ICs, values down to 0.9 uM. The tetra-p-glycosylated
counterparts were essentially inactive. The lower photocytotoxicities of the tetra-glycosylated
phthalocyanines are in line with their lower cellular uptake and/or higher aggregation tendency as
reflected by weaker intracellular fluorescence, and lower efficiency at generating intracellular reactive

oxygen species. For the mono-glycosylated phthalocyanines, the higher uptake can be attributed to their
hydrophilic saccharide units, which increase the amphiphilicity of the macrocycles.

Introduction

Phthalocyanines represent an important class of functional dyes.!
In addition to their use as advanced materials in various fields,
these macrocyclic compounds have also found application in
medicine. Owing to their strong and long-wavelength absorptions,
high efficiency at generating reactive oxygen species (ROS), and
ease of chemical modification, phthalocyanines have emerged
as a promising class of second-generation photosensitisers for
photodynamic therapy (PDT).2 Over the last decade, a sub-
stantial number of phthalocyanine-based photosensitisers have
been prepared and evaluated for their photodynamic activity,
with the focus on silicon, zinc and aluminium analogues as a
result of their desirable photophysical properties. To date, several
phthalocyanine systems such as the silicon(1v) phthalocyanine Pc4
and a liposomal preparation of zinc(i1) phthalocyanine have been
in clinical trials. Photosense®, which is a mixture of sulfonated
aluminium(111) phthalocyanines, is clinically used in Russia for the
treatment of a range of cancers.*
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One of the major challenges in PDT is to develop selective
photosensitisers which can preferentially accumulate in malignant
tissues relative to normal tissues. Although a level of selectivity
can be achieved by the confined illumination of the target
area, the use of selective photosensitisers, which can greatly
reduce the side effects and enhance the therapeutic outcomes,
is still important. Various approaches have been explored to
enhance the photosensitiser concentrations in target tissues, and
include encapsulation in colloidal carriers such as liposomes and
polymeric micelles,® and conjugation to tumour-specific carrier
molecules such as antibodies, synthetic peptides, epidermal growth
factor and adenoviruses, etc.* For the latter approach, only a
limited target specificity has been achieved so far.

In addition to these biomolecules, carbohydrates are also
promising candidates for bioconjugation to photosensitisers to
achieve targeted PDT. It has long been known that cancer cells
have increased levels of glucose uptake and glycolysis in order to
provide sufficient metabolic energy to sustain their proliferation.’
The transport of glucose across the cell membrane is mediated
by glucose transporter proteins, which are over-expressed in a
variety of human carcinomas.® By taking advantage of this,
glycoconjugation of various photosensitisers such as porphyrins,’
chlorins,® pyropheophorbides® and hypocrellins' has been carried
out with a view to enhancing their cellular uptake and eventually
the PDT efficacy. In a number of cases, particularly for the
unsymmetrically conjugated analogues, promising results have
been observed.”84«*

In contrast to carbohydrate—porphyrin conjugates, glycocon-
jugated phthalocyanines are extremely rare despite their great
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potential in PDT." We have recently prepared a novel series of
silicon(1v) phthalocyanines with isopropylidene-protected glucose
and galactose moieties as the axial substituents.”” These com-
pounds exhibit a high cellular uptake and are highly potent
toward several cancer cell lines. The ICs, values, defined as
the dye concentration required to kill 50% of the cells, are as
low as 6 nM. Herein we describe an extension of this work,
focusing on zinc(11) analogues, which are generally more stable
than their silicon(iv) counterparts. Although the synthesis and
characterisation of several glycosylated zinc(i1) phthalocyanines
have been reported,’ their photobiological properties remain
unexplored. In this paper, we report the synthesis, spectroscopic
characterisation and photophysical properties of a new series
of mono- and tetra-glycosylated phthalocyanines. The in vitro
photodynamic activities of this class of photosensitisers are also
reported for the first time.

Results and discussion
Synthesis and characterisation

Scheme 1 shows the synthetic route to tetra-a-glycosylated ph-
thalocyanines 6-9. Treatment of 3-nitrophthalonitrile (1) with the
isopropylidene-protected glucofuranose 2 or galactopyranose 3
in the presence of K,CO; in DMF led to nucleophilic aromatic
substitution, giving the corresponding glycosylated phthalonitrile
4 or 5. These compounds then underwent a cerium-promoted
cyclisation reaction®® to afford the metal-free phthalocyanines
H,Pc(0-PGlu), (6) and H,Pc(a-PGal), (7) in moderate yields
(47% and 58%, respectively). By using the phthalonitrile with a
bulky 2,4-dimethyl-3-pentoxy group at the o-position, we have
found that the 1,8,15,22- (or C,) isomer is predominantly formed,
which can be isolated by column chromatography followed by
recrystallisation.'* However, the tetra-o-glycosylated phthalo-
cyanines 6 and 7 exhibited excellent solubility in most organic

o7y

H or
NO, O&‘/
1

OH

><Oo

solvents. It was difficult to find an appropriate solvent system to
isolate the C, isomers by recrystallisation. Hence, compounds 6
and 7 were prepared as mixtures of structural isomers.
Subsequent metallation of these compounds with Zn(OAc),-
2H,0 in DMF gave the corresponding zinc(i1) complexes 8 and
9 in good yields (75% and 79%, respectively). It was found that,
upon treatment with Zn(OAc),-2H,0 and DBU, phthalonitriles 4
and 5 could be directly converted to zinc phthalocyanines 8 and 9
respectively, but this one-step procedure seemed to produce more
side products, which slightly hindered the purification process.
By contrast, this one-step cyclisation method could be readily
employed to prepare the tetra-B-substituted analogues ZnPc(f-
PGlu), (13) and ZnPc(B-PGal), (14). As shown in Scheme 2, treat-
ment of 4-nitrophthalonitrile (10) with protected monosaccharide
2 or 3 gives the substituted product 11 or 12, which undergoes a
DBU-promoted self-cyclisation reaction using Zn(OAc),-2H,0 as
the template to give phthalocyanine 13 or 14. These compounds,
again as mixtures of structural isomers, could be readily purified by

DBU Q\.rN\
Zn(QAc) 2:2H20 NN
,Zrk N
n-CsH11OH N N=
4
> A
N
X X
13 X =PGlu
14 X = PGal
Scheme 2

PGIu-H PGal-H
2 3
e X
Q\WN?V’QX o Ns
CeCl3, DBU NN N Zn(OAc)2:2H20 7 z’N { X
— 1\
n-Cs5H{10H X %:NH = DMF x JN Ne
> A Y > P
X X

+ other structural isomers

6 X=PGlu
7 X=PGal

+ other structural isomers

8 X=PGlu
9 X=PGal

Scheme 1
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silica-gel column chromatography. The glycosylated phthalonitrile
11 and phthalocyanine 13 have been described previously, but only
the UV-vis data have been given.'”

To enhance the amphiphilicity of the molecules, which is
generally believed to be an advantageous characteristic in
photosensitisers,'s we also prepared the mono-glycosylated ana-
logues 16-19. These compounds were prepared (in 25-43% yields)
by mixed cyclisation of the glycosylated phthalonitrile 4, 5, 11
or 12 with an excess of the unsubstituted phthalonitrile 15 (9
equiv.) using lithium as the template, followed by metallation with
Zn(OAc),-2H,0 (Scheme 3). These A;B-type cyclised products
could be separated from the other side products by silica-gel col-
umn chromatography followed by size exclusion chromatography.

N oN 4 ;\l Nx
. @) L, n»C5H11OH \ N
@) ZnOAD22H20 N -
CN CN
X N
4,5,11, or12 15
X =PGlu X =PGal
o-substituted 16 17
B-substituted 18 19
Scheme 3

Attempts were made to remove the isopropylidene protecting
groups of the zinc(i) phthalocyanines ZnPc(a-PGlu), (8) and
ZnPc(0-PGlu) (16) by treatment with trifluoroacetic acid and
water (v/v 9 : 1). Difficulties were encountered in the purification
of the products either by chromatography or recrystallisation.
The '"H NMR signals of the crude products in DMSO-d¢ were
significantly broadened and were difficult to assign. It is likely that
the deprotected sugar moieties promote the aggregation of the
macrocycles through hydrogen bonding formation. This possible
phenomenon, together with the anomerisation of the sugar
moieties, complicates the spectra, hindering the characterisation
of these compounds. Due to these difficulties, deprotection of these
glycosylated phthalocyanines was not pursued further.

All the new compounds were unambiguously characterised
by various spectroscopic methods. For the tetra-p-glycosylated
phthalocyanines 13 and 14, although they exist as a mixture of
structural isomers, the '"H NMR spectra recorded in CDCI; in
the presence of a trace amount of pyridine-ds are simpler than
expected. Three well-separated multiplets in the region § 7.7-9.5
were observed for the three sets of phthalocyanine ring protons.
The sugar protons resonated as six (for 13 at 0 4.2-6.2) or three
(for 14 at 6 4.4-5.8) multiplets, while the isopropylidene methyl
groups resonated as several singlets at 0 1.3—1.9. The assignment
could be readily made with the aid of "H-"H COSY spectra. Fig. 1
shows the spectrum of 13 for illustration.

The NMR spectra for the mono-glycosylated phthalocyanines
16-19 were also informative. Taking the "H NMR spectrum of
18 as an example, it showed a multiplet at 0 9.06-9.30 (7 H) and
a broad signal at 6 8.85 (1 H) for the eight phthalocyanine a
ring protons. The seven P ring protons resonated as a multiplet
at 0 7.93-8.11 (6 H) and a doublet at 6 7.67 (1 H). The signals
for the protected glucose appeared as three doublets (for H1, H2
and H3 of the glucofuranose ring), one doublet of doublets (for
H4), two multiplets (for H5 and H6) and four singlets (for the

ok ] MJL Ld MJL..
b

E ppm

o B A
Fig. 1 'H-'H COSY spectrum of ZnPc(B-PGlu), (13) in CDCI; with a
trace amount of pyridine-ds (ca. 1% v/v); * indicates signals for residual
solvents.

four methyl groups). The assignment was supported by its 'H-'H
COSY spectrum (Fig. S11). Due to the low symmetry of these
compounds, the "C{'H} NMR signals for the phthalocyanine
ring were split, but extensively overlapped. Nevertheless, some of
the phthalocyanine o- and B-ring carbon signals, as well as those
for the sugar ring could be identified using HMQC with BIRD
spectra [see the spectrum for 18 (Fig. S2t) given as an example].

The ESI mass spectra of all the phthalocyanines showed the
protonated molecular ion [(M + H)*] signal as the base peak,
of which the isotopic distribution was in good agreement with the
simulated pattern. The identity of these species was also confirmed
by accurate mass measurements.

Electronic absorption and photophysical properties

The electronic absorption and basic photophysical data of these
glycosylated phthalocyanines are summarised in Table 1. The
absorption and fluorescence spectra of the tetra-substituted ph-
thalocyanines were recorded in chloroform, but for the mono-
substituted analogues, due to their limited solubility in neat
chloroform, the spectra were taken in THF. The UV-vis spectra
of these compounds were typical for phthalocyanines with a low
aggregation tendency, showing one (for zinc(11) analogues) or two
(for metal-free analogues) intense Q band(s) at the red visible
region. The Q bands for the o-substituted zinc(11) phthalocyanines
were significantly red-shifted by 18-20 nm (for tetra-substituted
analogues) or 5-6 nm (for mono-substituted analogues) compared
with those for the B-substituted counterparts [see the spectra of 6,
8 and 13 (Fig. S371)]. a-Glycosylation also led to a weakening of the
fluorescence emission. For the tetra-substituted series (8,9, 13 and
14), the change from B to a substitution decreased the fluorescence
quantum yield by about four-fold (Table 1). These results are in
accord with the observations and theoretical calculations reported
previously for a series of metal-free and zinc(11) phthalocyanines.'
The effects of the sugar moieties are insignificant both on the
absorption and fluorescence emission properties.

The singlet oxygen quantum yields (&,) of these glyco-
sylated phthalocyanines were also determined in DMF us-
ing 1,3-diphenylisobenzofuran (DPBF) as the scavenger. The
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Table 1 Electronic absorption and photophysical data for the glycosylated phthalocyanines”

Compound Amax/nm (lOg &) Aem/NM® D¢ [
H,Pc(0-PGlu), (6) 315 (4.68), 353 (4.65), 626 (4.43), 660 (4.59), 690 (5.06), 724 (5.11) 724 0.03 0.12
H,Pc(a-PGal), (7) 315 (4.68), 352 (4.59), 626 (4.42), 659 (4.56), 691 (5.05), 724 (5.10) 726 0.05 0.14
ZnPc(a-PGlu), (8) 319 (4.57), 350 (4.56), 629 (4.49), 669 (4.41), 698 (5.20) 705 0.07 0.66
ZnPc(a-PGal), (9) 319 (4.56), 350 (4.58), 629 (4.54), 667 (4.44), 699 (5.31) 706 0.06 0.52
ZnPc(B-PGlu), (13) 350 (4.82), 612 (4.38), 648 (4.31), 680 (5.09) 687 0.23 0.41
ZnPc(B-PGal), (14) 351 (4.89), 613 (4.48), 647 (4.43), 679 (5.15) 639 0.24 0.40
ZnPc(a-PGlu) (16) 343 (4.88), 607 (4.65), 645 (4.62), 673 (5.40) 679 0.20 0.47
ZnPc(0-PGal) (17) 341 (4.76), 608 (4.53), 645 (4.49), 672 (5.28) 678 0.21 0.44
ZnPc(B-PGlu) (18) 344 (4.85), 603 (4.59), 640 (4.53), 667 (5.38) 673 0.26 0.47
ZnPc(B-PGal) (19) 344 (4.92), 603 (4.65), 639 (4.59), 667 (5.42) 673 0.26 0.45

“Recorded in chloroform (for 6-9 and 13-14) or THF (for 16-19) unless otherwise stated. ® Excited at 610 nm (for 13-14 and 16-19) or 625 nm (for
6-9). < @;: fluorescence quantum yield relative to unsubstituted zinc(11) phthalocyanine (ZnPc) (&; = 0.30 in 1-chloronaphthlene). ¢ @,: singlet oxygen

quantum yield measured in DMF relative to ZnPc (&, = 0.56).

concentration of the quencher was monitored spectroscopically
at 411 nm along with time, from which the values of @, could be
determined by the method described previously.'” These data are
also compiled in Table 1. It can be seen that the tetra-o-substituted
zinc(11) phthalocyanines 8 and 9 give the highest @, values (0.66
and 0.52, respectively), while the metal-free phthalocyanines 6 and
7 are the least efficient at the generation of singlet oxygen (@, =
0.12 and 0.14, respectively). This is in line with the higher triplet
quantum yields generally observed for zinc(i1) phthalocyanines
compared with the metal-free analogues.*®

In vitro photodynamic activities

The photodynamic activities of all the glycoconjugated zinc(i1)
phthalocyanines in Cremophor EL emulsions were investigated
using two different cell lines, namely HT29 human colon ade-
nocarcinoma and HepG2 human hepatocarcinoma cells. In the
absence of light, all these compounds were essentially non-toxic to
the cells. Upon illumination, these compounds exhibited different
degrees of photocytotoxicity. While the tetra-f-glycosylated ph-
thalocyanines 13 and 14 remained non-cytotoxic up to 8§ uM,
the other phthalocyanines, particularly the mono-substituted
analogues 16-19, were photodynamically active. Fig. 2 shows
the dose response curves for the galactosylated phthalocyanines
ZnPc(0-PGal), (9), ZnPc(B-PGal), (14), ZnPc(a-PGal) (17) and
ZnPc(B-PGal) (19) against HT29. A similar trend was observed
for the glucosylated series and for the HepG2 cells. The ICs,
values of the tetra-o- (8 and 9) and mono-substituted (16—
19) photosensitisers against the two cell lines are compiled in
Table 2. It can be seen that the mono-glycosylated analogues
generally exhibit higher photocytotoxicity, with I1Cs, values down
to 0.9 uM. Apparently, the photocytotoxicity of these compounds
is higher than that of the tetrasulfonated zinc(ir) phthalocyanine
and comparable if not better than that of the tetrasulfonated
aluminium(1r) phthalocyanine and Photosense®, which are all
common phthalocyanine-based photosensitisers.” Nevertheless,
compared with the silicon(1v) analogues prepared by us previously,
whose IC;, values could be as low as 6 nM,'* these zinc(11) gly-
cosylated phthalocyanines are substantially less photocytotoxic,
probably due to the higher intrinsic stacking tendency of these
non-axially substituted macrocycles. As shown in Table 2, the
sugar moieties do not have a significant effect on the photodynamic
activities of this series of compounds.

Table 2 ICj, values of the glycosylated zinc(i1) phthalocyanines 8, 9 and
16-19 against HepG2 and HT29 cells*

Compound For HepG2/uM For HT29/uM
ZnPc(0-PGlu), (8) 4.7 4.0
ZnPc(o-PGal), (9) 5.1 3.5
ZnPc(0-PGlu) (16) 1.1 1.0
ZnPc(0-PGal) (17) 1.7 1.7
ZnPc(B-PGlu) (18) 1.8 2.0
ZnPc(B-PGal) (19) 1.5 0.9

“Defined as the dye concentration required to kill 50% of the cells.
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Fig. 2 Effects of ZnPc(a-PGal), (9) (M), ZnPc(B-PGal), (14) (@),
ZnPc(0-PGal) (17) (A) and ZnPc(B-PGal) (19) (k) on HT29 cells in
the presence of light (4 >610 nm, 40 mW cm™, 48 J cm?). Data are
expressed as mean values &+ S. E. M. of three independent experiments,
each performed in quadruplicate.

To account for the different photodynamic activities of these
compounds, their aggregation behaviour in the culture media
was examined by absorption and fluorescence spectroscopic
methods. Fig. 3a shows the UV-vis spectra of the galactosylated
phthalocyanines 9, 14, 17 and 19 in the DMEM medium (for
HT29 cells). It can be seen that the Q bands of 9, 17 and 19
remain sharp and intense, indicating that these compounds are
not significantly aggregated in the medium. By contrast, for the
tetra-B-substituted analogue ZnPc(B-PGal), (14), the Q band is
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Fig. 3 (a) UV-vis and (b) fluorescence spectra of ZnPc(a-PGal), (9),
ZnPc(B-PGal), (14), ZnPc(a-PGal) (17) and ZnPc(B-PGal) (19), formu-
lated with Cremophor EL, in the DMEM medium. The concentrations of
the phthalocyanines were fixed at 4 uM.

much weaker and significantly broadened. This indicates that
this compound is highly aggregated in the medium, which can
explain that even though it has a reasonably high singlet oxygen
quantum yield in DMF (Table 1), it shows no photocytotoxicity.
The higher aggregation tendency of 14 compared with the other
three compounds was in accord with its much weaker fluorescence
in the culture medium (Fig. 3b). Similar results were obtained
for the glucosylated counterparts and in the RPMI medium (for
HepG?2 cells).

In addition to the cell viability studies, we also employed
fluorescence microscopy to investigate the uptake of the galac-
tosylated phthalocyanines 9, 14, 17 and 19 by HT29 cells. After
incubation with these compounds (formulated with Cremophor
EL) for 2 h, and upon excitation at 630 nm, fluorescence images
of the HT29 cells were captured. It was found that for the tetra-
B-substituted analogue ZnPc(B-PGal), (14), no fluorescence was
observed. This indicated that the cellular uptake is negligible
and/or the compound is highly aggregated within the cells, both
of which disfavour photodynamic action. Hence, this compound is
not photocytotoxic. By contrast, the mono-substituted analogues
17 and 19 gave strong intracellular fluorescence throughout the
cytoplasm. The intensity was stronger than that caused by the
tetra-o-substituted analogue ZnPc(a-PGal), (9) as shown in Fig. 4.
These results suggested that the mono-substituted analogues 17
and 19 have a better cellular uptake, probably due to their
amphiphilic character,”® and lower aggregation tendency within

Fig. 4 Fluorescence microscopic images of HT29 cells after being
incubated with (a) ZnPc(a-PGal), (9), (b) ZnPc(o-PGal) (17) and (c)
ZnPc(B-PGal) (19) (all at 8 uM) for 2 h.

the cells. The results can account for the trend in photocyto-
toxicity: 17 ~ 19 > 9 > 14. A higher potency has also been
observed for unsymmetrical tetrapyrrolic photosensitisers having
three saccharide units compared with the symmetrical analogues
with four saccharide substituents.”#

The intracellular production of ROS by these compounds in
HT29 cells was also studied using 2',7'-dichlorodihydrofluorescein
diacetate (DCFDA) as the quencher. As shown in Fig. 5, all
the compounds cannot generate ROS in the absence of light.
Upon illumination, the efficiency at generating ROS follows the
order: 19 > 17 > 9 > 14, which is in accord with the trend in
photocytotoxicity.
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Fig. 5 ROS production induced by ZnPc(a-PGal), (9), ZnPc(B-PGal),
(14), ZnPc(a-PGal) (17) and ZnPc(B-PGal) (19) in HT29 cells (all at 8
uM). Each data point represents the mean value + S. E. M. of three
independent experiments, each performed in quadruplicate.

Conclusions

In summary, we have prepared and characterised a new series of
glycosylated zinc(11) phthalocyanines. Compared with the tetra-
substituted analogues, the mono-glycosylated phthalocyanines
16-19 exhibit a higher cellular uptake, lower aggregation tendency
and higher efficiency at generating intracellular ROS, leading to
higher in vitro photocytotoxicity. Their ICy, values against HepG2
and HT29 cells are as low as 0.9 uM. For the tetra-substituted
series, the position of the substituents (a or P) also exerts a
great effect on their photodynamic activity. Although the tetra--
glycosylated phthalocyanines 13 and 14 are efficient singlet oxygen
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generators in DMEF, their high aggregation tendency in the culture
media means they have no photodynamic activity.

