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CHEMICAL BIOLOGY


B73


Drawing together research highlights and news from all RSC
publications, Chemical Biology provides a ‘snapshot’ of the latest
developments in chemical biology, showcasing newsworthy articles
and significant scientific advances.


EMERGING AREA


3455


Enamides: valuable organic substrates


David R. Carbery*


In recent years, enamides have seen ever growing use as organic
substrates. The range of reactions they participate in and the ability to
tune their reactivity make enamides valuable compounds. Key
developments are highlighted, which will offer the chemist an insight to
their reactivity and possible opportunities for use in their own research.


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 3443–3454 | 3443











COMMUNICATIONS


3461


Copper-free ‘click’: 1,3-dipolar cycloaddition of azides
and arynes


Lachlan Campbell-Verduyn, Philip H. Elsinga,
Leila Mirfeizi, Rudi A. Dierckx and Ben L. Feringa*


Arynes formed through fluoride-promoted ortho-elimination of
o-(trimethylsilyl)aryl triflates can undergo [3 + 2] cycloaddition with
various azides to form substituted benzotriazoles. The rapid
reaction times and mild conditions make this an attractive variation of
the classical ‘click’ reaction of azides and alkynes.


3464


Catalytic asymmetric synthesis of the alkaloid (+)-myrtine


Maria Gabriella Pizzuti, Adriaan J. Minnaard* and
Ben L. Feringa*


A concise synthesis of myrtine has been developed with a copper-
phosphoramidite catalyzed conjugate addition of Me3Al as the key step.


3467


Organocatalytic asymmetric ring-opening of aziridines


Márcio W. Paixão, Martin Nielsen,
Christian Borch Jacobsen and Karl Anker Jørgensen*


The organocatalytic ring-opening of N-tosyl protected aziridines by
b-ketoesters under chiral PTC-conditions, leading to the formation of
optically active aminoethyl functionalised compounds with up to 99%
ee, has been developed.


PAPERS


3471


Preparation of a spontaneous resolution chiral fluorescent
system using 2-anthracenecarboxylic acid


Yoshitane Imai,* Kensaku Kamon, Katuzo Murata,
Takunori Harada, Yoko Nakano, Tomohiro Sato,
Michiya Fujiki, Reiko Kuroda and Yoshio Matsubara*


A spontaneous resolution chiral fluorescent system is prepared by using
2-anthracenecarboxylic acid, and racemic (rac)-1-phenylethylamine or
rac-1-cyclohexylethylamine.


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 3443–3454 | 3445
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3476


Synthesis and conformational analysis of cyclic analogues
of inverse c-turns


Morakot Kaewpet, Barbara Odell,* Michael A. King,
Biswadip Banerji, Christopher J. Schofield* and
Timothy D. W. Claridge*


c-Turn analogues comprising a modified dipeptide constrained in an
eleven-membered ring were prepared by alkene metathesis and analysed
by NMR and molecular modelling studies. The results reveal that some
of the cyclic analogues form inverse c-turns and preferentially adopt
conformations determined by the identity of the constraining linker.


3486


New scaffolds for the design of selective estrogen receptor
modulators


Sonsoles Martı́n-Santamarı́a, José-Juan Rodrı́guez,
Sonia de Pascual-Teresa, Sandra Gordon, Martin Bengtsson,
Ignacio Garrido-Laguna, Belén Rubio-Viqueira,
Pedro P. López-Casas, Manuel Hidalgo,
Beatriz de Pascual-Teresa* and Ana Ramos*


We report the synthesis, molecular modelling, and affinity of new ER
ligands with an interesting antitumoural profile towards two pancreatic
cancer cell lines.


3497


Synthesis and evaluation of synthetic retinoid derivatives as
inducers of stem cell differentiation


V. B. Christie, J. H. Barnard, A. S. Batsanov, C. E. Bridgens,
E. B. Cartmell, J. C. Collings, D. J. Maltman, C. P. F.
Redfern, T. B. Marder,* S. Przyborski and A. Whiting*


Isomeric, stable synthetic retinoids based on the tetrahydronaphthalen-
2-ylethynylbenzoic acid system are readily accessed using Pd-mediated
cross-couplings. These compounds induce human pluripotent stem cells
to undergo neural or epithelial-like differentiation, depending upon the
isomer used.


3508


Synthesis, characterization and applicability of three
isotope labeled azobenzene photoswitches


Rolf Pfister, Janne Ihalainen, Peter Hamm* and
Christoph Kolano*


Three novel isotope labeled azobenzene photoswitches that can easily be
incorporated into peptides have been synthesized. Upon light activation
and in combination with isotope labeled amide units the complex
folding pathways of the peptides can be followed in a site-selective
manner by infrared spectroscopic techniques.


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 3443–3454 | 3447
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3518


Synthesis of spiroacetal-triazoles as privileged natural
product-like scaffolds using “click chemistry”


Ka Wai Choi and Margaret A. Brimble*


The elaboration of a 6,6-spiroacetal scaffold to incorporate a
triazole unit as a peptide bond surrogate is described. The novel
spiroacetal-triazole hybrid structures were generated via cycloaddition
of a spiroacetal azide to a series of alkynes.


3527


DFT study on hydroxy acid–lactone interconversion of
statins: the case of atorvastatin


Marcin Hoffmann* and Marcin Nowosielski


The energy span of the lactonisation reaction is slightly smaller for
atorvastatin (19 kcal mol−1) than for fluvastatin (22 kcal mol−1),
presumably due to the fact that the dihydroxy acid side chain of
atorvastatin is more flexible.


3532


Activation of molecular oxygen and its use in stereoselective
tetrahydrofuran-syntheses from d,e-unsaturated alcohols


Bárbara Menéndez Pérez, Dominik Schuch and
Jens Hartung*


Primary and secondary bishomoallylic alcohols underwent highly
stereoselective oxidative cyclizations, if treated with O2 and a
bis(trifluoroacetylcamphor)-derived cobalt(II) complex in isopropanol.


3542


One-pot synthesis of 6-(thien-2-yl)- and
6-(fur-2-yl)salicylates based on regioselective [3 + 3]
cyclocondensations of 1,3-bis(trimethylsilyloxy)-
1,3-butadienes


Ibrar Hussain, Abdolmajid Riahi, Mirza Arfan Yawer,
Alexander Villinger, Christine Fischer, Helmar Görls and
Peter Langer*


6-(Thien-2-yl) and 6-(fur-2-yl)salicylates are prepared by TiCl4-mediated
[3+3] cyclocondensations of 1,3-bis(trimethylsilyloxy)-1,3-butadienes.


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 3443–3454 | 3449
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3552


DNA with stable fluorinated dA and dG substitutes:
syntheses, base pairing and 19F-NMR spectra of 7-fluoro-
7-deaza-2′-deoxyadenosine and 7-fluoro-7-deaza-2′-
deoxyguanosine


Frank Seela* and Kuiying Xu


The fluorinated oligonucleotide duplexes A and B represent the first
DNA fragments in which the fluorinated “purine” base is very stable
against nucleophilic displacement reactions. Phosphoramidites (C, D)
were prepared and employed in solid-phase synthesis.


3561


Synthesis and biological evaluation of pyrophosphate
mimics of thiamine pyrophosphate based on a triazole
scaffold


Karl M. Erixon, Chester L. Dabalos and Finian J. Leeper*


The triazoles shown inhibit pyruvate decarboxylase with K I values down
to 20 pM.


3573


First total synthesis of (R,R,R)- and (3R,5S,9R)-bejarol by
gold-catalyzed allene cycloisomerization and determination
of absolute configuration of the natural product


Yoshinari Sawama, Yuka Sawama and Norbert Krause*


A highly efficient gold-catalyzed b-hydroxyallene cycloisomerization is
the key step of the first total synthesis of the sesquiterpenoids (R,R,R)-
and (3R,5S,9R)-bejarol.


3580


Prompt site-selective DNA hydrolysis by Ce(IV)–EDTA
using oligonucleotide multiphosphonate conjugates


Tuomas Lönnberg,* Yuta Suzuki and Makoto Komiyama*


Site-selective Ce(IV)–EDTA catalyzed hydrolysis of single-stranded
DNA has been achieved using oligodeoxyribonucleotide
multiphosphonate conjugates of nitirilotris(methylenephosphonic acid)
(NTP) or ethylenediaminetetrakis(methylenephosphonic acid) (EDTP).


3450 | Org. Biomol. Chem., 2008, 6, 3443–3454 This journal is © The Royal Society of Chemistry 2008
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3588


A new synthesis of cystamine modified Eu3+ DOTAM-Gly-
Phe-OH: a conjugation ready temperature sensitive MRI
contrast agent


Mojmı́r Suchý, Alex X. Li, Robert Bartha and
Robert H. E. Hudson*


Asymmetrically derivatized peptide-decorated cyclens and their Eu3+


complexes that possess a masked sulfanyl group that is suitable for
subsequent chemoselective conjugation chemistry are accessed first by
selective monoalkylation, followed by peralkylation.


3597


The effect of gas-phase reactions on the quantitation of
cyclic hydrazone libraries by electrospray ionization (ESI)
mass spectrometry


Holly Schiltz, Mee-Kyung Chung, Stephen J. Lee and
Michel R. Gagné*


LC-MS analysis of hydrazone-based dynamic combinatorial libraries
shows that post-separation reaction chemistry can alter the outcome of
quantitation efforts through inter- and intramolecular component
scrambling.


3601


Plasticity in gilvocarcin-type C-glycoside pathways:
discovery and antitumoral evaluation of polycarcin V from
Streptomyces polyformus


Y.-q. Li, X.-s. Huang, K. Ishida, A. Maier, G. Kelter,
Y. Jiang, G. Peschel, K.-D. Menzel, M.-g. Li, M.-l. Wen,
L.-h. Xu, S. Grabley, H.-H. Fiebig, C.-l. Jiang, C. Hertweck*
and I. Sattler*


A new polyketide C-glycoside, polycarcin V, was identified along with
the known gilvocarcin V in the broth of Streptomyces polyformus and
shows significant and selective antitumoral activity.


3606


Intermolecular sequential [4 + 2]-cycloaddition–
aromatization reaction of aryl-substituted allenes with
DMAD affording phenanthrene and naphthalene derivatives


Xuefeng Jiang, Wangqing Kong, Jie Chen and
Shengming Ma*


An efficient entry to phenanthrene and naphthalene derivatives through
intermolecular sequential [4 + 2]-cycloaddition–aromatization reactions
of aryl-substituted allenes with DMAD in the absence of any catalyst
was discovered. In this reaction the aromatic ring and the adjacent
carbon–carbon double bond of the allene unit acted as the 1,3-diene.


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 3443–3454 | 3451
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3611


Engineered dehydrogenase biocatalysts for non-natural
amino acids: efficient isolation of the D-enantiomer from
racemic mixtures


Francesca Paradisi,* Philip A. Conway, Anita R. Maguire
and Paul C. Engel*


Broadened substrate specificity of mutagenised phenylalanine
dehydrogenase and efficient isolation of a D-non-natural amino acid
from the corresponding DL-mixture, coupled with recycling of the NAD+


cofactor varying extents of inhibition by D-enantiomers.


3616


A convenient three-component reaction leading to the
synthesis of polysubstituted cyclohexene derivatives


Xiao-Yang Guan and Min Shi*


A three-component reaction of b-nitrostyrene,
arylmethylidenemalononitrile and malononitrile catalyzed by imidazole
produced the corresponding polysubstituted cyclohexene derivatives in
moderate to good yields under mild conditions. A further improvement
of this three-component reaction has also been achieved by starting
from a commercially available aromatic aldehyde, nitromethane and
malononitrile to give the products in moderate yields.


3621


Pyrophosphate-induced reorganization of a reporter–
receptor assembly via boronate esterification; a new
strategy for the turn-on fluorescent detection of
multi-phosphates in aqueous solution


Aiko Nonaka, Shoichi Horie, Tony D. James and Yuji Kubo*


A new strategy for the fluorescent detection of multi-phosphates in
aqueous solution is presented using an assembly of
ZnII–dipicolylamine-appended phenylboronic acid and alizarin dye.


MOLECULAR BIOSYSTEMS


It’s official, Molecular BioSystems has separated from host journal,
Chemical Communications, and is now a fully fledged solo publication.
Its availability since launch to readers of Chemical Communications and
the online hosts, Organic & Biomolecular Chemistry, Lab on a Chip, The
Analyst and Analytical Abstracts has ensured that Molecular BioSystems
received a large and interdisciplinary audience from the outset.
Organic & Biomolecular Chemistry readers wishing to continue to read
Molecular BioSystems now need to recommend the journal to their
librarian. Fill in the online recommendation form at
www.rsc.org/libraryrecommendation


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 3443–3454 | 3453
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López-Casas, Pedro P., 3486
Ma, Shengming, 3606
Maguire, Anita R., 3611
Maier, Armin, 3601
Maltman, Daniel J., 3497
Marder, Todd B., 3497
Martı́n-Santamarı́a, Sonsoles, 3486
Matsubara, Yoshio, 3471
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analogue and incorporating them 
into DNA. They found that one DNA 
was more stable than the other, 
suggesting that the natural lesion 
could have a similar structure to the 
analogue in the more stable DNA. 
Carell points out that similar lesion 
analogues are substrates for the spore 
DNA repair enzyme so that the new 
strands could help further studies 


A modified DNA is helping scientists 
to understand the sophisticated 
DNA repair mechanisms that allow 
dormant bacteria to come ‘back  
to life’.


Thomas Carell and Eva 
Bürckstümmer at the Ludwig 
Maximilian University of Munich, 
Germany, have made short DNA 
strands containing lesions. Carell 
explains that this is the key to 
understanding DNA repair. ‘So far 
any study of this enigmatic process 
has been hampered by a lack of DNA 
containing this lesion,’ he explains.


The lesions are analogues of those 
triggered when UV light acts on DNA 
stored in spores such as the Bacillus 
bacteria spore. In nature, these 
spores can lie dormant for many 
years, storing DNA, but then return 
to life, explains Carell. How spores 
store DNA and how lesion repair 
occurs are the questions the German 
duo would like to answer.


Carell and Bürckstümmer made 
their DNA strands by synthesising 
two isomers of a dinucleotide lesion 


Synthetic lesions added to DNA to probe its stability


Discovering the secrets of DNA repair
into the enzyme mechanism. 


Glen Burley, an expert in DNA 
nanotechnology at the University 
of Leicester, UK, says that the work 
is exciting as it provides a method 
for investigating how spores repair 
damaged DNA. ‘This is a compelling 
question as DNA damage processes 
in spores differ from those in 
mammals,’ he says. ‘These methods 
would likely lead to a greater 
understanding of how spores can 
survive for long periods and in hostile 
conditions – for example hot springs.’


Carell explains that although the 
repair process in the spore is unique, 
lesion recognition by enzymes is 
more general. ‘Such enzymes are 
also operating in our cells,’ he says, 
‘so a deeper understanding of this 
class of enzymes is desperately 
needed.’ Carell adds that he is 
particularly interested in learning 
more about failures in repair. ‘These 
are responsible for mutations which 
in turn lead to dangerous cellular 
situations which might produce 
cancer,’ he says.  Katherine Davies
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... and revising route to stealthy siderophore
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Challis. This could lead to inhibitors 
for petrobactin biosynthesis and so a 
potential anthrax treatment, he adds.


The team’s results also confirmed 
earlier computational predictions 
that enzymes such as AsbB use 
particular citrate derivatives 
as substrates, something that 
Christopher Schofield who 
investigates biosynthetic enzymes 
at the University of Oxford, UK, 
finds interesting. He says that the 
work ‘provides more evidence for 
the value of chemical insights into 
bioinformatic analyses’ and agrees 
that it could also one day help 
provide new antibacterials.


Challis and group member 
Daniel Oves-Costales were recently 
awarded a Biotechnology and 
Biological Sciences Research 
Council (BBSRC) grant to continue 
investigating the mechanisms of 
petrobactin biosynthesis and to 
search for inhibitors.  Frances Galvin


Mulholland says.
Mulholland’s computational 


model is based on the wild type 
enzyme and substrate. Moreover it 
includes the entire protein as well as 
its water environment, in contrast 
to previous smaller models. The 
evidence from the modelling and the 
experiments together is enough to 
confirm the revised mechanism, says 
Mulholland.


Stephen Withers was involved in 
the experimental research on hen 
egg white lysozyme, and is pleased 
that Mulholland’s calculations have 
confirmed the revised mechanism. 
The scientist from the University 
of British Columbia in Vancouver, 
Canada, welcomes the development 
of computational studies to 
supplement experiments. ‘It is 
simply not possible to experimentally 
probe all proteins,’ he says. ‘We shall 
rely on computational approaches 
increasingly to guide our choice of 
systems to study experimentally.’
Danièle Gibney


A surprising result has led UK 
scientists to revise the proposed 
biosynthetic route to petrobactin – a 
molecule needed by anthrax-causing 
bacteria to replicate. Greg Challis 
at the University of Warwick and 
colleagues say that their findings may 
ultimately lead to the development of 
new antibiotics for the disease.


Petrobactin is an iron scavenger 
secreted by Bacillus anthracis to 
collect the iron it needs to reproduce. 
Called a stealth siderophore, it evades 
the molecule our immune system 
produces to capture it, contributing 
to the organism’s virulence. 


Challis’s group has examined 
the role of the enzyme AsbB in 
petrobactin’s biosynthesis. They 
first identified possible substrates 
for AsbB and obtained pure enzyme. 
Then, by treating the enzyme with 
different substrate combinations 
and finding which led to products 
and how quickly, the researchers 


showed that a previously proposed 
intermediate is unlikely to be 
significant in the pathway. 


Challis says that he and his team 
were surprised by the findings, which 
led them to suggest a revised pathway 
to petrobactin. They had assumed, 
based on studies of other siderophore 
biosynthetic pathways, that the route 
would be significantly different from 
the one they now propose. 


‘Our results provide the basic 
biochemical knowledge required to 
screen for inhibitors of AsbB,’ says 


Petrobactin – the 
stealth iron scavenger of 
Bacillus anthracis


A covalent intermediate has 
been suggested previously, clarifies 
Mulholland. But the experimental 
work that led to this proposal relied 
on modified enzymes and substrates 
because the wild type enzyme is 
too efficient for any intermediate 
to be detected. ‘Some people have 
suggested that the experiments 
were not relevant to the real target,’ 


The hen egg white 
lysozyme mechanism 
proceeds through a 
covalent intermediate


Hen egg white lysozyme is a common 
example in textbooks discussing 
enzyme mechanism. But now 
scientists from the University of 
Bristol, UK, have used molecular 
dynamics simulations to show that 
the traditional mechanism is wrong. 
‘The textbooks need to be rewritten,’ 
says researcher Adrian Mulholland, 
who led the team behind the work.


Lysozymes break down 
polysaccharides in bacterial cell 
walls, and so play a role in defence 
against pathogens. The textbook 
mechanism of hen egg white 
lysozyme proceeds through an 
intermediate in which a sugar ring 
on the substrate interacts ionically 
with the enzyme. In the revised 
mechanism the bond is covalent. 


‘Knowing how reaction 
intermediates form is central to 
understanding why enzymes are such 
efficient catalysts,’ says Mulholland. 
‘This sort of detailed knowledge is 
also important in designing enzyme 
inhibitors as drugs,’ he adds.
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in the hormone protein leptin. 
Leptin has a key role in regulating 
metabolism and the leptin-deficient 
mice display several genetic traits 
associated with type 2 diabetes. By 
comparing the metabolite levels with 
those in control mice, the researchers 
confirmed that many pathways, 
including fatty acid metabolism, are 
altered in ‘diabetic’ mice. Gipson says 
that these pathways could potentially 
be targeted for diabetes treatments.


While Gipson admits that there 
are limitations in using animals to 
model human conditions, he explains 


Spectroscopic techniques combined for easier metabolomic analysis


Metabolic markers for diabetes
Finding how a trace molecule’s 
concentration varies when it’s 
mixed in a jumble of others is not 
straightforward but this is just what 
a metabolomics scientist does every 
day. Now an international team 
is combining several analytical 
techniques to make the process 
easier and applying its method to 
study diabetes.


Metabolomics is the study of 
metabolites – the small molecules 
formed by specific processes inside 
a single cell. As variations in levels 
of some of these may be linked to 
metabolic disorders such as diabetes, 
identifying these so-called metabolic 
markers has the potential to provide 
diagnostic information and to lead to 
better therapies. 


With this in mind, Geoffrey Gipson 
at Drexel University, Philadelphia, 
US, and colleagues in the US and UK, 
combined spectroscopic methods 
such as nuclear magnetic resonance 
(NMR) and liquid chromatography-
mass spectrometry (LC-MS) to 
analyse the metabolites in urine and 
tissue samples from mice deficient 


Leptin-deficient mice 
(left) show genetic  
traits associated with 
diabetes and obesity 


Reference 
G T Gipson et al, Mol. BioSyst., 
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that metabolism is a fundamental 
biological process which has been 
highly conserved over evolutionary 
time. ‘As such, there are many cross-
species molecular similarities which 
allow researchers to gain critical 
insights into human disease,’ he adds. 
Given this, the biggest challenge, 
says Gipson, is in applying the new 
knowledge gained through metabolic 
profiling research into therapies for 
patients living with diabetes.