Experimental

Experimental details regarding the purification of solvents, instru-
mentation and in vitro studies are described elsewhere.’* Singlet
oxygen quantum yields (®,) were measured in DMF by the
method of chemical quenching of DPBF using ZnPc as a reference
(D reeny = 0.56).2° A mixture of DPBF (0.24 mM, 1 mL) and the
photosensitiser (the absorbance at the excitation position was
adjusted to ca. 0.1, 1 mL) in DMF was illuminated with red
light coming from a 200 W halogen lamp after passing through a
water tank for cooling and a colour glass filter (Newport, cut-on
at 610 nm). The decay of the DPBF, as shown by the decrease
in absorbance at 411 nm, was monitored along with time. The
singlet oxygen quantum yield of the photosensitiser was estimated
using the relationship: @ ssumpiey = P acery( W sample” Wret), Where W
represents the photobleaching rate of DPBF, taken as the slope of
the central linear region of the decay curve."”

General procedure for the preparation of glycosylated
phthalonitriles 4, 5, 11 and 12

A mixture of 3- or 4-nitrophthalonitrile (1 equiv.), protected
monosaccharide 2 or 3 (1.5 equiv.) and K,CO; (3 equiv.) in DMF
was stirred at 60 °C for 2 days (for 2) or room temperature for
4 days (for 3). The volatiles were evaporated in vacuo, then the
residue was dissolved in chloroform (250 mL). The solution was
washed with water (125 mL x 2), then dried over anhydrous
MgSO,. After evaporation under reduced pressure, the residue was
purified by silica-gel chromatography using ethyl acetate-n-hexane
(v/v 1:2) as the eluent. The crude product was further purified
by recrystallisation from chloroform layered with n-hexane.

3-(1,2:5,6-Di-O-isopropylidene-a-D-glucofuranosyl)phthalonitrile
@

According to the general procedure, 3-nitrophthalonitrile (1)
(1.08 g, 6.2 mmol) was treated with protected glucose 2 (2.42 g,
9.3 mmol) in DMF (10 mL) to give 4 as a white crystalline solid
(1.57 g, 65%). '"HNMR:6 7.67-7.72 (m, 1 H, ArH), 7.42-7.46 (m,
2 H, ArH), 6.01 (d, / = 3.9 Hz, 1 H, H1), 4.82 (d, J = 3.0 Hz,
1 H, H3),4.59 (d, J = 3.9 Hz, 1 H, H2), 4.49 (ddd, J = 4.8, 6.0,
8.7 Hz, 1 H, HS), 4.26 (dd, J = 3.0, 8.7 Hz, 1 H, H4), 4.19 (dd,
J =6.0,8.7 Hz, | H, H6), 4.07 (dd, J = 4.8, 8.7 Hz, 1 H, H6),
1.55(s, 3H, Me), 1.41 (s, 3 H, Me), 1.32 (s, 3 H, Me), 1.30 (s, 3 H,
Me). "C{'H} NMR: ¢ 159.7, 134.6, 126.2, 118.1, 117.2, 115.0,
112.6 (two overlapping signals), 109.5, 106.1, 105.3, 82.4, 82.2,
80.4, 71.7, 67.5, 26.9, 26.6, 26.2, 25.0. MS (FAB): m/z 387 [20%,
(M + H)*]. HRMS (FAB): m/z calc. for C,)H,;;N,Oy (M + H)*,
387.1551; found, 387.1551. Anal. caled for C,0H,,N,Oq: C 62.17,
H 5.74, N 7.25; found: C 62.13, H 5.63, N 7.09.

3-(1,2:3,4-Di-O-isopropylidene-a-D-
galactopyranosyl)phthalonitrile (5)

According to the general procedure, 3-nitrophthalonitrile (1)
(2.30 g, 13.3 mmol) was treated with protected galactose 3 (5.10 g,
19.6 mmol) in DMF (20 mL) to give 5 as a white crystalline solid

(3.39 g, 66%). '"H NMR: 0 7.61-7.66 (m, 1 H, ArH), 7.30-7.37
(m, 2 H, ArH), 5.53 (d, J = 4.8 Hz, 1 H, H1), 4.68 (dd, J = 2.4,
7.8 Hz, 1 H, H3), 4.43 (dd, J = 1.2, 7.8 Hz, 1 H, H4), 4.35 (dd,
J =24,48Hz, 1 H, H2), 4.23-4.32 (m, 3 H, H5 and H6), 1.55
(s, 3 H, Me), 1.44 (s, 3 H, Me), 1.35 (s, 3 H, Me), 1.34 (s, 3 H,
Me). "C{'H} NMR: ¢ 161.1, 134.5, 1254, 117.3, 116.9, 115.3,
112.8, 109.5, 109.1, 105.3, 96.2, 70.6 (3 overlapping signals), 68.3,
66.1,26.1,25.9,24.9,24.3. MS (ESI): m/z 409 [100%, (M + Na)*].
HRMS (ESI): m/z calc. for C,yH,,N,NaOg (M + Na)*, 409.1370;
found, 409.1374. Anal. calcd for C,0H,,N,O¢: C 62.17, H 5.74, N
7.25; found: C 62.10, H 5.73, N 6.93.

4-(1,2:5,6-Di- O-isopropylidene-a-D-glucofuranosyl)phthalonitrile
an

According to the general procedure, 4-nitrophthalonitrile (10)
(3.14 g, 18.1 mmol) was treated with protected glucose 2 (6.39 g,
24.5 mmol) in DMF (20 mL) to give 11 as a white crystalline solid
(5.14 g, 73%). '"HNMR: 6 7.75 (d, J = 8.7 Hz, 1 H, ArH), 7.41
(d, J =2.7Hz, 1 H, ArH), 7.31 (dd, J = 2.7, 8.7 Hz, ArH), 5.95
(d, J =39Hz 1 H, HI),4.79 (d, J = 3.0 Hz, 1 H, H3), 4.54 (d,
J=39Hz | H, H2), 4.28-4.31 (m, 1 H, HYS), 4.24 (dd, J = 3.0,
8.7 Hz, H4), 4.15 (dd, J = 5.7, 8.7 Hz, 1 H, H6), 4.06 (dd, J =
4.5, 8.7 Hz, 1 H, H6), 1.56 (s, 3 H, Me), 1.42 (s, 3 H, Me), 1.33 (s,
3 H, Me), 1.28 (s, 3 H, Me). "C{'H} NMR: 159.8, 134.8, 126.2,
118.1,117.2,115.0, 112.6, 105.9, 105.2, 82.7, 82.1, 79.0, 68.2, 64.0,
26.6, 26.2 (some of the signals are overlapped). MS (FAB): m/z
387[15%, (M + H)*]. HRMS (FAB): m/z calc. for C,0H,;N,O¢ (M
+ H)*, 387.1551; found, 387.1562.

4-(1,2:3,4-Di-O-isopropylidene-a-D-
galactopyranosyl)phthalonitrile (12)

According to the general procedure, 4-nitrophthalonitrile (10)
(2.56 g, 14.8 mmol) was treated with protected galactose 3 (5.39 g,
20.7 mmol) in DMF (20 mL) to give 12 as a white crystalline solid
(3.32 g, 58%). '"HNMR:0 7.70 (d, J/ = 8.7 Hz, 1 H, ArH), 7.33 (d,
J=24Hz 1 H, ArH), 7.25(dd, J = 2.4, 8.7 Hz, 1 H, ArH), 5.56
(d,J=5.1Hz, 1 H, Hl),4.67 (dd, J =2.4,7.8 Hz, | H, H3), 4.37
(dd,J =2.4,5.1Hz,1H, H2),4.32(dd, J = 1.2, 7.8 Hz, 1 H, H4),
4.18-4.25 (m, 3 H, HS and H6), 1.54 (s, 3 H, Me), 1.47 (s, 3 H,
Me), 1.35(s, 6 H, Me). "C{'H} NMR: ¢ 161.8,135.1, 119.9, 119.5,
117.4,115.6,115.2,109.8, 108.9, 107.5, 96.3, 70.8, 70.6, 70.3, 68.1,
66.2,26.0,25.9,24.8,24.4. MS (ESI): m/z 409 [100%, (M + Na)*].
HRMS (ESI): m/z calc. for C,0H,,N,NaO, (M + Na)*, 409.1370;
found, 409.1374. Anal. calcd for C,0H,,N,O¢: C 62.17, H 5.74, N
7.25; found: C 62.13, H 5.68, N 7.42.

1(4),8(11),15(18),22(25)-Tetrakis(1,2:5,6-di- O-isopropylidene-a-
D-glucofuranosyl)phthalocyanine (6)

A mixture of phthalonitrile 4 (1.33 g, 3.4 mmol) and CeCl; (0.2
equiv.) in n-pentanol (6 mL) was heated to 100 °C, then 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU) (0.8 mL) was added. The
mixture was heated further, to 150 °C, and kept at this temperature
overnight with stirring. The volatiles were evaporated in vacuo,
then the residue was purified by silica-gel chromatography using
ethyl acetate—n-hexane (changing gradually fromv/v1:2to1:1)
as the eluent to give 6 as a green solid (0.62 g, 47%). '"H NMR: ¢
9.09-9.27 (m, 4 H, Pc-H,), 8.14-8.22 (m, 4 H, Pc-H,;), 7.81-7.94
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(m, 4 H, Pc-Hy), 6.50-6.64 (m, 4 H, HI), 4.22-5.88 (m, 24 H,
CH), 1.39-1.72 (m, 48 H, Me). MS (ESI): an isotopic cluster
peaking at m/z 1547 [100%, (M + H)*]. HRMS (ESI): m/z calc.
for C4Hy N;O,y (M + H)*, 1547.6141; found, 1547.6151. Anal.
calcd for Cy HgyN;O,,: C 62.09, H 5.86, N 7.24; found: C 62.36, H
6.00, N 6.84.

1(4),8(11),15(18),22(25)-Tetrakis(1,2:3,4-di-O-isopropylidene-a-
D-galactopyranosyl)phthalocyanine (7)

According to the above procedure, cyclisation of phthalonitrile
5 (1.28 g, 3.3 mmol) gave 7 as a green solid (0.74 g, 58%). 'H
NMR: ¢ 8.95-9.18 (m, 4 H, Pc-H,), 8.06-8.16 (m, 4 H, Pc-Hj),
7.62-7.94 (m, 4 H, Pc-H,), 4.30-5.85 (m, 28 H, CH), 1.21-1.59
(m, 48 H, Me). MS (ESI): an isotopic cluster peaking at m/z 1547
[100%, (M + H)*]. HRMS (ESI): m/z calc. for CgoHo; N3O,y (M +
H)*, 1547.6141; found, 1547.6132. Anal. calcd for CgyHgyNO,4: C
62.09, H 5.86, N 7.24; found: C 62.46, H 5.98, N 6.93.

[1(4),8(11),15(18),22(25)-Tetrakis(1,2:5,6-di-O-isopropylidene-a-
D-glucofuranosyl)phthalocyaninato]zinc(ir) (8)

A solution of the metal-free phthalocyanine 6 (50 mg, 32 pmol) and
Zn(OAc),-2H,0 (2 equiv.) in DMF (5 mL) was stirred at 150 °C
overnight. The solvent was evaporated in vacuo, then the residue
was purified by silica-gel chromatography using ethyl acetate—n-
hexane (changing gradually from v/v 1:2to 2: 1) as the eluent to
give 8 as a green solid (39 mg, 75%). 'HNMR:5 9.16-9.25 (m, 4 H,
Pc-H,),8.06-8.14 (m, 4 H, Pc-H;), 7.76-7.87 (m, 4 H, Pc-Hj), 6.48—
6.62 (m, 4 H, H1), 4.09-6.01 (m, 24 H, CH), 1.24-1.68 (m, 48 H,
Me). MS (ESI): an isotopic cluster peaking at m/z 1609 [100%,
(M + H)*]. HRMS (ESI): m/z calc. for CgHgNgO,Zn (M +
H)*, 1609.5276; found, 1609.5271.

[1(4),8(11),15(18),22(25)-Tetrakis(1,2:3,4-di- O-isopropylidene-a-
D-galactopyranosyl)phthalocyaninato]zinc(ix) (9)

According to the above procedure, metallation of the metal-free
phthalocyanine 7 (50 mg, 32 pmol) with Zn(OAc),-2H,0 (2 equiv.)
gave 9 as a green solid (41 mg, 79%). '"H NMR: 6 9.13-9.21 (m,
4H, Pc-H,), 8.05-8.12 (m, 4 H, Pc-H;), 7.65-7.88 (m, 4 H, Pc-Hj),
4.24-5.83 (m, 28 H, CH), 1.21-1.53 (m, 48 H, Me). MS (ESI): an
isotopic cluster peaking at m/z 1609 [100%, (M + H)*]. HRMS
(ESI): m/z calc. for CgyHgNgO,,Zn (M + H)*, 1609.5276; found,
1609.5264. Anal. caled for CgHgNgOyZn: C 59.65, H 5.51, N
6.96; found: C 59.87, H 5.73, N 6.52.

12(3),9(10),16(17),23(24)-Tetrakis(1,2:5,6-di- O-isopropylidene-a-
D-glucofuranosyl)phthalocyaninato]zinc(ir) (13)'*

A mixture of phthalonitrile 11 (0.61 g, 1.6 mmol) and
Zn(OAc),-2H,0 (2 equiv.) in n-pentanol (5 mL) was heated to
100 °C, then DBU (0.8 mL) was added. The mixture was heated
further, to 150 °C, and kept stirring at this temperature overnight.
The volatiles were then evaporated in vacuo and the residue was
purified by silica-gel chromatography using ethyl acetate-n-hexane
(changing gradually from v/v 1 : 3 to 1 : 1) as the eluent. The
product 13 was isolated as a blue solid (0.37 g, 58%). '"H NMR: ¢
9.35-9.45 (m, 4 H, Pc-H,), 9.06-9.10 (m, 4 H, Pc-H,), 7.76-7.83
(m, 4 H, Pc-Hy), 6.13-6.16 (m, 4 H, H1), 5.39-5.42 (m, 4 H, H3),

4.97-5.03 (m, 4 H, H2), 4.72-4.78 (m, 4 H, HS5), 4.56-4.60 (m,
4 H, H4), 4.27-4.35 (m, 8 H, H6), 1.35-1.70 (m, 48 H, Me). MS
(ESI): an isotopic cluster peaking at m/z 1609 [100%, (M + H)*].
HRMS (ESI): m/z calc. for CgyHgNO,,Zn (M + H)*, 1609.5276;
found, 1609.5273.

12(3),9(10),16(17),23(24)-Tetrakis(1,2:3,4-di- O-isopropylidene-a-
D-galactopyranosyl)phthalocyaninato]zinc(i1) (14)

According to the above procedure, cyclisation of phthalonitrile 12
(1.34 g, 3.5 mmol) gave 14 as a blue solid (1.08 g, 77%). '"H NMR:
09.30-9.39 (m, 4 H, Pc-H,), 8.98-9.02 (m, 4 H, Pc-H,), 7.77-7.80
(m, 4 H, Pc-Hy), 5.72-5.74 (m, 4 H, H1), 4.62-4.81 (m, 16 H, CH),
4.43-4.54 (m, 8 H, CH), 1.41-1.83 (m, 48 H, Me). MS (ESI): an
isotopic cluster peaking at m/z 1609 [100%, (M + H)*]. HRMS
(ESI): m/z calc. for CgoHgN;O,,Zn (M + H)*, 1609.5276; found,
1609.5272. Anal. caled for CyHgNgO,Zn: C 59.65, H 5.51, N
6.96; found: C 59.62, H 5.48, N 7.05.

General procedure for the preparation of mono-glycosylated
zine(11) phthalocyanines 16-19

Lithium (0.2 g, 29 mmol) was first dissolved in n-pentanol (20 mL)
at 100 °C, then a solution of glycosylated phthalonitrile 4, 5, 11,
or 12 (1 equiv.) and unsubstituted phthalonitrile (15) (9 equiv.)
in a minimum amount of tetrahydrofuran (THF) (ca. 10 mL)
was added. The resulting mixture was stirred at 120 °C for 5 h,
then Zn(OAc),-2H,0 (3 equiv.) was added. The resulting mixture
was stirred at this temperature overnight, then the volatiles were
removed under reduced pressure. The residue was redissolved
in THF and the suspension was filtered to remove some of the
unsubstituted ZnPc formed. The filtrate was adsorbed onto silica
gel which was then loaded onto a silica-gel column and eluted
with THF-n-hexane (changing gradually from v/v1:2to 1:1).
The crude product obtained was further purified by size exclusion
chromatography using THF as the eluent. A green band was first
developed, which was followed by a blue band containing the
desired A;B-type product. The product was further purified by
recrystallisation from THF layered with n-hexane.

[1-(1,2:5,6-Di-O-isopropylidene-a-D-
glucofuranosyl)phthalocyaninato]zinc(ir) (16)

According to the general procedure, phthalonitrile 4 (0.16 g,
0.4 mmol) reacted with 15 to give 16 as a blue solid (0.09 g,
26%). "H NMR: § 9.39-9.49 (m, 6 H, Pc-H,), 9.20 (d, J = 7.5 Hz,
1 H, Pc-H,), 8.11-8.20 (m, 7 H, Pc-Hy), 7.79 (d, J/ = 8.1 Hz, 1 H,
Pc-H;), 6.52(d, J =3.6 Hz, 1 H, H1), 5.91-5.99 (m, 1 H, HS), 5.57
(d,J=2.4Hz, 1 H,H3),5.19(d, J = 3.6 Hz, | H, H2), 4.69-4.73
(m, 1 H, H4), 4.46-4.58 (m, 2 H, H6), 1.69 (s, 3 H, Me), 1.41 (s,
3 H, Me), 1.35 (s, 3 H, Me), 0.90 (s, 3 H, Me). "C{'"H} NMR: ¢
154.2, 153.5, 153.4, 153.2, 152.8, 141.1, 139.0, 138.4, 138.1, 130.2
(Pc-Cy), 129.2 (Pc-Cy), 128.8 (Pc-Cy), 122.4 (Pc-C,), 122.3 (Pc-
C.), 116.5 (Pc-C,), 113.7 (Pc-C;), 112.3, 109.2, 106.0 (C1), 82.9
(C2), 81.6 (C3 or C4), 81.4 (C3 or C4), 72.5 (C5), 67.7 (C6), 26.9
(two overlapping signals, Me), 26.3 (Me), 25.0 (Me) (some of the
aromatic signals are overlapped). MS (ESI): an isotopic cluster
peaking at m/z 835 [100%, (M +H)*]. HRMS (ESI): m/z calc. for
CyuHisNgOgZn (M + H)*, 835.1966; found, 835.1960. Anal. caled
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for C,,H3,NgO¢Zn: C 63.20, H 4.10, N 13.40; found: C 62.69, H
4.72, N 13.48.

[1-(1,2:3,4-Di-O-isopropylidene-o-D-
galactopyranosyl)phthalocyaninato]zinc(11) (17)

According to the general procedure, phthalonitrile 5 (0.35 g,
0.9 mmol) was treated with 15 to give 17 as a blue solid (0.19 g,
25%). '"H NMR: ¢ 9.42-9.50 (m, 1 H, Pc-H,), 9.25-9.34 (m, 5 H,
Pc-H,), 9.09 (d, J = 7.5 Hz, 1 H, Pc-H,), 8.02-8.18 (m, 7 H, Pc-
H,;), 7.66 (d,J =7.8 Hz, 1 H, Pc-Hy), 5.86 (d, / =4.8 Hz, | H, H1),
5.40(dd,J =1.2,7.8 Hz, 1 H, H4),4.90-5.11 (m, 4 H, H3, H5 and
H6),4.61 (dd, J =2.4,4.8 Hz, 1 H, H2), 1.57 (s, 3 H, Me), 1.55 (s,
3 H, Me), 1.41 (s, 3 H, Me), 1.28 (s, 3 H, Me). "C{'"H} NMR: o
155.5,152.9,152.8,140.7,138.9, 138.3,138.0, 137.8, 130.2 (Pc-C;),
128.9 (Pc-Cy), 128.7 (Pc-Cy), 128.6 (Pc-Cy), 122.7 (Pc-C,), 122.5
(Pc-C,), 122.1 (Pc-C,), 122.0 (Pc-C,), 121.9 (Pc-C,), 115.8 (Pc-C,),
112.9 (Pc-Cyp), 109.4, 109.0, 96.8 (C1), 71.4 (C2, C3 or C4), 71.0
(C2, C3 or C4), 70.9 (C2, C3 or C4), 67.3 (C5 or C6), 66.8 (C5
or C6), 26.4 (Me), 26.1 (Me), 25.1 (Me), 24.6 (Me) (some of the
aromatic signals are overlapped). MS (ESI): an isotopic cluster
peaking at m/z 835[100%, (M + H)*]. HRMS (ESI): m/z calc. for
C,H;sNsOgZn (M + H)*, 835.1966; found, 835.1968. Anal. calcd
for C,,H,NgO¢Zn: C 63.20, H 4.10, N 13.40; found: C 63.23, H
4.92, N 13.93.