Jules Griffin, an expert in 
metabolomics at the University 
of Cambridge, UK, commends 
the team’s integrated approach. 
‘While NMR has been used widely 
in mammalian disease models,’ 
says Griffin, ‘the use of LC-MS 
based approaches has lagged 
behind, in part because of the 
greater challenges in technical 
reproducibility. By picking a well-
characterised model of type 2 
diabetes the team has been able 
to validate its approach and then 
extend its analysis to new metabolite 
changes not previously described.’
Kathleen Too 


Protein maintains activity at high temperature to identify nucleotide differences


Mismatched DNA analysis by eye
A colourful approach to detecting 
DNA variations can take the heat. 
A team led by Changill Ban from 
Pohang University of Science and 
Technology and Min Su Han from 
Chuang-Ang University, Seoul, in 
South Korea, has tested a technique 
that reveals mismatched DNA base 
pairs by a temperature change. 


The team’s method detects DNA 
in which one base is paired with any 
base that is not its complementary 
partner. Mismatch detection 
can be used to find single base 
differences called single nucleotide 
polymorphisms (SNPs). Rapid SNP 
detection is essential, says Ban, 
as these DNA variations can be a 
marker for genetic disease. 


The team bound gold 
nanoparticles to single stranded 
DNA which then pairs to 
form duplex DNA containing 


mismatches. As the DNA pairs, the 
system turns from red to purple 
as the nanoparticles aggregate. 
On heating, the system reverts 
to red as the strands unpair or 
‘melt’. The researchers observed 
that the colour change occurs 
at a higher temperature when 
the system is treated with MutS, 
a protein that binds selectively 


to mismatched pairs. They also 
found that complexes containing 
different DNA mismatches melt 
at different temperatures, so it is 
possible to identify which bases are 
mismatched.


Ban says that, as a colorimetric 
assay, the system is ‘simpler and 
more convenient than other 
methods, allowing detection 
with the naked eye.’ Most current 
colorimetric detection methods 
rely on enzyme activity, requiring 
physiological conditions to work. 
By using MutS, the team avoids this 
limitation, as the protein maintains 
its activity under a range of pHs and 
at high temperatures. 


The next stage will be to adapt the 
method for microarray technology, 
says Ban, allowing high throughput 
screening of DNA samples.
Harriet Brewerton


When gold-bound  
DNA strands unpair  
the system changes  
from purple (top) to  
red (bottom) as the  
gold de-aggregates


Reference 
M Cho, M S Han and C Ban, 
Chem. Commun., 2008, DOI: 
10.1039/b811346g
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Versatile protein synthesis optimised to make biologically active target


Mix and match protein building blocks


Targeting transcription factors for therapeutic 
benefit
Paul Brennan et al, Mol. BioSyst., 2008, 4, 909 
(DOI: 10.1039/b801920g) 


Immunotherapy: a way to improve the 
therapeutic outcome of photodynamic therapy? 
Mateusz Kwitniewski et al, Photochem. Photobiol. Sci., 2008, 7, 1011 
(DOI: 10.1039/b806710d)


Open micro-fluidic system for atomic force microscopy-guided  
in situ electrochemical probing of a single cell
WonHyoung Ryu et al, Lab Chip, 2008, 8, 1460  
(DOI: 10.1039/b803450h)


Integrated GC–MS and LC–MS plasma metabonomics analysis of 
ankylosing spondylitis
Peng Gao et al, Analyst, 2008, 133, 1214 (DOI: 10.1039/b807369d) 


Transcription monitoring using fused RNA with a dye-binding  
light-up aptamer as a tag: a blue fluorescent RNA
Shinsuke Sando et al, Chem. Commun., 2008, 3858  
(DOI: 10.1039/b808449a) 


Imaging of essential and toxic elements in biological tissues by  
LA-ICP-MS
J Sabine Becker et al, J. Anal. At. Spectrom., 2008, 23, 1275  
(DOI: 10.1039/b805228j) 


Protein modification for single molecule fluorescence microscopy
Mark S Dillingham and Mark I Wallace, Org. Biomol. Chem., 2008, 6, 
3031 (DOI: 10.1039/b808552h) 


The use of gold nanoparticles in diagnostics and detection
Robert Wilson, Chem. Soc. Rev., 2008, 37, 2028  
(DOI: 10.1039/b712179m)
  


Modeling the reactive properties of tandemly activated tRNAs
Maria Duca et al, Org. Biomol. Chem., 2008, 6, 3292  
(DOI: 10.1039/b806790b) 


Probing (macro)molecular transport through cell walls
Giona Kilcher et al, Faraday Discuss., 2008, 139, 199  
(DOI: 10.1039/b717840a) 


Read more at www.rsc.org/chembiology


In the current issue of Research Articles…
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An improved procedure for 
breaking proteins in two is allowing 
chemists to create new proteins. 
Derek Macmillan and Jonathan 
Richardson from University College 
London, UK, have used their 
method to make a biologically active 
protein. 


Low reaction yields make 
creating large proteins by chemical 
synthesis unfeasible, yet not all 
proteins can be prepared easily 
by other routes. Native chemical 
ligation (NCL) is one technique that 
chemists can use to create these 
proteins by joining a small peptide 
containing a thioester to a protein 
fragment with an N-terminal 
cysteine. In this way troublesome 
proteins can be created without 
having to synthesise the whole 
protein from scratch.


The advantages of NCL are 
its ‘versatility and reliability’, 
explains Macmillan. ‘The reaction 
is conducted in aqueous solution 
with no protecting groups, and the 
product has a native peptide bond,’ 
he adds. 


But whilst the small peptides 
required for NCL can be made by 


were able to create a biologically 
active variant of erythropoietin, 
a hormone protein involved 
in red blood cell production 
which is used in the treatment 
of anaemia. Commenting on this 
success, Phil Dawson an expert 
in synthetic protein chemistry at 
The Scripps Research Institute, 
La Jolla, US, says that ‘the 
functional complexity of large 
proteins can turn even the most 
straightforward procedure into a 
daunting challenge. The Macmillan 
lab has taken an important first 
step towards establishing a robust 
semi-synthesis for an important 
therapeutic target.’ 
Russell Johnson


Cyanogen bromide is 
used to cleave a protein 
next to a methionine 
residue to give a protein 
fragment for NCL


peptide synthesis, preparing the 
large protein fragment is often 
more problematic and poses many 
of the same problems associated 
with creating whole proteins. Now, 
Macmillan and Richardson have 
optimised their procedure for 
generating these fragments. The 
starting, bacterially-derived protein 
is cleaved next to a methionine to 
give two fragments, one with the 
cysteine at its N-terminus. The 
cysteine-containing fragment is 
then isolated and combined with 
a synthetic peptide containing a 
thioester to create a whole, semi-
synthetic protein. 


Using their optimised procedure 
Macmillan and Richardson 
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What inspired you to become a chemist?
I grew up with many empty chemical boxes around 
the house. My father used to work in a trading 
company that handled chemicals for the porcelain 
and chinaware that Nagoya is known for and he used 
to bring the empty boxes home. I became interested 
in these boxes; I wanted to know what had been 
inside them, and what the chemicals had looked like. 


What motivated you to specialise in bioorganic/biological 
chemistry?
I started out in graduate school in synthetic organic 
chemistry, working on natural products, so I made 
many compounds. Such compounds are often used 
in biotechnology. Choosing biological chemistry 
wasn’t a conscious decision. The department that 
I studied at was very small and gave a good basic 
range of courses, but I found the ‘bio’ courses the 
most interesting and they introduced me to DNA. 
Bioorganic chemistry sounds good, too! And 
bioorganic chemistry is such an important field, 
bridging chemistry and biology. Since then, my 
research has changed gradually towards biological 
chemistry.
 I began my independent career nine years ago, 
initially in collaboration with Professor Isao Saito, 
who worked at Kyoto University at the time. The 
projects that we started then led me into the research 
that I now do.


What hot project are you working on at the moment?
I want to see living cells working. I want to see DNA 
and RNA working. So in my laboratory, we make lots 
of nucleic acid probes – fluorescent probes, chemical 
probes. There are a number of protein probes but 
we don’t yet have any really good methods to look at 
RNA and DNA.
 We are working on a number of projects to look at 
living cells – stem cells – and are trying to understand 
the mechanism by which they work. What is it that 
causes them to live, and to become skin or hair? What 
is the ‘life’ in these cells? What roles do RNA and 
DNA play? It’s quite a fundamental project.
 
What do you love most about your job?
I enjoy my job. There is a lot of work to do in the 
DNA and RNA field using our chemical probes. The 
probes work really well, so I like to know that we can 
use our probes to look at problems and that they are 
well designed.


You are this year’s recipient of the OBC lecture award. 
How do you feel about the award?
I’m happy, very happy. Of course it is good to 
know that my work has been appreciated. I would 
very much like to thank my collaborators and 
laboratory co-workers. The topic of my award 
lecture will focus on one particular example of 
the work we do looking at the use of osmium to 
investigate cells. It’s very interesting.


Which scientist from the past would you most like to 
meet and why?
This is a really difficult question. I respect all 
scientists that are dedicated and work hard  
every day, those who try. Whether you get a really 
good result depends on if you are lucky or not. I 
would not be able to choose just one person in 
particular.


What do you do when you are not working?
I like going to book stores. And I really love maps. 
I don’t have enough time to travel, so I like to read 
the maps of places that I would like to visit instead. 
I always buy maps when I do get to travel. Last 
week, I was giving talks in the Czech Republic and 
so I bought a country map. I also recently went to 
Mexico and have a Mexican map too. 


I particularly like the world map. Czech 
maps and Spanish maps show you the language 
differences and reflect the different cultures of 
countries. Sometimes, maps can be funny too. 
I have an Australian world map that is upside 
down. The south is at the top of the map and north 
towards the bottom. I think it’s a special map 
though!


I would love to visit everywhere, but my first 
ever foreign holiday was to the UK when I was 
a graduate and I would love to go back. I visited 
London and Stonehenge.


And finally, if you weren’t a scientist what would  
you be?
When I was an undergraduate, I got a licence to 
act as a travel agent in Japan. I wanted to be a tour 
organiser and travel around with groups of people 
exploring places. I like planning travel, but then  
I started going into the chemical labs every day 
and just didn’t have the time to do this as well.  
So, if I didn’t do chemistry I would be a tour 
operator.


Mapping out success 
OBC lecture award winner, Akimitsu Okamoto, talks about chemical probes and 
daydreaming over maps. Vikki Allen meets him in Pittsburgh to find out more  


Interview


Akimitsu Okamoto is leader 
of the Okamoto Initiative 
Research Unit at RIKEN 
Advanced Science Institute. 
He is the 2008 recipient of 
the Organic & Biomolecular 
Chemistry lecture award. His 
primary research interests 
focus on the design and 
synthesis of biopolymers, and 
recognising and visualising 
single components or atoms in 
biopolymers.


Akimitsu Okamoto 
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New Reference Work


Primary Processes of Photosynthesis 
Edited by Gernot Renger


In this comprehensive two part set, the Editor has brought 
together contributions from numerous leading scienti� c 
experts from across the globe to provide a compendium of 
information.


The most up-to-date understanding of the primary 
processes of photosynthesis. 


A summary of current knowledge on the mechanisms 
of light harvesting, charge separation, electron 
transport, water cleavage and ATP synthesis.


High quality structure information at atomic resolution. 


Well suited for all those working in the � elds of 
Photochemistry, Bio-organic Chemistry, Bio-inorganic 
Chemistry, Crystallography, Biological Sciences, 
Biochemistry and related disciplines.


BB Hardback | 996 pages | ISBN 9780854043644 | 2007 | £339.00
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Comprehensive Series in Photochemical & Photobiological Sciences


Edited by Gernot Renger


Primary Processes of
Photosynthesis - Part 1
Principles and Apparatus


Comprehensive Series in Photochemical & Photobiological Sciences


Edited by Gernot Renger


Primary Processes of
Photosynthesis - Part 2
Principles and Apparatus


RSC Comprehensive Series in
Photochemical & 
Photobiological Sciences
Initiated by the European Society for Photobiology, this series provides 
comprehensive overviews on speci� c areas of photoscience. It gives in-
depth coverage of the very di� erent � elds related to light e� ects and 
embraces both well-established and emerging areas.
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Instant insight
Nature’s fruitful chemistry
Bernhard Kräutler and Thomas Müller at the University of Innsbruck in  
Austria explain why the changing colour of autumn leaves could be 
 good news for your health


How green plant pigments 
disappear in the autumn, when the 
colours of the leaves of deciduous 
trees and shrubs change from 
green to red and yellow, has been 
a longstanding puzzle. While 
chlorophyll biosynthesis has been 
well studied, how chlorophyll 
breaks down remained a fascinating 
enigma until about 17 years ago. 
This lack of basic knowledge is all 
the more surprising, as chlorophyll 
metabolism is probably the most 
visible manifestation of life on 
Earth. In fact, it is even seen from 
outer space, and the total annual 
turnover of chlorophyll has been 
estimated to involve more than 1000 
million tons. 


In 1991 a colorless chlorophyll 
catabolite from senescent (aging) 
plant leaves was identified as a 
linear tetrapyrrole, which turned 
out to be distantly related to 
bilirubin and phytobilins, products 
of heme breakdown.1 Since then, 
chlorophyll breakdown products 
have been identified in a variety of 
plant leaves, and their structural 
features revealed. According 
to these studies, chlorophyll 
breakdown in higher plants leads 
first to coloured compounds 
– as transient, enzyme-bound 
intermediates only. In a later stage, 
fluorescent catabolites occur 
merely fleetingly, and colourless, 
nonfluorescent tetrapyrrolic 
catabolites are formed rapidly. The 
latter accumulate in de-greening 
leaves and are considered the 
final products of chlorophyll 
breakdown, which apparently is a 
well controlled program for rapid 
detoxification of the photoactive 
green plant pigment.


But chlorophyll breakdown is not 
merely a detoxification process for 
the plant. It has also been associated 
with recycling of important 
nutrients, of reduced nitrogen, 
in particular. In the case of the 


References
1  B Kräutler et al, Angew. 
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2  B Kräutler, Photochem. 
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In fruit, the tetrapyrrolic 
chlorophyll catabolites become a 
part of traditional food and may be 
a positive component in our diet 
as they are effective antioxidants. 
Exploratory studies have pointed 
to their beneficial health effects in 
mammals. Thus, the occurrence of 
such chlorophyll remains in apple 
peels may give a new twist to the old 
Welsh saying ‘An apple a day, keeps 
the doctor away’.


140 years after Gregor Mendel 
used de-greening in peas as part 
of his experiments to establish the 
laws of inheritance, the basis for 
his observation is now known to 
be genetic control of chlorophyll 
breakdown. While the process 
may no longer be a total enigma, 
however, its wide-reaching 
benefits remain a field ripe for 
investigation.2


 
Read more in Bernhard Kräutler’s 
perspective in Photochemical and 
Photobiological Sciences.


catabolites, the four chlorophyll 
nitrogen atoms remain in the 
known tetrapyrrolic breakdown 
products and are thus not 
available for the plant to re-use. 
Nevertheless, they will eventually 
become part of more global 
recycling, possibly involving 
lower organisms. 


Recently, we addressed the 
puzzle of chlorophyll breakdown 
in ripening fruit. In freshly ripe 
apples and pears the very same 
linear tetrapyrroles were detected 
as chlorophyll catabolites. In 
fact, these breakdown products 
were also identical to the ones 
found in the de-greening leaves 
of the pear tree. Accordingly, 
chlorophyll breakdown appears 
to take a common pathway in fruit 
ripening and leaf senescence. 
As senescence is considered to 
accompany programmed cell 
death – yet ripening, commonly, 
is not – this finding is remarkable 
indeed. 


©The Royal Society of Chemistry 2008


Catabolites formed as  
fruit and leaves change 
colour may be valuable 
nutritional components
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Essential elements


Engineering success


A warm reception in Philadelphia   


Chemical Biology


Facebook fans
Enjoyed reading the first few 
issues of RSC Publishing’s newest 
journal, Energy & Environmental 
Science (EES)? Then become a 
Facebook fan by visiting the EES 
Facebook page and joining in. Fans 
can see summaries and link to 
the latest EES articles published 
online, view and share relevant 
videos, images, events and news. 
Use the page to find out about 
upcoming events where you can 
meet the editors or contribute to a 
discussion and connect with fellow 
fans. Fans will see stories in their 
News Feed when their friends 
become fans or engage with the 
EES Facebook page in a variety 
of ways. You can find the EES 
Facebook page by searching for 
Energy & Environmental Science 
using the Quick Search bar on any 
Facebook page or by going to the 
main search page.  
Or paste the following URL into 
your browser: www.facebook.com/
pages/Energy-Environmental-
Science/24375018213. 
See you there!


The atmosphere inside the 
Philadelphia Marriott mirrored 
the sunny blue sky outside as 
guests gathered at the RSC 
Reception. Held on 17 August, 
it coincided with the 236th 
American Chemical Society 
National Meeting and Exposition 
taking place at the Pennsylvania 
Convention Center. 


Around 200 people listened 
to RSC president Dave Garner 
as he welcomed guests, 
including Nobel prize winner 
Bob Grubbs from Caltech, 


a variety of eminent and 
emerging researchers, plus 
university librarians and local 
RSC members. The incoming 


president of the ACS, Tom Lane, 
was also there with a number of 
his society colleagues, indicating 
the continuing warm friendship 


as one of his favourites for 
publication of his research. 
‘In particular,’ he says, ‘I 
appreciate the speed at which 
papers are processed and 
the very kind co-operation 
of the editorial staff. What 
else to say: Happy Birthday 
CrystEngComm..., and keep 
up the good work!’


A decade since launch and 
the future for CrystEngComm 
has never looked so bright. 
Celebrations will continue 
later this year with an 
anniversary theme issue, 
including articles by editorial 
and advisory board members, 
and the journal is also heavily 
involved in the organisation 
of a crystal engineering 
symposium as part of the 
IUPAC Congress next year in 
Glasgow.  
Visit www.crystengcomm.org 
for updates on these and other 
exciting events.


CrystEngComm celebrated 
its tenth year of publication 
in style on 28 August with a 
lunch reception held at the XXI 
Congress and General Assembly 
of the International Union of 
Crystallography in Osaka, Japan. 
As part of the celebrations, the 
journal also awarded five poster 
prizes at the meeting.


Since its launch in 1999, 
CrystEngComm has gone from 
strength to strength, growing 
in size by more than a factor of 
ten. The journal now boasts the 
fastest publication times and 
highest immediacy index for 
a crystal engineering journal, 
plus an impressive impact 
factor of 3.47. In his welcome 
speech, CrystEngComm editor 
Jamie Humphrey outlined the 
successes of the past decade 
and extended his thanks: ‘This 
success has been possible only 
through the support that you 
and other members of the crystal 
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engineering community have 
given the journal – your support 
as authors, referees, readers 
and in some cases editorial and 
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Enamides display a fine balance of stability and reactivity, which is now leading to their increasing use
in organic synthesis. Enamides offer multiple opportunities for the inclusion of nitrogen based
functionality into organic systems. Recent examples of these compounds as substrates are discussed in
this article.


Introduction


Over recent years, an increasing level of interest in the use
of enamide substrates has become apparent within the organic
synthesis community, possibly a reflection on an ever increasing
number of enamide syntheses that offer substrate versatility and
E/Z control.1,2


Enamides feature noticeable nucleophilic reactivity by virtue
of the enamine character yet are tempered by the electron
withdrawing functionality upon the nitrogen centre, leading to
significant chemical stability. However, these molecules often react
akin to simple C=C bonds and offer further options for the
incorporation of N-functionality into complex systems.


These two characteristics, coupled with recent improvements in
their synthesis, has allowed for increased synthetic use. This review
will cover some key transformations of enamides, enecarbamates,
and enesulfonamides (Fig. 1) published in recent years and offer
the reader contexts where enamides may be of synthetic value to
their chemistry.


Enamides as nucleophiles


Enamides can be viewed as tuneable enamines and as such, it
is no surprise that they participate in a number of interesting
transformations with electrophiles. Groundbreaking work in this
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Fig. 1 Classes of “enamide”.


area originated from the Kobayashi laboratory,3 who reported
the first enantioselective use of enamides as nucleophiles in
reactions with aldehydes under Cu-catalysis. This early work
suffered from products being produced with low to medium levels
of enantioselectivity.4 In contrast, the use of imine electrophiles has
allowed for the formation of b-amino imines using similar chiral
Cu-catalyst systems that failed with simple aldehydes (Scheme 1).5


Scheme 1 Enamide addition to glyoxalate imines.


The Kobayashi laboratory has since demonstrated the use
of C2 symmetric diamine ligands with a range of electrophiles
and enamides as nucleophiles, promoted by Cu(II)-catalysts in
conjunction with iminophosphonates for the enantioselective
formation of phosphonic acid systems,6 diazodicarboxylates for
enantioselective a-aminations7 and eventually demonstrated that
some aldehydes (a-oxo aldehydes) will participate as useful
electrophiles.8 The Kobayashi group have once again demon-
strated the synthetic utility of enamides in an enantioselective
Michael reaction which forms, after hydrolysis, c-keto malonates in
good yield and selectivity with an example displayed in Scheme 2.9


Terada has reported that enamides are excellent substrates
for chiral Brønsted acid promoted enantioselective additions to
glyoxals. Binol based phosphonic acids have been utilised as
catalysts for this purpose in an organocatalytic synthesis of b-
hydroxy ketones (Scheme 3).10
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Scheme 2 Enantioselective enamide Michael reactions.


Scheme 3 Aza-ene reactions using enamides.


These initial findings have evolved into an impressive enantios-
elective synthesis of piperidines using aldimine 4 and enamide 5
(Scheme 4). In this instance, the b-amino imine product formed
after the initial Mannich reaction of enamide 5 and imine 4
undergoes a subsequent nucleophilic attack by a second equivalent
of enamide 5 followed by cyclisation to form the piperidine ring
system 6. Products of significant complexity are formed rapidly
with excellent yields and enantioselectivities.11


Scheme 4 An enantioselective cascade of enamides and imines.


Enamides as electrophiles


Recently the Terada and Zhou groups independently reported that
chiral Brønsted acids can promote the conversion of enamides
to chiral iminium ion electrophiles, which can subsequently
participate in Friedel–Crafts reactions.12 Furthermore, Zhou was
able to exquisitely demonstrate that a-substituted enamides not
only undergo this chemistry but do so with excellent levels of
enantioselectivity and reaction efficiency (Scheme 5).13


The Marsden research group has reported the use of dehy-
droamino acid ester based enamides as substrates for a strong-
base mediated deconjugative deprotonation. This procedure


Scheme 5 Alkylation of indole by enamide derived electrophiles.


forms amino ester enolates, which can be reacted with various
electrophiles to form complex (E)-vinylglycines.14 The use of
chiral esters such as the 8-phenylmenthyl systems offer excellent
diastereocontrol in this transformation (Scheme 6).15


Scheme 6 Enamide alkylation via deconjugative enolisation.


Transition metal catalysed reactions


The one reaction that is well developed for enamide substrates
is alkene hydrogenation. Substantial literature is available con-
cerning the reduction of dehydroamino acid systems.16,17 This
chemistry will not be covered in this emerging area article.


Enamides can be viewed as attractive substrates in a number
of transition metal mediated alkene transformations, especially
in contexts where incorporation of nitrogen functionality is
important. For example, the important ring-closing metathesis
reaction has been applied to enamides allowing for the synthesis
of cyclic enamides. Bennasar has demonstrated that enamides
can participate in ring closing metathesis reactions (Scheme 7).18


Indeed, this example is a one-pot Petasis-methylenation of 8


Scheme 7 Tandem methylenation–enamide ring closing metathesis.
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followed by ring closing metathesis with the second generation
Grubbs catalyst forming dihydroquinoline 9.


Additional recent demonstrations of this class of transforma-
tion have been reported by Evano as a key reaction in the total
synthesis of the cyclopeptide paliurine19,20 and by Overman who
has also reported ring closing metathesis reactions of enamides in
studies towards the synthesis of palau’amine.21


A second transformation that has been applied to enamide
substrates is the Heck reaction. The Larhed group has reported a
series of papers concerning the use of enamides in Heck processes.
An indanone synthesis was reported that utilised enamides in a
carbonylative microwave assisted Heck process with the notable
use of the mild carbon monoxide source, Mo(CO)6 (Scheme 8).22


Scheme 8 Enamides used in a carbonylative Heck reaction.


The Larhed group have also published an oxidative Heck
arylation, which combines a coupling of boronic acids.23 Xiao
has demonstrated that ionic liquids are particularly good solvents
for Heck reactions of enamides, often offering much improved
regiocontrol (Scheme 9).24


Scheme 9 Heck reaction of enamides in ionic liquids.


The Hsung laboratory have been key movers in exploring the
synthetic value of enamide substrates. One of their first reports
concerned the m-CPBA epoxidation of chiral oxazolidinone based
substrates. For example, enamide 10 is observed to epoxidise
followed by facile ring opening by m-chlorobenzoic acid and
is believed to occur with N-assistance leading to a 1.3 : 1
anomeric aminal mixture of 11. This observation suggests that the
initial epoxidation occurs with high facial selectivity.25 Subsequent
work has focused upon cyclopropanation of chiral oxazolidinone
enamides. Simmons–Smith26 and Rh-catalysed27 cyclopropana-
tion methods have been examined to form 12 and 13 respectively. In
particular, the Simmons–Smith cyclopropanation reaction is seen
to be particularly diastereoselective relative to the Rh-catalysed
example (Scheme 10).


Drake has reported an exciting transformation of cyclic
enesulfonamides bearing pendant alkyne functionality. Under
Pt(II)-catalysis, spiro-iminium systems are formed through alkyne
activation.28 Subsequent one-pot reduction with Et3SiH provides
the spiro-piperidine in good yield. A number of polycyclic ring
systems are accessible offering a versatile route to a number of
alkaloid frameworks (Scheme 11).


Scheme 10 Hsung’s work with enamides.


Scheme 11 Pt(II)-catalysed spiro-cyclisations.


Pericyclic reactions


In recent years there has been an increasing use of enamide sub-
strates in pericyclic reactions. Indeed, examples of cycloaddition,
sigmatropic and electrocyclic chemistry have all been reported. In
many instances, the Csp2–N bond is transformed to a Csp3–N bond
as a result of the pericyclic reaction allowing the formation of
new nitrogen stereocentres and an overall increase in molecular
complexity.


Rawal reported a highly efficient and stereoselective Diels–Alder
reaction using the conjugated enamide 14 as the reactive diene
(Scheme 12).29 The reaction is promoted by Cr-salen complex 15


Scheme 12 Enamide participation in Diels–Alder reactions.


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 3455–3460 | 3457







and yields synthetically useful cyclohexenyl carbamates in high
eneantiomeric excess.


Further interesting uses of enamide substrates in the Diels–
Alder reaction have come from Dujardin who has utilised N-
vinyl oxazolidinones in hetero Diels–Alder reactions to give amino
deoxyglycosides,30 and N-vinyl oxazolidithiones.31 Exo-selective
Diels–Alder reactions of vinyl azepine diene substrates have been
reported as an entry to the stenine framework.32


Meyer reported the first example of a sigmatropic rearrange-
ment that incorporated an enamide moiety. In this example
enamide 16 was transformed to amino alcohol 17 by means
of a [3,2]-Wittig rearrangement. This reaction is seen to be a
highly diastereoselective entry to 1,2-amino alcohol derivatives
(Scheme 13).33


Scheme 13 [2,3]-Wittig rearrangements of enamides.


Carbery has recently reported the first use of enamides as sub-
strates for the Ireland–Claisen [3,3]-rearrangement (Scheme 14).
In this instance secondary enamido-allylic esters rearrange via the
silyl ketene acetal to b-amino acid products. The rearrangement
was highly diastereoselective for phenylacetate substrates.34


Scheme 14 [3,3]-Ireland–Claisen rearrangement of enamides.


Enamides have also found themselves amenable to electrocyclic
transformations. Funk has utilised 2,3-pyrroline 18 in a thermal
6p-electrocyclic ring closure, which ultimately allowed efficient
access to the substituted indole framework seen in the trikentrin
alkaloids (Scheme 15).35 Funk has further shown that this
strategy is applicable to the welwistatin,36 dragmacidin E37 and
nakadomarin A38 natural product skeletons.


Scheme 15 Enamides in electrocyclisations.


Radical reactions


In recent years there have been a number of reports detailing the
utility of enamides in radical based transformations. In particular
Ishibashi has clearly shown the synthetic value of these enamide
substrates through the synthesis of lennoxamine 20. Enamide 19


is observed to undergo a regioselective 7-endo cyclisation followed
by subsequent homolytic aromatic substitution (Scheme 16). This
single-pot process allows for the isolation of lennoxamine in 41%.39


Scheme 16 Ishibashi’s lennoxamine synthesis.


The Ishibashi group have recently further demonstrated the
value of enamide substrates in radical reactions by accomplishing
syntheses of (±)-stemonamide and (±)-isostemonamide where the
skeleton is formed through a key enamide radical reaction. In
this instance, substrate 21 undergoes a double radical cascade
cyclisation initiated by 1,1′-azobis-cyclohexanecarbonitrile and
terminated by Bu3SnH (Scheme 17). Diastereomeric tricycles 22
are formed in respectable yield, albeit in a 1 : 1 ratio. Further
elaboration of these tricycles allowed for succint syntheses of these
natural products.40


Scheme 17 A tandem radical cyclisation entry to the stemonamide
skeleton.


Zard has described a free-radical based synthesis of pyrroles that
relies upon the use of ethyl pyruvate derived enesulfonamide sub-
strates as a-keto radical acceptors (Scheme 18). The c-keto imines
that form are non-isolable, immediately cyclising to pyrroles.41


Scheme 18 Pyrrole formation from enesulfonamides.
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Photochemical reactions


The area of photochemistry has seen the use of enamides as
substrates in the Paterno–Büchi photochemical reaction.42 Bach
has demonstrated that enecarbamates participate particularly
well, forming amino oxetanes 23 in good yield with significant
diastereoselectivity (Scheme 19).


Scheme 19 Enamide Paterno–Büchi reaction.


Adam has published a substantial amount of work in the
area of enecarbamate photochemical oxidations. For example,
enecarbamte 24 undergoes a stereoselective [2 + 2] cycloaddition
with singlet oxidation (Scheme 20). The selectivity is observed to
be controlled by the oxazolidinone stereochemistry as opposed
to the distal stereocentre of the substrate. The same group have
also studied the selectivity displayed by enecarbamtes to either
photochemical 1O2 or ozone reactions43 and 1O2 ene-reaction or
1O2 [2 + 2] cycloadditions.44


Scheme 20 Singlet oxidation reaction of enecarbamates.


Heterocycle syntheses


Over recent years, the applicability of enamides to heterocyle
synthesis has been well demonstrated. Movassaghi has reported a
new and versatile synthesis of pyridines. In this reaction enamides
are converted to N-vinyl iminium triflates through the action of
triflic anhydride, subsequently reacting with electron rich hetero-
substituted alkynes or alkenes to form pyridines (Scheme 21).45


Scheme 21 Pyridine synthesis utilising enamides.


This research group has also achieved an analogous transfor-
mation using nitriles, replacing the ynol ethers, as a versatile entry
to pyrimidines.46


A number of reports have come from the Buchwald group, which
demonstrate recent advances in both copper catalysed alkene
amination but also new reactivity of enamides. For example,
enamides form oxazoles when heated in the presence of iodine
and DBU in good yields, with a good level of substrate scope
(Scheme 22).47


Scheme 22 Enamide based synthesis of oxazoles.


The same research group has also reported a new synthesis of
highly substituted pyrroles with impressive levels of substitution
control. Di-N-bochydrazine undergoes a selective Cu(I)-catalysed
mono amination followed by a sequential second Cu(I)-catalysed
amination. The resulting hydrazine bisenamide then undergoes
a [3,3]-sigmatropic rearrangement. This sequential amination–
rearrangement protocol allows for the controlled introduction of
functionality at all positions (Scheme 23). A similar transforma-
tion for the preparation of pyrroles that relies on amination has
also been reported by Buchwald.48


Scheme 23 Pyrrole formation.


A complementary synthesis of pyrroles has been reported from
workers at Wyeth Research that takes inspiration from the “Larock
Indole Synthesis”. Pd(OAc)2–LiCl catalysed reaction between
iodoenamides and alkynes provides access to complex pyrroles
with good control and yield (Scheme 24).49


Scheme 24 Iodo enamide route to pyrroles.


Fuwa and Saski have recently developed a versatile synthesis
of 2-aryl iodoles and indolines centred upon the utility of a-
phosphoryloxy enamides (Scheme 25).50 The procedure benefits
from impressive simplicity and once again displays the value and
versatility of enamides in organic synthesis.


Scheme 25 Tandem reactivity in the preparation of indoles.


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 3455–3460 | 3459







Conclusions


In recent years, a number of reliable and efficient syntheses
of enamides have allowed their synthetic value to be realised.
Enamides are now having their utility demonstrated in a range of
reactions including pericyclic, ionic and radical transformations.
Enamides offer themselves as useful substrates through two key
aspects. Firstly, their stability relative to enamines allows them to
be readily handled and tailors their reactivity through alteration
of the electron withdrawing group upon the nitrogen. Secondly,
the change of hybridisation of the carbon centre bonded to the
enamide carbon allows for the controlled increase in complexity
without the requirement of introducing nitrogen directly during
key reactions.
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Arynes formed through fluoride-promoted ortho-elimination
of o-(trimethylsilyl)aryl triflates can undergo [3 + 2] cycloaddi-
tion with various azides to form substituted benzotriazoles.
The rapid reaction times and mild conditions make this an
attractive variation of the classical ‘click’ reaction of azides
and alkynes.


The discovery by Sharpless et al. in 2001 that copper(I) catalyzes
the 1,3-dipolar cycloaddition of azides and alkynes to form 1,4-
disubstituted triazoles strongly contributed to the popularization
of ‘click’ chemistry as a combinatorial method for functionalized
moieties.1 Significant progress has been made in the application of
this methodology to the areas of materials science, drug discovery,
polymer chemistry and bioconjugation, among others.2 Limita-
tions arise in the field of bioconjugation and in vivo imaging due to
the toxicity of copper. Furthermore, in the absence of copper, the
reaction necessitates elevated temperatures or pressures which are
incompatible with most living systems.3 The rarity and inertness
of azides and alkynes in biological environments make them ideal
bioorthogonal markers, highlighting the importance of developing
copper-free ‘click’ reactions.


To date, promising alternatives for alkyne activation have been
discovered; activation of the substrate via electron-withdrawing
functionalities adjacent to the triple bond serves to increase
reaction rates in the absence of copper4, as does the use of severely
strained acetylenes.5 In our investigation into accelerated ‘click’
reactions using new systems, we touched upon the annulation of
arynes by azides. Herein lies the potential for [3 + 2] cycloaddition
in the absence of copper while retaining those benefits commonly
associated with ‘click’ reactions – namely regioselective, fast
reactions under mild conditions. We report here our preliminary
results of a new, fast, and versatile copper-free click reaction.


Arynes, particularly benzynes, have proven to be useful reactive
intermediates for synthetic organic chemists. They are kinetically
unstable, highly strained molecules that readily undergo nucle-
ophilic coupling with various neutral species to form complex
organic molecules.6


Benzyne has traditionally been formed from the diazonium
carboxylate intermediate obtained by refluxing anthranilic acid
with an organic nitrite. The harsh conditions severely hinder the
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scope of this reaction, and milder methods were subsequently
developed.7 Thus came examples generating arynes from o-
(trimethylsilyl)aryliodonium salts; a gentler method, but involving
a difficult synthesis of the precursors limiting the possibilities for
functionalization.8 Other examples include benzobisoxadisiloles
as precursors of benzdiynes9 and two-step deprotonation and
dehalogenation of aromatic halogen compounds.10 Currently, the
mildest way to form the benzyne intermediate is to use fluoride-
induced ortho-elimination of o-(trimethylsilyl)aryl triflates, which
can easily be prepared with various substituents on the arene
ring.11


Beginning with the cycloaddition of benzyl azide and com-
mercially available o-(trimethylsilyl)phenyl triflate, we investigated
the use of differing fluoride sources in a range of solvents for
benzyne generation (Table 1). Fluoride salts in combination with
a complementary crown ether were tested, as was tetrabutylam-
monium fluoride (TBAF). KF paired with 18-crown-6 induced
full conversion to the benzotriazole at room temperature in all
solvents tested with good yields (entries 1–5). CsF and 18-crown-6
gave faster reaction times, if somewhat lower yields (entries 8–
10). TBAF provides an alternative to fluoride salts, but both the
reaction time and yield were less favourable (entry 6). NaF in
combination with 15-crown-5 gave no product conversion, nor
did the reaction proceed in water even after 48 h. In both cases it
was possible to recover the azide starting material quantitatively
as well as the majority of the benzyne precursor. This led
us to conclude that no formation of the benzyne intermediate
occurs.


Table 1 Reaction optimizationa


Fluoride source Solvent T/◦C Time/h Yieldb (%)


1 KF/18-crown-6 THF rt 4 85
2c KF/18-crown-6 THF rt 29 80
3 KF/18-crown-6 THF 60 1 71
4 KF/18-crown-6 DCM rt 8 72
5 KF/18-crown-6 MeCN rt 3 87
6 TBAF THF rt 20 69
7 NaF/15-crown-5 THF rt 24 0
8 CsF/18-crown-6 THF rt 1.5 70
9 CsF/18-crown-6 DCM rt 30 58


10 CsF/18-crown-6 MeCN rt 0.5 77
11 CsF/18-crown-6 H2O rt 40 0


a All reaction were carried out on a 0.2 mmol scale in 0.05M concentration.
b Average isolated yields from two or more experiments. c Reaction was
carried out using 1.2 eq of azide.
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Reducing the equivalents of azide (entry 2) prolongs the
reaction, and causes a slight drop in yield. At reflux the reaction
proceeds to completion in one hour, but the yield is lower
(entry 3), as it is in DCM (entry 4). In cases with lower yields,
the decrease can generally be attributed to degradation of the
benzyne precursor. Acetonitrile appears to have an accelerating
effect on the reaction, shortening conversion times for both KF
and CsF. The latter reaction is particularly satisfying, showing
full conversion in 30 min (entry 10). These conditions were thus
chosen for all subsequent experiments.


Having established a methodology to obtain rapid conversion
to benzotriazole, we were interested in the effect of the crown ether
upon the reaction time (Table 2).


As recorded in Table 2, the optimal ratio of crown ether to
fluoride salt is 1 : 1. An extra equivalent of crown ether appears
to have an inhibitory effect, and the absence of crown ether
significantly decreases the reaction rate. In THF, virtually no
product was formed even after 48 h in the absence of crown ether.
In MeCN, after 48 h, the reaction reached completion, but the
yield was dramatically reduced. Reaction entries 3 and 5 were
performed with our regular reaction conditions using an excess of
azide, but were also attempted with a slight excess (1.2 eq) of the
o-(trimethylsilyl)phenyl triflate. The concentration of the reaction
mixture was varied from 0.05 M to 2.0 M with no significant
improvement of conversion rates or yields.12


Having confirmed the optimized reaction conditions, we sub-
sequently tested different aryne precursors (Table 3). Slightly
better yields are achieved with an electron-donating methoxy
substituent at carbon 3 with full conversion in a matter of
minutes (entry 3). The unsymmetrical benzyne precursor yields
a single regioisomer with the benzyl on the nitrogen remote to
the substituent. A naphthalene derivative can also be used; the
reaction is thus not limited to benzyne precursors (entry 2). In
the case of cycloaddition with the naphthyl precursor a mixture of
regioisomers (2 : 1) is observed. Preference is given to the product in


Table 2 Effect of crown ether


Fluoride source Solvent Time/h Yielda (%)


1 CsF/18-crown-6 (1 : 1) THF 1.5 70
2 CsF/18-crown-6 (1 : 2) THF 20 67
3 CsF THF 48 2b


4 CsF/18-crown-6 (1 : 1) MeCN 0.5 77
5 CsF MeCN 48 46


a Isolated yield. b Percent conversion as determined by GC.


Table 3 Substituted aryne precursors


R Time/h Yielda (%)


1 H 0.50 56
2 3,4-(CH)4 0.25 75b


3 3-MeO 0.25 84


a Isolated yield. b 2 : 1 regioselectivity.


Table 4 Click reaction with functionalized azides


R Product Time/h Yielda (%)


1 EtO2CCH2– 1 82


2 Cinnamyl 1.5 78


3 p-Fluorobenzyl 0.5 59


a Isolated yield.


which the benzyl group is positioned at the less sterically hindered
position 2.


To further ensure the generality of the reaction, some selected
and particularly challenging azides were tested under the opti-
mized reaction conditions (Table 4).


The reaction proceeds effectively with a non-aromatic function-
alized azide (entry 1), and the presence of alkenes is tolerated
(entry 2). Both products were isolated in good yields with reac-
tion times of less than 2 h with no side product formation observed.
An electron-deficient fluoroazide (entry 3) reacts completely in
30 min. An 18F-labelled analogue of this azide could be used to
apply this fast coupling protocol in radiolabelling for imaging
technologies such as 18F PET.13


This method for the development of various substituted and
functionalized benzotriazoles fulfills many of the requirements
necessary to classify any given reaction as a ‘click’ reaction. It has
rapid conversion times, proceeds at room temperature in air and
produces a single product in good yields. The extension of this
versatile methodology to more significant substrates is currently
under study.13
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A new protocol for the asymmetric synthesis of trans-
2,6-disubstituted-4-piperidones has been developed using
a catalytic enantioselective conjugate addition reaction in
combination with a diastereoselective lithiation–substitution
sequence; an efficient synthesis of (+)-myrtine has been
achieved via this route.


The piperidine ring motif appears ubiquitous in the structure
of many alkaloid natural products and drugs. The synthetic
importance of substituted piperidines has led to a wide area of
research devoted to the preparation of these systems.1 Simple 2,6-
disubstituted piperidine alkaloids have been reported to possess
a broad range of biological activities including insecticidal, anti-
HIV, antibacterial and antifungal properties.2 Furthermore, 2,6-
disubstituted piperidines can be used as intermediates in the
synthesis of more complex indolizidine and quinolizidine ring
systems. Recently, we reported the first highly efficient catalytic
enantioselective addition of organozinc reagents to N-protected-
2,3-dehydro-4-piperidones.3 This method allows for the synthe-
sis of optically active N-protected-2-alkyl-4-piperidones, which
represent versatile building blocks in the synthesis of piperidine
based alkaloids.4 We described that the addition of Me2Zn to
N-protected-2,3-dehydro-4-piperidones allowed the introduction
of a methyl substituent with 96% ee.3 However, the low isolated
yield (44%) and the presence of by-products, which made the
purification step difficult, prompted us to develop a more efficient
route. Here we describe the use of Me3Al as a useful alternative
to Me2Zn in the enantioselective conjugate addition reaction for
the introduction of a methyl group in high yield and with high
enantioselectivity.5 The use of a lithiation–substitution sequence
for the further functionalization of the optically active 2-methyl-
4-piperidones gives access to trans-2,6-disubstituted-piperidones
selectively.