[2-(1,2:5,6-Di-O-isopropylidene-o-D-
glucofuranosyl)phthalocyaninato]zinc(ir) (18)

According to the general procedure, phthalonitrile 11 (0.15 g,
0.4 mmol) was treated with 15 to give 18 as a blue solid (0.14 g,
43%). '"H NMR: 6 9.06-9.30 (m, 7 H, Pc-H,), 8.85 (br s, | H, Pc-
H,), 7.93-8.11 (m, 6 H, Pc-Hy), 7.67 (d, J = 7.5 Hz, 1 H, Pc-Hy),
6.17(d,J =3.6 Hz, | H, H1), 542 (d, J = 2.4 Hz, 1 H, H3), 5.04
(d,J =3.6Hz, 1 H, H2),4.80-4.86 (m, | H, H5),4.63(dd, J =2.4,
7.5 Hz, 1 H, H4), 4.29-4.39 (m, 2 H, H6), 1.72 (s, 3 H, Me), 1.58
(s, 3 H, Me), 1.42 (s, 3 H, Me), 1.41 (s, 3 H, Me). *C{'"H} NMR:
0 158.3, 152.8 (br s), 140.0, 137.9, 132.3, 128.6 (Pc-C;), 123.6
(Pc-C,), 122.2 (Pc-C,), 118.1 (Pc-Cy), 112.4, 109.3, 107.3 (Pc-C,),
105.5 (C1), 82.6 (C2), 80.9 (C4), 80.5 (C3), 72.5 (CS), 67.3 (C6),
27.0 (two overlapping signals, Me), 26.4 (Me), 25.4 (Me) (some of
the aromatic signals are overlapped). MS (ESI): an isotopic cluster
peaking at m/z 835[100%, (M + H)*]. HRMS (ESI): m/z calc. for
CuHisNgOgZn (M + H)*, 835.1966; found, 835.1973. Anal. calcd
for C,uH3,NgO4Zn: C 63.20, H 4.10, N 13.40; found: C 63.05, H
4.45, N 14.26.

|2-(1,2:3,4-Di- O-isopropylidene-a-D-
galactopyranosyl)phthalocyaninato]zinc(ir) (19)

According to the general procedure, phthalonitrile 12 (1.06 g,
2.7 mmol) was treated with 15 to give 19 as a blue solid (0.91 g,
40%). "H NMR: ¢ 8.95-9.10 (m, 6 H, Pc-H,), 8.79 (d, J = 8.1 Hz,
1 H, Pc-H,), 8.43 (d, J/ = 2.1 Hz, 1 H, Pc-H,), 7.93-8.00 (m, 6 H,
Pc-Hy), 7.49 (dd, J = 2.1, 8.1 Hz, 1 H, Pc-Hy), 5.80 (d, / = 5.1 Hz,
Hl), 4.86 (dd, J = 2.1, 7.8 Hz, 1 H, H3), 4.66-4.73 (m, 3 H, H4
and H6), 4.57-4.63 (m, 1 H, H5), 4.51 (dd, J =2.1, 5.1 Hz, 1 H,
H2), 1.76 (s, 3 H, Me), 1.67 (s, 3 H, Me), 1.53 (s, 3 H, Me), 1.46
(s, 3 H, Me). "C{'H} NMR: ¢ 160.1, 153.1, 152.9, 152.4, 140.1,
138.1, 131.5, 128.6 (Pc-Cy), 123.2 (Pc-C,), 122.2 (Pc-C,), 118.1

(Pc-Cy), 109.6, 108.9, 105.6 (Pc-C,), 96.6 (C1), 71.2 (C4 or C6),
70.8 (two overlapping signals, C2 and C3), 67.2 (C4 or C6), 66.6
(C5), 26.3 (Me), 26.2 (Me), 25.0 (Me), 24.6 (Me) (some of the
aromatic signals are overlapped). MS (ESI): an isotopic cluster
peaking at m/z 835[100%, (M + H)*]. HRMS (ESI): m/z calc. for
CyuHisNgOZn (M + H)*, 835.1966; found, 835.1959. Anal. caled
for Cy,H3NgO4Zn: C 63.20, H 4.10, N 13.40; found: C 63.45, H
4.85, N 12.66.
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An efficient and regioselective procedure for the synthesis of di-, tri- and fully-substituted
pyrazolidine-3,5-diones on a solid-phase format is described. Microwave irradiation provided
significant rate enhancement in this protocol. To demonstrate the versatility of this chemistry, a

representative set of 25 compounds was prepared.

Introduction

Antibiotic resistance in pathogenic bacteria, in particular, Staphy-
lococcus aureus, Enterococcus faecalis, Enterococcus faecium and
Streptococcus pneunoniae is a serious public health threat because
of the growing rates of development of resistance of these
organisms to traditional antibiotics.! There is thus an urgent
need to develop new structural classes of compounds with new
mechanisms of action to facilitate novel therapeutic approaches
for the treatment of infections caused by multiresistant pathogens.

1,2-Diarylpyrazolidine-3,5-diones have been recently described
as anovel antibacterial class showing potent and specific inhibition
to MurB and good activity against some strains of antibiotic-
resistant bacteria.? Earlier studies of these compounds have
also resulted in the development of phenylbutazone (tradename
Butazolidine), oxyphenbutazone (tradename Tandearil), ketazone
and sulfinpyrazone (tradename Anturane) as drugs used for the
treatment of fever, inflammation, arthritis and gout.* Accordingly,
several approaches for the synthesis of pyrazolidine-3,5-diones 1
have been described in the literature. Amongst them, the reaction
of hydrazines with malonic acid or its derivatives is the most
popular method for the direct construction of 1. However the
reaction conditions for these condensations are generally not
mild, often requiring either long reaction times (up to a few
days), high temperatures (150 °C) or expensive and uncommon
reagents. Furthermore, attempts to decorate the pyrazolidine-
3,5-dione scaffold by substituting the N1, N2 or C4 positions
led to poor selectivity because of the similar reactivities of these
positions.®

An alternative strategy involves a four-step procedure for the
synthesis of polysubstituted 1 from ethyl 3-benzylidenecarbazate.
Although this synthesis protocol is a few steps longer than the
aforementioned method, it uses common reagents and the stepwise
process results in a regiospecific alkylation of the N1 and N2
positions.

To facilitate SAR and the development of 1 as small-molecule
probes to biological processes, a flexible and convenient synthetic

Department of Chemistry, National University of Singapore, 3 Science Drive
3, Singapore 117543. E-mail: chmlamyl@nus.edu.sg; Fax: +65 6779 1691;
Tel: +65 6561 2688
T Electronic supplementary information (ESI) available: Analytical data
('H NMR, "C NMR and HRMS) for all compounds. See DOI:
10.1039/b802648c

strategy is desired. We envisage that a solid-phase synthetic
protocol which allows convenient handling and distribution of
the synthetic intermediates would offer an alternative pathway to
generate a diverse set of 1. To our knowledge, there are no earlier
reports of the traceless solid-phase synthesis (SPS) of 1. Hence we
have carefully investigated the aforementioned four-step procedure
on solid-phase and herein present an ameliorated and convenient
protocol for the synthesis of 1 (Scheme 1) in good yields and high
purity.
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Scheme 1 SPS of pyrazolidine-3,5-diones.

Results and discussion

For the synthesis of resin 4, we had initially intended to treat
the Wang resin with methyl carbazate 2 to form the resin bound
carbazate which would then be reacted with an aldehyde. However
the reaction between Wang resin and 2 did not proceed as desired
because of the self-condensation of 2. To circumvent this problem,
we reversed the reaction steps and first treated compound 2 with
an equimolar amount of aldehyde in methanol. The reaction
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Table 1 Solution-phase investigation of the alkylation of 8

(@] O
_N CeHs o _N CgH
CSHS/\O)'J\H AN IS C6H5/\O)J\'?l N

8 9 R
Base Alkylating agent® Solvent Reaction conditions Yield (%)°
TEA A,BorC CH,CI, or THF rt or reflux 0
DiEA 0
Urea B Acetone Reflux 0
T™MG 0
DBU AorB Acetone Reflux Trace
t-BuOK C t-BuOH & THF rt, 2h 58
t-BuOK C THF or DMF rt, 2h 92
t-BuOK AorB rt, 12h 22-47
NaH C rt, 2h 60
NaH AorB DMF rt, 12h 76-86

“ A = BnBr, B= BrCH,COOEt, C = CH;I. ? isolated yield of 9.

proceeded smoothly and gave methyl 3-benzylidenecarbazate 3
as a white solid in 85-90% yield.

The crude 3 was loaded directly onto the Wang resin and the
reaction was monitored by KBr FTIR which showed the disap-
pearance of the OH stretch at 3566.0 cm™' and the appearance
of a strong ester stretch at 1739.6 cm™'. Resin 4 was subsequently
substituted using different alkylating agents to afford resin 5. Since
this reaction is not amenable to FTIR monitoring, solution-phase
studies were carried out to survey the requisite reaction conditions
and establish the modifications required for solid-phase synthesis
(Table 1). Attempts to carry out the alkylation using amine bases
did not provide the desired product and the starting material
was recovered. However the reaction worked well with -BuOK
and NaH. Interestingly, we realized that alkylation with CH,I
in the presence of /-BuOK gave a better yield than NaH whilst
the reverse was true for other alkylating agents, such as benzyl
bromide, propyl bromide or allyl bromide. This may be attributed
to the strength of the base and alkylating ability of the reagent—it

Table 2 Solution-phase investigation of the synthesis of 11

appears that a strong alkylating agent such as CH;I and a strong
base (NaH) would provide too harsh a reaction condition which
resulted in the formation of byproducts. On the contrary, a weaker
alkylating agent would require NaH to facilitate the reaction. Thus
in our solid-phase synthesis, two alkylation conditions were used
depending on whether the alkylating agent was CH;I or any other
halide. With resin 5 in hand, we proceeded to reduce the imine
using NaBH;CN and 1.5 M HCI. No premature cleavage of the
compound from the resin was observed under this slightly acidic
reaction condition. The reaction was monitored by KBr FTIR
which showed the appearance of a NH stretch at 3299.1 cm™' in
resin 6.

Lawton et al. had earlier reported that dialkyl carbazates could
be acylated with ethoxycarbonylacetyl chloride to provide diacyl
hydrazines in good yields.® However when we applied the reaction
to dialkyl carbazate 10, the desired diacyl hydrazine 11 was not
obtained (Table 2). Changing the base and reaction conditions,
at best, gave 11 in low yields. Thus, we proceeded to investigate

o) O%(”\COOEt

O
H
_N CeHs — o _N CeH
CGHs/\O)J\N ~~ ~6'15 CGHS/\O)I\N ~_~ 65

10 Ch, 1 &uy
Base Acylating agent” Solvent Reaction conditions Yield (%)*
— A THF 0 °C, rt or reflux 0
TEA A CH,Cl,, THF or toluene 0°C, rt or reflux 0
DIiEA A CH,CI, or THF rt or reflux 0
DBU A CH,Cl, or THF rt or reflux 0
t-BuOK A t-BuOH and THF rt 47
t-BuOK A DMSO rt 0
NaH A DMF rt 0
BuLi A THF —76 or rt 0
— B, DMAP, DCC DMF rt, 12 h 69
— B, DMAP, DCC DMF rt,48 h 69
DIiEA B, EDC DMF rt, 12 h 40
DIiEA B, DMAP, EDC DMF rt, 12 h 54
— B, DMAP, DCC DMF MW, 1 h, 60 °C 91
— B, DMAP, DCC DMF MW, 1 h, 90 °C 94
— B, DMAP, DCC DMF MW, 1 h, 120°C 85

“ A = EtO,CCH,COC], B = EtO,CCH,COOH. * isolated yield of 11.
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the synthesis of 11 using ethyl hydrogen malonate under different
reaction conditions and found that excellent yield was obtained
when the reaction mixture was microwave irradiated at 90 °C
for 1 h. We applied this reaction condition to the acylation
of resin 6 with ethyl hydrogen malonate, cyanoacetic acid and
4-nitrophenylacetic acid to obtain resin 7. Subsequently, resin
7 was treated with NaOEt in EtOH and THF to give the 4-
substituted pyrazolidine-3,5-diones 1a (R* = COOEt, CN, p-
NO,C¢Hj;). Under microwave irradiation at 110 °C, the cyclization
was completed within 5 min whilst conventional reflux conditions
required 30 min. The crude compound 1a (R* = COOEt) obtained
could be further reacted with catalytic amounts of dilute HCI to
afford compound 1a (R® = H). Interestingly, under microwave
irradiation at 140 °C, the reaction was completed in 5 min whereas
by conventional heating, the reaction needed 3 h to complete. It is
worth noting that compound 1a (R* = H) could also be obtained
directly from resin 7 (R® = COOEt) by treating the latter with
TFA-CH,CI, at room temperature for 3 h. Although the yields
obtained were generally good (70-75%), compared to the one-pot
stepwise cyclization—decarboxylation reaction, the overall yield for
the latter was higher.

Finally, we have also prepared 4,4-disubstituted pyrazolidine-
3,5-dione, 1b, from resin 7 in a one-pot manner by treating
the crude compound 1a (R® = COOEt, CN, p-NO,C,H;) with
different alkylating agents in the presence of a base. Various bases
were tested and DiEA gave better results than TEA, DBU, Li,CO;
or NaOEt. Under microwave irradiation, the reaction time was
also significantly reduced from 16 h to 20 min.

To illustrate the versatility of this chemistry, a representative
set of 25 di-, tri- and tetrasubstituted pyrazolidine-3,5-diones was
prepared (Fig. 1). To avoid ester hydrolysis, compound 1a3 was
prepared from resin 7 (R! = C,H;, R*> = CH,COOEt, R® =
COOEv) via the acid cyclization—-decarboxylation method. The
overall yields obtained were 28-65%, indicating that the average
yield for each step was 80-92%.

Conclusion

In summary, an efficient and regioselective traceless SPS of
1,2-dialkylpyrazolidine-3,5-diones, its 3-substituted and 3,3-
disubstituted derivatives have been devised. Using microwave
irradiation, we have also shown that the total reaction time could
be considerably shortened. Since a variety of reagents can be used
in each step of the reaction, the overall strategy enables efficient
library generation.

Experimental
General methods

'H NMR and "*C NMR spectra were measured at 298 K on a
Bruker DPX 300 or Bruker DPX 500 Fourier Transform spectrom-
eter. Chemical shifts are reported ind (ppm), relative to the internal
standard of tetramethylsilane (TMS). All infrared (IR) spectra
were recorded on a Bio-Rad FTS165 spectrometer. Mass spectra
were performed on a VG Micromass 7035 spectrometer under
electron impact (EI), Finnigan MAT LCQ under electrospray
ionization (ESI, normal) and Finnigan MAT 95XL-T under
electrospray ionisation (ESI, accurate). Wang resin was purchased

from Tianjin Nankai Hecheng Science and Technology Co (100-
200 mesh, loading: 1.4 mmol g~', Catalog no. HCW02-1-1). All
chemical reagents were obtained from commercial suppliers and
used without further purification. Analytical TLC was carried
out on precoated plates (Merck silica gel 60, F254) and visualized
with UV light. Flash column chromatography was performed with
silica (Merck, 70-230 mesh). The solid-phase room temperature
reactions were agitated on a Stuart Scientific SF1 flask shaker. The
microwave-assisted reactions were performed in sealed microwave
reactors using the Biotage Initiator and ramp was set as “High”.

General experimental procedures

Preparation of methyl 3-alkylidenecarbazate (3). To a solution
of methyl carbazate (2.7 g, 30 mmol) in MeOH (AR grade, 30 mL)
was added the respective aldehyde (30 mmol) and glacial acetic
acid (0.3 mL) (for benzaldehyde HOAc was unnecessary). The
mixture was stirred at room temperature for 30 min and then
concentrated. The resulting white solid obtained was dried in a
vacuum oven and used without further purification.

Preparation of 3-alkylidenecarbazate resin (4). Wang resin
(5.0 g, 7 mmol) was swelled in toluene (40 mL) for 30 min.
Thereafter compound 3 (14 mmol) and DBU (0.32 mL, 2.1 mmol)
were added and the mixture was refluxed for 24 h. When the
mixture had cooled, the resin was filtered, washed with DMF
(20 mL x 3), H,O (20 mL x 3), EtOH (20 mL x 3), CH,Cl,
(20 mL x 3), Et,0 (20 mL x 3) and dried overnight at 50 °C in a
vacuum oven.

Preparation of 3-alkylidene-2-substituted carbazate resin (5).
Resin 4 (2.0 g, 2.213 mmol) was swelled in DMF (15 mL) for
30 min. Thereafter -BuOK (0.4970 g, 4.426 mmol) [or NaH (60%
dispersion in mineral oil, 0.177 g, 4.426 mmol)] was added and the
mixture was shaken at room temperature for 1 h. Subsequently the
mixture was cooled in an ice-water bath and CH;I (0.4 mL, 6.639
mmol) [or RX (other alkylating agents, 6.639 mmol)] was added
dropwise. The mixture was then shaken at room temperature for
another 12 h. Thereafter, the resin was filtered, washed with DMF
(20 mL x 3), H,O (20 mL x 3), EtOH (20 mL x 3), CH,Cl,
(20 mL x 3), Et,0 (20 mL x 3) and dried overnight at 50 °C in a
vacuum oven.

Preparation of 2,3-disubstituted carbazate resin (6). To a
suspension of resin 5 (2.0520 g, 2.213 mmol) in MeOH (8 mL) and
THF (13 mL) was added NaBH;CN (0.4170 g, 6.639 mmol) and
bromocresol green indicator (half a spatula). 1.5 M HCI was then
added dropwise to just maintain the yellow color of the solution.
When the yellow color persisted for 1 h without further addition
of acid, the resin was filtered, washed with DMF (20 mL x 3),
H,0 (20 mL x 3), EtOH (20 mL x 3), CH,Cl, (20 mL x 3), Et,O
(20 mL x 3) and dried overnight at 50 °C in a vacuum oven.

Preparation of 3-alkanoyl-2,3-disubstituted carbazate resin (7).
Resin 6 (1 g, 1.1 mmol) was swelled in DMF (10 mL) for 30 min.
Thereafter, the respective substituted acetic acids (2.2 mmol), DCC
(0.4540 g, 2.2 mmol) and DMAP (0.0400 g, 0.33 mol) were added
in the stated order. The mixture was heated under microwave
irradiation by ramping up the reaction to 90 °C within 5 min
and holding the reaction at this temperature for 1 h. When the
mixture had cooled, the resin was filtered, washed with DMF
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Fig. 1 Library of pyrazolidine-3,5-diones.

(20 mL x 3), H,O (20 mL x 3), EtOH (20 mL x 3), CH,Cl,
(20 mL x 3), Et,0 (20 mL x 3) and dried overnight at 50 °Cin a
vacuum oven.

Preparation of 4-ethoxycarbonyl-1,2-disubstituted pyrazolidine-
3,5-dione (1a, R® = COOEt). A mixture of resin 7 (1.100 g,
1.1 mmol, R* = COOELt), NaOEt (21% (w/w) in denatured EtOH,
1.2 mL, 3.3 mmol), THF (6 mL) and EtOH (6 mL) was heated
under microwave irradiation at 110 °C for 5 min. The resin was
then filtered and washed with MeOH (10 mL x 3). The combined
filtrate was concentrated and purified by column chromatography
(EtOAc: hexane = 1:1, MeOH : CH,Cl, =1 : 5) to give compound
1a (R* = COOE).

Preparation of 4-cyano- or (4-nitro)phenyl- 1,2-disubstituted
pyrazolidine-3,5-dione (1a, R®* = CN or p-NO,C¢H;). A mixture
of resin 7 (1.100 g, 1.1 mmol, R* = CN or p-NO,C¢H;), NaOEt
(21% (w/w) in denatured EtOH, 1.2 mL, 3.3 mmol), THF (6 mL)
and EtOH (6 mL) was heated under microwave irradiation at
110 °C for 5 min. Thereafter, the resin was filtered and washed
with MeOH (10 mL x 3). The combined filtrate and washing
was concentrated, diluted with H,O and, extracted with ether.
The aqueous layer was acidified with 1.5 M HCI and the solid
which precipitated was collected and washed with H,O to give
compound la (R® = CN or p-NO,C.H;). If no precipitate
formed, the acidified aqueous layer was extracted with CH,Cl,
and the combined CH,Cl, extract was dried with MgSQ,, filtered,
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concentrated to dryness to give compound 1a (R® = CN or p-
NO,C¢Hj).

Preparation of 1,2-disubstituted pyrazolidine-3,5-dione (1a, R® =
H). Method A—A mixture of resin 7 (1.100 g, 1.1 mmol, R3 =
COOEt), NaOEt (21% (w/w) in denatured EtOH, 1.2 mL, 3.3
mmol), THF (6 mL) and EtOH (6 mL) was heated under
microwave irradiation at 110 °C for 5 min. After the mixture
has cooled, it was acidified with 1.5 M HCI and concentrated.
To the resulting solid was added MeCN (10 mL), H,O (10 mL)
and a few drops 1.5 M HCIl. The mixture was heated under
microwave irradiation at 140 °C for 5 min, filtered and washed
with MeOH (10 mL x 3). The combined organic layer was
concentrated and purified by column chromatography (EtOAc :
hexane = 1: 1) to give compound 1a (R*= H). Method B—Resin 7
(0.500 g, 0.5 mmol, R?* = COOEt) was swelled in CH,Cl, (25 mL)
for 30 mins. TFA (10 mL) was then added dropwise and the
suspension was shaken at room temperature for 3 h. Thereafter,
the resin was filtered and washed with CH,Cl,. The combined
filtrate and washing was concentrated and purified by column
chromatography to give compound 1a (R® = H).

Preparation of 1,2,4,4-tetrasubstituted pyrazolidine-3,5-dione
(1b). A mixture of resin 7 (1.100 g, 1.1 mmol), NaOEt (21%
(w/w) in denatured EtOH, 1.2 mL, 3.3 mmol), THF (6 mL)
and EtOH (6 mL) was heated under microwave irradiation at
110 °C for 5 min. After which, it was concentrated and dried.
The resulting residue was diluted with DMF (10 mL), and DiEA
(1.14 mL, 6.6 mmol) and CH;I (0.21 mL, 3.3 mmol) were added.
The reaction mixture was heated under microwave irradiation at
140 °C for 20 min. Thereafter, the resin was filtered and washed
with MeOH (10 mL x 3). The combined filtrate and washing was
concentrated and purified by column chromatography (EtOAc :
hexane = 1 : 3) to give compound 1b.
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Semisynthetic protein-DNA hybrid molecules have recently attracted much attention as valuable tools
for bioanalytical chemistry and nanobiotechnology. Here we describe a synthetic method for
conjugating oligonucleotides to the N-terminus of recombinant proteins. Our strategy involves the
conversion of amine-terminated oligonucleotides to thioester-functionalized oligonucleotides by using
a bifunctional reagent bearing an N-hydroxysuccinimide ester and benzyl thioester group, followed by
native chemical ligation with proteins containing an N-terminal cysteine. We applied this technique to
construct split luciferase fragment—DNA hybrid systems in which the catalytic activity of split luciferase
is restored by the re-assembly of each fragment through a specific DNA-protein or DNA-DNA
interaction. Split protein fragment—-DNA hybrids will offer new opportunities to explore the potential

of protein—-DNA conjugates for various applications.

Introduction

Creating (semi-)artificial proteins with new functions that are
useful for a variety of applications is one of the major challenges in
protein engineering and nanobioscience. With significant advances
in DNA-based technologies, such as the fabrication of DNA
microarrays and 2D and 3D DNA nano-architectures,’ the
construction of DNA machines,? and the in vitro selection of DNA
enzymes and aptamers,® there has been considerable interest in
integrating the unique properties of DNA molecules into proteins
and enzymes. In this respect, a growing number of protein-DNA
hybrid molecules have been described.* For example, semisynthetic
nucleases,® biosensors for nucleic acids,® and signal-amplifiable
“tadpoles” for sensitive detection of analytes’ were constructed by
covalently introducing oligonucleotides to proteins. It was also
demonstrated that the insertion of single-strand DNA springs
allows the preparation of enzymes of which the activity can be
controlled by mechanical tension induced by DNA hybridization.?
Additionally, protein-DNA conjugates have proved to be valu-
able as molecular scaffolds for the construction of protein
microarrays’ and nanometre-sized protein-based supramolecular
objects.!

Despite the broad utility of protein—-DNA hybrid molecules,
the synthetic method for conjugating oligonucleotides to proteins
is still very limited. Most of the hybrids reported so far were
prepared by classical bioconjugation reactions using bifunctional
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crosslinkers. Although this strategy provides a general means for
covalently attaching oligonucleotides to lysine or cysteine residues
within proteins, many proteins display multiple copies of the
targeted residues on their surfaces, resulting in the generation
of product mixtures. As a result, site-specific DNA modification
could be achieved only when the protein of interest contains a
single cysteine residue. We'* and other groups™*'* have recently
demonstrated that expressed protein ligation' is applicable as
a general tool for the preparation of homogeneous protein—
DNA conjugates. The method is based on chemical ligation
of a recombinant protein containing a C-terminal a-thioester,
generated by an intein-fusion technology, with a cysteine-modified
oligonucleotide to form an amide bond. A key advantage of this
technique is that oligonucleotides can be joined specifically and
efficiently to the C-terminus of proteins under mild conditions.
However, there may be many situations in which the C-terminus of
the protein is functionally important. Therefore, the development
of an alternative strategy for conjugating oligonucleotides to the
N-terminus of proteins is also highly desirable.

We describe herein a new chemical method for ligating oligonu-
cleotides to recombinant proteins specifically at their N-terminus.
Our strategy involves the facile introduction of a thioester moi-
ety into amine-terminated oligonucleotides using a bifunctional
reagent bearing an N-hydroxysuccinimide ester and a benzyl
thioester group, and the subsequent native chemical ligation's of
the thioester-derivatized oligonucleotides with proteins containing
an N-terminal cysteine residue (Scheme 1). Furthermore, we
applied this technique to construct split protein fragment-DNA
hybrid systems in which the re-assembly of each split protein
fragment is mediated by specific protein—-DNA or DNA-DNA
interactions. Because the functional reconstitution of catalytically
(more) active split proteins occurs only upon complementary
association, the split protein fragment-DNA conjugates should
be capable of transducing molecular complexation events into an
enzymatic signal. Such properties will offer new opportunities to
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Scheme 1 (A) Synthesis of thioester modification reagent 3. Reagents and
conditions: (a) sarcosine tert-butyl ester hydrochloride (1 equiv.), DIEA
(2 equiv.), CH,Cl,, rt, 4 h (2, 61%); (b) 50% TFA in CH,Cl,; (c) NHS
(1.2 equiv.), HBTU (1.2 equiv.), DIEA (1.2 equiv.) DMF, rt, 16 h (3, 26%).
(B) Strategy for the N-terminus-specific DNA modification of protein of in-
terest (POI): (a) affinity capture and purification of chitin binding domain
(CBD)-intein-POI fusion by chitin beads; (b) intein-catalyzed self-cleavage
reaction; (c) preparation of thioester-functionalized oligonucleotides using
3 (40-60 equiv. for ODN) in 10 mM borate buffer (pH 8.5) containing 50%
DMF; (d) native chemical ligation.

extend the use of protein-DNA hybrid molecules as a platform
for bioanalytical chemistry and nanobiotechnology.

Results and discussion
Development of the N-terminus-specific DNA modification method

Our strategy for developing an N-terminus-specific DNA modifi-
cation method makes use of native chemical ligation (NCL)." To
this end, it is necessary to have access to both recombinant proteins
containing an N-terminal cysteine and oligonucleotides that have a
thioester group. The former can be obtained by several techniques
such as TEV protease-mediated digestion'” and intein-fusion
expression.’® On the other hand, to date, no method is available
for preparing thioester-appended oligonucleotides. Because solid-
phase oligonucleotide synthesis requires treatment with base for
full deprotection, the base-sensitive thioester group needs to be
incorporated into DNA in a post-synthetic manner. Therefore,
we designed a new bifunctional crosslinker 3 containing an N-
hydroxysuccinimide ester and a benzyl thioester group for the
facile introduction of the thioester functionality to commercially

Table 1 Oligonucleotides used in this study

ODN  Sequence (5-3') Amino-modified site
a TCG ACA TCA AGC 5
b AGC ACT TCC ACG 3
c TTT ACG CCCACGCTITT s
c-fl AAA GCG TGG GCG TAA A 5
5d GTA ATC ATG GTC ATA GCT GTT %
5d’ AAC AGC TAT GAC CAT GATTAC ¥
3d AAC AGC TAT GAC CAT GAT TAC ¥
Se GGA TCC TCT AGA TCG ACC TG 5
3e GGA TCC TCT AGA TCG ACC TG 3

available amino-terminated oligonucleotides. The reagent 3 was
synthesized as shown in Scheme 1(A). In brief, the starting
material 1 was prepared according to the previous report' and
reacted with sarcosine tert-butyl ester in dichloromethane to
yield the compound 2. Deprotection of 2 by TFA treatment
and subsequent condensation with N-hydroxysuccinimide using
HBTU and diisopropylethylamine (DIEA) in DMF afforded the
crosslinker 3.

We tested the reactivity of 3 with amino-oligonucleotides. The
oligonucleotides, ODN-a and ODN-b (Table 1), were incubated
with 3 in a 50 mM borate buffer at pH 8.5 containing 50%
DMF. The reaction was monitored by reverse-phase HPLC (RP-
HPLC) and MALDI-TOF-MS analysis. It was confirmed that the
reaction was sufficiently rapid and complete within 1 h, producing
the desired benzylthioester-terminated ODNs in quantitative
yield with no significant side reactions (see Fig. S1, ESIY). It
should be noted that the thioester functionality has stability
sufficient for the purification by RP-HPLC and subsequent
lyophilization.

Next, the obtained benzyl thioester-functionalized ODNs (TE-
ODNis) were subjected to NCL with an enhanced green fluorescent
protein that possesses a cysteine at its N-terminus (Cys-EGFP).
The Cys-EGFP was prepared as described previously.” The
ligation reaction was monitored by SDS-PAGE under reducing
conditions. A new band corresponding to the ligation product
was clearly observed after 48 h incubation at 4 °C, indicating
the covalent attachment of the oligonucleotide to the protein
(Fig. 1). Ligation yields were approximately 20%. All these
results demonstrated that the N-terminus-specific modification of

kba ¢ 2 3 4
100
75 -

50—

35 -
— —

25 - g — > -

15

Fig. 1 N-terminus-specific DNA modification. Reagents and conditions:
3.7 uM Cys-EGFP, 200 uM TE-ODN-a or -b, in ligation buffer for
48 h at 4 °C. Lane 1, molecular weight marker; lane 2, Cys-EGFP;
lane 3, Cys-EGFP mixed with TE-ODN-a; lane 4, Cys-EGFP mixed
with TE-ODN-b. Cys-EGFP and the ligation product ODN-a-EGFP or
ODN-b-EGFP are denoted by e and *, respectively.
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proteins with DNA was accomplished by using the crosslinking
reagent 3.2

Design of a split luciferase re-assembly system mediated by a
protein—DNA interaction

Split protein fragment complementation is now recognized as an
important tool for analyzing protein—protein interactions.® A key
aspect of this technique is that the activity of the split protein is
regained only when a specific protein—protein interaction occurs
and induces the re-assembly of each fragment. Thus, we applied
the principle of protein fragment complementation to construct
a “semi-synthetic” split reporter system in which a protein-DNA
interaction induces an enzymatic signal.

The overall scheme of the split protein fragment-DNA hybrid
system is illustrated in Scheme 2. As a proof-of-principle study, we
chose the zinc finger protein, Zif268, a DNA-binding protein,?
and its target DNA sequence as an interaction pair. In addition,
firefly luciferase was used as a reporter protein and split at the
position between amino acids 437 and 438, a flexible hinge region
that connects the N- and C-terminal domains of the enzyme.?
The Zif268 was genetically fused to the C-terminus of the N-
terminal half of luciferase to give LucN-Zif268. The Luc™-Zif268
was expressed as a fusion with Mycobacterium xenopi GyrA intein-
chitin binding domain (CBD) (IMPACT system, New England
Biolabs). Using this method, after bacterial expression, the Luc™-
Zif268 can be readily affinity-purified on chitin beads and cleaved
off from the beads by incubating with dithiothreitol (DTT). In
initial experiments, we found that the yield of Luc-Zif268 was
low (approximately 300 pg per 1 L culture) due to the occurrence
of an unwanted in vivo self-cleavage reaction. Thus, according
to the protocol of IMPACT system, to suppress the in vivo self-
processing of GyrA intein, a methionine residue was added at the
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(start) |(stop)
pDnaB-LucC [ |

CBD SspDnaB,/ ‘Luciferase®438~554

72aa 157aa  craMG 113aa

Ndel
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Split site

dsODN-c

Scheme 2 (A) Schematic illustration of the plasmid constructs. (B)
Illustration of split enzyme fragment re-assembly driven by interaction
of Zif268 and dsDNA.

C-terminus of LucN-Zif268.2* The methionine addition resulted
in an approximately 50-fold improvement in the yield of LucM-
Zif268. It is important to note that LucN-Zif268 could be expressed
in a soluble fraction. The purity and identity of LucN-Zif268 were
confirmed by SDS-PAGE (Fig. 2(B)). Because the Zif268 domain
was obtained in an apo-form, the Luc-Zif268 was reconstituted
with zinc ion before assay.

Akbat1 2 3 2 3
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Fig. 2 (A) SDS-PAGE analysis of preparation of dsODN-c¢-Luc®.
Left, Coomassie staining image; Right, fluorescence image. Lane 1,
molecular weight marker; lane 2, Cys-Luc® (12 kDa); lane 3, reaction
mixture of TE-dsODN-¢ and Cys-Luc®. Cys-Luc® and ligation product
dsODN-c-Luc® are denoted by e and *, respectively. (B) SDS-PAGE
analysis of LucM-Zif268. Lane 1, molecular weight marker; lane 2,
LucN-Zif268 (60 kDa).

The C-terminal half of luciferase was also expressed by ge-
netically fusing Synechocystis sp. DnaB intein-CBD (IMPACT
system). The fusion protein was designed to expose a cysteine
residue at its N-terminus (Cys-Luc®) after an intein-mediated self-
cleavage reaction.”® The Cys-Luc® was bacterially expressed and
purified by chitin beads from a soluble fraction. A 5-amino-
modified oligonucleotide containing Zif268 binding sequences,
5'GCG TGG GCG3 (ODN-¢), was annealed to a complementary
5'-fluorescein-labeled DNA (ODN-c¢'-fl). The obtained double-
strand DNA (dsODN-c¢) was reacted with 3 as described above and
purified by gel filtration, affording thioester-functionalized TE-
dsODN-c. Subsequently, TE-dsODN-c¢ was applied to the NCL
reaction with Cys-Luc®. SDS-PAGE analysis using Coomassie
staining and fluorescence imaging clearly indicated the forma-
tion of the ligation product, dsSODN-c-Luc® (Fig. 2(A)). The
dsODN-c-Luc® was purified to homogeneity by agarose gel
extraction.

The DNA binding activity of the zinc finger motif within Luc™-
Zif268 was investigated by a gel shift assay (Fig. 3). It was clearly
observed that the electrophoretic mobility of fluorescent dSSODN-
¢ was retarded by mixing with holo-LucN-Zif268. The fluorescence
intensity of the shifted band was increased in proportion to the
concentration of holo-LucN-Zif268. On the other hand, an apo-
form of LucN-Zif268 showed no mobility shift. These results
indicated that the zinc finger motif of LucN-Zif268 is functional
and is capable of forming a complex with dsDNA in a holo-form.

We subsequently examined the enzymatic activity of split
luciferase hybrids using D-luciferin as a luminogenic substrate
(Fig. 4). Consistent with previous reports, LucN-Zif268 showed
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Fig. 3 Polyacrylamide gel shift assay of Luc™-Zif268 and dsODN-c.
Fluorescein-labeled dsODN-¢ and LucN-Zif268 complexed with dSSODN-¢
are denoted by e and *, respectively. Left, various concentrations
of holo-Luc-Zif298 were mixed with 10 uM dsODN-¢; Right,
apo-LucN-Zif268 was mixed with 10 pM dsODN-c.

1.5
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05

0
apo Luch-Zif268 + + + +
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Fig.4 Split enzyme fragments complementation assay. Conditions: 4 uM
apo- or holo-LucN-Zif268, 2 uM of each dsODN-c-Luc®, Cys-Luc®, or
free dSODN-¢, in PBS(—). Each luminescence intensity was normalized
against that of the basal Luc™ activity. RLU, relative light unit.

a weak remaining activity, whereas dSODN-c-Luc® displayed no
activity. There was no significant difference in the activity of Luc™-
Zif268 between the apo- and the holo-form. Incubation of two
hybrids, holo-LucN-Zif268 and dsODN-c-Luc€, led to a two-fold
enhancement in the luminescent signal.*® The addition of either
dsODN-¢ or Cys-Luc® to holo-LucN-Zif268 did not induce the
luciferase activation. Also, apo-Luc™-Zif268 showed no significant
change in the activity in the presence of dSsSODN-¢-Luc® conjugate,
dsODN-¢, or Cys-LucC. Taking all results together, we concluded
that the functional reconstitution of split luciferase occurs upon
the interaction between Zif268 and dsODN-c¢ portions in the
present semisynthetic split protein system.

DNA hybridization-regulated split luciferase reconstitution

By combining the terminus-specific protein—-DNA conjugation
methods developed in the present study and previously," it was

A

Ncol Pstl
(start) | (stop)
pDnaB-LucC [ ]
CBD Ssp DnaB \Luciferase438~554
T28a 15732 cramG 113aa
Ndel |
(start), e (stop)
pLucN-GyrA [
LuciferaseN1~437 Mxe GyrA CBD
437aa 208aa S2aa
B,
c
Complementation
5 53
ODN-3/5d'
ODN-5d bt
ODN-3/5e
3 e

Scheme 3 (A) Schematic illustration of the plasmid constructs for com-
plementary DNA hybridization-based protein fragment complementation.
(B) Schematic illustration of split enzyme fragment complementation
induced by complementary DNA hybridization.

also feasible to control the reconstitution of a split protein
by sequence-specific DNA-DNA hybridization. This strategy is
shown in Scheme 3. The N-terminal half of split firefly luciferase
was expressed as a fusion protein with GyrA intein-CBD (IM-
PACT system). The expressed protein was purified on chitin beads
and incubated with 2-mercaptoethanesulfonic acid (MESNA) to
obtain it in a C-terminus thioester form (Luc®-TE). The Luc™-TE
was then modified with a cysteine-tagged single-strand ODN-5d
by expressed protein ligation as previously described, affording
Luc¥-ODN-5d. Several hybrids of the C-terminal half of luciferase
that have various single-strand DNA (Table 1) at their N-terminus
were also prepared as described above (ODN-Luc®). As shown
in Fig. 5, both the N- and C-terminal halves of luciferase could
be successfully modified with DNA. After removing excess ODNs
by ion-exchange chromatography, size-exclusion filtration, and gel
chromatography, the ODN-modified protein fragments were used
for the subsequent reconstitution experiments as a mixture with
unmodified fragments. It should be noted that a pair of N- and
C-terminal halves of unmodified split luciferase fragment shows
no recovery of the enzymatic activity (data not shown).

Akba M 5d PBkDaM -3d' -6d' 3e 5e

— 50 =
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50 - — e
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35

S —
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Fig.5 SDS-PAGE analysis of preparation of ssDNA-modified luciferase
fragments. (A) Coomassie staining gel image after ligation of ODN-5d with
LucM-TE. M, molecular weight marker; -5d, ligation product. LucN-TE
and ligation product LucN—~ODN-5d are denoted by - and *, respectively.
(B) Coomassie staining gel image of ssDNA-modified Luc® fragments. M,
molecular weight marker. Luc® and the ligation product ODN-x-Luc€ are
denoted by e and *, respectively.
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DNA hybridization-triggered split luciferase reconstitution
was investigated by mixing LucN-ODN-5d with each of ODN-
Luc®. It was observed that the catalytic activity of LucN~ODN-
5d was enhanced three-times in the presence of ODN-3d'-
Luc® of which the ODN sequence is fully complementary to
ODN-5d' (Fig. 6).2 ODN-3e-Luc® and ODN-5e-Luc® containing
a non-complementary sequence showed no effect on luciferase
activity. Importantly, ODN-5d'-Luc®, which has a complementary
sequence attached to the N-terminus of Luc® but at its 5-end,
did not induce the functional re-assembly due to the reverse
orientation of each fragment. These results demonstrate that
the DNA sequence- and orientation-directed control of protein
function can be achieved in the split protein-DNA hybrid
systems.

200

150

3 100
T

50

ODN

Fig. 6 Recovery of enzymatic activity of split luciferase fragments
by re-assembly of complementary DNA hybridization. Reagents and
conditions: 1 pM Luc®-ODN-5d, 1 uM of each ssDNA-modified Luc®
fragments.

Conclusion

We have described a simple method for conjugating oligonu-
cleotides specifically to the N-terminus of recombinant proteins.
The technique involves the thioesterification of amine-terminated
oligonucleotides using the bifunctional reagent 3 followed by
native chemical ligation with proteins containing a cysteine at their
N-terminus. Given the commercial availability of oligonucleotides
that have an amine group at the 5'- and 3'-ends as well as internal
positions, the present method should be generally applicable to
attach proteins to any positions within DNA strands. Further-
more, as a proof-of-principle study, we have constructed two
split protein fragment-DNA re-assembly systems that allow the
functional reconstitution in response to complementary protein—
DNA or DNA-DNA interactions. We have demonstrated that
the enzymatic activity of split protein can be precisely regulated
in a sequence- and orientation-directed manner. Therefore, in
combination with recent advances in DNA-based nanotechnology
such as DNA origami, DNA architectures, and DNA-fueled
molecular machines,* the semisynthetic split protein fragment—
DNA conjugate may become a platform for the construction
of new nanometre-sized functional biomaterials in which the
DNA hybridization and protein function is cooperatively coupled.
Additionally, the ability to control the re-assembly and thus
function of split protein by DNA will provide a new tool for
protein engineering and bioanalytical chemistry.

Experimental
Synthesis of bifunctional reagent 3

The starting precursor pentafluorophenyl S-benzyl thiosuccinate 1
was synthesized according to the previously reported procedure."
To a solution of 1 (0.39 g, 1 mmol) in CH,Cl, (5 ml), DIEA
(340 pl, 2 mmol) and sarcosine tert-butyl ester hydrochloride
(0.18 g, 1 mmol) were added. The reaction solution was stirred
for 4 h at room temperature. After evaporation, the residue was
re-dissolved in CH,Cl, and washed three times with saturated
aqueous citric acid. The organic layer was dried over anhydrous
Na,S0,, filtered, and evaporated to obtain the compound 2 as
yellow oil in 61% yield. '"H NMR: (CDCl;) ¢ 7.20-7.29 (m, 5H),
4.12 (s, 2H), 4.03 (s, 2H), 3.08 (s, 3H), 2.96 (t, 2H), 2.77 (t, 2H),
1.45 (s, 9H). MALDI-TOF-MS (matrix: dithranol): calcd for [M
+ Na]* = 374.14, obsd 374.07.

The compound 2 (636 mg, 1.7 mmol) was dissolved in 20 mL of
50% TFA in CH,Cl,. After stirring for 3 h at room temperature, the
solvent was removed under reduced pressure. To a solution of the
resulting intermediate in DMF (10 mL), N-hydroxysuccinimide
(230 mg, 2 mmol), DIEA (340 pl, 2 mmol), and HBTU (758 mg,
2 mmol) were added. The mixture was stirred at room temperature
for 16 h. After evaporation, the residue was dissolved in CHCI;
and washed with saturated aqueous citric acid. The organic layer
was dried over Na,SO,, filtered, and evaporated. The crude residue
was purified by column chromatography on silica gel with ethyl
acetate as the eluent to give 3 as a clear oil (169 mg, 26%). 'H-
NMR (CDCl,): 6 7.24-7.29 (m, SH), 4.51 (s, 2H), 4.14 (s, 2H), 3.13
(s, 2H), 2.97 (t, 2H), 2.87 (s, 4H), 2.76 (t, 2H). MALDI-TOF-MS
(matrix: dithranol): calcd for [M + Na]* = 415.09, obsd 414.98.