The potential of this approach is shown in the total synthesis
of the natural occurring alkaloid (+)-myrtine 1, a quinolizidine
alkaloid isolated from Vaccinium myrtillus (Ericaceae) whose
structure and absolute configuration were determined in 1978
(Scheme 1).6 Although a number of syntheses of myrtine in racemic
form have appeared in the literature,7 only two syntheses of (+)-
myrtine8,9 and one synthesis of the unnatural isomer (−)-myrtine
have been described.10 The existing procedures, however, are based
on the use of chiral auxiliaries8,10 or the use of optically active
precursors obtained via enzymatic resolution.9 In this report, the
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first catalytic enantioselective synthesis of (+)-myrtine in four
steps starting from Boc-protected 2,3-dehydro-4-piperidone 2 is
described (Scheme 1).


Scheme 1 (a) Me3Al (2.0 eq.), Cu(OTf)2 (5 mol%), (S,R)-L1 (10 mol%),
Et2O (10 mol%), toluene, −50 ◦C, 16 h, 73%, (b) PTSA (0.5 eq.), ethylene
glycol (6 eq.), MS 3Å, toluene, reflux, 16 h, 60%, (c) s-BuLi (2.4 eq),
TMEDA (2.4 eq), Et2O, −78 ◦C, 3 h then CuCN·2LiCl (2.4 eq), THF,
−78 ◦C/−50 ◦C, 1 h then I(CH2)4Cl (2.4 eq), −78 ◦C/rt, 16 h, 62%,
(d) conc. HCl, acetone, H2O, reflux, 16 h then NaHCO3, 0 ◦C, 16 h, 50%.


A catalyst formed from Cu(OTf)2 and chiral phosphoramidite
ligand (S,R)-L1 (Fig. 1) was used in the addition of Me3Al to
N-Boc-2,3-dehydro-4-piperidone 2,11 carried out in toluene, at
−50 ◦C. The reaction afforded the methylated product 3 in 73%
isolated yield and with an excellent 96% ee. Remarkably, the
addition of a small amount of an appropriate co-solvent turned
out to be crucial for the reproducibility of the results. Careful
optimization showed that adding 1 eq. of dry Et2O, with respect


Fig. 1 (S,R)-L1.
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to the ligand, to the reaction mixture guaranteed high conversion
and a reproducible high ee. A possible explanation can be found
in the formation of a heterogeneous system upon addition of the
Me3Al to the reaction mixture in which the copper complex and the
starting material are present already. The formation of insoluble
aggregates might inhibit the reaction and makes mixing inefficient.
The presence of a coordinating species, such as Et2O, breaks up,
at least partially, the existing aggregates facilitating the reaction.
Furthermore, the coordinating properties of the co-solvent might
affect the aggregation level of the Me3Al. In hydrocarbon solvents,
such as toluene, coordination of the solvent to Me3Al is weak and
therefore self-association of Me3Al to a dimeric species occurs.12


It is possible that when Me3Al is present in dimeric form, methyl
transfer is hampered due to the stability of the dimer. Furthermore,
in the addition reaction the aluminium reagent can act as a Lewis
acid, activating the enone moiety toward the nucleophilic addition.
In the bridged structure the aluminium atom is unavailable for such
interaction with the substrate. Interestingly, when the reaction was
carried out in Et2O using (S,R)-L1 as chiral ligand, the addition
product was obtained in racemic form.


The copper-catalysed addition of Me3Al to 2 in the presence
of the chiral phosphoramidite ligand (S,R)-L1 affords compound
3 in good yield and with 96% ee. In this product, the a-methyl
substituent will preferentially adopt an axial position in the pseudo
chair-like conformation of the piperidone ring, to release the A1,3


strain with the nitrogen protecting group.13 This conformational
bias leads, selectively, to the formation of trans-2,6-disubstituted-
piperidones. When compound 3, after protection of the carbonyl
moiety, is subjected to a lithiation–substitution sequence, an
electrophile is introduced equatorial at the less substituted a-
position.14 In this reaction, association of the organolithium
reagent with the carbamate group15 in a preequilibrium complex
brings the reactive groups in proximity for directed deprotonation
(complex induced proximity effect).16 Abstraction of the equato-
rial proton results in a dipole-stabilized carbanion,17 which reacts
with the electrophilic species with retention of configuration.14a,18


According to these stereochemical requirements, the final product
9 will have trans geometry (Scheme 2).


Scheme 2 Lithiation–substitution sequence.


Table 1 Lithiation–substitution of piperidone 4


Entry Electrophile Methoda Product Yield (%) Dr (%)


1 MeI A 5 71 95 : 5
2 TMSCl A 6 74 96 : 4
3 DMF A 7 56 55 : 45
4 CH2CHCH2Br B 8 64 >99 : 1
5 I(CH2)4Cl B 9 62 >99 : 1


a Method A: s-BuLi (1.2 eq), TMEDA (1.2 eq), Et2O, −78 ◦C, 3 h
then electrophile (1.2 eq) −78 ◦C/rt, 16 h. Method B: s-BuLi (2.4 eq),
TMEDA (2.4 eq), Et2O, −78 ◦C, 3 h then CuCN·LiCl (2.4 eq), THF,
−78 ◦C/−50 ◦C, 1 h then electrophile (2.4 eq) −78 ◦C/rt, 16 h.


The carbonyl moiety of 3 was protected via ketal formation
using ethylene glycol. Remarkably, the reaction proceeded slowly
to give, after 24 h reaction, the protected product in 60% isolated
yield together with the remaining starting material.


According to literature procedures,14 formation of a stabilized
carbanion was accomplished reacting s-BuLi with 4 in the presence
of TMEDA, at −78 ◦C. After 3 h the electrophile was added and
the temperature allowed to increase to rt slowly. The reactions
with MeI and TMSCl as electrophiles gave compounds 5 and
6 in good yield and high diastereomeric ratios (Table 1; entries
1 and 2). The addition of DMF afforded a mixture of the cis
and trans isomers of 7 in a ratio close to 1 : 1 (entry 3). We
attribute this lack of diastereoselectivity to epimerization of the
aldehyde under the basic conditions. An experimental proof that
the lithiation of 4 followed by reaction with the electrophile gives
preferably the trans diastereomer of the disubstituted product
is found by analysis of the stereochemistry of the dimethylated
compound 5. A cis relationship of the two a-methyl substituents
in 5 would result in an achiral meso compound. The presence
of optical activity detected for 5 excludes the possibility that the
product obtained is an achiral compound, therefore indicating a
trans relationship of the methyl groups. The use of allyl bromide
or 1-chloro-4-iodobutane as electrophile initially did not lead
to the desired products. Formation of 8 and 9 was therefore
accomplished following the lithiation–transmetallation procedure
developed by Dieter et al.19,20 Addition of a THF solution of
CuCN·2LiCl to the lithiated species forms a N-Boc-piperidyl-
cuprate by lithium–copper exchange.19 Subsequent addition of the
electrophile provided the products 8 and 9 in 64% and 62% yield,
respectively, with complete diastereoselectivity (entries 4 and 5).


Compound 9 is an immediate precursor of 1. A one-pot reaction
for the deprotection of the ketal and carbamate moieties of
9 followed by in situ cyclization led to myrtine in 50% yield
(Scheme 1). Comparison of the NMR data recorded for 1 with
the spectroscopic data reported in literature6,7 confirmed that the
diastereoisomer obtained has a trans configuration, corresponding
to the structure of the alkaloid myrtine. Moreover, comparison of
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the measured optical rotation, [a]D +10.2 (c 1.8 in CHCl3), with
the literature values, lit. [a]28


D +11.3 (c 2.7 in CHCl3),7a indicates
that the isomer obtained corresponds to the natural occurring
enantiomer (+)-myrtine in which the absolute configuration of
the two stereogenic centers has been established to be (4R,10R).6


This finding imposes the R configuration to the product 3 of the
Me3Al conjugate addition to 2, using the chiral phosphoramidite
(S,R)-L1.


In conclusion, a new protocol for the synthesis of trans-2,6-
disubstituted-4-piperidones has been developed.


The copper–phosphoramidite catalyzed asymmetric conjugate
addition of organometallic reagents to dehydropiperidones is
the key step in which the chirality is introduced in the system.
The defined stereochemical outcome of the lithiation–substitution
reaction allows one of the diastereoisomers to be obtained
selectively during the formation of the second stereogenic center.
To demonstrate the versatility of this enantioselective C–C bond
formation, this approach was applied in the synthesis of the natural
alkaloid (+)-myrtine 1 which was obtained in four steps and 14%
overall yield from 2. This represent the first synthesis of myrtine
based on a catalytic enantioselective procedure.
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The organocatalytic ring-opening of N-tosyl protected
aziridines by b-ketoesters under chiral PTC-conditions, lead-
ing to the formation of optically active aminoethyl function-
alised compounds with up to 99% ee, has been developed.


Ring-opening transformations of small aza-heterocycles provide
excellent routes for the construction of important synthetic targets
containing the aminoethyl fragment.1 This fragment is found
in a wide variety of natural products and nitrogen-containing
pharmaceuticals (Fig. 1),2 and both the biological activity and
structural complexity of these compounds have made them
prominent synthetic targets.


Fig. 1 Nitrogen heterocycles containing the aminoethyl fragment.


In recent years, the asymmetric ring-opening of aziridines
catalysed by chiral metal complexes has emerged as an important
synthetic strategy for the preparation of these versatile chiral build-
ing blocks.3 The recent well-designed work by Shibasaki et al.4 on
the lanthanide-catalysed enantioselective ring-opening of meso-
aziridines with trimethylsilyl-protected nucleophiles (TMSCN and
TMSN3) and the application of this methodology towards a
practical synthesis of Tamiflu5 highlights the importance of such
processes.


However, the organocatalytic version of the asymmetric ring-
opening of aziridines is a more difficult task. Although there
has been some success using phase-transfer catalysis (PTC)6


and Brønsted acid catalysis,7 employing the highly reactive
PhSH8 or trimethylsilyl protected cyanide (TMSCN)9 as nucle-
ophilic species, the utilization of less reactive carbon-based pro-
nucleophiles, such as b-ketoesters, is yet to be explored. A recent
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paper by Dixon et al. prompted us to present our contribution to
enantioselective ring-opening reactions of aziridines.10


Recently, our group has shown that the N-9-anthracenylmethyl
O-adamantoyl derivatised cinchonine 3c is a privileged catalyst
in the sense of conducting the electrophilic functionalisation
of a range of b-ketoesters in a generally highly stereoselective
manner.6g,11,12 Therefore, we envisioned that employing PTC
conditions, using 3 as the catalyst, for the reaction of b-ketoester
1 with N-protected aziridine 2 might lead to the enantioselective
formation of 4 (Scheme 1).10 Indeed, reacting 1a with 2a in the
presence of an aqueous base and catalytic amounts of 3c led to
the formation of enantioenriched alkylated product 4a.


Scheme 1 General scheme of the asymmetric organocatalytic ring-
opening of N-protected aziridines.


For the optimization screening, compound 1a was used as a
representative nucleophile. Various conditions, including base-
strength, temperature and choice of catalyst, were modified in
order to achieve satisfactory levels of enantioselectivity and yield.
Table 1 shows some representative results leading to the finding
of optimal conditions. Starting with the screening of catalysts, it
was quickly recognized that the 9-OR substituent was crucial for
the enantioselectivity.12 Having 1-adamantoyl at the 9-O position
of 3 (3c, R = 1-adamantoyl) was vital for obtaining a high
stereoselectivity. Thus, exchanging a proton (3a)13 with the far
more bulky 1-adamantoyl (3c) resulted in a tremendous increase
in stereoselectivity—from a racemate to an almost enantiopure
product (Table 1, entries 1 vs. 3). As expected, the less bulky allyl
group (3b) also led to lower enantioselectivity (entry 2). High
yields were obtained for all three catalysts. Entries 3 to 5 show
the effect of the reaction temperature on the enantioselectivity.
Increasing the temperature from 2 ◦C to ambient temperature had
a decremental effect on the enantioselectivity (84% versus 97% ee,
entries 4, 3). Likewise, decreasing the temperature to −20 ◦C had
an incremental effect (99% vs. 97% ee, entries 5, 3). Unfortunately,
the yield was reduced to an unacceptable level of 20%. Next, the
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Table 1 Optimization screening for the addition of 1a to 2 under PTC conditionsa


Entry Pg Cat (6 mol%) Aq. base (wt%) Temp/◦C Yield (%)b Ee (%)c


1 Ts (2a) 3a K2CO3 (33%) 2 83 0
2 Ts (2a) 3b K2CO3 (33%) 2 78 26
3 Ts (2a) 3c K2CO3 (33%) 2 87 97
4 Ts (2a) 3c K2CO3 (33%) rt 80 84
5 Ts (2a) 3c K2CO3 (33%) −20 20 99
6d Ts (2a) 3c K2CO3 (33%) 2 80 80
7e Ts (2a) 3c K2CO3 (33%) 2 56 70
8 Ts (2a) 3c K2HPO4 (50%) 2 68 53
9 Ts (2a) 3c Cs2CO3 (66%) 2 78 74


10 Boc (2b) 3c K2CO3 (33%) 2 traces nd
11 Cbz (2c) 3c K2CO3 (33%) 2 traces nd


a All the reactions were performed using 0.2 mmol of 1a, 0.1 mmol of 2, 6 mol% of the catalyst 3 (except for entries 6 and 7), 1.5 mL o-xylene–CHCl3


(7 : 1) and 0.4 mL of aqueous phase. b Isolated yield. c Ee was determined by CSP-HPLC. d 3 mol% of the catalyst 3c was used. e 1.5 mol% of the catalyst
3c was used.


amount of catalyst 3c was modified in order to observe a possible
effect on the yield and enantioselectivity. Using 6 mol% of the
catalyst led to an excellent enantioselectivity of 97% ee (entry 3),
whereas employing 3 mol% resulted in 80% ee, though still with
good yield (entry 6). Lowering the catalytic loading further to
1.5 mol% led to an even further decrease in enantioselectivity and
a moderate yield (entry 7). Investigating the effect of the aziridine
protecting group, we found that replacing the tosyl group with
the less activating Cbz or Boc protecting groups only led to the
isolation of traces of the product (entries 10, 11). It was thus
concluded that a more electron-withdrawing protecting group, like
the tosyl, was necessary in order for the reaction to proceed under
these mild conditions. Finally, it was recognized that for aziridine
2a, 33% aq. K2CO3 was the optimal base for obtaining high yield
and enantioselectivity (entries 3 vs. 8 and 9).


Having in our hands a general and efficient protocol for the
asymmetric ring-opening of aziridine 2a, we focused on the scope
and limitations of the procedure. A range of pro-nucleophiles were
examined, modified with respect to steric and electronic effects.
As shown in Table 2, different cyclic b-ketoesters were found
to be appropriate for this catalytic transformation, providing
the opened adduct generally in good to excellent yields and
enantioselectivities. As expected, the catalytic system had to
be fine-tuned for some nucleophile species, primarily through
variation of the aqueous base. Adjoining a second methoxy group
on the aromatic moiety (1b, Table 2, entry 2), still using 33% aq.
K2CO3 as base, led to 4b in 86% yield and with a slight decrease
in enantioselectivity—90% ee—compared to 4a (entry 2 vs. 1).
While the dimethoxy-indanone derivative 1b worked optimally
with the initially established conditions, the b-ketoester 1c, bearing
an electron-withdrawing group attached at the aromatic group,
gave 87% ee with 33% aq. K2CO3, whereas changing to the
milder base 50% aq. K2HPO4 gave the desired product with an
increased enantioselectivity of 93% ee (entry 3). For the non-
substituted indanone derivative 1d, both 33% aq. K2CO3 and 50%
aq. K2HPO4 gave the desired product 4d with 87% ee. In addition,
the yields were a comparable 84% and 87%, respectively (entry 4).


In order to establish the steric effect of the ester moiety, the tert-
butyl ester group was replaced by a methyl ester. Previous studies
have shown a decremental effect when lowering the bulk of the
ester moiety.12 Entries 4 and 5 clearly show the effect for this
system. The more bulky tert-butyl ester version 1d led to a much
more enantioenriched adduct (87% ee) than the corresponding
methyl ester version (70% ee). We also attempted to enhance
the scope by increasing the size of the non-aromatic ring from
a cyclopentyl to a cyclohexyl moiety (entry 6), but unfortunately
no conversion was observed, even with the strong bases 50% aq.
K3PO4 or 10% aq. NaOH. Realising that only five-membered
ring systems would be reactive enough for the ring-opening of
the N-tosyl protected aziridines, we then examined the effect
of regioisomerism. Thus, reacting 1g at 2 ◦C using 50% aq.
K2HPO4 as base led to a disappointing 60% ee (entry 7). Then
we re-investigated the effect of the temperature and, surprisingly,
an increase in enantioselectivity was observed when conducting
the reaction at ambient temperature. Further increasing the
temperature to 40 ◦C caused a lower enantioselectivity of 53%.
Interestingly, there appears to be a temperature between 2 ◦C
and 40 ◦C in which optimal conditions are met for achieving
the highest stereoselectivity with 1g. Finally, we tested the non-
phenyl-fused cyclopentanone derivative 1h (entry 8). As expected,
this substrate proved to be much less reactive than its phenyl-
fused counterparts. Thus, the strongly basic 50% aq. K3PO4


and an increase in concentration were necessary in order to
achieve acceptable amounts of product 4h within a reasonable
period of time. The enantiomeric excess of this compound
was 77% ee.


Having completed the scope of the ring-opening of N-tosyl
protected aziridines with cyclic b-ketoesters we studied the b-
ketoamide 1i. This secondary amide gave a disappointing enan-
tioselectivity of 23% ee (entry 9). A small screening of catalysts
3a–c and the aqueous bases did not improve the stereoselectivity.
A protection of the nitrogen atom, in order to avoid any possible
pivotal hydrogen-bonding between the amide functionality and
the catalyst, was not attempted.
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Table 2 Scope of the ring-opening of N-tosyl protected aziridines by various b-ketoestersa


Entry b-Ketoester Aq. base (wt%) Temp/◦C Product Yield (%)b Ee (%)c


1 K2CO3 (33%) 2 4a—87 97


2 K2CO3 (33%) 2 4b—86 90


3 K2CO3 (33%)
K2HPO4 (50%)


2 4c—79
83


87
93


4 K2HPO4 (50%)
K2CO3 (33%) 2 4d—84


87
87
87


5 K2HPO4 (50%) 2 4e—89 70


6 K3PO4 (50%)
10% NaOH 2 4f—0


0
nd
nd


7 K2HPO4 (50%) 2
rt
40


4g—nd
74
nd


60
76
53


8d K3PO4 (50%) 2 4h—53 77


9 K3PO4 (50%) 2 4i—82 23


a All reactions were performed with 0.2 mmol 1, 0.1 mmol 2a and 6 mol% of the catalyst 3c, 1.5 mL o-xylene–CHCl3 (7 : 1) (except for entry 8) and 0.4 mL
of aqueous phase were used. b Isolated yield. c Ee was determined by CSP-HPLC. d 0.5 mL of o-xylene–CHCl3 (7 : 1) was used.
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To prove the synthetic applicability of the developed protocol, a
gram-scale reaction was set up. Following the general procedure,
reacting 1a with 2.5 mmol of 2a for 24 h, yielded the product in
82% yield with 84% ee, which crystallises to be an enantiopure
compound.


The absolute configuration of the product 4a was established by
X-ray crystallography to be S (Fig. 2).14 As such, it is in agreement
with previous findings11 when catalyst 3c was used for electrophilic
functionalisations of b-keteoesters.


Fig. 2 X-Ray structure of 4a. For clarity, the structure has been simplified
by removal of selected atoms. (C = grey, O = red, N = blue, S = yellow)


In conclusion, we have presented an organocatalytic asymmetric
ring-opening of N-tosyl protected aziridines catalysed by the
phase-transfer N-9-anthracenylmethyl O-adamantoyl derivatised
cinchonine catalyst, recently developed by our own group. The
absolute configuration of the products was determined to be S
by X-ray crystallography. Finally, it was shown that a gram-scale
process is feasible, proving the synthetic value of the procedure.
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1.344 g cm−3, l(Mo Ka, k = 0.71073 Å) = 0.183 mm−1, 4819 reflec-
tions collected, 4819 unique [Rint = 0.0443], which were used in all
calculations. Refinement on F 2, final R(F) = 0.0604, Rw(F2) = 0.1296.
CCDC 695828.


3470 | Org. Biomol. Chem., 2008, 6, 3467–3470 This journal is © The Royal Society of Chemistry 2008








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


Preparation of a spontaneous resolution chiral fluorescent system using
2-anthracenecarboxylic acid†


Yoshitane Imai,*a Kensaku Kamon,a Katuzo Murata,a Takunori Harada,b Yoko Nakano,c Tomohiro Sato,b


Michiya Fujiki,c Reiko Kurodab,d and Yoshio Matsubara*a


Received 15th May 2008, Accepted 6th June 2008
First published as an Advance Article on the web 10th July 2008
DOI: 10.1039/b808242a


A spontaneous resolution chiral fluorescent system is prepared by using 2-anthracenecarboxylic acid,
and racemic (rac)-1-phenylethylamine or rac-1-cyclohexylethylamine. Although chiral functional
organic materials are usually prepared using chiral molecules, in this system, a chiral organic
fluorophore, which exhibits fluorescence in the solid state, is prepared from achiral and rac molecules.