N-terminus-specific modification of proteins by oligonucleotides

All oligonucleotides were purchased from Sigma and lyophilized
before use. The lyophilized ODN-a (93.3 nmol) or -b (87.8 nmol)
was dissolved in 200 pl of borate buffer (50 mM sodium borate,
pH 8.5). To the solution, a solution of 3 in DMF (200 ul,
20 mM) was added. After incubation at room temperature for
3 h, the reaction mixture was applied to a NAP-5 gel filtration
column (GE Healthcare Bioscience) to obtain TE-ODNs. TE-
ODNSs were analyzed by HPLC and MALDI-TOF-MS (matrix:
3-hydroxypicolinic acid). HPLC analyses were carried out on a
uBondasphere C18 column (5 micron, 150 x 3.8 mm, Waters)
eluted with 0.1 M ammonium acetate buffer (pH 7.0) containing
0-90% acetonitrile with a linear gradient over 60 min at a flow rate
of 1 mL min~!, detected at 260 nm. TE-ODN-a: 7 = 14.5 min.
MALDI-TOF-MS (matrix: 3-hydroxypicolinic acid): caled for [M
+ HJ* = 4047.8, obsd 4047.8. TE-ODN-b; frx = 14.1 min, calcd for
[M + H]* = 4156.8, obsd 4158.3.

Cys-EGFP was obtained as described elsewhere.” TE-ODN-a
or -b (4 ul, 500 pM) was mixed with Cys-EGFP (6 pl, 37 uM) in
ligation buffer (20 mM Tris-HCI, 500 mM NaCl, 1 mM EDTA,
50 mM MESNA, pH 8.5) and incubated for 48 h at 4 °C. The
reaction mixtures were analyzed by SDS-PAGE under reducing
conditions.

Construction of a Luc®-Zif268 expression plasmid

The gene encoding an N-terminal half [1-437] of firefly luciferase
was amplified by PCR using pGEM-luc (Promega) as a template.
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The primer sequences were 5-CCC GAA TTC ATA TGG AAG
ACG CCA AAA ACA TAA AGA AAG GCC C-3 (LucM-R,
Ndel) and 5-CCC AAC CAT GGG CGG TCA ACT ATG AAG
AAG TGT TCG-3' (Luc¥-MCS-F, Ncol). The amplified DNA
fragment and expression vector pTWIN1 (New England Biolabs)
were digested with Ndel and Ncol, purified with a spin column
kit (Qiagen), and ligated with Ligation High (Toyobo). The
plasmid, pTWINI1-LucN-MCS, was cloned and verified by DNA
sequencing. The zinc finger domain Zif268 gene was amplified
from cDNA of human Egr-1 by PCR using two PCR primers;
5-CCC CCC ATG GCG CGG CCG CCC ATA TGG AAC
GCC CTT ACG CTT GCC CGG TGG AG-3 (Zif268-R, NotI)
and 5-CCC CAA CTA GTG CAT CTC CCG TGA TGC ACA
TGT CCT TCT GCC GCA AGT GGA TCT TGG TAT GCC-¥
(Zif268-Met-F, Spel). To suppress the unwanted in vivo processing
reaction, we added a single methionine residue to the C-terminus
of Zif268. The PCR product was digested with NotI and Spel
and subcloned into pTWINI-LucN-MCS. The plasmid, pLuc-
Zif268-GyrA, was verified by DNA sequencing.

Bacterial expression, purification, and zinc reconstitution of
LucN-Zif268

E. coli strain BL21(DE3)pLysS transformed with pLucN-Zif268-
GyrA was grown overnight at 37 °C in 5 ml LB broth containing
50 pg ml~! ampicilin. Overnight cultures were added to a 250 ml
TB medium containing 50 pg ml™' ampicilin and 34 pg ml™!
chloramphenicol. At an ODy, of 0.6, protein expression was
induced by 1 mM IPTG. Cells were cultured at 16 °C overnight and
collected by centrifugation. The cell pellet was resuspended in wash
buffer (20 mM Tris-HCI, 500 mM NaCl, 1 mM EDTA, pH 8.5)
followed by sonication. After centrifugation, the soluble fraction
was loaded onto a chitin column and thoroughly washed with over
10 column volumes of wash buffer. Intein cleavage was induced
by incubating the beads with 3 bed volumes of cleavage buffer
(20 mM Tris-HCI, 500 mM NaCl, 1 mM EDTA, 20 mM DTT,
pH 8.5). On-column cleavage reaction was allowed to proceed for
24 h at 4 °C, affording Luc-Zif268.

The obtained LucN-Zif268 was reconstituted with zinc ion in
zinc buffer (20 mM Tris-HCI, 100 mM NaCl, 0.5 mM ZnCl,,
pH 8.0) to obtain a holo-form of LucN-Zif268. Both the apo-
and holo-forms of LucN-Zif268 were diluted in PBS(—) prior to
all assays. The protein concentration was determined by BCA
assay.

Plasmid construction and expression of Cys-Luc®

The gene encoding a C-terminal half [438-554] of firefly luciferase
was amplified by PCR. The sequence of primers were 5-CCT
TCC ATG GGG TTG AAG TCT TTA ATT AAA TAC AAA
GG-3' (Luc®-R, Ncol) and 5-GGG AAT TCG GAT CCT TAC
AAT TTG GAC TTT CCG CCC TTC TTG GCC-3'(Luc®-F,
Pstl). The amplified fragment was digested with Ncol and PstI
and subcloned into expression vector pTWIN1-MBP1 (New Eng-
land Biolabs). The plasmid, pDnaB-CRA-Luc®, was cloned and
sequenced.

E. coli strain BL21(DE3)pLysS was transformed with pDnaB-
CRA-Luc® and subjected to protein expression as described above.

The soluble fraction of cell lysate was loaded onto a chitin column
washed with over 10 column volumes of wash buffer. Intein
cleavage was induced by incubating the beads with 3 bed volumes
of buffer (20 mM Tris-HCI, 500 mM NaCl, l mM EDTA, pH 7.0).
On-column cleavage reaction proceeded at 4 °C for 2 days. The
purity and concentration of obtained Cys-Luc® were analyzed
with a BCA assay.

N-terminus-specific modification of Cys-Luc® with dsODN-c

The 5-amino-modified oligonucleotide (ODN-¢: 5-amino-TTT
ACG CCC ACG CTT T-3) was annealed to the 5-
fluorescein-labeled complementary oligonucleotide (ODN-¢'-fl:
5'-fluorescein-AAA GCG TGG GCG TAA A-3'). The obtained
dsODN containing a Zif268 binding sequence (dsODN-c) was
then modified with 3 in borate buffer (50 mM sodium borate,
pH 8.5). The native chemical ligation reaction procedure between
TE-dsODN-c¢ and Luc® was as that previously described.! The re-
action mixture was then applied to agarose gel electrophoresis for
purification. The ligation product, dSODN-c-Luc®, was extracted
from the gel and concentrated using a Microcon centrifuge filter kit
(Millipore). The concentration of dSSODN-c-Luc® was determined
by analyzing Coomassie Brilliant Blue-stained SDS-gel using the
software Scion Image (Scion Corporation).

Gel shift assay

The fluorescein-labelled dSODN-¢ (10 uM) was mixed with various
concentrations of either an apo- or a holo-form of Luc-Zif268 in
buffer? (20 mM Tris-HCI, 100 mM NacCl, 10% Glycerol, 0.1%
TritonX-100, 5mM DTT, 0.Img ml™' BSA; for the holo-form
experiments, MgCl, and ZnSO, were added at final concentration
of 5 mM and 20 uM, respectively), and incubated for several
minutes at room temperature. The protein-DNA complexes
were separated from free DNA by electrophoresis in a 10%
polyacrylamide gel. The fluorescence image of the gel was obtained
using a UV transilluminator.

Protein—-DNA-interaction-mediated split luciferase reassembly

For split luciferase reconstitution assays, LucN-Zif268 (4 uM) was
mixed with 2 pM of each dsODN-c-Luc®, Cys-Luc®, or free
dsODN-c in 50 pL of PBS(—). After a 30 min incubation at room
temperature, a 50 ul of substrate solution (50 mM phosphate,
5 mM MgSO,, 3 mM DTT, 10 mM ATP, 30 uM coenzyme A,
300 uM D-luciferin, pH 7.8) was added. Luminescence intensity
was measured for 5 s with a multiwell luminometer AB-2100
(ATTO) and normalized against that of the basal Luc™ activity.

Plasmid construction and expression of Luc™-TE

The gene encoding an N-terminus half of firefly luciferase was
amplified by PCR using pGEM-luc as a template. Two primers,
(Luc™-R and Luc-F: -GGG CAA CTA GTG CAT CTC CCG
TGA TGC ACC GGT CAA CTA TGA AGA AGT GTT CGT
CTT CGT CCC-3) were used. The amplified fragment was
digested with Ndel and Spel and subcloned into the expression
vector pTWIN1-MBP1 (New England Biolabs). The obtained
plasmid, pTWIN1-Luc™-TE, was verified by DNA sequencing.
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The expression procedure of Luc™-TE was the almost same
as that of LucN-Zif268 described above, except that the intein
self-cleavage reaction on the column and elution were induced by
thioesterification buffer (20 mM Tris-HCI, 500 mM NaCl, 1 mM
EDTA, 50 mM MESNA, pH 8.5).

Preparation of Luc®~ODN-5d by expressed protein ligation

Cysteine-tagged single-strand ODN-5d was prepared and purified
by gel chromatography according to our previously described
procedure.’ The obtained ODN was mixed with Luc™-TE and
incubated in ligation buffer at 4 °C for 48 h. The purification of the
ligation product was carried out by anion-exchange chromatogra-
phy on a Poros HQ (Perspective Biosystems) and concentrated by
ultra-filtration using Amicon Ultra (MWCO 30kDa) (Millipore).
Next, the solution was subjected to gel filtration chromatography
on Superdex 75 HR 10/30 (GE Healthcare Bioscience) using
PBS(—) as an eluent. The concentration of obtained LucN-ODN-
5d was determined from the Coomassie Blue-stained SDS-gel.

Preparation of a ssODN-Luc® series

Thioesterification of single-strand oligonucleotides, NCL with
Cys-Luc®, and subsequent purification was carried out as de-
scribed above to obtain ODN-3d'—, ODN-5d'—, ODN-3e—, and
ODN-5e-Luc®. The concentration of these conjugates was deter-
mined from a Coomassie Blue-stained SDS-gel.

Re-assembly of split luciferase mediated by DNA-DNA
hybridization

In a 96-well plate, Luc™~-ODN-5d (I pM) was mixed with an
equimolar of each ssODN-Luc® in 100 pL of PBS(—) and
incubated for 30 min at room temperature. A 100 pl of substrate
solution was then added and the luminescence intensity was
measured for 5 s as described above.
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assembly of proteins. In contrast, the present experiments were carried
outin a purified in vitro system without any chaperone-like components,
which might be a reason for the low activity recovery. To our
knowledge, no comparable data, i.e. split luciferase reconstitution in
a purified system, has been reported so far. Also, the catalytic activity
enhancement upon reconstitution might be improved by optimizing the
spacer length of each fragment and/or split sites.
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Parallel Kinetic resolution of rert-butyl (RS)-3-oxy-substituted
cyclopent-1-ene-carboxylates for the asymmetric synthesis of
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tert-Butyl (RS)-3-methoxy- and (RS)-3-tert-butyldiphenylsilyloxy-cyclopent-1-ene-carboxylates display
excellent levels of enantiorecognition in mutual kinetic resolutions with both lithium (RS)-N-benzyl-
N-(a-methylbenzyl)amide and lithium (RS)-N-3,4-dimethoxybenzyl- N-(a-methylbenzyl)amide. A 50 :
50 pseudoenantiomeric mixture of lithium (S)-N-benzyl-N-(o-methylbenzyl)amide and lithium
(R)-N-3,4-dimethoxybenzyl-N-(o-methylbenzyl)amide allows for the efficient parallel kinetic resolution
of the rert-butyl (RS)-3-oxy-substituted cyclopent-1-ene-carboxylates, affording differentially protected
3-oxy-substituted cispentacin derivatives in high yield and >98% de. Subsequent N-deprotection and
hydrolysis provides access to 3-oxy-substituted cispentacin derivatives in good yield, and in >98% de
and >98% ee, while stereoselective epimerisation and subsequent deprotection affords the
corresponding transpentacin analogues in good yield, and in >98% de and >98% ee.

Introduction

The asymmetric synthesis of vicinal amino alcohols has attracted a
great deal of interest in both academic and industrial arenas due to
the ubiquitous nature of this functionality in natural products, and
the potent biological activity of substrates containing this moiety."
In this laboratory the asymmetric synthesis of vicinal amino
alcohols has been approached through conjugate addition of a
homochiral lithium amide to an a,-unsaturated ester, either cou-
pled with in situ oxidation of the intermediate f-amino enolate, or
through addition to acyclic o,f-unsaturated esters bearing a y-oxy
functionality.® In the latter category, acyclic o,B-unsaturated esters
2 and 3 (bearing a y-stereogenic centre) show only low levels of
substrate control and, although “matching” and “mismatching”
effects have been noted,* the additions proceed, in each case, under
the dominant stereocontrol of the homochiral lithium amide 1
(reagent control), with high levels of diastereofacial selectivity
being observed (Fig. 1).%

In contrast to these acyclic examples, 3- and 5-alkyl-substituted
cyclopent-1-ene-carboxylates display high levels of substrate con-
trol, and we have demonstrated the efficient kinetic and parallel
kinetic resolution of these substrates upon treatment with either
homochiral or a pseudoenantiomeric mixture of homochiral
lithium amides, respectively.® High levels of substrate bias for
addition of the homochiral lithium amide 1 anti to the 3- or
S-alkyl substituent, coupled with the exceptional diastereofacial
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R =Ph, 8:9 11:89

R = Me, 10:11 5:95
Fig.1 Addition of homochiral lithium amide 1 to acyclic a,B-unsaturated
esters 2 and 3 bearing a y-oxy functionality.

preference of 1, provides highly selective resolutions. High levels
of facial selectivity upon kinetic protonation of the intermediate
enolates, anti to the newly installed nitrogen substituent,® allow
ready access to single diastereoisomers of homochiral 3- or
5-alkyl-substituted 2-amino-cyclopentane-carboxylic acids.” The
synthetic utility of these processes is greatly enhanced by the
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utilization of a parallel resolution protocol,*® employing a pseu-
doenantiomeric mixture of lithium amides, which provides access
to both enantiomeric series of addition products. Given the current
interest in P-peptide secondary structure,'®'! cyclic y-hydroxy-
B-amino acids are attractive targets for asymmetric synthesis."
The parallel kinetic resolution of racemic, cyclic a,B-unsaturated
esters bearing a y-oxy-substituted stereogenic centre represents
an interesting synthetic challenge as the conjugate addition of
a lithium amide reagent in the presence of a y-heteroatom may
potentially give rise to either syn stereocontrol, due to chelation,
or anti stereocontrol, due to steric effects or dipolar repulsion
(Fig. 2)."* We report herein our full results within this area,
and delineate the parallel kinetic resolution of 3-oxy-substituted
cyclopent-1-ene-carboxylates.

RoNLi

\]Chelation control
R'O :COZR"
H

/ Steric or dipolar

control
RoNLi

Fig. 2 Substrate control via chelation or steric/dipolar factors during
conjugate addition of lithium amides.

Results and discussion

In investigating parallel kinetic resolution it is prudent to follow
a strategy® of first evaluating the level of substrate control—in
this system through the addition of an achiral lithium amide to
the racemic a,B-unsaturated ester. In cases where high levels of
substrate control are observed, the conjugate addition of a racemic
lithium amide to the racemic o,-unsaturated ester (mutual kinetic
resolution) may then be performed, allowing the selectivity factor
E to be directly determined in the absence of complicating mass
action effects.”® Finally, having established the maximum levels of
enantiorecognition with each of the pseudoenantiomeric parallel
kinetic resolution components, the parallel kinetic resolution
utilizing a 50 : 50 mixture of pseudoenantiomeric lithium amide
reagents can be performed.

Preparation of 3-oxy-substituted cyclopent-1-ene-carboxylates

It was envisaged that addition to an unprotected alcohol
would be disfavoured for electrostatic reasons and thus two
hydroxyl-protecting groups were proposed, viz. methyl and tert-
butyldiphenylsilyl. O-tert-Butyldiphenylsilyl (TBDPS) protection
was expected to preclude chelation of the lithium amide and
direct the addition under steric control, while O-methyl pro-
tection offered potential for either syn reagent delivery under
chelation control, or anti addition due to dipolar repulsion. The
desired racemic 3-oxy-substituted cyclopent-1-ene-carboxylates
18-21 were readily prepared from methyl and fert-butyl cyclopent-
l-ene-carboxylates 12 and 13.' Allylic oxidation'” of 12 with CrO;
in acetic anhydride and acetic acid'® afforded enone 14 in 60% yield
after chromatography and analogous oxidation of 13 gave enone
15 in 50% yield. Alternatively, palladium catalysed oxidation of

13 with fert-butyl hydroperoxide® gave 15 in 37% isolated yield.
Subsequent Luche reduction® of enones 14 and 15 furnished 16
and 17 in 98% isolated yield in both cases. O-Methylation was
next investigated and although treatment of 16 and 17 with methyl
iodide under strongly basic conditions led to decomposition of the
starting material, methylation under neutral conditions, with silver
oxide and excess methyl iodide,®* furnished the corresponding
methyl ethers 18 and 19 in 88 and 85% isolated yield respectively.
O-Silylation of 16 and 17 was readily achieved with TBDPSCI,
imidazole and DMAP,* yielding 20 and 21 in 99 and 85% yield
respectively (Scheme 1).

(i) or (ii)

®/002R —_— Oﬁ/COZR

12,R=Me 14, R = Me, (i). 60%
13,R=1Bu 15, R = 'Bu, (i). 50%; (ii). 37%

(iii)

(iv) or (v)

XO\®/COZR - HO\®/002R

18, R = X = Me, 88% 16, R = Me, 98%

19, R ='Bu, X = Me, 85% 17, R = 'Bu, 98%
20, R = Me, X = TBDPS, 99%
21, R='Bu, X = TBDPS, 85%

Scheme 1  Reagents and conditions: (i) CrO;, AcOH, Ac,0, DCM, 0-5°C,
30 min, then NaHCO;, H,O-THF, rt, 12 h; (ii) Pd(OH),/C, K,CO;,
"BuOOH, DCM, 0 °C, 4 h; (iii)) NaBH,, CeCl;-7H,0, MeOH, 0 °C, 10 min;
(iv) Mel, Ag,0, MeCN, 43 °C, 20 h; (v) TBDPSCI, imidazole, DMAP,
DMF, 0°Ctort, 12 h.

Evaluation of substrate control

Having established a route to 3-oxy-substituted esters 18-21, the
inherent substrate diastereofacial control was evaluated via the
conjugate addition of lithium dibenzylamide 22.* Preliminary
experiments established that the direct treatment of unprotected
hydroxy esters 16 and 17 with excess lithium amide 22 did not
afford any addition products and extensive decomposition of the
starting materials was observed in both cases. Addition of lithium
dibenzylamide 22 to 3-O-TBDPS methyl ester 20, meanwhile,
afforded a 58 : 42 mixture of B-amino amide (1RS,2RS,3RS)-
23 (the result of sequential 1,2- and 1,4-addition) in >98% de,
and o,B-unsaturated amide (RS)-24, isolated in 28 and 21%
yield respectively (Scheme 2). The relative configuration within -
amino amide 23 was unambiguously established by single crystal

TBDPSO\®/COQM9

20

J 0
23:24 58:42

TBDPSO\O.\\\CONan + TBDPSO\®/CONBn2

23, 28%, >98% de 24, 21%

Scheme 2 Reagents and conditions: (i) lithium dibenzylamide 22 (2 eq.),
THEF, —78 °C, 4 h, then NH,Cl (sat., aq.).
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X-ray analysis (Fig. 3). Despite the undesirable 1,2-addition,
B-amino amide 23 was produced as a single diastereoisomer,
demonstrating high levels of diastereofacial control both for 1,4-
addition anti to the 3-O-TBDPS substituent™* and protonation
of the intermediate enolate anti to the amino group.®

N

TBDPSO@.NCONBnZ

23

Fig.3 Chem3D representation of the X-ray crystal structure of 23 (some
H atoms removed for clarity).

The addition of lithium dibenzylamide 22 to the 3-oxy-
substituted fert-butyl esters 19 and 21 was next investigated, and
afforded only 1,4-addition products. Conjugate addition to 3-O-
TBDPS ftert-butyl ester 21, and protonation with sat. aq. NH,Cl,
gave a 91 : 9 mixture (82% de) of the C(1)-epimeric B-amino
esters (1RS,2RS,3RS)-27 and (1RS,2SR,3SR)-28, respectively.
Chromatography furnished B-amino esters 27 and 28 in 74 and
7% isolated yield respectively, and in >98% de in each case.
Analogous addition of lithium dibenzylamide 22 to 3-O-Me tert-
butyl ester 19 furnished a 79 : 21 mixture (58% de) of B-amino esters
(1RS,2RS,3RS)-25and (1RS,2SR,3SR)-26, which were isolated in
40 and 10% yield respectively, as single diastereoisomers (>98%
de) in both cases (Scheme 3).

The high levels of 2,3-anti selectivity observed in all the
conjugate additions are consistent with the reactions proceeding
under steric substrate bias. While this may be expected in the
case of the 3-O-TBDPS substituent, the 3-O-Me ether also acts
as an effective polar steric blocking group, directing addition anti
to itself, and not participating in chelation with the incoming
lithium amide. Having demonstrated that 3-oxy-substituted esters
19-21 demonstrate very high levels of substrate control upon

xo\®/coz‘3u

19, X = Me
21, X=TBDPS

J(i)
Ph Ph

o~

Ph” N + Ph N

XO@‘NCOZ'BU xo@,ooz‘su

25, X = Me, 40% 26, X = Me, 10%
27, X=TBDPS, 74% 28, X =TBDPS, 7%

X  Product ratio®
19 Me 25:26 79:21
21 TBDPS 27:28 91:9

Scheme 3  Reagents and conditions: (i) lithium dibenzylamide 22 (5 eq.),
THF, —78 °C, 4 h, then NH,ClI (sat., aq.). [* Crude. Isolated yields refer to
single diastereoisomers (>98% de).]

conjugate addition of lithium dibenzylamide 22, the mutual
kinetic resolution of 18-21 with lithium (RS)-N-benzyl-N-(o-
methybenzyl)amide 1 was investigated in order to determine the
maximum value of the stereoselectivity factor E.'

Mutual Kinetic resolution

In mutual kinetic resolutions, mass action effects are negated and
the selectivity factor E is independent of reaction conversion, and
furthermore is equivalent to the ratio of products.’® The conjugate
addition of racemic lithium amide (RS)-1 to the racemic 3-oxy-
substituted methyl esters 18 and 20 was initially examined. In both
cases high levels of enantiorecognition between the lithium amide
reagent and a,B-unsaturated ester substrate were observed, with
both additions proceeding with high selectivity (£ >99 in both
cases). The minor diastereoisomeric products were derived from
incomplete selectivity in protonation of the intermediate enolates
(Scheme 4). The relative configurations of the cyclopentane ring
stereogenic centres within of all these addition products were
assigned from '"H NMR NOE difference data, while the relative

X0\®/COZMe

18, X = Me
20, X = TBDPS
(0]
. Ph . Ph
Ph/\N) + Ph/\N)

XO\O“\\COZMe XO\Q’COZMe

29, X = Me, 30%

30, X=Me
31, X=TBDPS, 28% 32, X=TBDPS, 2%

X  Product ratio?
19 Me 29:30>99:<1
21 TBDPS 31:3292:8

Scheme 4 Reagents and conditions: (1) lithium (RS)-N-benzyl-N-
(a-methylbenzyl)amide (RS)-1 (5 eq.), THF, —78 °C, 4 h, then NH,Cl

(sat., aq.). [* Crude. Isolated yields refer to single diastereoisomers (>98%

de).]
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(1RS,2RS,3RS,0SR)-configurations of major diastereoisomers 29
and 31 were unambiguously confirmed by single crystal X-ray
structure analysis (Fig. 4 and Fig. 5). These analyses also affirmed
that the relative configurations of the C(2) and N-a-methylbenzyl
stereocentres were consistent with the diastereofacial preference
of both the chiral lithium amide (reagent) and the chiral a,f-
unsaturated ester (substrate). Notably, no evidence of amide
formation was observed in the addition of lithium (RS)-N-
benzyl-N-(a-methylbenzyl)amide 1 to the methyl esters 18 and
20, reflecting the sensitivity of 1,2- versus 1,4-addition to the steric
bulk of the lithium amide reagent.

Ph

Meo\Oﬂucone

29

Wz

Fig.4 Chem3D representation of the X-ray crystal structure 29 (some H
atoms removed for clarity).

The addition of lithium amide (RS)-1 to tert-butyl esters 19
and 21 was next investigated (Scheme 5). Addition of (RS)-1 to
3-0-Me 19, and quenching with sat. aq. NH,CI, gave a >99 :
<1 mixture of 33 : 34, from which 33 was isolated in 86% yield
and >98% de. Addition to 3-O-TBDPS 21 and quenching with
sat. ag. NH,Cl gave a 90 : 10 mixture of B-amino esters 35 : 36;
however the enolate protonation selectivity could be improved by
changing the proton source to 2,6-di-zerz-butylphenol,®? giving
a 97 : 3 mixture of 35 : 36. The 2,3-anti arrangement, and the
correlation of the C(2) and N-o-methylbenzyl stereogenic centres
observed within B-amino esters 33-36 is indicative of excellent
enantiorecognition in this system, consistent with £ >99.' The
observation of C(1)-epimeric products 35 and 36 in the case of
the 3-O-TBDPS substituent is consistent with the steric bulk
of the 3-substituent competing with the 2-amino functionality
in controlling protonation selectivity, as previously observed
in the kinetic resolution of 3-alkyl-substituted cyclopent-1-ene-
carboxylates.*® The relative configurations of the stereogenic
centres of the cyclopentane ring within addition products 33-36

Fig.5 Chem3D representation of the X-ray crystal structure 31 (some H
atoms removed for clarity).

XO\®/COZtBu

19, X=Me
21, X=TBDPS

J (i) or (1|)

WA

\@ +CO,'Bu xo\gcoz‘su

33, X = Me, 86%
35, X =TBDPS, (i). 88% 36, X = TBDPS (I) 10%

X  Conditions Product ratio?

19 Me (i) 33:34 >99:<1
21 TBDPS (i) 35:36 90:10
21 TBDPS (i) 35:36 97:3

Scheme 5 Reagents and conditions: (i) lithium (RS)-N-benzyl-N-
(a-methylbenzyl)amide (RS)-1 (5 eq.), THF, —78 °C, 4 h, then NH,Cl
(sat., aq.); (i) lithium (RS)-N-benzyl-N-(o-methylbenzyl)amide (RS)-1,
THF, —78 °C, 4 h, then 2,6-di-tert-butylphenol. [* Crude. Isolated yields
refer to single diastereoisomers (>98% de).]

were assigned from '"H NMR NOE difference data. Furthermore,
the C(1)-epimeric nature of the diastereoisomers was confirmed by
epimerisation of the major 1,2-syn-diastereoisomers 33 (>98% de)
and 35 (>98% de) to the thermodynamically more stable 1,2-anti-
diastereoisomers 34 (>98% de) and 36 (>98% de) upon treatment
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with KO’Bu. The epimerisation of 33 was accompanied by partial
ester hydrolysis, however, yielding a separable 71 : 29 mixture of
ester 34 and carboxylic acid 37, in quantitative combined yield
(Scheme 6).

Ph : Ph :  Ph

Ph/:\l;l) (i) Ph/:\N) Ph N

— : +

xo@\\\‘cogsu xo\O,cogsu XO\O,COZH

33, X=Me 34, X=Me, 71% 37, X = Me, 29%
35, X =TBDPS 36, X = TBDPS, quant

Scheme 6  Reagents and conditions: (1) KO'Bu, ' BuOH-THF (1: 1), 80 °C,
12 h.

The mutual kinetic resolution of the racemic 3-O-Me and 3-
O-TBDPS tert-butyl esters 19 and 21 and lithium (RS)-N-3,4-
dimethoxybenzyl- N-(o-methylbenzyl)amide (RS)-38 was next ex-
amined, employing the optimized reaction conditions (Scheme 7).
These additions showed near identical selectivities (E >99)
to the mutual kinetic resolutions with lithium amide (RS)-1,
with authentic samples of the minor diastereoisomers in these
reactions isolated by epimerisation of the major addition products

(Scheme 8).
XO\®/COZ‘BU

19, X=Me
21, X =TBDPS
J(l)
OMe OMe
OMe OMe
Ph/\N + /\
xo\O ~CO,'Bu XO\Q/COZ‘BU
39, X = Me, 89% 40, X = Me
41, X= TBDPS 79% 42, X = TBDPS

X  Product ratio®
19 Me 39:40 >99:<1
21 TBDPS 41:42 94:6
Scheme 7 Reagents and conditions: (i) lithium (RS)-N-3,4-dimethoxy-
benzyl-N-(a-methylbenzyl)amide (RS)-38 (5 eq.), THF, —78 °C, 4 h, then
NH,CI (sat., aq.). [* Crude. Isolated yields refer to single diastereoisomers
(>98% de).]

Parallel kinetic resolution

Having successfully established separately the mutual kinetic
resolutions of fert-butyl esters 19 and 21 with lithium amides (RS)-
1 and (RS)-38, the parallel kinetic resolution of 19 and 21 with a
pseudoenantiomeric mixture of (S)-1 and (R)-38 was investigated,
to facilitate the asymmetric synthesis of each enantiomer of 3-
oxy-substituted cispentacin. Furthermore, it was anticipated that
the corresponding 3-oxy-substituted transpentacin derivatives
would be available from the epimerisation of the B-amino ester

OMe OMe
OMe OMe

(i) /:\

ﬁCOQtBU

40, X = Me, quant
42, X = TBDPS, 98%

Phe N
xo\O CO,'Bu

39, X = Me
41, X = TBDPS

Scheme 8 Reagents and conditions: (1) KO'Bu, ' BuOH-THF (1:1),80°C,
12 h.

intermediates. The conjugate addition of a 50 : 50 mixture of
lithium amides (S)-1 and (R)-38 to tert-butyl 3-O-TBDPS 21,
followed by protonation with 2,6-di-zert-butylphenol afforded a
45 . 5 : 45 . 5 mixture of B-amino esters (1R,2R,3R,aS)-35,
(1S,2R,3R,0.5)-36, (15,25,3S,0R)-41 and (1R,2S,3S,aR)-42. This
selectivity is consistent with identical reactivity and complemen-
tary stereoselectivities in the initial conjugate addition of the
pseudoenantiomeric mixture of lithium amides (S)-1 and (R)-38
(E >99 in each case) to give a 50 : 50 mixture of addition products
derived from each lithium amide. The minor diastereoisomers
(1S,2R,3R,0.5)-36 and (1R,2S,3S,aR)-42 derive from incomplete
protonation selectivity, consistent with that previously observed in
the mutual kinetic resolutions of this substrate. Facile chromato-
graphic separation, due to the disparate polarities of the N-benzyl
and N-3,4-dimethoxybenzyl protecting groups, gave 35 in 40%
yield and >98% de, and 41 in 36% yield and >98% de (Scheme 9).

t
TBDPSO\®/C02 Bu

Ph j 0 :  Ph

TBDPSO\@N\\COZ‘BU + TBDPSO\O,COZ‘BLJ

(1R,2R,3R,a.S)-35 (1S,2R,3R,aS)-36
40%, >98% de

OMe

. Sj

Ph N

TBDPSO',,,G,COEBU * TBDPSO..,

(1S,28,3S,0R)-41 (1R,ZS,3S,aF\’)-42
36%, >98% de

Crude product ratio: 35:36:41:42 45:5:45:5

CO,'Bu

Scheme 9 Reagents and conditions: (i) lithium (S)-N-benzyl-N-
(o-methylbenzyl)amide (S)-1 (2.5 eq.), lithium (R)-N-3,4-dimethoxy-
benzyl-N-(a-methylbenzyl)amide (R)-38 (2.5 eq.), THF, —78 °C, 4 h, then
2,6-di-tert-butylphenol.
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Similar treatment of 3-O-Me ferz-butyl ester 19 with a 50 : 50
mixture of (S)-1 and (R)-38 gave equally excellent stereoselectivity,
affording a 50 : 50 mixture of B-amino esters (1R,2R,3R,aS)-33
and (1S5,25,3S,0R)-39 only (E >99). Chromatographic separation
gave 33 in 25% yield and 39 in 30% yield (Scheme 10).

4
|v|eo\®/co2 Bu
oM

19 OMe

e

Ph

. J(i)
Ph N Ph N
MeO\Qm-COQBU + Meo,,,,G,COZ‘Bu

(1R2R,3R,a.S)-33 (18,25,3S,aR)-39
25%, >98% de 30%, >98% de

Crude product ratio: 33:39 50:50

Scheme 10 Reagents and conditions: (i) lithium (S)-N-benzyl-N-
(o-methylbenzyl)amide (S)-1 (2.5 eq), lithium (R)-N-3,4-dimethoxy-
benzyl-N-(a-methylbenzyl)amide (R)-38 (2.5 eq.), THF, —78 °C, 4 h, then
NH,CI (sat., aq.).

Preparation of 3-methoxy-substituted cispentacin and
transpentacin

Subsequent investigations focused upon deprotection and epimeri-
sation of the 3-O-Me substituted derivatives to the par-
ent 3-O-Me substituted cispentacin and transpentacin. N-3,4-
Dimethoxybenzyl B-amino ester (15,25,3S,0R)-39 was epimerised
to give (1R,2S,3S,0.R)-40 in 61% yield and in >98% de. A three-
step deprotection procedure of 39 and 40 was then implemented.
Oxidative removal of the N-3,4-dimethoxybenzyl protecting
group from 39 and 40 with DDQ gave the corresponding N-o-
methylbenzyl protected amines 43 and 44 in 98% isolated yield
in each case. Subsequent hydrogenolysis furnished the primary
B-amino esters (15,25,35)-45 and (1R,2S5,35)-46 in 90 and 96%
yield respectively, and in >98% de and >98% ee* in each case.
Acid catalysed ester hydrolysis and purification by ion-exchange
chromatography gave the enantiomers of 3-O-Me cispentacin and
transpentacin (15,25,35)-47 and (1R,2S,35)-48, respectively, in
good yield and >98% de in each case (Scheme 11).

In a related strategy, epimerisation of N-benzyl B-amino ester
(1R,2R,3R,05)-33 gave a 85 : 15 mixture of the C(1)-epimeric
B-amino ester (1S,2R,3R,0.5)-34 and the corresponding acid
derivative (15,2R,3R,0.5)-37 only, from which 34 was isolated in
85% yield and >98% de after chromatography. N-Debenzylation
of B-amino esters 33 and 34 with Pearlman’s catalyst under H, (5
atm), gave the corresponding primary B-amino esters (1R,2R,3R)-
45 and (1S,2R,3R)-46 in 89 and 94% yield, and in >98% de and
>98% ee in each case.* The B-amino esters (1R,2R,3R)-45 and
(1S,2R,3 R)-46 were then hydrolysed by treatment with TFA, with
subsequent purification by ion-exchange chromatography afford-
ing 3-O-Me cispentacin and transpentacin analogues (1R,2R,3R)-
47 and (1S,2R,3R)-48 in 77 and 65% yield respectively, and in
>98% de in each case (Scheme 12).

s

COztBU

e

MeO:.,, COZ‘Bu Meol,,,

(1S,28,3S,aR)-39 (1R,28,3S,aR)-40
>98% de 61%, >98% de

J (if) J (ii)
PhJ\NH PhJ\NH

MeOm,G/COQtBU MeOn.IG

43, 98%, >98% de 44, 98%, >98% de

\ (i) L(m)
NH, NH,

t,
eO'.I,G/COZ Bu MeOm,ém‘

(1S,28,3S)-45, 90% (1R,2S,35)-46, 96%
>98% de, >98% ee >98% de, >98% ee

J (iv) j @iv)

‘.\\COZtBU

C02‘BU

NH,
CO,H MeOu.,G\mCozH
(18,2S,35)-47 (1R,28,35)-48

75% >98% de 60%, >98% de

Scheme 11 Reagents and conditions: (i) KO'Bu, '‘BuOH-THF (1 : 1),
80 °C, 12 h; (i) DDQ, DCM-H,O (5 : 1), rt, 48 h; (iii) H, (5 atm.),
Pd(OH),/C, MeOH, tt, 24 h; (iv) TFA, DCM, tt, 16 h, then HCI, Et,0,
then Dowex 50WX8-200.

Conclusion

In conclusion, racemic tert-butyl 3-oxy-substituted cyclopent-
I-ene-carboxylates display excellent levels of selectivity in
mutual kinetic resolution with lithium (RS)-N-benzyl-N-(o-
methylbenzyl)amide and lithium (RS)-N-3,4-dimethoxybenzyl-
N-(o-methylbenzyl)amide, with £ >99 in both cases. Homochi-
ral lithium (S)-N-benzyl-N-(a-methylbenzyl)amide and lithium
(R)-N-3,4-dimethoxybenzyl-N-(o-methylbenzyl)amide were then
employed as pseudoenantiomeric resolving agents in the par-
allel kinetic resolution of tert-butyl 3-methoxy- and 3-rert-
butyldiphenylsilyloxy-cyclopent-1-ene-carboxylate. These reac-
tions afforded differentially protected 3-oxy-substituted cis-
pentacin analogues in high yield and >98% de. Subsequent N-
deprotection and hydrolysis provides access to 3-oxy-substituted
cispentacin derivatives in good yield, >98% de and >98% ee,
while highly stereoselective epimerisation and deprotection af-
fords 3-oxy-substituted transpentacin analogues in good yield,
>98% de and >98% ee. The application of these substrates as
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Ph : Ph

/\N

MeO\Q/COZtBu

(1S,2R,3R,0.S)-34
85%, >98% de

P N (i) Ph
py ——

MeO\O‘mCOZ'Bu

(1R,2R,3R,0.S)-33
>98% de

(ii) J (ii)

NH, NH,

MeO\Q.mCOZ‘Bu MeO\Q,COZ‘Bu

(1R,2R,3R)-45, 89% (1S,2R,3R)-46, 94%
>98% de, >98% ee >98% de, >98% ee

(iii) J (iii)

NH, NH;
Meoﬁ\\\\cozH Meo\O,cozH
(1R.2R,3R)-47 (1S2R3R)-48

77%, >98% de 65%, >98% de

Scheme 12 Reagents and conditions: (1) KO'Bu, ‘BuOH-THF (1 : 1),
80 °C, 12 h; (ii) H, (5 atm), Pd(OH),/C, MeOH, rt, 24 h; (iii) TFA, DCM,
rt, 16 h, then HCI, Et,O, then Dowex 50WX8-200.

organocatalysts, and as monomers for the construction of B-
peptides is currently ongoing within our laboratory.

Experimental
General experimental

All reactions involving organometallic or other moisture-sensitive
reagents were carried out under a nitrogen or argon atmosphere
using standard vacuum line techniques and glassware that was
flame dried and cooled under nitrogen before use. Solvents were
dried according to the procedure outlined by Grubbs and co-
workers.”® Water was purified by an Elix® UV-10 system. All other
solvents were used as supplied (analytical or HPLC grade) without
prior purification. Organic layers were dried over MgSO,. Thin
layer chromatography was performed on aluminium plates coated
with 60 F,, silica. Plates were visualised using UV light (254 nm),
iodine, 1% aq. KMnO,, or 10% ethanolic phosphomolybdic acid.
Flash column chromatography was performed on Kieselgel 60
silica.

Elemental analyses were recorded by the microanalysis service
of the Inorganic Chemistry Laboratory, University of Oxford,
UK. Melting points were recorded on a Gallenkamp Hot Stage
apparatus and are uncorrected. Optical rotations were recorded
on a Perkin-Elmer 241 polarimeter with a water-jacketed 10 cm
cell. Specific rotations are reported in 107" deg cm? g' and
concentrations in g/100 mL. IR spectra were recorded on a Bruker
Tensor 27 FT-IR spectrometer as either a thin film on NaCl
plates (film) or a KBr disc (KBr), as stated. Selected characteristic
peaks are reported in cm~'. NMR spectra were recorded on
Bruker Avance spectrometers in the deuterated solvent stated.
The field was locked by external referencing to the relevant
deuteron resonance. Low-resolution mass spectra were recorded

on either a VG MassLab 20-250 or a Micromass Platform 1
spectrometer. Accurate mass measurements were run on either
a Bruker MicroTOF internally calibrated with polyanaline, or
a Micromass GCT instrument fitted with a Scientific Glass
Instruments BPXS5 column (15 m x 0.25 mm) using amyl acetate
as a lock mass.