Introduction


The potential application of solid-state fluorescence techniques to
organic electroluminescence (EL) devices, optoelectronic devices,
etc. has attracted considerable attention.1 In particular, the
demand for a chiral fluorophore exhibiting circularly polarized
luminescence (CPL) has increased. Previously reported solid-state
organic fluorophores mostly comprise a single molecule,2 and there
are very few reports on supramolecular organic fluorophores con-
taining two or more organic molecules.3 Most of these supramolec-
ular complexes, however, do not exhibit chirality. Recently, we
have succeeded in preparing a solid-state chiral supramolec-
ular organic fluorophore composed of two types of organic
molecules–fluorescent 2-anthracenecarboxylic acid (1), which is
one of the most famous and important fluorescent units, and
chiral 2-amino-1,2-diphenylethanol.4 Although chiral functional
organic materials are usually prepared using chiral molecules, in
this system the chiral supramolecular organic fluorophore has
been obtained using achiral 1 and racemic (rac)-2-amino-1,2-
diphenylethanol—an equimolar mixture of (1R,2S)–and (1S,2R)-
2-amino-1,2-diphenylethanol. That is, this chiral fluorophore is a
spontaneous resolution fluorescent system. Generally, most chiral
molecules are not easily available and are more expensive than
achiral or rac molecules. Therefore, chiral supramolecular organic
fluorophores prepared using achiral or rac molecules can be
used for the industrial production of chiral fluorophores without
the use of any chiral auxiliaries, by a preferential crystallization
method. As previously reported, the fluorescent 1–2-amino-1,2-
diphenylethanol system is useful for the preparation of novel chiral
fluorophores. However, it is not easy to predict the formation of
spontaneous resolution systems for new component molecules.
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In this paper, we report the formation of a novel chiral
supramolecular organic fluorophore and its optical properties;
the chiral fluorophore is prepared by employing achiral or rac
supramolecular building blocks. 1 is used as one of the acid
building blocks. Achiral and rac amine molecules, i.e., 4-tert-
butylbenzylamine (2), rac-1-phenylethylamine (rac-3), and rac-1-
cyclohexylethylamine (rac-4) are used as the other base building
blocks.


Results and discussion


First, the complexation behavior of the 1–2 system is studied. The
chiral supramolecular complex is prepared via crystallization from
an ethanol (EtOH) solution. A mixture of 1 and 2 is dissolved in the
EtOH solution and allowed to stand at room temperature. After
a few days, a large number of crystals of complex I, composed
of 1 and 2, are obtained. The X-ray crystal structure analysis
of complex I is shown in Fig. 1†. Complex I is a rac complex.
That is, the stoichiometry of complex I is 1 : 2 = 1 : 1, and its
space group is P21/c. This complex has a characteristic pseudo-
21-helical columnar network structure along the b-axis (Fig. 1a).
This column is mainly formed by the carboxylate oxygens of the
carboxylic acid anions (indicated by the molecules in blue in Fig. 1)
and the ammonium hydrogen of the protonated amines (indicated
by the molecules in green). Although complex I is formed by
the assembly of the pseudo-21-columns, obvious intercolumnar
interactions are not present (Fig. 1b).5


A useful feature of the supramolecular system is that the
structure of the supramolecular complex can be easily controlled
by changing the component molecules. Thus the rac amine
molecules (3 and 4) can be used instead of 2. Next, the 1–rac-3
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Fig. 1 Crystal structure of complex I. Molecules of 1 and 2 are indicated
by the molecules in blue and green, respectively. (a) Pseudo-21-helical
columnar hydrogen- and ionic-bonded network parallel to the b-axis.
(b) Packing structure observed along the b-axis.


system is studied. Similarly to the preparation of the 1–2 system,
the chiral fluorophore 1–3 system is prepared via crystallization
from an EtOH solution. A mixture of 1 and rac-3 is dissolved
in the EtOH solution and allowed to stand at room temperature.
After a few days, colorless crystals of complex II, consisting of
1 and 3, are obtained. The X-ray crystal structure analysis of
complex II is shown in Fig. 2†. Interestingly, this complex exhibits
chirality and is the same as that obtained from the 1–(R)-3 system.
The stoichiometry of complex II is 1 : (R)-3 = 1 : 1, and its
space group is P21. This difference between complex II and the
previously reported 1–2-amino-1,2-diphenylethanol system is that
the former does not contain EtOH molecules. This complex has
a characteristic 21-helical columnar network structure along the
b-axis (Fig. 2a). This column is mainly formed by the carboxylate
oxygen of the carboxylic acid anions (Fig. 2, indicated by the
molecules in blue) and the ammonium hydrogen of the protonated
amines (Fig. 2, indicated by the molecules in green). Complex II is
formed by the self-assembly of the 21-columns by two anthracene–
anthracene edge-to-face interactions (2.68 and 2.85 Å, indicated


Fig. 2 Crystal structure of complex II. Molecules of 1 and 3 are
indicated by the molecules in blue and green, respectively. (a) 21-Helical
columnar network structure along the b-axis. (b) Packing structure
observed along the b-axis. The red, blue, and purple arrows indicate the
anthracene–anthracene edge-to-face, benzene–anthracene edge-to-face,
and anthracene–benzene edge-to-face interactions, respectively.


by the red arrows in Fig. 2b), two benzene–anthracene edge-to-
face interactions (2.74 and 2.97 Å, indicated by the blue arrows),
and one anthracene–benzene edge-to-face interaction (2.92 Å,
indicated by the purple arrow).


Subsequently, rac-4 with a cyclohexane ring is used instead of
rac-3. Using the same procedure, a chiral supramolecular organic
fluorophore is prepared by crystallization from the same EtOH
solution. As a result, complex III, containing 1 and 4 without any
EtOH molecules, is obtained. The crystal structure of complex
III is shown in Fig. 3†. Interestingly, complex III also exhibits
chirality and is the same as that obtained from the 1–(S)-4 system.
The stoichiometry of complex III is 1 : (S)-4 = 1 : 1, and its space
group is the same as that of crystal II, i.e., P21. This complex also
has a characteristic 21-helical columnar network structure along
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Fig. 3 Crystal structure of complex III. Molecules of 1 and 4 are
indicated by the molecules in blue and green, respectively. (a) 21-Helical
columnar network structure along the b-axis. (b) Packing structure
observed along the b-axis. The red and blue arrows indicate the CH–p
and anthracene–anthracene edge-to-face interactions, respectively.


the b-axis, formed by the carboxylate oxygen of the carboxylic acid
anions and the ammonium hydrogen of the protonated amines
(Fig. 3a). In contrast with complex II, complex III is formed by the
self-assembly of the 21-columns by one CH–p (3.00 Å, indicated
by the red arrow in Fig. 3b) and three anthracene–anthracene
edge-to-face interactions (2.74, 2.79, and 2.84 Å, indicated by the
blue arrows). In both 1–rac-3 and 1–rac-4 systems, chiral crystals
II′, composed of 1 and (S)-3, and chiral crystals III′, composed of
1 and (R)-4, were also obtained in each batch, respectively. This
shows that these systems are spontaneous resolution systems.


From the X-ray crystallographic analysis, it is confirmed that
these spontaneous resolution systems form the chiral crystals in
two steps. In the first step, a chiral 21-helical columnar structure
suitable for the 1D network structure is formed by selecting the


appropriate combination from the three molecules [1, (R)-3 (or
-4), and (S)-3 (or -4)]. In the second step, on the basis of the
packing structure, suitable chiral crystals are formed by varying
the 21-helical column packing, i.e., by the self-assembly of the 21-
helical columns with the same chirality. Moreover, by comparing
the crystal structures of the chiral complexes II and III with that
of the previously studied 1–2-amino-1,2-diphenylethanol system,
it appears that 1, along with the amine molecules, easily forms the
21- or pseudo-21-helical columnar network structure comprising
two 1 and two amine molecules when observed along the column.
Therefore, this system may relatively easily form chiral complexes
because chiral complexes can be formed only if columns with the
same chirality are assembled.6


In order to study the asymmetric environments of complexes II
and III, their solid-state circular dichroism (CD) spectra have been
measured using a KBr pellet. The solid-state CD and absorption
spectra of complex II are shown in Fig. 4 (indicated by the
blue line). The peaks in the CD spectrum originating from the
anthracene ring are observed at 358, 375, 397, and 404 nm. The
circular anisotropy (gCD = DOD/OD) factor of the last Cotton
effect (kCD = 404 nm) is approximately −0.6 × 10−3. In order
to check if the crystal has caused any artifact in the spectrum,
complex II′, composed of (S)-1-phenylethylamine [(S)-3] instead
of (R)-3 is prepared, and the CD and absorption spectra of
complex II′ are measured (Fig. 4, indicated by the green line). This
CD spectrum is found to be a mirror image of the CD spectrum
of complex II.


Fig. 4 CD and absorption spectra of complexes II (blue line) and II′


(green line) in the solid state (KBr pellets).


Similarly, the solid-state CD and absorption spectra of complex
III are shown in Fig. 5 (indicated by the green line). The features in
the CD spectrum originating from an anthracene ring are observed
at 376, 396, and 407 nm. The gCD factor of the last Cotton effect
(kCD = 407 nm) is approximately 0.6 × 10−3. On the other hand, the
CD spectrum of complex III′, composed of (R)-4, is found to be a
mirror image of the CD spectrum of complex III (indicated by the
blue line in Fig. 5). These results show that an effective chirality
transfer from 3 or 4 to 1 takes place through complexation. When
the CD spectra of the 1–3 system are compared to those of the 1–4
system, the two spectra are found to be similar, particularly the
wavelengths and signs of the Cotton effect, and the gCD factors are
almost the same. This similarity is caused by the relative positions
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Table 1 Crystal shape and solid-state fluorescence spectral data of
complexes II and III and fluorescent molecule 1


Crystal shape kex/nm kem/nm UF


Complex II Colorless needle 371 430 0.20
Complex III Colorless needle 372 440 0.24
1 Yellow powder 408 464 0.04


Fig. 5 CD and absorption spectra of complexes III (green line) and III′


(blue line) in the solid state (KBr pellets).


of the anthracene rings in complexes II and III being almost the
same, and does not depend on the type of amine molecule used.


Since this spontaneous resolution system comprises 1, which
is fluorescent, the obtained chiral complexes may exhibit fluores-
cence. In order to study the solid-state optical properties of this
system, the solid-state fluorescence spectra of complexes II and III
have been measured (Table 1).


Although many organic fluorophores lose their fluorescence in
the solid state, complexes II and III show fluorescence even in the
solid state. The solid-state fluorescence maxima (kem) of complexes
II and III are 430 and 440 nm, respectively, and hypsochromic
shifts (34 nm for complex II and 24 nm for complex III) are
observed relative to the kem of 1. The absolute values of the
photoluminescence quantum yield (UF) of complexes II and III
increase from 0.04 to 0.20 and from 0.04 to 0.24, respectively,
relative to that of 1. A comparison of the structures of complex
II (or III) and 1 reveals that although 1 may exist as a dimer
due to hydrogen bonding in the solid state, 1 in complexes II
and III comprises a strong hydrogen- and ionic-bonded columnar
network that suppresses the concomitant nonradiative processes.
It is inferred that one of the reasons for the increase in UF after
complexation is the change in the bonding style of 1. On the other
hand, when comparing complexes II and III, although UF and
kem in these two complexes are different, significant differences
are not observed despite using the cyclohexane ring instead of
the benzene ring in complex III. From the detailed structural
analyses, comparision of complex II with complex III shows that
the distance between the anthracene rings along the column is
found to slightly decrease from 6.15 Å to 6.11 Å (A, Fig. 2a and 3a).
Although the distance between the 21-columns (B, Fig. 2b and 3b)
increases from 9.32 to 10.91 Å, the distance between the columns


(C, Fig. 2b and 3b) decreases (15.35 Å and 14.65 Å for complexes
II and III, respectively). It is thought that the difference in kem of
complexes II and III is due to the difference in the excited singlet
state, mainly caused by small changes in the relative arrangements
of the fluorescent anthracene rings.


Conclusions


A novel chiral supramolecular organic fluorophore has been
successfully prepared by using 1 and rac-3 (or -4). That is, a novel
spontaneous resolution chiral fluorescence system has been found.
Since it is not easy to predict the structure of supramolecular
organic complexes for new component molecules, it is expected
that this study will provide useful information on the formation of
novel spontaneous resolution systems consisting of supramolec-
ular complexes. Moreover, although many organic fluorophores
lose their fluorescence in the solid state, this chiral supramolecular
fluorophore shows stronger fluorescence on complexation as
compared to 1 in the solid state. This further enhances the potential
of this fluorescence system, enabling its application in the design
of novel solid-state chiral supramolecular organic fluorophores
exhibiting spontaneous resolution.


Experimental


General methods


All reagents were used directly as obtained commercially. Compo-
nent molecules 1–4 were purchased from Tokyo Kasei Kogyo Co.
EtOH was purchased from Wako Pure Chemical Industry.


Formation of the complex by crystallization from an
EtOH solution


1 (10 mg, 0.045 mmol) and an amine (0.045 mmol) were dissolved
in EtOH (2 mL). After 3–5 days, a large number of crystals [crystals
of complex I for the 1–2 system (6 mg), a mixture of crystals of
complexes II and II′ for the 1–3 system (5 mg), and a mixture of
crystals of complexes III and III′ for the 1–4 system (6 mg)] were
obtained. The weight of the crystals is the total weight of crystals
obtained in one batch.


X-ray crystallographic study of the complexes


X-ray diffraction data for single crystals were collected using
BRUKER APEX. The crystal structures were solved by the
direct method7 and refined by full-matrix least-squares using
SHELX97.8 The diagrams were prepared using PLATON.9


Absorption corrections were performed using SADABS.10 Non-
hydrogen atoms were refined with anisotropic displacement pa-
rameters, and hydrogen atoms were included in the models in
their calculated positions in the riding model approximation.
Crystallographic data for I: C11H17N·C15H10O2, M = 385.49,
monoclinic, space group P21/c, a = 18.2494(14), b = 6.5375(5),
c = 17.7953(13) Å, b = 99.5320(10)◦, V = 2093.8(3) Å3, Z = 4,
Dc = 1.223 g cm−3, l(Mo–Ka) = 0.077 mm−1, 12454 reflections
measured, 4745 unique, final R(F2) = 0.0674 using 3578 reflections
with I > 2.0r(I), R(all data) = 0.0940, T = 100(2) K. CCDC
681597. Crystallographic data for II: C8H11N·C15H10O2, M =
343.41, monoclinic, space group P21, a = 9.319(3), b = 6.1500(17),
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c = 15.347(4) Å, b = 90.088(5)◦, V = 879.6(4) Å3, Z = 2, Dc =
1.297 g cm−3, l(Mo–Ka) = 0.082 mm−1, 7730 reflections measured,
3934 unique, final R(F2) = 0.0518 using 3257 reflections with I >


2.0r(I), R(all data) = 0.0663, T = 120(2) K. CCDC 681595.
Crystallographic data for III: C8H17N·C15H10O2, M = 349.46,
monoclinic, space group P21, a = 10.9057(9), b = 6.1084(5),
c = 14.6448(12) Å, b = 102.4310(10)◦, V = 952.71(14) Å3,
Z = 2, Dc = 1.218 g cm−3, l(Mo–Ka) = 0.077 mm−1, 8407
reflections measured, 4179 unique, final R(F2) = 0.0453 using
3527 reflections with I > 2.0r(I), R(all data) = 0.0559, T =
135(2) K. CCDC 681596. Crystallographic data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge, CB2 1EZ, UK; fax: (+44)1223-336-033;
deposit@ccdc.cam.ac.uk)†.


Measurement of solid-state CD and absorption spectra


The CD and absorption spectra were measured using a Jasco
J-800KCM spectrophotometer. The solid-state samples were pre-
pared according to the standard procedure for obtaining glassy
KBr matrices.11


Measurement of solid-state fluorescence spectra


Solid-state fluorescence spectra and absolute photo-luminescence
quantum yields were measured by an absolute PL quantum yield
measurement system (C9920-02, HAMAMATSU PHOTONICS
K. K.) under an air atmosphere at room temperature.
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c-Turn analogues comprising a modified dipeptide constrained in an eleven-membered ring were
prepared by alkene metathesis and analysed by NMR and molecular modelling studies. The results
reveal that some of the cyclic analogues form inverse c-turns and preferentially adopt conformations
determined by the identity of the incorporated amino acid residues and the nature of the constraining
linker (E/Z-alkene or alkane).


Introduction


Many pharmaceutical and biological probes may be viewed as
conformationally constrained analogues of peptides (for reviews
see ref. 1–5). Significant attention has been focused on analogues
of b-turns, but less work has been directed towards analogues
of c-turns, which involve three residues. In c-turns (Fig. 1a), the
carbonyl oxygen of the first residue (i) may be hydrogen bonded
to the amide NH of the third residue (i+2), giving rise to a seven-
membered ring. The term ‘open c-turn’ is used for situations where
no formal intramolecular hydrogen bond is present. There are two
types of c-turns, classic and inverse, defined according to their
φ and w torsion angles.6 The classic and inverse c-turns differ
in that the main-chain atoms of the two forms are related by


Fig. 1 (a) Structure of the c-turn; (b) view of the ‘open c-turn’ of the VNA
residues (802–804) of the C-terminal transcriptional activation of hypoxia
inducible factor-1a (HIF-1a) in the binding conformation observed when
in complex with factor inhibiting HIF (FIH), an asparaginyl hydroxylase.8
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mirror symmetry. It has been proposed that inverse c-turns are
intermediates in protein folding and stabilise b-strands before they
become b-sheets.7


c-Turns also occur in receptor–peptide ligand interactions,9


and in enzyme–substrate complexes.10–12 One example of the
latter occurs in the substrate conformation adopted by the
substrate in the complex formed between factor inhibiting hypoxia
inducible factor-a (FIH), a dimeric asparaginyl hydroxylase, and
its substrate, the C-terminal transcriptional activation domain of
HIF-1a (hypoxia inducible factor-1a).8 In a crystal structure of an
FIH–HIF-1a-Fe(II)-2-oxoglutarate complex, the residues Val802-
Asn803-Ala804 (VNA) of HIF-1a adopt an inverse c-turn with
dihedral angles, φ(i+1) of −78◦ and w(i+1) of 61◦ and a Ca(i) to
Ca (i+2) distance of 5.5 Å8 (Fig. 1b). This c-turn structure positions
the Asn803 b-methylene adjacent to the active site iron of FIH in
preparation for asparaginyl hydroxylation.


FIH has also recently been reported to catalyse the hydroxy-
lation of human ankyrin repeat domain proteins.13 Fragments of
ankyrin repeat domain proteins were shown to bind to FIH in
an identical manner to HIF-1a786–826 in the active site region, i.e.
with an inverse c-turn.14 This observation was interesting because
crystallographic analyses of ankyrin repeat domain proteins
normally comprise repeats of well defined helix-turn-helix motifs,
that would not likely bind to FIH in a catalytically productive
manner.


FIH15–17 is one of the HIF-a hydroxylases that act as oxygen
sensors in humans; these enzymes are therapeutic targets with
a view to inducing the hypoxic response for therapeutic effect
(for review see ref. 18). We are interested in inhibiting the HIF
hydroxylases and in understanding the dynamics of the FIH–
HIF-1a interaction. One strategy to inhibit FIH would be using
conformationally restrained cyclic analogues of the c-turn adopted
by the HIF-1a substrate at the FIH active site. There are no
reports on how the nature of the linker used to form a cyclic
analogue can alter the conformation of c-turn analogues. To
address this question, we targeted the synthesis of potential c-
turn analogues constrained by an aliphatic chain. We report the
synthesis and analysis of conformationally constrained c-turn
analogues based on an eleven-membered ring structure generated
by alkene metathesis. NMR and modelling studies reveal that the
cyclic template can stabilise a c-turn conformation. Importantly,
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we find that the nature of the linker sequence (E- or Z-alkene) can
significantly alter the observed conformations in solution.


Results and discussion


Synthesis of c-turn analogues


We used a four step route employing a ring closing metathesis
(RCM) procedure, analogous to that used by Hanessian and
Angiolini in their preparation of b-turn mimetics (Scheme 1).19


Initially, N-Boc-protected L-amino acids (1 and 6) were coupled
with the methyl ester of L-allylglycine by the EDAC–HOBt–
NEt3 coupling procedure to give N-Boc-L-AA-L-allylglycine-OMe
(2 and 7) (AA = amino acid residue; EDAC = 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride; HOBT = 1-
hydroxybenzotriazole hydrate). Deprotection of the N-Boc group
of the dipeptide afforded the free amines, which were coupled
with N-Boc-L-allylglycine to yield the substrates (3 and 8) for the
RCM reaction. The precursors (3 and 8) underwent successful
RCM using benzylidene[1,3-bis(2,4,6-trimethylphenyl)-2-imida-
zolidinylidene ] dichloro ( tricyclohexylphosphine ) ruthenium20 as
catalyst to yield 4a and 9, respectively, as a mixture of E-
and Z-isomers, in moderate to good yields. The E- and Z-
isomers derived from the proline-containing peptide (9) were
difficult to separate by chromatography and were thus used as
a mixture in the hydrogenation step. In contrast, the corres-
ponding E- and Z-isomers derived from 4a were separable by
chromatography. The targets E-4b, Z-4b, 5 and 10 were prepared
from 4a and 9 by hydrogenation and/or deprotection by saponi-
fication (LiOH–THF–H2O) and CF3CO2H treatment. NMR
analyses, predominantly in the form of NOEs, and molecular
dynamics calculations were then used to investigate the solution
conformations of the proposed c-turn mimics E-4b, Z-4b, 5
and 10.