Parallel kinetic resolution of 19: tert-butyl (1R,2R,3R,a.5)-2-
[/V-benzyl-N-(a-methylbenzyl)amino]-3-methoxy-cyclopentane-
carboxylate 33 and terz-butyl (15,25,3S,0.R)-2-|N-3,4-
dimethoxybenzyl-V-(a-methylbenzyl)amino]-3-methoxy-
cyclopentane-carboxylate 39
OMe
OMe

J A

P N + Ph” N
MeOO\.nCOQ'Bu MeO,, GCOZ‘BU
33 39

BuLi (2.5 M in hexanes, 0.75 mL, 1.87 mmol) was added
dropwise via syringe to a stirred solution of (S)-N-benzyl-N-
(o-methylbenzyl)amine (200 mg, 0.95 mmol) and (R)-N-3,4-
dimethoxybenzyl-N-(a-methylbenzyl)amine (257 mg, 0.95 mmol)
in THF (52 mL) at —78 °C. After stirring for 30 min a solution
of 19 (75 mg, 0.38 mmol) in THF (3.2 mL) at —78 °C was added
dropwise via a cannula. After stirring for a further 4 h at —78 °C
the reaction mixture was quenched with a solution of 2,6-di-zert-
butylphenol in THF and allowed to warm to rt over 1 h before
being concentrated in vacuo. The residue was partitioned between
DCM (50 mL) and 10% agq. citric acid (10 mL). The organic
layer was separated and the aqueous layer was extracted with
DCM (2 x 50 mL). The combined organic extracts were washed
sequentially with sat aq. NaHCO; (50 mL) and brine (50 mL),
dried and concentrated in vacuo to give a 50 : 50 mixture of 33 :
39. Purification by chromatography (3% Et,O in pentane) gave
(1R,2R,3R,05)-33 as a colourless oil (39 mg, 25%, >98% de); [a]
—91.1 (¢ 1.0 in CHCL); vy, (film) 1722 (C=0); Jy (400 MHz,
CDCl) 1.37[3H, d, J 6.9, C(a)Me], 1.52 (9H, s, CMe;), 1.72-1.80
[2H, m, C(5)H,], 2.18-2.29 [2H, m, C(4)H,], 2.78-2.83 [1H, m,
C(1)H], 3.10 (3H, s, OMe), 3.19 [1H, app t, J 7.6, C(2)H], 3.95—
4.00 [1H, m, C(3)H], 3.99 (2H, app d, J 15.7, NCH,), 4.24 [1H,
q, J 6.9, C(w)H], 7.21-7.49 (10H, m, Ph); d. (100 MHz, CDCl;)
17.3,25.0, 28.2, 28.3, 48.4, 50.9, 56.6, 57.9, 68.8, 79.9, 82.2, 126.1,
126.7, 127.9, 128.0, 128.6, 128.7, 129.7, 142.8, 143.1, 174.9; m/z
(EST*) 410 ((M + HJ*, 100%); HRMS (EST*) found 410.2704;
CyxH3NO; (IM + HJ") requires 410.2695. Further elution gave
(18,25,35,0.R)-39 as a pale yellow oil (53 mg, 30%, >98% de);
[a] +67.4 (¢ 1.2 in CHCL); vy, (film) 1721 (C=0); 6y (400 MHz,
CDCl) 1.37[3H, d, J 6.8, C(a)Me], 1.48 (9H, s, CMe;), 1.67-1.77
[2H, m, C(5)H,], 2.17-2.26 [2H, m, C(4)H,], 2.74-2.78 [1H, m,
C(1)H], 3.14 [3H, s, C(3)OMe], 3.16-3.20 [1H, m, C(2)H], 3.83—
3.98 (2H, m, NCH,), 3.87 (3H, s, ArOMe), 3.91 (3H, s, ArOMe),
4.01-4.06 [1H, m, C(3)H], 4.21 [1H, q, J 6.8, C(a)H], 6.80-7.42
(8H, m, Ar, Ph); o (100 MHz, CDCl;) 16.7, 24.9, 28.0, 28.1, 48.2,
50.7, 55.7, 55.8, 57.6, 68.7, 79.9, 82.0, 110.6, 111.3, 119.5, 126.5,
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127.9,135.2, 143.4, 147.3, 148.6, 174.6; m/z (ESI*) 470 (M + H]*,
100%); HRMS (ESI*) found 470.2903; C,;HsNO;Si (IM + HJ*)
requires 470.2906.

Parallel kinetic resolution of 21: tert-butyl (1R,2R,3R,0.5)-2-
[N-benzyl-N-(a-methylbenzyl)amino]-3-tert-butyldiphenyl-
silyloxy-cyclopentane-carboxylate 35 and tert-butyl
(18,25,3S,0.R)-2-| N-3,4-dimethoxybenzyl-/N-(a-
methylbenzyl)amino]-3-zerz-butyldiphenylsilyloxy-cyclopentane-
carboxylate 41

OMe
OMe
E )Ph J\
Ph” N ‘ Ph” N
TBDPSO\O\NCOZ'BU TBDPSO::,,G/CO?BU
35 41

BuLi (2.5 M in hexanes, 469 pL, 1.17 mmol) was added
dropwise via syringe to a stirred solution of (S)-N-benzyl-
N-(o-methylbenzyl)amine (125 mg, 0.59 mmol), (R)-N-34-
dimethoxybenzyl- N-(o-methylbenzyl)amine (161 mg, 0.59 mmol)
in THF (16 mL) at —78 °C. After stirring for 30 min a solution of 21
(100 mg, 0.24 mmol) in THF (2 mL) at —78 °C was added dropwise
via a cannula. After stirring for a further 4 h at —78 °C the reaction
mixture was quenched with a solution of 2,6-di-zert-butylphenol in
THF and allowed to warm to rt over 1 h before being concentrated
in vacuo. The residue was partitioned between DCM (50 mL) and
10% aq. citric acid (10 mL). The organic layer was separated and
the aqueous layer was extracted with DCM (2 x 50 mL). The
combined organic extracts were washed sequentially with sat. aq.
NaHCO; (50 mL) and brine (50 mL), dried and concentrated in
vacuo to give a 45 :5:45: S mixture of 35: 36 : 41 : 42. Purification
by chromatography (1% Et,0O in pentane) gave (1R,2R,3R,a.5)-35
as a colourless oil (60 mg, 40%, >98% de); [a]y —22.6 (¢ 1.0 in
CHCL); Vi, (film) 1722 (C=0); 6y (400 MHz, CDCl;) 1.09 (9H, s,
SiCMe;), 1.33-1.34 [1H, m, C(4)H,], 1.35[3H, d, J 6.6, C(a)Me],
1.41 (9H, s, OCMe;), 1.52-1.28 [3H, m, C(4)Hy, C(5)H,], 2.48—
2.49[1H, m, C(1)H], 3.41[1H, appt,J 7.7, C(2)H], 4.04-4.07 [3H,
m, C(a)H, NCH,], 4.65-4.70 [IH, m, C(3)H], 7.24-7.72 (20H, m,
Ph); 6. (100 MHz, CDCl;) 16.5, 19.2, 25.0, 27.0, 28.1, 31.5, 47.3,
51.6,57.2,69.6, 76.0, 80.0, 126.4, 126.6, 127.4, 127.6, 128.0, 128.2,
128.3,129.4,129.5, 134.0, 134.9, 135.8, 135.9, 142.0, 144.1, 174.8,;
m/z (EST*) 634 (M + H]*, 100%); HRMS (ESI*) found 634.3759;
C,H5,NO;Si ([M + HJY) requires 634.3787. Further elution gave
(1S,25,3S,0R)-41 as a colourless oil (59 mg, 36%, >98% de); [al})
+13.1 (¢ 1.0 in CHCL); vy, (film) 1721 (C=0); dy (400 MHz,
CDCl,) 1.07 (9H, s, SiCMe;), 1.21-1.47[13H, m, C(4) H 5, C(0) Me,
OCMe;], 1.52-1.60 [2H, m, C(5)H,], 1.61-1.68 [2H, m, C(4)H}],
2.46-2.49 [1H, m, C(1)H], 3.38-3.41 [1H, m, C(2)H], 3.86 (3H, s,
ArOMe), 3.88 (3H, s, ArOMe), 3.95 (2H, AB system, J,5 14.3,
NCH,), 4.05 [1H, q, J 6.7, C(0)H], 4.66-4.70 [1H, m, C(3)H],
6.76-7.71 (18H, m, Ar, Ph); oc (100 MHz, CDCl,) 15.5, 19.1,
24.8,26.9, 28.0, 31.5, 47.7, 51.1, 55.5, 55.6, 56.4, 69.3, 75.9, 79.7,
110.6, 111.4,119.9, 126.4, 129.4, 133.9, 135.8, 143.9, 147.5, 148.7,

174.9; m/z (ESI*) 694 (IM + HJ*, 100%); HRMS (ESI*) found
694.3920; C,,H;NO;Si (M + HJ") requires 694.3928.
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We report a simple, single step reaction that transforms riboflavin, which is insoluble in benzene, to
tetraphenylacetyl riboflavin (TPARF), which is soluble in this solvent to over 250 mM. Electrochemical
analysis of TPARF both alone and in complexes with two benzene-soluble flavin receptors:
dibenzylamidopyridine (DBAP) and monobenzylamidopyridine (MBAP), prove that this model system
behaves similarly to other previously studied flavin model systems which were soluble only in more
polar solvents such as dichloromethane. Binding titrations in both benzene and dichloromethane show
that the association constants of TPARF with its ligands are over an order of magnitude higher in
benzene than dichloromethane, a consequence of the fact that benzene does not compete for H-bonds,
but dichloromethane does. The alteration induced in the visible spectrum of TPARF in benzene upon
the addition of DBAP is very similar to the difference produced by transfer to dichloromethane, further
indicating that the flavin head group engages in a similar degree of hydrogen bonding with
dichloromethane as with its ligands. This work underlines the importance of using a truly nonpolar
solvent for the analysis of the effects of hydrogen bonding on the energetics of any biomimetic

host—guest model system.

Introduction

Protein interiors are perhaps best envisioned as inhomogeneous
matrices of low dielectric irregularly interrupted by dipoles which
can serve as hydrogen bond donors and acceptors and, less com-
monly, of cationic and anionic charged groups. Moreover since
these groups are not free to re-orient, they do not greatly increase
the overall dielectric constant. Indeed, the exact placement of these
dipoles and charges is an important component of both biological
recognition and protein modulation of the energetics of binding
partners, for example the pK,s or reduction potentials of bound
protein cofactors. Consequently, systems intended to mimic the
effects of a protein environment must both be nonpolar overall
and exert a high degree of control on the identity, position and
orientation of those functionalities that are intended to represent
polar interactions originating from the protein.

The host—guest interaction between flavin cofactors (Scheme 1)
and their protein partners is one example of a biologically
important interaction pair for which many mimetic complexes
have been constructed.'® Flavin cofactors are present in over
20% of proteins which have an electron transfer as some part of
their reaction mechanism.” These cofactors are capable of one-
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Scheme 1

and two-electron reduction chemistry, coupled to the binding
of one or two protons to the central diazabutadiene moiety of
the isoalloxazine head group (see Fig. 1). Thus, they exhibit
a remarkably diverse range of catalytic abilities as found in
signaling and transcription activation, light activated DNA repair,
respiratory electron chains, and dehydrogenation, dehalogenation,
hydroxylation and oxygenation reactions.'

The differing catalytic capabilities of the flavin in different
enzymes result from modulation of the highly conjugated flavin
isoalloxazine electronic structure by the protein environment.*%-12
As most, if not all, flavin-catalyzed reactions involve electron
transfer as part of their catalytic mechanism, modulation of the
reduction potentials of the bound cofactor plays a central role
in the selective promotion of a particular catalytic activity in
each flavoenzyme. This is accomplished via specific interactions,
electrostatic and otherwise, between the cofactor and its protein
host. Nonetheless, several decades of research on flavoenzymes
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Fig. 1 The benzene-soluble flavin analogues and host receptors.
TPARF-DBAP complex (A), TPARF-MBAP complex (B) and the
N(3)-methylated TPARF (Me-TPARF) (C).

have underlined the difficulty in quantifying such effects due to
the complexity of the protein environment, as well as the aqueous
medium, which makes it almost impossible to isolate specific
physiologically relevant flavin—protein interactions.

One approach to this problem consists of constructing minimal-
ist synthetic models that are soluble in simplifying aprotic solvents.
These permit examination of the energetics of interactions between
flavins and small molecule mimics of specific interactions found
in proteins. Several groups have constructed chloroform-soluble
model flavin compounds and studied the effects of their interac-
tions with small molecules intended to simulate hydrogen bonding,
n-stacking, and conformational modification by proteins.’”"# In
one chloroform-soluble compound in particular, a three-point hy-
drogen bonding interaction between N(10)-isobutyl isoalloxazine
and 2,6-diethylamidopyridine, modified the flavin one-electron
reduction potential by 100 mV or over.?

These model flavin systems are attractive spectroscopic targets,
promising insight into the manner in which these isolated in-
termolecular interactions modulate the electronic properties of
protein-bound flavins, thus specifying their catalytic function.
However, chloroform is a poor choice of solvent due to its own
property of donating a hydrogen bond.*?* Quantification of
the energetics of mimetic complexes dissolved in chloroform is
therefore subject to uncertainties caused by extensive hydrogen
bonding between the ‘free’ flavin and the solvent; thus, the cost
of displacing solvent significantly detracts from the apparent
favorability of the new interactions formed.'® Moreover, spectra
collected in the absence of the designed H-bonding partner do not
probe interaction-free flavins.

We have previously reported the construction of a new
flavin analogue, N(10)-2,2-dibenzylethylisoalloxazine, which is
soluble in less polar solvents.® This molecule was soluble in
dichloromethane to 20 mM and even soluble in benzene to a con-
centration of over 1 mM. The synthetic route for the construction
of this molecule was intentionally designed for the inexpensive
incorporation of N isotopic labels in the isoalloxazine ring.
This, coupled with the solubility of this compound in volatile
hydrophobic solvents enabled the first observation of the complete
chemical shift tensors for three of the four nitrogen atoms and
every carbon atom in the isoalloxazine moiety using solid state
NMR in the oxidized and reduced state.”” These experiments
confirmed earlier ab initio calculations that predicted that several
of the principal components of the chemical shift tensor, in
particular the o;; components of the N(1) and N(5) tensors,
strongly reflect the H-bond accepting lone pairs of the flavin.'®

In order to perform solid state NMR experiments in frozen
solution, a molecule must be soluble to at least 100 mM
concentration in a solvent that freezes above —70° C. In order
for a solvent to dissolve a model flavin it must be able to interact
favorably with some part of it. An additional parameter of
importance is the ease and expense of constructing the molecule
with isotopic labels at the appropriate positions. We report here the
development of a simple process which can transform riboflavin,
which can readily be extracted in isotopically labeled form from
bacteria grown in labeled media, into a compound designed to be
soluble in benzene to greater than 250 mM. We have chosen this
flavin—solvent pair because of the ability of benzene to dissolve
the flavin through m-stacking interactions. Because we wish to
study this flavin alone and in complexes with binding partners
which modify the cofactor’s reduction potential, we examined
its interaction with some benzene-soluble analogues of the 2,6-
diethylamidopyridine ligand developed by Breinlinger ez al.> We
found large differences between the binding affinities of these
ligands depending on whether the solvent used was benzene
or dichloromethane. We report spectroscopic evidence that this
difference can be attributed to the weak hydrogen bonding ability
of dichloromethane. This highlights the importance of using
truly noninteractive solvents both in spectroscopically examining
biomimetic molecules alone and in making conclusions about the
energetics of their interactions with ligands.

Results
TPARF synthesis

Biochemists have employed tetraacetyl riboflavin (TARF)f for
over three decades to study flavins in polar organic solvents
such as methanol and acetone.” Constructed by the reaction
of riboflavin (Scheme 1) with acetic anhydride, TARF has the
advantage that the parent riboflavin molecule can be prepared
in isotopically labeled form by isolating it from microorganisms
grown on labeled minimal media. We surmised that addition of
a larger, more hydrophobic side chain to each ribose hydroxyl

1 Abbreviations: cyclic voltammetry (cv), 2,6-dibenzylamidopyridine
(DBAP), Fourier transform infrared spectroscopy (FTIR), monoben-
zylamidopyridine (MBAP), N(3)-methylated TPARF (Me-TPARF),
tetraacetyl riboflavin (TARF), tetrahexylammonium perchlorate (Hx,-
NCIO,), tetraphenylacetyl riboflavin (TPARF).
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group should increase the resulting derivative’s solubility in polar
solvents.

An initial attempt to attach benzyl groups to the riboflavin
ribose side chain using benzoic anhydride generated a single benzyl
ester instead of four (data not shown). Reaction with benzoyl chlo-
ride resulted in pentabenzylated riboflavin, with the fifth addition
taking place at the N(3) position. Reactions with benzoic acid
in the presence of catalytic 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide, or by the creation of an asymmetric anhydride using
POCI;, were also unsuccessful.

Addition of a less sterically hindered hydrophobic molecule,
phenylacetic acid, via the formation of an asymmetric anhydride
using POCI; was successful. The resultant TPARF molecule
proved to be soluble to over 250 mM in benzene, which is more
than sufficient for solid state NMR studies. Similarly, the ligand
molecule 2,6-diethylamidopyridine was also insufficiently soluble
in benzene, and was replaced by a more soluble analog with
benzylamido groups replacing the two ethylamido groups (2,6-
dibenzylamidopyridine, DBAP, see Fig. 1).

The TPARF-DBAP complex in benzene and dichloromethane

Spectroscopic analyses of the interactions between the oxidized
TPARF and DBAP (Fig. 1) in benzene and dichloromethane are
presented in Fig. 2. Addition of DBAP to TPARF in both solvents
results in an increase in the extinction coefficient (¢) of the flavin
in concert with a 2 nm red shift from 445 to 447 nm of the main
absorption band (Fig. 2A), a result typical of hydrogen bonding
to the flavin isoalloxazine moiety.**' No change is observed for
Me-TPARF upon the addition of either ligand (data not shown),
suggesting that TPARF-DBAP interactions are mediated at least
in part by the N(3) of the flavin. Fig. 2B displays the progressive
difference spectra of TPARF in benzene upon the addition of
DBAP. These reveal the absorption change (A¢) in the shoulder—
peak—shoulder absorptions of TPARF, with maximal changes at
428, 455 and 487 nm respectively for the TPARF-DBAP complex
versus unligated TPARF in benzene. The maximum change occurs
at 487 nm. The inset in Fig. 2B shows a plot of the absorbance
change at 487 nm versus DBAP concentration in benzene solvent.
Fitting these data with eqn (2) yields a dissociation constant K, of
420 uM for the oxidized TPARF-DBAP complex in benzene.

The difference spectrum of TPARF in dichloromethane upon
the addition of DBAP is shown in Fig. 2C. Qualitatively similar
behavior to that seen in benzene is observed in dichloromethane.
However, the magnitude of the absorbance change is 30% less than
that produced by TPARF-DBAP complex formation in benzene.
Furthermore, the plot of the change in absorbance at 487 nM
vs. DBAP concentration for TPARF in dichloromethane (inset)
shows that the dissociation constant K, of the oxidized TPARF is
4120 uM, an order of magnitude weaker than in benzene.

TPARF-MBAP complex in benzene and dichloromethane

DBAP is proposed to bind TPARF in aprotic solvents using
a tridentate hydrogen bonding interaction to both carbonyls
and the N(3) hydrogen, based on the well-studied analo-
gous complex formed between N(10)-isobutyl isoalloxazine and
diethylamidopyridine.” In order to separate the relative energetic
consequence of hydrogen bonding to carbonyls from hydrogen
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Fig. 2 TPARF interactions with DBAP in dichloromethane and in
benzene. The absolute spectra of TPARF are shown in (A): TPARF in
benzene (black), TPARF in dichloromethane (grey), TPARF with DBAP
in benzene (black dashed line) and TPARF with DBAP in dichloromethane
(grey dashed line). The difference spectra of TPARF with DBAP relative
to TPARF in benzene solvent, is shown in (B). The inset displays the
curve fit to a plot of the difference absorbance at 487 nm vs. added DBAP
in benzene. The same set of spectra and curve fit in dichloromethane is
illustrated in (C).

bonding to the N(3), measurements were carried out by adding
monobenzylamidopyridine (MBAP) to TPARF in benzene and
dichloromethane. This ligand, which contains a single amide
functional group, can only donate a hydrogen bond to one of
the two carbonyls of TPARF. Therefore there are two possible
orientations of the flavin—ligand complex—one as shown and one
in which the MBAP ligand rotates 180° around its pyridine N(1)—
C(4) axis, thereby forming a bidentate complex which hydrogen
bonds to the flavin N(3) hydrogen and the C(4) carbonyl instead
of the C(2) carbonyl.
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Addition of MBAP to TPARF in benzene does not cause a shift
in the UV/Vis spectrum maximum (Fig. 3A) and the change in
spectral amplitude upon the addition of MBAP to TPARF was less
than one third the magnitude of that observed for the TPARF-
DBAP complex in the same solvent (Fig 2B). Furthermore, the
difference spectrum of the TPARF-MBAP complex (Fig. 3B)
is much broader than that of TPARF-DBAP, likely due to the
presence of two superimposed difference spectra, one for each
MBAP orientation.
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Fig. 3 TPARF interactions with MBAP in dichloromethane and in
benzene. The absolute spectra of TPARF are shown in (A): TPARF
in benzene (black), TPARF in dichloromethane (grey), TPARF with
MBAP in benzene (black dashed line) and TPARF with MBAP in
dichloromethane (grey dashed line). The difference spectra of TPARF
with MBAP relative to TPARF in benzene solvent, is shown in (B). The
inset displays the curve fit to a plot of the difference absorbance at 464 nm
vs. added MBAP in benzene. The same set of spectra and curve fit in
dichloromethane is illustrated in (C).

The attenuated spectral differences are accompanied by a
change in binding affinity: the dissociation constant of MBAP
from TPARF in benzene is 1600 pM (Fig. 3B), four times weaker
than that of the DBAP-TPARF complex. This is a result of
the loss of one of the amide-carbonyl hydrogen bonds of the
TPARF-DBAP complex. The addition of MBAP to TPARF
in dichloromethane results in a difference spectrum (Fig. 4C)
similar to that of the same observed in benzene but 30% weaker,
as was the case for the TPARF-DBAP complex. Similarly,
the dissociation constant of the MBAP-TPARF complex in
dichloromethane is 14 890 uM (Fig. 3C), four times greater than
that of the TPARF-DBAP complex in dichloromethane (Table 1).
The weaker interaction between TPARF and MBAP is consistent
with it being stabilized by fewer H-bonds than the TPARF-DPAP
complex. Our results indicate that TPARF behaves substantially
differently in benzene than in dichloromethane although both
solvents are considered to be nonpolar aprotic media.

Solvent interactions with TPARF

The large difference in ligand affinity led us to examine the
interactions between unligated TPARF and its solvent. The
electronic spectra of TPARF in chloroform, dichloromethane and
benzene are detailed in Fig. 4.§ (TPARF does not appreciably
interact with itself as the flavin spectrum is unchanged over a range
of TPARF concentrations from 150 nM to 1.5 mM in benzene or
dichloromethane, data not shown.)
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Fig. 4 Solvent interactions with TPARF. The absolute spectra of
TPAREF in benzene (bottom), TPARF in dichloromethane (middle) and
TPAREF in chloroform (top). The inset shows the difference spectra of
TPARF + DBAP minus TPARF only in benzene (a), TPARF only in
chloroform minus TPARF in benzene (b, dashed line), and TPARF only
in dichloromethane minus TPARF in benzene (c).

The changes in the absorption spectrum of TPARF appear to
be due principally to hydrogen bonding interactions with the
solvent, since they are almost identical to the changes in the
spectrum generated by hydrogen bonding to DBAP in benzene
(inset, Fig. 4, spectrum a). Furthermore, there is no appreciable
difference between the spectra of the TPARF-DBAP complexes
in benzene vs. dichloromethane. This indicates that the spectral

§ Chloroform, the solvent most capable of hydrogen bonding of the
three,'*'* has the greatest absorbance at 487 nm while dichloromethane
and benzene have decreasing extinction coefficients at this wavelength.
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Table 1 Electrochemical and binding properties of TPARF/Me-TPARF

DBAP/MBAP binding

E,,/mV AE/mV [E,,(bound) — E,,, K,(ox)/mM K (red)/mM

(vs. ferrocene) (unbound)] DBAP/MBAP DBAP/MBAP DBAP/MBAP
Benzene
TPARF —1252 100/ <10® 420 4 20/1600 =+ 360 8.5/1100
Me-TPARF —1290 — — —
Dichloromethane
TPARF —1180 100/ <10® 4120 4 180/14 890 + 940 84/10100
Me-TPARF —1243 — — —

“Values obtained from UV/Vis absorption measurements. ® Although the change in E,,, values is small and comparable to the expected error, in our
repeated experiments there was always a change, but it never exceeded 10 mV. ¢ Calculated by using eqn (1).

differences observed for unligated TPARF in different solvents are
primarily the result of hydrogen bonding and not due to changes in
the dielectric constant of the solvent. This interpretation is further
supported by the observation of differences between the spectra
of TPARF-MBAP complexes in benzene and dichloromethane
(Fig. 3B and C). This complex only binds to one of the two
carbonyls of the isoalloxazine ring, leaving one available to
hydrogen bond to the solvent.

Transfer of TPARF from benzene to dichloromethane increases
the extinction coefficient at 487 nm by 30% of the increase
observed upon addition of DBAP in benzene (the maximum
increase observed). Moreover, the spectral effects of replacing
benzene with dichloromethane, and the addition of DBAP are
additive, suggesting that either 30% of the TPARF molecules in
dichloromethane participate in hydrogen bonding interactions, all
of the TPARF molecules in that solvent participate in hydrogen
bonds which are 70% weaker than those of DBAP, or some
combination of the two.

These hydrogen bonding interactions between TPARF and
dichloromethane clearly play a role in the order of magni-
tude difference between the binding constants of the ligand
complexes in dichloromethane vs. benzene. Although we have
chosen not to examine in depth the behavior of TPARF in
chloroform, we note that the electronic spectra indicate that
the interactions between this solvent and TPARF are even
greater than in dichloromethane (spectrum B in the inset of
Fig. 4).

Cyclic voltammetry of TPARF complexes in benzene and
dichloromethane

If the differences between benzene and dichloromethane are
indeed due to increasing H-bonding, then they should produce
different flavin reduction potentials.> TPARF and Me-TPARF
were each examined electrochemically in dichloromethane and
in benzene both alone and in the presence of DBAP or MBAP,
with Me-TPARF providing a negative control for flavin complex
formation. The results of these studies are presented in Table 1.
Cyclic voltammograms of TPARF and Me-TPARF in benzene
containing 0.5 M tetrahexylammonium perchlorate (Hx,NCIO,)
were performed using a 1.6 mm diameter platinum working
electrode are depicted in Fig. SA. The necessary inclusion of a sup-
porting electrolyte introduces another species capable of hydrogen

bonding. We cannot determine the change in the binding affinities
between the ligands and the reduced flavin caused by the presence
of the electrolyte because the electrochemical experiments require
a minimum of 0.1 M Hx,NCIlO,. The experiments performed in
this study show that Hx,NCIO, has minimal or no effects on
the TPARF-DBAP association constants in comparison to the
changes caused by solvent substitution, which is the focus of this
paper.

These voltammograms are similar in appearance to those
reported by Rotello’s group in the studies of N(10)-isobutyl
isoalloxazine in dichloromethane.>* The three wave pattern in
the voltammogram has been elegantly explained by Niemz and
coworkers:*? the single reduction peak corresponds to two one-
electron processes that follow one another in rapid succession with
acquisition of one proton in between, in an ECE (electrochemical,
chemical, electrochemical) cascade. Thus, upon reduction, the
resulting semiquinone radical anion (FI'~) draws a proton from
excess flavin forming the neutral radical (FI"H) which undergoes
essentially instantaneous reduction to the flavin hydroquinone
anion (FIH™). The two negative peaks in the voltammogram of
TPARF (Fig. 5A) correspond to the oxidation of FI-H~ to Fl
and FI'~ to Fl, respectively, with the latter couple having a lower
reduction potential (E,,,). Since the source of the proton in the
ECE scheme is from the N(3) position of the flavin unit,* the
voltammogram is reduced to two waves, centered at —1290 mV
(vs. ferrocene) for the reduction (to F1'~) and reoxidation of Me—
TPARF in benzene (Fig. 5A).

Although the electrochemical behavior of TPARF and Me-
TPARF in benzene is similar to that of these flavins in
dichloromethane (not shown), the E,,, values are likely to be
affected by the high ohmic resistivity of benzene. Since the ohmic
distortion (/R drop) in benzene is minimized with the use of
very small-diameter electrodes,® a 10 um diameter platinum
microelectrode was employed in order to generate low-current
cyclic voltammograms as shown in Fig. 5B and C. This method
has the added advantage that scan rates can be increased until they
out compete proton transfer, resulting in replacement of the ECE
pattern with a simple one-electron oxidation peak. As shown in
Fig. 5B, E,;, = —1252 mV (vs. ferrocene) for TPARF in benzene
with 0.5 M Hx,NCIO,, while the E,,, of Me-TPARF under the
same conditions is —1290 mV. The E,,, values of TPARF and
Me-TPARF in dichloromethane containing 0.5 M Hx,NCIO, are
—1180 and —1243 mV respectively (Table 1, data not shown).
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Fig. 5 Cyclic voltammetry of TPARF and Me-TPARF in benzene with
0.5 M Hx,NCIlO,. The voltammograms were measured at 22 °C vs.
ferrocene at a scan rate of 50 mV s~'. Cyclic voltammograms measured
with a 1.6 mm diameter platinum electrode of | mM TPARF (line) and
1 mM Me-TPARF (dashed line) are shown in (A) (negative peaks denote
oxidation). The low-current cyclic voltammograms shown in (B) were
measured with a 10 pm diameter platinum electrode. When DBAP is added
to 40 uM TPARF as shown in (C), the voltammograms shift to positive
potential and no change is observed after the addition of 1 mM of DBAP
(inset).

DBAP addition to TPARF

The interaction between TPARF and DBAP in benzene increases
the flavin E,,, to less negative potentials, as shown in Fig. 5C.
A limiting E,,, value is reached when the DBAP concentration
is greater than 1mM (inset, Fig. 5C) and the maximal change
in £y, (AE = Eippound — Ei/2umpound) 18 +100 mV. The use of

a thermodynamic cycle, consisting of a pair of ligand binding
equilibria and oxidation/reduction allows the derivation of eqn
(1) (see Scheme 2):*

nl’ |

K,(ox) = K, (red) eE(AE) ¢y

unbound

{ox) 112
FI® =

Fl(red)

4

kdox A G1 A G3 kd red

AG

2
(ox)
AL —
E]/Qbaund

d
FIL
Scheme 2

This allows calculation of the dissociation constant for the
reduced TPARF-DBAP complex: 8.4 uM. Thus, the binding
affinity between TPARF and DBAP increases by a factor of 50
upon reduction of the flavin in benzene.

Although TPARF exhibits different basal E,,, values for one-
electron reduction in benzene and in dichloromethane, the limiting
change in reduction potential at >20 mM DBAP is again +100 mV
when DBAP is added in dichloromethane (Table 1). This AE value
in dichloromethane again corresponds to a 50-fold decrease in
the dissociation constant of the reduced TPARF:DBAP complex
(84 uM) over the oxidized flavin (4120 uM). In the case of benzene
and dichloromethane, while both the flavin E,,, values and ligand
affinities for both oxidation states vary significantly, the energies
coupling ligand binding and reduction in the two solvents are
equal.

MBAP addition to TPARF

Formation of the MBAP-TPARF complex has little effect on the
flavin E,,,. In our measurements, AE does not exceed +10 mV
in either dichloromethane or benzene. The small magnitude of
AE means that binding of MBAP to TPARF is not significantly
enhanced upon the one-electron reduction of the flavin analogue
(K4(red)/K4(ox) ~ 1.5). As in the case of DBAP, the change in
medium causes large differences in binding affinity and reduction
potentials while not affecting the coupling energy between com-
plex formation and oxidation/reduction. Thus, the removal of one
of the two hydrogen bonds to the flavin uracil ring carbonyl groups
has the effect of greatly decreasing the cooperativity between the
two processes.

The removal of one of the amide hydrogen bonding moieties
from DBAP results in a 4-fold decrease in binding affinity to
oxidized TPARF in either solvent. Furthermore, while hydrogen
bonding to N(3) and a single carbonyl does not significantly
modulate the electron affinity of the oxidized flavin, hydrogen
bonding to both carbonyls extensively modulates the electronic
structure of the flavin as evinced by both the coupling energies
and the large change in the electronic spectra of TPARF upon
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complex formation. This decrease in ligand affinity corresponds
to a 0.80 kcal mol™' increase in the binding energy. Because of
the ability of MBAP to bind in two orientations, however, it is
not possible to isolate this energy loss to one particular hydrogen
bonding interaction. FTIR and NMR investigations to quantify
any orientational preference in MBAP binding to oxidized and
reduced TPARF are currently underway.

Use of the thermodynamic box to analyze energetic coupling
between two processes has the benefit that it isolates the two
processes from their environment. Thus the coupling between
binding and reduction potentials, AAG, has the same value in both
solvents despite the fact that each of the individual interactions
varies significantly with solvent. There is a dramatic increase in
the magnitude of the coupling energy, from +10 mV to +100 mV,
when the complex switches from a two-point hydrogen bonding to
a three-point hydrogen bonding system. This change, equivalent
to 2.3 kcal mol™', is almost threefold larger than the change in
binding energy to the oxidized state. This is a result of an even
larger decrease in the binding affinity of the ligand to the reduced
state upon removal of one amide-carbonyl hydrogen bond. This
suggests that flavin reduction evinces a significant increase in the
electron density at each carbonyl group, and that the increased
ligand affinity of anionic flavin semiquinone radical is principally
mediated by hydrogen bonding contacts of these carbonyls, as
previously noted.*

Conclusions

The linkage between binding energy and the reduction potential
of redox-active cofactors, as well as the biological importance of
this coupling mechanism was described by Wyman over 50 years
ago.”* Binding interactions coupled to the E,,, effect redox tuning.
For a complex cofactor such as the flavin, which has many possible
sites of interaction with a protein, the mechanism of coupling is
perhaps best investigated using simplified biomimetic complexes
which can isolate an individual or a limited set of interactions
in noninteractive solvents. Our original goal was to create and
characterize an improved flavin analogue which is highly soluble in
an apolar solvent with a high freezing point. The extreme solubility
of this analogue in nonpolar, noninteractive solvents allowed us to
compare its behavior in one of the more commonly utilized apolar
solvents, dichloromethane, with that in benzene, a less interactive
solvent which has been impractical in the past with less soluble
flavin models.

The large differences, both in ligand binding affinity and the
electronic spectra of TPARF suggest that even dichloromethane
donates a significant amount of hydrogen bonding to its so-
lutes. Thus, ligand affinities measured in dichloromethane and
chloroform conceal much of the true energetics of any host-
guest interaction. Similarly, these solvents do not provide good
baselines for spectroscopic studies such as NMR, IR or Raman
spectroscopies of unligated model compounds. This is of some
concern, as many ligand binding studies of other flavin analogues
are performed in chloroform.>* While it is possible that n-stacking
interactions may alter TPARF’s interaction energetics,? it is clear
that benzene is a better choice than dichloromethane for studying
the effects of hydrogen bonding on the energetics of a biomimetic
host—guest model system.

Materials and methods
Chemicals and solvents

Ferrocene (>98%), anhydrous benzene, dichloromethane and
chloroform were purchased from Sigma Chemical Company (St.
Louis, MO). Electrochemical tetrahexylammonium perchlorate
(GFS Chemicals Inc., Powell, Ohio) was purified by recrystallizing
3 times from ethanol.

Synthesis

All reactions were carried out under an inert atmosphere.
Commercial reagents were used without further purification
unless otherwise noted. For analytical thin-layer chromatography,
precoated glass silica gel plates (Analtech HLF 250 um) were
used. All products were purified using silica gel (Fisher 40-63 um)
and/or by recrystallization. Melting points are uncorrected and
were determined using a Fisher—Johns melting point apparatus.
NMR spectra were recorded in CDCl; with TMS as an internal
standard at room temperature on a Varian Unity 500 operating
at 500 MHz for 'H and 125 MHz for *C. When necessary, two-
dimensional homonuclear correlation (COSY) spectra were run in
order to confirm assignments.

Tetraphenylacetyl riboflavin (1). Phosphorus oxychloride
(75 pL, 0.798 mmol) was added dropwise to a solution of
phenylacetic acid (688 mg, 5.05 mmol) in anhydrous pyridine
(3 mL). Riboflavin (100 mg, 0.266 mmol) was added to the
resulting solution, and the reaction was stirred at 73 °C for
4.5 h. The reaction was cooled to room temperature and poured
into saturated NaHCO;. This mixture was extracted twice with
chloroform. The combined organics were washed with brine, dried
(MgSO0,) and concentrated in vacuo. The resulting crude product
was purified by column chromatography on silica with a single step
gradient from 1 : 3 ethyl acetate-hexanes to 3 : 1 ethyl acetate—
hexanes to afford 1 (184.5 mg, 82%) as an orange glass. R; 0.52[3:
1 ethyl acetate : hexanes + 1% triethylamine]; 6y 8.26 [1H, s, C(6)-
H], 7.97 [1H, s, C(9)-H], 7.10-7.40 [20H, m, PhH], 6.78 [2H, d,
J = 6 Hz, ribityl-N-CH,], 5.63 [1H, br d, J = 8.0 Hz, ribityl-CH],
5.37[1H, m, ribityl-CH], 5.31 [1H, m, ribityl-CH], 4.38 [1H, d, J =
12.5 Hz, ribityl-CH], 4.05 [1H, dd, J = 12.5 and 6.0 Hz, ribityl-
CH], 3.83 [IH, d, J = 16 Hz, PhCH], 3.75 [1H, d, J = 15.5 Hz,
PhCH], 3.70 [2H, s, PhCH,], 3.54 [2H, s, PhCH,], 3.31 [1H, d,
J=15Hz, PhCH], 3.20[1H, d, J = 14.5 Hz, PhCH], 2.41 [3H, s,
C(8)-CH.], 2.40 [3H, s, C(7)-CH]; ¢ 171.2, 171.0, 170.7, 170.6
[BnC=0], 159.4 [C(4)], 154.3 [C(2)], 150.7 [C(10a)], 148.3 [C(8)],
137.0[C(7)], 136.1[C(4a)], 134.7[C(5a)], 133.9, 133.8, 133.4 [i-Ph],
133.1[C(6)], 132.7[C(9a)], 129.8, 129.6, 129.5, 129.0, 128.9, 128.8,
128.7[0o/m-Ph], 127.7,127.6,127.4,127.3 [p-Ph], 115.6 [C(9)], 70.8,
63.8, 69.5, 62.0 [ribityl-C], 44.5 [C(10a)], 41.2, 40.8 [PhCH,], 21.6
[C(8)-CH5], 19.7 [C(7)-CH;].

N(3)-Methyl-tetraphenylacetyl riboflavin (2). TPARF (0.500 g,
0.590 mmol) and Cs,CO; (0.254 g, 0.831 mmol) were dissolved
in 50 mL anhydrous dimethyl formamide containing 3 g dry
molecular sieves (4 A). Methyl iodide (0.797 g, 5.62 mmol) was
added via cannula and the reaction stirred at room temperature
for 12 h.® The reaction was extracted twice with saturated aqueous
Na,CO;, dried (MgSO0,), filtered and concentrated in vacuo. Flash
chromatography of the residue (silica gel, 4 : 1 MeCl, : ethyl
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acetate) resulted in 0.40 g (79%) 2 as a yellow-orange powder. R;
0.72[3: 1 ethyl acetate : hexanes + 1% triethylamine]; oy 7.90[1H, s,
C(9)-H],7.36-7.06 [20H, m, PhH], 6.75[2H, d, J = 6.8 Hz, ribityl-
N-CH,), 5.64 [1H, br d, J = 7.0 Hz, ribityl-CH], 5.38 [1H, br s,
ribityl-CH], 5.32 [1H, br s, ribityl-CH], 4.38 [IH, d, J = 12.0 Hz,
ribityl-CH], 4.06 [1H, q, J = 6.0 Hz, ribityl-CH], 3.80 [1H, q, J =
11.0 Hz, PhCH], 3.71 [2H, s, PhCH,], 3.54 [2H, s, PhCH,], 3.49
[3H, s, NCH;], 3.30 [1H, d, J = 16.0 Hz, PhCH], 3.20 [1H, br d,
J = 14.0 Hz, PhCH], 2.41 [3H, s, C(8)-CH;], 2.39 [3H, s, C(7)-
CH.]; ¢ 170.9, 170.8, 170.4, 170.3 [BnCO], 159.9 [C(4)], 155.23
[C(2)], 148.8 [C(10a)], 147.4 [C(B)], 136.3 [C(7)], 135.5 [C(4a)],
134.5 [C(5a)], 133.6 [i-Ph], 133.2 [C(6)], 132.5 [C(9a)], 129.5 [br,
m-Ph], 128.5 [br, 0-Ph], 127.1 [br, p-Ph], 115.2 [C(9)], 70.5, 69.5,
69.4, 69.3, 61.7 [ribityl-C], 43.8 [C(10a)], 41.0 [br, BnCH,], 28.7
[N(3)CH;], 21.3 [C(8) CH;], 19.4 [C(7)CH;].

2,5-Dibenzylamidopyridine (3). 2,6-Diaminopyridine (4.38 g,
40 mmol) was dissolved in 30 mL anhydrous pyridine. Phenylacetyl
chloride (15.46 g, 100 mmol) was added dropwise with stirring
over 30 min.”” After the addition was complete, the solution was
refluxed for 16 h. After cooling to room temperature, pyridine
was removed by rotary evaporation and the resultant black oil
was dissolved in 600 mL ethyl acetate then subsequently washed
with water, 5% tartaric acid and saturated aqueous NaHCO:;.
The organic layer was dried (MgSO,), filtered and concentrated in
vacuo. The crude residue was purified using flash chromatography
(3 : 1 hexanes : ethyl acetate with 1% triethylamine) and recrys-
tallized from ethyl acetate resulting in 4.6 g (37%) of pale yellow
crystalline 10: mp 143 °C; R; 0.29 [3 : | hexanes : ethyl acetate +
1% triethylamine]; oy, 7.88 [2H, d, J = 7.8 Hz, m-PyrH], 7.66 [1H,
t, J = 8.1 Hz, p-PyrH], 7.45 [2H, br s, NH], 7.38 [4H, t, J =
7.3 Hz, o-PheH], 7.33 [2H, d, J = 7.8 Hz, p-PhH], 7.29 [4H, d,
J = 7.4 Hz, m-PhH], 3.68 [4H, s, CH,Ph]; d. 169.2 [C=0], 149.1
[o-Pyr], 140.8 [p-Pyr], 133.9 [i-Ph], 129.5, 129.4, 129.2 [o/m-PH],
127.8, 127.6 [p-Ph], 109.6 [m-Pyr], 44.9 [CH,].

UV /Vis absorption spectroscopy

Spectra were obtained using an Agilent 8453 UV/Vis diode array
spectrometer equipped with an optical filter to cut off light
below 400 nm in order to avoid photoreduction of the flavin
during the measurements. The initial flavin in either benzene
or dichloromethane (ca. 70 uM) was titrated with addition of
substoichiometric amounts of ligand in solvent containing flavin
at the same concentration as in the cuvette. In this manner, optical
changes due to flavin dilution were minimized. Data were fit with:

AA=AAT Kd+FT+LI‘_\/(K;F+FT+LT)2_4FTLT

T

2

where AA is the change in absorbance at the wavelength of
maximum perturbation, A4; is the change in absorbance at
this wavelength at saturating ligand concentrations, K, is the
dissociation constant for the TPARF-ligand complex, L; is the
total ligand concentration, and Fr is the total concentration of
TPARF.*

Cyclic voltammetry

Cyclic voltammograms were collected on a BAS 100B workstation
(Bioanalytical Systems, Inc., W. Lafayette, IN) equipped with a low
current module. A Pt electrode (either a 1.6 mm or 10 uM diameter
disk, from Bioanalytical Systems, Inc.) was used as the working
electrode, while a Pt wire and Ag wire were used as counter and
pseudo reference electrodes, respectively. The three electrodes were
fitted into a Claisen Adapter (Kontes Glass Company, Vineland,
NJ) with working and reference electrodes arranged as close as
possible to minimize ohmic resistance and contained in a Faraday
cage under the dry anoxic (O, < 1 ppm) N, atmosphere of a
Lab Master 130 glove box (Mbraun Inc, Stratham, NH). 0.5 M
Hx,NCIO, was used as the electrolyte in all experiments. Binding
experiments performed in solvents containing this electrolyte gave
the same results, within error, of binding experiments performed in
its absence. Reduction potentials in both solvents did not change
when the electrolyte concentration was varied between 0.1 and
0.5 M.
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