Conformational studies of the c-turn analogues


(S,S)-(7Z)-10-Amino-3,11-dioxo-1,4-diaza-cycloundec-7-ene-5-
carboxylic acid (Z-4b). The 1H NMR spectrum of Z-4b in


[2H]6-DMSO at 298 K indicated the presence of two
conformational isomers, A and B, in a 2 : 1 ratio, respectively, that
were shown by 2D ROESY spectra to be undergoing exchange.
In order to investigate the structures of the two conformers,
further NMR analyses were carried out at low temperature in
[2H]5-pyridine, which was the only solvent tested in which Z-4b
was sufficiently soluble at low temperature. At 238 K, two Z-4b
conformers A and B were present in a ratio of 2 : 1 as before.
A full assignment and conformational study was performed at
238 K using standard 2D NMR techniques (see Experimental
Section and ESI†). The temperature dependence of the amide
proton chemical shifts was investigated between 278 and 233 K to
investigate intramolecular hydrogen-bonding; the results revealed
that the temperature dependence of the two Z-4b conformers
was very similar and linear over this range. However, for both
Z-4b conformers, the temperature coefficients of NH1 and NH4
differed significantly (−9.0 (A), −8.5 (B) ppb/K for NH1 and
−5.0 (A), −4.5 (B) ppb/K for NH4). The NH temperature
dependencies for NH1 versus NH4 suggests that in [2H]5-pyridine,
a hydrogen-bonding solvent, NH4 has a greater propensity than
NH1 for hydrogen-bonding in both Z-4b A and B, although the
magnitude of the temperature coefficient suggests a rather weak
hydrogen bond interaction.21


A more detailed analysis of the conformations was then
undertaken through consideration of NOEs and spin coupling
constants. At 238 K, conformational exchange between Z-4b
conformers A and B was not observed on the NMR timescale, as
shown by the loss of exchange cross peaks in the ROESY spectrum
allowing a separation of the NOE data for each conformer (see
ESI†). These data indicate that a principle difference between the
Z-4b A and B conformers resides in the relative orientation of the
alkene with respect to NH1 and NH4 (Fig. 2 and 3).


In Z-4b conformer A, strong NOEs between NH1 and H8, H5
and H7 and NH4 and H6 were observed; these imply that the
alkene is on the same face as NH1 and H5, but on the opposite
face to NH4. NOEs between NH1 and H10 and between H10
and H8 were also observed. A conformation consistent with all
the available experimental data for Z-4b conformer A is shown
in Fig. 2. The observed proton coupling constants provided


Scheme 1 Reagents and conditions: (i) EDAC, HOBt, NEt3, L-allylgly-OMe·HCl, CH3CN, 0 ◦C to rt., 6 h; (ii) CF3CO2H, CH2Cl2, 0 ◦C to rt., 30 min;
(iii) EDAC, HOBt, NEt3, N-Boc-L-allylgly-OH, CH3CN, 0 ◦C to rt., 6 h; (iv) 10 mol% (PCy3)2Cl2Ru benzylidene catalyst, CH2Cl2, reflux, 8 h; (v) Pd/C,
H2, CH2Cl2; (vi) LiOH, THF, H2O.
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Fig. 2 View from a molecular model of Z-4b conformer A with significant
NOEs indicated. NOEs shown in black are common to both Z-4b
conformers A and B whereas those in red were characteristic of Z-4b
conformer A.


Fig. 3 View from a molecular model of Z-4b conformer B with significant
NOEs indicated. NOEs shown in black are common to Z-4b both
conformers A and B whereas those in red were characteristic of Z-4b
conformer B.


further support for a well defined conformational preference
(Table 1). The large coupling constants 3J (NH4,H5) (10.8 Hz),
3J (H5,H6) (11.0 Hz), and 3J (H9,H10) (12.6 Hz) were consistent with
approximately antiperiplanar relationships between these protons.
The calculated dihedral angles22 showed good correspondence
with those observed in the representative structure shown in Fig. 2.
Together these observations indicate that the conformation of
the eleven-membered ring of Z-4b conformer A adopts a ‘chair–
chair’ like structure, following the nomenclature employed by
Katzenellenbogen et al. for 10-membered cyclic lactams.23 In the
chair–chair conformation, the protons on positions 5, 6, 9 and
10 of Z-4b conformer A may be described as occupying either
pseudo-axial or pseudo-equatorial positions and hence both H5
and H10 may be considered to occupy pseudo-axial positions in
the respective chairs.


In Z-4b conformer B, NOEs between NH1–H9′ and between
NH1–H10, together with the absence of NH1–H8 and NH4–H6


NOEs (both observed strongly for Z-4b conformer A) defined
the relative location of the alkene as being now away from NH1
and on the opposite face of the structure compared to the Z-4b
conformer A (Fig. 3). Consistent with this change of orientation,
NOEs of similar magnitude were observed between H10 and both
H9 and H9′ as were NOEs between H5 and both H6 and H6′


for Z-4b conformer B. These data suggest H10 and H5 of Z-
4b conformer B occupy pseudo-equatorial positions in the ring
structure. The observed coupling constants concur, with the H10–
H9/H9′ coupling constants both being small (<2 Hz), consistent
with H10 bisecting the two H9 protons; the magnitude of the H5–
H6/H6′ couplings could not be determined due to peak overlap
(Table 1). Furthermore, NOEs between NH1–H2′ and NH4–H2
confirmed that the relative orientations of the amide groups were
as in Z-4b conformer A. Together, these observations suggest
that the alkene of Z-4b conformer B is on the same face as the
carboxylic acid and free amine functionalities, in contrast to Z-
4b conformer A. We propose that the Z-4b A–B interconversion
arises from a series of torsional angle rotations of the single bonds
between C5 and C10 allowed by the 11-membered ring, whilst the
amide bonds remain trans and oriented in opposite directions.


For both Z-4b conformers A and B, it therefore appears
that the 11-membered cyclic structure imposes an inverse c-turn
conformation centred about the glycine residue. The relevant φ


and w angles for the proposed structures fall within the definitions
of an inverse c-turn (φ = −79 ± 40◦, w = 69 ± 40◦) (Table 2).6,24


It is clear, however, that the geometry of the hydrogen bond of the
c-turn is likely distorted with the H-bond angles indicating rather
poor linearity, as is apparent in the proposed structures (Fig. 2
and 3). This may be a consequence of the highly constrained
cyclic structures rendering it not possible for the NH4 and
C11=O groups to readily approach co-planarity. Such geometrical
constraints also appear to limit the conformational flexibility of
Z-4b conformers and allow only a slow “flip–flop” interchange
between the A and B conformers by rotational inversion of the
alkene linker.


(S,S)-(7E)-10-Amino-3,11-dioxo-1,4-diaza-cycloundec-7-ene-5-
carboxylic acid (E-4b). The proton spectrum of the E-
unsaturated glycine derived E-4b at room temperature displayed
broad exchanging signals which could not be adequately assigned
using two-dimensional NMR experiments. The low temperature
proton spectrum in [2H]5-pyridine (238 K) revealed four E-4b
conformers A, B, C, and D in a ratio of ∼1 : 1 : 0.1 : 0.02.


Table 1 Observed 3J-coupling constants, calculated dihedral angles and dihedral angles from energy minimised structures for Z-4b conformers A and B


Z-4b Conformer A Z-4b Conformer B


(3JH,H)/Hz h◦ (3JH,H)a |h◦| (model) (3JH,H)/Hz h◦ (3JH,H)a |h◦| (model)


H10–H9 12.6 161 180 <2 >69 55
H10–H9′ 3.1 61 64 <2 >69 61
NH4–H5 10.8 180 172 9.6 173 159
NH1–H2′ 8.0 151 168 9.3 166 168
NH1–H2′ 3.8 48 47 3.7 50 46
H5–H6 11.0 168 176 —b — —
H5–H6′ 2.6 70 61 —b — —


a Calculated dihedral angles h (3JH,H) were obtained from equation 3JNHa = 6.4cos2h − 1.4cosh + 1.9.22 b J values could not be measured due to peak
overlap for H5, H6 and H6.
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Table 2 Dihedral angles of inverse c-turn analogues (defined by NMR and molecular modelling) compared to those from the HIF802–804 crystal structure8


Dihedral angles/◦ NH–O=C NH–O=C NH–O=C


φ w Angle/◦ Angle/◦ Distance/Å


Z-4b Conformer A −80 79 135 101 2.1
Z-4b Conformer B −83 79 136 98 2.2
E-4b Conformer A −82 52 145 88 2.0
E-4b Conformer B −81 62 142 95 2.0
5 Conformer A −83 50 146 84 2.1
10 −76 62 136 99 2.0
HIF802–804


8 −78 61 147 102 1.9


The assignments of the proton spectra for three of the E-4b
conformers A, B, and C could be achieved using standard 2D
NMR techniques (see ESI† Tables 1–3); E-4b conformer D was
too low in concentration to be assigned. Even at 238 K, E-
4b conformers A and B still underwent exchange on the NMR
timescale, and the NH signals were too broad to decipher
structurally relevant coupling constants (the only discernable NH
coupling constant was that of NH4 for the E-4b minor conformer
C, 3J (NH4,H5) = 8 Hz).


The exchange processes at 238 K for E-4b apparently involved
two pairs of E-4b conformers: (i) A with B, and (ii) C with
D. Evidence for these pairs came from exchange mediated NOE
crosspeaks in the 2D ROESY spectra where no A–B to C–D
exchange was detected. The significant exchange averaging of
the NOEs observed for E-4b conformers A and B precluded the
semi-quantitative analysis of NOE intensities. Hence a qualitative
interpretation of the data, combined with comparisons with those
obtained for the conformers of Z-4b, was employed to investigate
the E-4b A–B exchange processes. It became apparent that the
relationship between the two amide groups of E-4b was as observed
for Z-4b; a consistent set of NOEs between NH1, glycine H2/H2′


and NH4 defined this relationship, with no other NOEs present to
contradict this geometry. Given this constraint, and the geometry
imposed by the E-alkene, there is very limited available torsional
flexibility to enable conformational interchange between E-4b
A and B; we propose that the only readily achievable exchange
process arises from rotational inversion of the alkene (Fig. 4). The
observed NOE patterns (notably those involving NH4, H6/H6′


and H8; see ESI†) supported the existence of the E-4b A and
B conformers, although it was not possible to reliably define
assignments for each because of the exchange averaging of the
NOE data. In the E-4b A and B conformers the inversion of
the alkene geometry would probably be a facile process relative
to that of Z-4b involving, primarily, rotation about the C6–C7
and C8–C9 bonds, consistent with the observed conformational
exchange between E-4b A and B at 238 K. The similar populations


of conformers A and B of E-4b indicate there was no preference
for either form, consistent with their structural similarities.


In contrast, E-4b conformer C showed no evidence for exchange
with E-4b conformers A and B at 238 K, but did exchange with
the E-4b minor conformer D at this temperature. Attempts to
observe exchange of conformer C with E-4b conformers A or B
by recording data at higher temperatures led to highly overlapped,
broad and complex spectra that could not be interpreted further.
The observed NOEs for E-4b conformer C differed somewhat
from those of E-4b A and B and most strikingly presented
a clear NH1–NH4 NOE. This observation, together with the
accompanying NH1–H10 NOE, suggests that the C3–N4 amide
bond has inverted (whilst retaining its trans geometry) such that
the two amide NH protons are now on the same face as one another
(Fig. 5), in contrast to the previously described conformations. The
available data were insufficient to define reliably the orientation of
the alkene in E-4b conformer C and an arbitrary representation is
given in Fig. 5. Although we lack conclusive evidence due to the
very low levels of E-4b conformer D and the spectral complexity
present, it would seem reasonable to suppose E-4b conformer
D arises from inversion of the alkene orientation relative to
E-4b conformer C, as for the Z-4b and E-4b conformer A–B
interchanges. We propose that the inversion of the E-4b C3–N4


Fig. 5 View from a molecular model of compound E-4b conformer
C. Significant NOEs are indicated although insufficient data were available
to define the alkene orientation and an arbitrary C7-up, C8-down
relationship is shown.


Fig. 4 View from a molecular model of E-4b showing the two conformational forms related by inversion of the alkene geometry.
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amide occurs at a slower rate than the alkene inversion and hence
the E-4b A–B-C–D exchange was not detected at 238 K. Again,
as for Z-4b, E-4b conformers A and B may be considered inverse
c-turn analogues whereas E-4b conformer C does not match this
geometry.


(5S ,10S)-10-Amino-3,11-dioxo-1,4-diazacycloundecane-5-car-
boxylic acid (5). The saturated glycine-containing analogue 5
also demonstrated the presence of multiple conformers at room
temperature in both pyridine and chloroform. Analyses carried out
in [2H]5-pyridine at 238 K revealed the presence of two conformers
A and B of 5 in a 3 : 1 ratio (see ESI†).


Conformers A and B of 5 were characterised by analyses of
their NOE data observed in ROESY spectra at 238 K. For
both conformers 5 A and B, no NH1–NH4 NOE was observed
indicating these NH protons reside on opposite faces of the ring,
as previously defined for the major conformers of Z-4b and E-4b.
Both 5 A and B displayed a strong NH1–H10 NOE indicative
of a trans-N1–C11 amide bond geometry. For 5 conformer A the
pattern of NOEs involving NH1, H2/H2′ and NH4 indicated a
relative geometry of the amide groups as seen previously in Z-4b A
and B and E-4b A and B (Fig. 6), whereas the NOEs involving the
C5–C10 linker of 5 conformer A did not match well with any single
conformation and it seems likely that this region of the molecule is
flexible and is able to undergo conformational averaging. Strong
NOEs were observed between the H5 and both H6 protons, and
H10 displayed NOEs to both H9 protons. Weaker NOEs were
observed between the NH1 and H8 and H9 protons which may
arise from greater flexibility of the C6–C9 region. Overall, the
major conformer A of 5 appears to adopt the inverse c-turn but
retains greater internal flexibility of its linker region than that seen
for the alkene analogues.


Fig. 6 View from a molecular model of 5 conformer A showing the inverse
c-turn orientation. NOE data suggest conformational flexibility remains
in the saturated linker.


The data for 5 conformer B suggests different behaviour of the
C3–N4 amide functionality, evidence for which comes from the
unique and intense NH1–H5 NOE as well as the unusually weak
NOEs from NH4 to both H2 protons. The close proximity of NH1
to both H5 and H10 requires the C3–N4 amide bond to occupy
a cis-geometry (Fig. 7), probably achieved most readily from 5
conformer A by inversion of the C3 amide carbonyl group.


(3S,8S,13aS)-Methyl 8-(tert-butoxycarbonylamino)-1,9-dioxo-
dodecahydro-1H-pyrrolo[1,2-a][1,4]diazacycloundecine-3-carboxy-
late (10). The N-Boc-protected saturated proline-containing
cyclic analogue (10) was analysed in CDCl3 at 298 K. Uniquely,
when compared to the glycine analogues (Z-4b, E-4b and 5)
analysed here, the data indicated the presence of only a single and
well-resolved set of resonances (see ESI†). The amide temperature


Fig. 7 View from a molecular model of 5 conformer B showing the C3–N4
cis-amide and the relevant NOEs that define the conformation.


coefficient (Dd/DT) of NH2 of 10 was found to be only −0.9
ppb/K and the proton shift was largely insensitive to the addition
of DMSO (Fig. 8). As the proton was significantly invariant to
these changes and displayed a chemical shift value (7.3 ppm) inter-
mediate between that expected for an amide proton participating
in a strong H-bond (> 7.5 ppm) and that in the free state (< 7 ppm),
these data suggest some involvement in intramolecular hydrogen
bonding. In contrast, NH14 displayed acute sensitivity to DMSO
addition suggesting this amide NH to be relatively exposed.


Fig. 8 [2H]6-DMSO titration of 10 in CDCl3.


The NOEs observed in a 2D NOESY experiment with 10 were
again consistent with an inverse c-turn geometry (Fig. 9, and ESI†)
but showed evidence for flexibility within the saturated linker once
again, including NOEs from H10 on the proline Cd to protons
along the linker from H8 across to H5. A molecular dynamics
simulation with 10 showed there to be little flexibility within the
c-turn region but that significant mobility was present in the linker
region and, as expected, in the unconstrained ester and Boc groups
(Fig. 10). The absence of a second conformer for 10 presumably
arises because of the additional constraints imposed by the proline
ring. Indeed, modelling suggests that the presence of either a cis-
amide at C1–N2 or a cis-proline amide would lead to considerable
steric interaction between the proline ring and linker protons.


From these data, we propose the proline-containing cyclic
analogue 10 adopts a similar inverse c-turn motif to that observed
for the major conformers of the other cyclic analogues presented
in Table 2, in which there is a weak hydrogen-bond association
forming a seven-membered ring. In other proline containing
peptides, there is also a strong propensity to form inverse c-turns
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Fig. 9 Representative conformer of 10 showing significant NOE correla-
tions and a partial intramolecular hydrogen bond contact between NH2
and C9=O.


Fig. 10 Superimposed ensemble of energy minimised conformers of 10
generated from a molecular dynamics simulation showing the proposed
inverse c-turn and flexibility of the alkyl linker moiety.


where proline is the (i+1)th residue of the turn.25–27 This occurs
even in open chain natural products, such as proctolin (Arg-Tyr-
Leu-Pro-Thr), which contains a hydrogen bond between Thr NH
and Leu CO and a salt bridge between its N- and C-termini.28


Conclusions


The results of the combined synthetic and spectroscopic analyses
described here suggest that it is possible to prepare mono-
cyclic analogues that constrain peptidomimetics in conformations
closely analogous to inverse c-turns. Our work has focused
on peptidomimetics of the Val-Asn-Ala fragment of hypoxia
inducible factor-1a (HIF-1a) that forms an inverse c-turn as
observed in an X-ray structure of a HIF-1afragment bound to FIH
(factor inhibiting HIF). During our studies it became apparent
that the synthetic cyclic peptide analogues displayed a structural
propensity to form inverse c-turn conformations probably due
to restricted conformational mobility associated with torsional
rotation of the linker fragment. This proposed formation of c-turn
type structures was supported by extensive NMR analyses.


For the analogues containing the unsaturated linkers (Z-
4b and E-4b), there was clear evidence for two dominant


conformational forms in which the alkene orientation could switch
between “up” and “down” states. Substituting a trans- for a
cis-alkene in the linker led to a more conformationally labile
exchange process. In the glycine-derived saturated analogue 5, we
observed increased flexibility in the saturated system as a whole
as noted by the identification of two conformers (3 : 1 ratio)
in which the predominant one contains an inverse c-turn, whereas
the minor conformer does not, but instead uniquely displays a cis-
amide bond. The proline saturated peptide 10 again contained
a stable inverse c-turn involving folding of the alkyl chain
towards the proline ring but displayed no evidence of slow con-
formational interconversion. The combined results reveal that
it should be possible to tune the overall conformation(s) of the
analogues and their flexibility by appropriate modification of the
linker.


When compared to the c-turn identified in the crystal strucutre
of HIF-1a–FIH complex, it appears that some of the analogues
can adopt conformations that closely match that of the HIF802–804


residues at the FIH active sites (Table 2 and Fig. 11). Future work
will be directed towards elaborating the core c-turn analogues
in order to bind to FIH and investigation of these variants
as inhibitors and probes for conformational changes in FIH
catalysis. Developments of the analogues reported here, e.g. by
incorporation into ankyrin repeat domain proteins,14 may provide
insights into the mechanism by which these proteins bind to
FIH.


Fig. 11 Superposition of a predicted conformation of c-turn analogue
10 (pink) and the conformation that a fragment of HIF-1a adopts at the
active site of FIH (green).8


Experimental section


Materials and methods


Reagents and solvents were from commercial sources unless
otherwise stated. Flash chromatography was performed using
silica gel (0.125–0.25 mm, 60–120 mesh) as the stationary phase.
Thin layer chromatography (TLC) was performed on aluminium
plates pre-coated with silica gel (Merck silica gel 60 F254 1.05554),
which were visualised by the quenching of UV fluorescence (using
an irradiation wavelength kmax 254 nm), and/or by staining with
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iodine or anisaldehyde in solution, followed by heating. Proton
magnetic resonance spectra (1H NMR) were recorded on Bruker
AV400 (400 MHz), Bruker DRX500 (500 MHz), and Bruker
AV500 (500 MHz) spectrometers at ambient temperature. Carbon
magnetic resonance spectra (13C NMR) were recorded on Bruker
DPX400 (100 MHz), Bruker AV400 (100 MHz), Bruker DRX500
(125 MHz), and Bruker AV500 (125 MHz) spectrometers at
ambient temperature. Chemical shifts (dH and dC) are quoted in
parts per million (ppm) and are referenced to the residual solvent
peak; coupling constants (J) are quoted in Hertz (Hz) to the
nearest 0.5 Hz. The following abbreviations are used: br, broad
singlet; s, singlet; d, doublet; t, triplet; q, quartet; dd, doublet
of doublets; m, multiplet. High-resolution mass spectra were
recorded on a VG Autospec spectrometer by chemical ionisation
or on a Micromass LCT electrospray ionisation mass spectrometer
operating at a resolution of 5000 full width half height. Melting
points (mp) were recorded using a Leica Galen III microscope.
Infrared absorption spectra were recorded using a Nicolet 210
FT-IR absorption spectrometer.


(S)-Methyl 2-(2-(tert-butoxycarbonylamino)acetamido)pent-4-
enoate or N-Boc-Gly-L-allylglycine-OMe (2). To a stirred so-
lution of N-Boc-Gly-OH (1.14 g, 6.52 mmol), EDAC (1.87 g,
9.8 mmol), HOBt (1.32 g, 9.8 mmol) and triethylamine (1.37 mL,
9.8 mmol) in CH3CN (20 mL) at 0 ◦C under a nitrogen atmosphere
was added a solution of L-allylglycine methyl ester hydrochloride
salt (1.08 g, 6.52 mmol) in CH3CN (15 mL). The mixture was
allowed to warm to room temperature and stirred for 6 hours,
and then quenched with a saturated NaHCO3 solution (20 mL).
The reaction mixture was then extracted with EtOAC (3 × 50 mL).
The organic layers were washed with brine and dried over Na2SO4.
Following filtration, the solvent was evaporated to give a residue
which was purified by flash column chromatography (EtOAc–
petroleum spirit, 3 : 7) to give 2 (1.36 g, 73%). 2: colourless gum;
FT-IR (KBr) 3322 (br), 2979, 1681, 1522 cm−1; dH (400 MHz,
CDCl3): 6.59 (d, J = 7.1 Hz, 1H, NH1′), 5.73–5.62 (m, 1H, H4),
5.16 (s, 1H, NH4′), 5.13–5.11 (m, 2H, 2 × H5), 4.72–4.67 (m, 1H,
H2), 3.90–3.80 (m, 2H, 2 × H3′), 3.76 (s, 3H, OMe), 2.62–2.51 (m,
2H, 2 × H3), 1.47 (s, 9H, C(CH3)3); dC (100 MHz, CDCl3): 171.9,
169.1, 155.3, 131.8, 119.5, 80.5, 52.5, 51.5, 43.2, 36.4, 28.2; HRMS
calcd. for C13H22N2O5 [M − H]− 285.1450, found 285.1456.


(6S,12S)-Methyl 6,12-diallyl-2,2-dimethyl-4,7,10-trioxo-3-oxa-
5,8,11-triazatridecan-13-oate or N-Boc-L-allylglycine-glycine-L-
allylglycine-OMe (3). To a stirred solution of 2 (1.36 g,
4.74 mmol) in CH2Cl2 (20 mL) at 0 ◦C under a nitrogen atmosphere
was added CF3CO2H (4 mL). The reaction mixture was then
stirred at room temperature under a nitrogen atmosphere for
2 hours. The solvent and CF3CO2H were then evaporated to give
a pale yellow liquid, which was dissolved in CH3CN (10 mL).
The mixture was added to a solution of N-tert-butoxycarbonyl-
L-allylglycine (1.02 g, 4.74 mmol), EDAC (1.36 g, 7.11 mmol),
HOBt (960 mg, 7.11 mmol) and triethylamine (1 mL, 7.11 mmol)
in CH3CN (15 mL) at 0 ◦C under a nitrogen atmosphere. The
reaction mixture was stirred at room temperature for 6 hours,
then quenched with a saturated NaHCO3 solution (20 mL),
then extracted with EtOAc (3 × 30 mL). The combined organic
layers were washed with brine and dried over sodium sulfate.
Following filtration, the solvent was evaporated to give a residue,
which was further purified by flash column chromatography


(EtOAc–petroleum spirit, 1 : 1) to give 3 (1.24 g, 64%). 3:
colourless gum; FT-IR (film) 3309, 3079, 2980, 1661, 1530 cm−1; dH


(400 MHz, CDCl3): 7.28 (s, 1H, NH8), 7.18 (s, 1H, NH11), 5.76–
5.64 (m, 2H, 2 × CHCH2CHCH2), 5.30 (s, 1H, NH5), 5.14–5.06
(m, 4H, 2 × CHCH2CHCH2), 4.65–4.59 (m, 1H, H12), 4.21–4.20
(m, 1H, H6), 4.04 (dd, J = 16, 5.5 Hz, 1H, H7), 3.91 (dd, J =
16, 5.5 Hz, 1H, H7′), 3.70 (s, 3H, OMe), 2.57–2.42 (m, 4H, 2 ×
CHCH2CHCH2), 1.40 (s, 9H, C(CH3)3); dC (100 MHz, CDCl3):
172.2, 171.9, 168.7, 155.6, 133.0, 132.1, 119.1, 119.0, 80.1, 53.9,
52.3, 51.9, 43.0, 36.8, 36.2, 28.2; HRMS calcd. for C18H29N3O6


[M + H]+ 384.2134, found 384.2066.


(5S,10S)-Methyl 10-(tert-butoxycarbonylamino)-3,11-dioxo-1,
4-diazacycloundec-7-ene-5-carboxylate (4a). To a light purple
solution of Grubbs’ ruthenium benzylidene catalyst (78.5 mg,
0.092 mmol) in 1 L anhydrous CH2Cl2 under a nitrogen atmo-
sphere was added a solution of 3 (708 mg, 1.85 mmol) in anhydrous
CH2Cl2 (50 mL) via a cannula; the purple colour immediately
faded to yellow. The reaction mixture was refluxed for 8 hours,
then quenched by the addition of water (1 mL) and the solvent
was removed under vacuum to afford a black residue, which
was directly loaded onto a chromatography column (EtOAc–
petroleum spirit, 7 : 3) to afford compounds Z-4a (203.5 mg, 31%)
and E-4a (256.1 mg, 39%).


Z-4a. White solid; mp 137–139 ◦C; [a]20
D −104.5 (c = 0.5 in


CH2Cl2); FT-IR (KBr) 3305, 2977, 1764, 1697, 1647, 1530 cm−1; dH


(500 MHz, CDCl3): the spectrum was complex due to the presence
of the conformational isomers with up to two signals for each
hydrogen. 7.10 (s, ca. 0.3H, NH1B), 6.83 (s, ca. 0.7H, NH1A),
6.60 (d, J = 11 Hz, ca. 0.7H, NH4A), 6.55 (d, J = 10 Hz, ca.
0.3H, NH4B), 5.70–5.20 (m, 3H, H7, H8 and NHBoc), 4.83–4.81
(m, ca. 0.3H, H5B), 4.58–4.45 (m, 2H, H5A, H10B and H2/H2′),
4.13–4.02 (m, ca. 0.7H, H10A), 3.71–3.69 (m, 3H, OMe), 3.22–
3.13 (m, 1H, H2′/H2), 2.49–2.44 (m, 4H, H6, H6′, H9 and H9′),
1.38–1.36 (m, 9H, C(CH3)3); dC (125 MHz, CDCl3): 174.6, 172.7,
171.5, 170.8, 170.4, 169.2, 155.3, 155.2, 129.0, 128.8, 127.9, 127.7,
80.5, 80.3, 54.0, 52.6, 51.8, 50.8, 45.0, 44.8, 43.0, 33.2, 32.6, 31.3,
30.1, 30.0, 28.4, 28.3; HRMS calcd. for C16H25N3O6 [M − H]−


354.1665, found 354.1664.


E-4a. White solid; mp 141–145 ◦C; [a]20
D −104.0 (c = 0.5 in


CH2Cl2); FT-IR (KBr) 3345, 2979, 1673, 1530 cm−1; dH (500 MHz,
[2H]6-DMSO, 363 K): 8.03 (br, 1H, NH1), 6.96 (d, J = 5 Hz, 1H,
NH4), 6.74 (br, 1H, NHBoc), 5.18–5.08 (m, 1H, H8), 5.10–5.00
(m, 1H, H7), 4.37–4.29 (m, 1H, H5), 4.12–4.04 (m, 1H, H10), 3.75–
3.65 (m, 4H, OMe and H2), 3.64–3.54 (m, 1H, H2′), 2.65–2.56 (m,
1H, H6), 2.50–2.40 (m, 1H, H9), 2.30–2.22 (m, 1H, H9′), 2.22–2.10
(m, 1H, H6′), 1.41 (s, 9H, C(CH3)3); dC (125 MHz, [2H]6-DMSO,
363 K): 172.5, 172.4, 170.1, 155.4, 130.4, 128.8, 79.2, 56.0, 52.4,
50.5, 44.8, 36.0, 35.7, 28.7; HRMS calcd. for C16H25N3O6 [M −
H]− 354.1665, found 354.1667.


(5S ,10S )-10-Amino-3,11-dioxo-1,4-diazacycloundec-7-ene-5-
carboxylic acid (Z-4b). To a stirred solution of Z-4a (60.7 mg,
0.17 mmol) in THF and H2O (4 : 1, 2.5 mL) at 0 ◦C was added
LiOH (6.2 mg, 0.26 mmol). The reaction mixture was slowly
warmed to room temperature and stirred for 2 hours. After the
disappearance of starting material as observed by TLC analysis,
the reaction mixture was diluted (5 mL H2O) and washed with
EtOAc (2 × 5 mL). The aqueous layer was acidified with saturated
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citric acid aqueous solution to pH 2 and extracted with EtOAc
(3 × 10 mL). The combined organic layers were dried over
sodium sulfate, filtered, and concentrated to afford a clear film.
After drying overnight under vacuum, the film was dissolved in
CH2Cl2 (1 mL) and CF3CO2H (1 mL) was added under a nitrogen
atmosphere. The reaction mixture was stirred for 2 hours and
then concentrated to obtain Z-4b (38.3 mg, 93%). Z-4b: white
solid; mp 145–146 ◦C; FT-IR (KBr) 3365, 1680, 1540, 1435 cm−1;
dH (500 MHz, [2H]5-pyridine, 238 K): 11.32–11.27 (m, ca. 0.7H,
NH1A), 11.07–11.04 (m, ca. 0.3H, NH1B), 7.63 (d, J = 9.6 Hz, ca.
0.3H, NH4B), 7.60 (d, J = 10.8 Hz, ca. 0.7H, NH4A), 6.30–6.15
(m, ca. 0.3H, H8B), 5.70–5.59 (m, 1H, H7A and H7B), 5.46–5.36
(m, 1H, H5B and H8A), 5.35–5.31 (m, ca. 0.3H, H10B), 5.25–
5.17 (m, ca. 0.7H, H5A), 4.94–4.84 (m, 1H, H10A and H2B),
4.80–4.73 (dd, J = 13.0, 8.0 Hz, ca. 0.7H, H2A), 3.57–3.51 (m,
ca. 0.3H, H2′B), 3.44–3.8 (dd, J = 13.0, 3.7 Hz, ca. 0.7H, H2′A),
3.18–2.90 (m, 2H, H9A, H9′A, H9B and H9′B), 2.74–2.56 (m, 2H,
H6A, H6′A, H6B and H6′B); HRMS calcd. for C10H15N3O4 [M −
H]− 240.0984, found 240.0983.


(5S ,10S)-10-Amino-3,11-dioxo-1,4-diazacycloundec-7-ene-5-
carboxylic acid (E-4b). The synthesis of E-4b was carried out
from E-4a in a manner analogous to that used for the preparation
of compound Z-4b by hydrolysis of E-4a (19.9 mg, 0.056 mmol)
and N-Boc-deprotection to afford E-4b (11.6 mg, 61%). E-4b:
white solid; mp > 205 ◦C; FT-IR (KBr) 3467, 2967, 1682, 1574,
1510 cm−1; dH (500 MHz, [2H]5-pyridine, 238 K): 11.10 (br, ca.
0.1H, NH1C), 10.97 (br, 1H, NH1A), 10.66 (br, 1H, NH1B), 9.80
(br, ca. 0.1H, NH4C), 8.64 (br, 1H, NH4A), 7.90 (br, ca. 0.022H,
NH4D), 7.60 (br, 1H, NH4B), 6.18–6.10 (m, ca. 0.1H, H8C), 5.85–
5.70 (m, 1H, H8A), 5.46–5.35 (m, ca. 1.1H, H8B and H7C), 5.35–
5.10 (m, ca. 4.1H, H5A, H7A, H7B, H10B and H10C), 4.95–4.56
(m, ca. 4.1H, H2A, H2B, H5B, H5C and H10A), 4.45–4.38 (m, ca.
0.1H, H2C), 3.83–3.75 (m, ca. 0.1H, H9C), 3.70–3.63 (m, ca. 0.1H,
H2′C), 3.45–3.35 (m, 1H, H2′B), 3.32–3.23 (m, 1H, H2′A), 3.18–
3.00 (m, 1H, H9A and H9B), 3.00–2.84 (m, ca. 0.2H, H6C and
H9′C), 2.82–2.48 (m, ca. 2.1H, H6A, H6B, H9′A, H9′B, H6′C),
2.40–2.30 (m, 1H, H6′B), 2.15–2.04 (m, 1H, H6′A); HRMS calcd.
for C10H15N3O4 [M − H]− 240.0984, found 240.0983.


(5S,10S)-Methyl 10-(tert-butoxycarbonylamino)-3,11-dioxo-1,
4-diazacycloundecane-5-carboxylate (11). To a stirred solution of
4a (151.7 mg, 0.427 mmol) in EtOAc (1 mL) was added 10% Pd/C
(6.4 mg). The mixture was stirred vigorously at room temperature
under a hydrogen atmosphere overnight. The mixture was filtered
and the solvent was removed under reduced pressure to obtain
compound 11 (132.2 mg, 87%). 11: white solid; mp 172–173 ◦C;
[a]20


D −74.9 (c 0.25 in CH2Cl2); FT-IR (film) 3323, 2953, 1674,
1520 cm−1; dH (500 MHz, CDCl3): 7.21 (br, 1H, NH1), 6.86 (d,
J = 8.5 Hz, 1H, NH4), 5.47 (d, J = 6.5 Hz, 1H, NHBoc), 4.75–
4.60 (m, 2H, H2 and H-5), 4.40–4.28 (m, 1H, H10), 3.80 (s, 3H,
OMe), 3.33 (d, J = 12.5 Hz, 1H, H2′), 2.08–1.30 (m, 17H, H6, H6′,
H7, H7′, H8, H8′, H9, H9′ and C(CH3)3); dC (125 MHz, CDCl3):
175.2, 171.6, 169.8, 155.1, 80.0, 53.7, 52.6, 52.5, 45.5, 29.9, 28.4,
28.1, 22.9, 21.4; HRMS calcd. for C16H27N3O6 [M − H]− 356.1822,
found 356.1836.


(5S,10S)-Methyl 10-amino-3,11-dioxo-1,4-diazacycloundecane-
5-carboxylate (5). The Boc-deprotection of 11 was carried out
to afford 5 (31.3 mg, 92%). 5: white solid; mp > 220 ◦C; FT-IR


(KBr) 3366, 3290, 2954, 1720, 1685, 1636 cm−1; dH (500 MHz,
[2H]5-pyridine, 238 K): 11.24 (br, ca. 0.3H, NH1B), 11.10 (dd,
J = 9.5, 2.8 Hz, 1H, NH1A), 9.56 (d, J = 11.5 Hz, ca. 0.3H,
NH4B), 8.33 (br, 1H, NH4A), 5.26 (td, J = 11.5, 2.5 Hz, ca. 0.3H,
H2B), 5.08 (br, 1H, H10A), 5.00–4.84 (m, ca. 2.3H, H2A, H5A
and H10B), 4.60–4.47 (m, ca. 0.6H, H2B and H2′B), 3.58–3.48
(m, 4H, H2′A and OMe), 2.66–2.56 (m, ca. 0.3H, H9B), 2.46–2.28
(m, 2H, H9A and H9′A), 2.00–1.89 (m, 1H, H6B), 1.88–1.52 (m,
ca. 4.8H, H6B, H6′A, H6′B, H7B, H8A, H8B, H8′A, H8′B and
H9′B), 1.50–1.40 (m, ca. 1.3H, H7A and H7′B), 1.18–1.05 (m, 1H,
H7′A); HRMS calcd. for C11H19N3O4 [M − H]− 256.1298, found
256.1290.


(S)-tert-Butyl 2-((S)-1-methoxy-1-oxopent-4-en-2-ylcarbamoyl)-
pyrrolidine-1-carboxylate (7). The synthesis of 7 was carried
out in a manner analogous to that used for the preparation of
compound 2 by coupling of N-Boc-L-Pro-OH (0.94 g, 4.3 mmol)
with L-allylgly-OMe (0.72 g, 4.3 mmol), followed by column
chromatography (EtOAc–petroleum spirit, 1 : 3) to yield the
desired compound (7) (0.97 g, 68%). 7: white solid; mp 72–74 ◦C;
FT-IR (film) 3312, 2978, 1747, 1698, 1537, 1396, 1165 cm−1; dH


(500 MHz, CDCl3): 7.38 (br, ca. 0.5H), 6.55 (br, ca. 0.5H), 5.69–
5.63 (m, 1H), 5.11–5.07 (m, 2H), 4.66–4.63 (m, 1H), 4.32–4.24 (m,
1H), 3.74 (s, 3H), 3.50–3.28 (m, 2H), 2.62–2.55 (m, 1H), 2.51–
2.44 (m, 1H), 2.32–1.87 (m, 1H), 1.95–1.80 (m, 3H), 1.46 (s, 9H);
HRMS calcd. for C16H26N2O5 [M + H]+ 327.1920, found 327.1916.


(S)-Methyl 2-((S)-1-((S)-2-(tert-butoxycarbonylamino)pent-4-
enoyl)pyrrolidine-2-carboxamido)pent-4-enoate (8). The synthe-
sis of 8 was carried out in a manner analogous to that used for
the preparation of compound 3 by deprotection of 7 (948 mg,
2.9 mmol), coupling of the resultant amine with N-Boc-L-allylgly-
OH (322 mg, 2.49 mmol), followed by column chromatography
(EtOAc–petroleum spirit, 7 : 13) to yield 8 (936 mg, 76%). 8:
colourless gum; FT-IR (film) 3309, 2964, 1641, 1521, 1440 cm−1;
dH (400 MHz, CDCl3): 7.13 (d, J = 7 Hz, 1H), 5.82–5.65 (m,
2H), 5.27–5.23 (m, 1H), 5.19–5.11 (m, 4H), 4.63–4.56 (m, 2H),
4.54–4.48 (m, 1H), 3.74 (s, 3H), 3.72–3.66 (m, 1H), 3.60–3.56 (m,
1H), 2.60–2.48 (m, 3H), 2.41–2.34 (m, 2H), 2.10–1.89 (m, 3H),
1.40 (s, 9H); dC (100 MHz, CDCl3): 174.7, 171.8, 170.6, 150.3,
132.5, 132.2, 119.0, 118.9, 79.8, 59.8, 52.3, 52.0, 51.4, 47.4, 37.2,
36.2, 28.3, 27.2, 25.0; HRMS calcd. for C21H33N3O6 [M − H]−


422.2291, found 422.2299.


(3S,8S,13aS)-Methyl 8-(tert-butoxycarbonylamino)-1,9-dioxo-
2,3,4,7,8,9,11,12,13,13a-decahydro-1H-pyrrolo[1,2-a][1,4]diazacy-
cloundecine-3-carboxylate (9). Ring-closing metathesis of 8
(160 mg, 0.379 mmol) was carried out in a manner analogous
to that used for the preparation of 4a using Grubbs’ ruthenium
benzylidene catalyst (16 mg, 0.019 mmol) under a nitrogen
atmosphere to afford 9 (145 mg, 97%) after flash column
chromatography (EtOAc–petroleum spirit, 7 : 3). 9: white solid;
mp 134–137 ◦C; FT-IR (KBr) 3298, 2978, 1749, 1698, 1688,
1632 cm−1; dH (400 MHz, CDCl3): the spectrum was complex due
to the presence of stereochemical and conformational isomers
with up to four signals for each hydrogen. 7.43 (d, J = 10.5 Hz,
ca. 0.4H), 7.00 (br, ca. 0.6H), 6.90–6.58 (m, ca. 1H), 5.64–5.53
(m, ca. 0.4H), 5.50–5.80 (m, ca. 1H), 5.13–5.03 (m, ca. 0.6H),
4.92–4.73 (m, ca. 1H), 4.68–4.40 (m, ca. 1.6H), 4.33–4.26 (m, ca.
0.4H), 3.80–3.38 (m, ca. 5H), 2.60–1.88 (m, ca. 7H), 1.82–1.70
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(m, ca. 1H), 1.41 (s, 9H); dC (100 MHz, CDCl3): 173.0, 172.4,
172.1, 171.8, 171.7, 171.0, 170.9, 170.8, 170.7, 170.6, 170.0, 169.2,
155.3, 155.2, 155.0, 154.9, 130.3, 129.5, 129.4, 128.6, 128.4, 128.2,
126.0, 125.1, 80.12, 80.0, 79.9, 58.4, 58.3, 58.1, 58.0, 53.2, 52.8,
52.7, 52.5, 52.4, 51.8, 51.7, 51.5, 51.1, 50.5, 47.0, 46.3, 45.6, 38.3,
36.2, 33.8, 33.4, 33.2, 31.0, 30.8, 29.3, 28.4, 25.2, 24.8, 24.7, 24.6,
24.3; HRMS calcd. for C19H29N3O6 [M + H]+ 396.2134, found
396.2031.


(3S,8S,13aS)-Methyl 8-(tert-butoxycarbonylamino)-1,9-dioxo-
dodecahydro-1H-pyrrolo[1,2-a][1,4]diazacycloundecine-3-carboxy-
late (10). The synthesis of 10 was carried out in a manner
analogous to that used for the hydrogenation of 4a (23.7 mg,
0.060 mmol) to obtain the desired compound (22.8 mg, 96%).
10: colourless gum; FT-IR (film) 3442 (br), 2981, 1676, 1539,
1455 cm−1; dH (400 MHz, CDCl3): 7.30 (d, J = 9 Hz, 1H, NH2),
5.42 (d, J = 7.5 Hz, 1H, NH8), 5.01 (d, J = 8 Hz, 1H, H13a),
4.62–4.58 (m, 1H, H3), 4.48–4.44 (m, 1H, H8), 3.73 (s, 3H, OMe),
3.69–3.67 (m, 1H, H10), 3.51–3.46 (m, 1H, H10′), 2.50–2.44 (m,
1H, H12), 2.32–2.25 (m, 1H, H11), 2.08–1.93 (m, 2H, H7 and
H11′), 1.88–1.77 (m, 2H, H4 and H12′), 1.66–1.56 (m, 2H, H4′


and H7′), 1.55–1.48 (m, 2H, H5 and H6), 1.43 (s, 9H, C(CH3)3),
1.38–1.36 (m, 1H, H6′), 1.27–1.20 (m, 1H, H5′); dC (100 MHz,
CDCl3): 173.4, 171.8, 170.2, 155.0, 79.7, 58.8, 52.6, 52.2, 51.9,
46.1, 29.7, 29.4, 28.3, 24.9, 23.8, 22.8, 21.6; HRMS calcd. for
C19H31N3O6 [M − H]− 396.2135, found 396.2124.


Nuclear magnetic resonance spectroscopy


All NMR analyses of conformations were performed at 500 MHz
on Bruker AMX500 or DRX500 spectrometers with sample
temperatures regulated at either 298 K or 238 K. Proton resonance
assignments were derived from the combined application of
standard 2D NMR techniques29 including g-COSY, TOCSY (sm =
80 ms) and multiplicity-edited HSQC. NOEs for peak assignments
and for molecular modelling studies were obtained from Tr-
ROESY experiments employing a phase alternating spin-lock
to suppress TOCSY interference and with mixing times (sm)
of 300–500 ms. NOE intensities were calibrated from volume
integrals relative to that of a resolved geminal pair (distance
0.18 nm) and were classified as strong (<0.3 nm), medium (0.3–
0.35 nm) and weak (>0.35 nm).30 These distance ranges were
employed when selecting energy minimised structures displaying
inter-proton separations within these bounds.


Molecular modelling


Molecular modelling work was performed using the Sybyl suite
of computer programs with the Tripos implementation of the
MMFF94 force field used throughout.31 Initially, a stochastic
conformational search of each cyclic peptidomimetic was carried
out to identify representative minimum energy conformers as
follows. Initial molecular models were energy minimised (conver-
gence criterion: RMS energy gradient < 0.001 kcal mol−1/Å), and
used as starting points for high temperature molecular dynamics
simulations (T = 2500 K). In each case, a total of 500 samples
were extracted from the dynamics trajectory at time intervals of
1 ps. These conformers were then energy minimised, and duplicate
structures eliminated (match criterion: heavy atom RMSD <


0.2 Å). The final unique minimum-energy conformers were then


sorted by energy. Conformer models satisfying experimental NOE
intensities were identified by examining tables of proton–proton
distances computed for the set of minimum energy structures
derived from the search procedure. In a few cases, it was necessary
to use an additional constrained minimisation followed by an
unconstrained minimisation step to flip structures into minimum
energy conformers that better satisfied the experimental data.
This was because the initial conformational searches were not
exhaustive.
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In the present work we report the synthesis of four new ER ligands which can be used as scaffolds for
the introduction of the basic side chains necessary for antiestrogenic activity. Affinities and
agonist/antagonist characterization of the ligands for both ERa and ERb have been determined in a
competitive radioligand assay, and in an in vitro coactivator recruitment functional assay, respectively.
Molecular modelling techniques have been used in order to rationalize the experimental results.
Compound 2 is reported as a novel ERb-agonist/ERa-antagonist. Two compounds show an interesting
antitumour profile towards two pancreatic cancer cell lines and have been selected for in vivo assays.


Introduction


The estrogen receptor (ER) is a member of the nuclear receptor
gene family binding the steroid hormone estradiol. Two subtypes
of ER (ERa and ERb) which have different tissue distribution,
are known and they are thought to regulate different estrogen
responses.1 While ERa is an important receptor in mammary gland
and uterus, and is mainly involved in reproductive events, ERb is
a more generally expressed ER, and its role seems to be relevant
in the central nervous system, bone, lung, cardiovascular system,
ovary, testis, urogenital tract, kidney, and colon.2 Selective estrogen
receptor modulators (SERMs) are a therapeutically important
class of ER ligands, which show tissue-dependent agonistic or
antagonistic behavior, and are used as first line treatment for
estrogen-responsive breast cancer and postmenopausal related
disorders.3–5


The SERM tamoxifen has remained the antihormonal therapy
of choice for the treatment of ER positive breast cancer for the last
30 years (Fig. 1).6 For anti-osteoporotic therapy, SERM raloxifene
has a favourable balance of agonist activities in certain tissues
(bone, liver, vasculature)7 and antagonist activities in other tissues,
such as uterus and breast, leading to its use as chemo preventive for
breast cancer.8 A number of ER ligands have been synthesized over
the years.9 They include steroidal and nonsteroidal compounds.
Conformationally restricted analogues of raloxifene are among
the most potent SERMs described, maintaining the biological
structure–activity profile reported previously for raloxifene.10 On
the other hand, since the discovery of ERb in 1996, compounds
that are selective in activating or inhibiting these two ER subtypes
are intensively sought after.1 In particular, ERb agonists (Fig. 2)
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Fig. 1 Chemical structures of tamoxifen and raloxifene.


Fig. 2 Structures of some known ERb-selective agonists.


constitute potential new drug candidates for diseases such as those
related to inflammation, prostate dysfunction, immune system
disorders, and depression.11


The low expression level of ERb in reproductive tissues such
as the uterus, suggests that a selective ERb agonist may maintain
the beneficial effects of estrogen, without the increased risk of
breast and endometrial cancer.12 Genistein is among the first
compounds detected showing a 20-fold greater affinity for ERb
but a number of more selective ligands have since been identified.13


ERb selective agonist ERB-041 (226-fold selective for b) has been
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used to demonstrate that this receptor may be a useful target
for certain inflammatory processes.14 Recently, genistein has been
reported to display strong inhibition in pancreatic cancer cell lines
at doses as low as 20 nM.15 Other estrogenic agents such as 2-
methoxyestradiol16 and estradiol (E2)17 have shown antitumour
benefits against pancreatic cancer in vivo.


Here we report the design, synthesis, evaluation of their affinity
for both receptors ERa and ERb, and antiproliferative activity of
new scaffolds for the synthesis of potential SERMs (compounds
1–4). These compounds contain a cyano group which allows the
introduction of the basic side chain present in most SERMs, as has
already been demonstrated for compound 24. A computational
study, that has allowed us to rationalize our results, is also
presented.


Results and discussion


Chemistry


All target molecules were prepared as depicted in Schemes 1–3.
The key step in all syntheses is a Knoevenagel type condensation
to give an a-cyanostilbene, followed by an efficient photochemical
six electron ring closure which afforded the tetracyclic frame-
work. The synthesis of 1 began with commercially available 1-
benzofuran-2-carbaldehyde (5), which was condensed with (3-
methoxyphenyl)acetonitrile using NaOEt as a base, to give 8.
Irradiation of 8 in the presence of I2 brought about the oxidative
photocyclization of the stilbene type system, to yield 11. The
reaction product precipitated in the photochemical reactor, and
the pure compound was isolated by filtration. Finally, deprotection
was carried out by heating a solution of 11 in DCM with a large
excess of BBr3 in a sealed tube for two days.


Scheme 1 Synthesis of ligands 1–3. Reagents and conditions: (a)
(3-methoxyphenyl)acetonitrile, NaOEt–EtOH, 62% for 8, 80% for 9, 73%
for 10; b) hm, I2, 65% for 11, 82% for 12, 84% for 13; (c) BBr3, DCM, 99%
for 1, 86% for 2, 60% for 3.


Compounds 2 and 3 were prepared following the same pro-
cedure. The corresponding aldehydes used as starting material
are not commercially available, and were prepared as outlined in


Scheme 2. Aldehyde 6 was obtained in three steps from 6-hydroxy-
3-cumarone, by transformation into 6-methoxybenzofuran (14)
and subsequent formylation to give 6. Aldehyde 7 was obtained
by formylation of 6-methoxybenzothiophene, which was obtained
following a previously described method.18


Scheme 2 Synthesis of aldehydes 6 and 7. Reagents and conditions: (a) (i)
Me2SO4, 65% (ii) NaBH4, MeOH, 70%; (b) n-BuLi, DMF, THF, −78 ◦C,
61% for 6, 83% for 7.


Taking into account that the ER has been reported to have some
tolerance for the oxygen–oxygen distance (12.2 Å in genistein,
10.9 Å in estradiol)13 and that this distance in 2 and 3 is around
10.6 Å, compound 4 (12.9 Å) was designed in order to increase
and explore the influence of the oxygen–oxygen distance which,
together with the enhanced flexibility of the system, could lead to
better interactions with key amino acids in the ligand binding do-
main of ERb and, therefore, to an improvement of the affinity for
this receptor. Other authors have shown that isoxazole 18 (Fig. 3),
with an oxygen–oxygen distance of 13.4 Å has an improved affinity
toward ERb (IC50 = 1.4 nM) compared to the less bulky analogue
19 (oxygen–oxygen distance of 10.5 Å, IC50 = 54 nM).19


Fig. 3 Aryl benzisoxazoles as ER b-ligands.


Docking studies for 4 (shown below) suggested that this
compound could present ERb selectivity. Scheme 3 shows the route
used to prepare naphthothiophene 4, beginning with commercially
available 5-bromothiophene-2-carbaldehyde. Suzuki coupling led
to 15, and a three-step sequence, analogue to the one used for
the synthesis of compounds 1–3 (Knoevenagel type condensa-
tion, photochemical cyclization and deprotection), provided com-
pound 4.


Our approach to obtaining compounds with potential SERM
activity relied on the introduction of an aromatic nucleus with a
leaving group at the para position, appropriate for a nucleophilic
aromatic substitution (SNAr), as depicted in Scheme 4. This strat-
egy has been used before for the synthesis of raloxifene.20 Thus,
compound 20 was synthesized in 71% yield by reacting 13 with 4-
fluorophenylmagnesium bromide, under standard conditions. At
this stage, a change from methoxy to benzyloxy protective group
became necessary, in order to avoid chain rupture in the last
deprotection step. Treatment of 20 with BBr3 to give 21, followed
by reaction of 21 with benzyl bromide in the presence of K2CO3,
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Scheme 3 Synthesis of ligand 4. Reagents and conditions: (a) K2CO3 2 M,
PdCl2(PPh3)2, 51%; (b) (3-methoxyphenyl)acetonitrile, NaOEt–EtOH,
88%; c) I2, hm, EtOH, 57%; (d) BBr3, DCM, 52%.


Scheme 4 Synthesis of 24. Reagents and conditions: (a) 4-fluorophenyl-
magnesium bromide, THF reflux for 24 h, 71%; (b) BBr3, DCM, 95%;
(c) benzyl bromide, K2CO3, EtOH, 33%; (d) 2-(piperidin-1-yl)ethanol–
NaH, DMF, 57%; (e) H2, Pd/C (10%).


gave 22, which was reacted with 2-dimethylamino-1-ethoxide to
bring about the substitution of the fluoro atom by the nucleophile,
affording 23 (Scheme 4). Finally, deprotection of 23 by catalytic


hydrogenation gave the desired compound 24. This methodology
will allow high yield access to a broad series of SERMs based in
our new scaffolds (1–4), and a SAR study for this type of systems.


Binding affinities and agonist/antagonist characterization towards
ERa and ERb


The ER binding affinity of compounds 1–4 was determined in a
scintillation proximity assay (SPA) using human estrogen receptor
expressed in E. coli (hERa-LBD or hERb-LBD), while their ag-
onist/antagonist character was determined using a commercially
available EnBio estrogen receptor (a and b)/coactivator ligand
assay. Since this assay contains a coactivator peptide (SRC1)
which joins the reaction followed by receptor–ligand binding, both
agonists and antagonists for ERa and ERb can be detected.


Table 1 shows a summary of the results obtained in both assays.
The most interesting result corresponds to benzonaphthofuran
2, which presented reasonably good affinity for ERb (IC50 =
0.2066 lM), and behaved as an ERb selective agonist in the
ER/coactivator ligand binding assay (EC50 = 0.1 lM). Interest-
ingly, this compound acts through ERa as a weak antagonist
with IC50 = 9.9 lM. Thus, compound 2 appears to be more
potent as an ERb agonist than as an ERa antagonist, which
may be explained by its preferential binding affinity toward ERb.
Although this ligand shows modest affinities for both receptors,
such a ERb-agonist/ERa-antagonist behaviour represents one of
the most wanted profiles sought in SERMs research.21 While b-
agonism has been demonstrated to lead to chemopreventive and
some other beneficial estrogenic effects, the a-antagonism may
avoid undesirable estrogen effects on breast and uterus mediated
by ERa-subtype stimulation.


The affinity toward both receptors decreased in benzonaph-
thothiophene 3, where the furan ring present in 2 is substituted
by a thiophene. Compound 3 clearly showed a reduced ERb
agonism (EC50 = 26 lM) relative to that displayed by 2 in the
scintillation proximity assay. Compound 1 was designed in order
to evaluate the effect that the removal of the benzofuran hydroxyl
group had on the binding affinity. The complete lack of activity
observed for 1, both in the scintillation proximity assay and
in the ER/coactivator ligand binding assay, suggests that the
benzofuran hydroxyl group in 2 makes the major contribution
to ligand binding affinity. Thus, it may be involved in the hydrogen
bonding network between ERb residues Glu305 and Arg346
(ERa residues Glu353 and Arg394), and a highly ordered water
molecule, mimicking the hydroxyl group present in the A-ring of
estradiol. Finally, naphthothiophene 4, where the oxygen–oxygen
distance was increased in order to favour the affinity toward
ERb receptor, did not show the ERb selectivity predicted by
the molecular modelling studies, but it showed a 3-fold selective
affinity toward ERa, and a weak antagonistic activity toward the
same receptor.


In vitro antiproliferative activity


Recently, it has been shown that in vitro pancreatic cell prolifer-
ation is highly estrogen sensitive.15 ERs are frequently expressed
in them, and ERb expression usually outweighs ERa expression.
Therefore, antiproliferative activity of compounds showing the
highest affinity for ERb (2 and 3) were tested against two
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Table 1 Agonist/antagonist characterization and binding affinity for compounds 1–4


Coactivator ligand assay (lM) Scintillation proximity assay (lM)


ERa ERb


Comp. Agon.a EC50
c Antag.b IC50


c Agon.a EC50
c Antag.b IC50


c ERa IC50 ERb IC50


1 Weak Weak Weak Weak Weak Weak
2 — 9.9 0.1 — 0.7206 0.2066
3 — 6.5 26.1 — 1.0283 0.2935
4 — 12.5 — — 0.5443 1.5606


a Agon.: agonist. b Antag.: antagonist. c The effective concentration (EC50) and inhibitory concentration (IC50) for each compound were calculated from
the concentration of sample at which the absorbance was diminished to 50%. Estradiol and bisphenol A were used as controls.


pancreatic cancer cell lines, L36PL and Panc-1. Compounds were
tested at concentrations ranging from 0.1 to 10 lM and the results
are summarized in Fig. 4 and compared with the activity of
gemcitabine. Interestingly, compounds 2 and 3 exhibited a cell
growth inhibition in both cell lines, which was dose-dependent in
the case of L36PL. They showed higher activity than gemcitabine,
which was used as control. Therefore, compounds 2 and 3 have
been selected to carry out in vivo assays and further studies on
their mechanism of action.


Fig. 4 Relative growth inhibition of compounds 2 and 3 compared to
gemcitabine against L36PL (above) and Panc-1 (below) pancreatic cancer
cell lines at concentrations of 0.1, 1 and 10 lM.


Molecular modelling


In order to analyze the binding mode of this family of compounds
to the ER receptors, a docking study was undertaken for com-
pounds 1–4, employing the ligand binding domain (LBD) of both
ERaand ERb, and the automated docking program AutoDock on


the basis of its wide reported use.22 From the Protein Data Bank23


we selected PDB codes 1A52, 1ERR (ERa LBD in complex with
estradiol and the antagonist raloxifene, respectively), and 1L2J
(complex between ERb LBD and the antagonist THC [(R,R)-
5,11-cis-diethyl-5,6,11,12-tetrahydro-chrysene-2,8-diol]). We first
validated AutoDock as an appropriate predictive tool by testing
its ability to predict the binding modes present in the crystal
structures of 1A52, 1ERR and 1L2J, for estradiol, raloxifene and
THC, respectively. Evaluation of the docked structures indicated
that AutoDock was able to predict the crystallographic binding
poses (data not shown), so we considered it as a valid tool to
perform the docking studies.


Estradiol


Predicted binding orientations for estradiol were studied carefully
for comparison purposes. Docking results of estradiol in 1A52
provided different solutions within an energy range of −19.9 to
−16.9 kcal mol−1. AutoDock was able to reproduce the same
key interactions observed in the crystallographic structure: the
hydrogen bonds between OH-3 (A ring) and the Glu353-Arg394-
HOH triad, and between OH-17 (D ring) and His524 (Fig. 5).
With this H-bonding pattern, two poses were predicted: one
with the b-face oriented toward Leu525 (like the crystallographic
orientation), and a second one, with the b-face pointing toward
Met421. We also carried out the docking of estradiol within the
ERa LBD from 1ERR (antagonist-like conformation). AutoDock
did not predict any solution. On the contrary, the docking of
estradiol within the ERb from 1L2J, gave rise to several poses
inside the binding site. Two of them were equivalent to that
predicted for estradiol in the ERa (binding energy of −21.5 to


Fig. 5 Schematic representation of the binding mode of estradiol inside
the ERa LBD.
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−18.0 kcal mol−1), with the b-face oriented toward Leu476 (ERa
Leu525), or with the b-face oriented toward Ile373 (ERa Met421).


Compound 1. For the three X-ray structures of ER considered,
several solutions were identified showing a great heterogeneity on
the different orientations obtained from the docking (1A52: −10.5
to −7.7 kcal mol−1; 1ERR: unique solution, −9.1 kcal mol−1; 1L2J:
−13.0 to −10.1 kcal mol−1). These orientations corresponded to
several combinations of interactions, including the interaction
of the OH group with ERa Glu353-Arg394-HOH triad (ERb
Glu305-Arg346-HOH); with ERa His524 (ERb His475) or with
ERa Met343 (ERb Met295). The cyano group is involved in
interactions with ERa His524 (ERb His475) or with ERa Thr347
(ERb Thr299), among others. None of the different binding
orientations seemed to be preferred. These results show that
the benzo[b]naphtho[1,2-d]furan-5-carbonitrile scaffold is capable
of “horizontal and vertical flipping”, as it may bind in two
orientations that differ by 180◦ in each axis. The lack of one of the
two hydroxyl groups, which are well known to be essential for ER
binding, allows a high degree of mobility inside the binding site.


Compound 2. ERa: Predicted docking energies for ERa were
within the range of −12.4 to −9.4 kcal mol−1, and 39 out of 100
solutions were placed inside the binding site, with five different
orientations. One predicted orientation (blue in Fig. 6A ), contains
only three docking solutions with energy of −12.4 kcal mol−1 and
is equivalent to that for estradiol, involving interactions between


Fig. 6 Superimposition of the docking orientations obtained for com-
pound 2 in A) ERa LBD; B) ERb LBD. Estradiol is shown in CPK
colours as reference.


both hydroxyl groups, the Glu353-Arg394-HOH triad and His524.
Ring D is placed close to Met421, in a similar way to one of the
orientations obtained from the docking of estradiol.


The other non estradiol-like orientations were higher in energy
(−11.0 to −9.4 kcal mol−1) and involved interactions between
the cyano group and Met421, or between the hydroxyl group at
position 3 and Met421. Several poses corresponded to orienta-
tions perpendicular to the estradiol plane, involving interactions
between the OH-9 group and Asp351 (helix-12) and Lys529
(helix-18). This result is in agreement with the weak antagonistic
character detected for this compound, taking into account that
the antiestrogenic character of tamoxifen has been explained by
forcing helix-12 out of position through the interaction of the side
chain with Asp351.24


ERb: Remarkably, predicted docking energies for ERb were
within the narrow range of −12.4 to −12.0 kcal mol−1, and 95 out
of 100 solutions were placed inside the binding site, oriented in four
different poses. Two predicted orientations contained 84 docking
solutions (blue and white, Fig. 6B. and Fig. 7), and corresponded
to orientations equivalent to that for estradiol, in which the
hydroxyl groups interact with Glu305-Arg346-HOH triad and
His475. For the most populated orientation (68 solutions out of
100), an additional interaction is found between the cyano group
and Thr299. It has been reported that hydrogen bonding through
Thr299 (ERa Thr347) rather than His475 (ERa His524) can be an
alternative-binding mode within the ER binding site.25 This may
represent a third anchorage point inside the ER LBD, suggesting
that the cyano group could be modulating the interaction between
the rest of the ligand and the receptor. Additionally, ring D nicely
occupies the cavity between Met336 (ERa Leu384) and Ile373
(ERa Met421), establishing favourable contacts, not observed
for the docking in ERa. Interestingly, it has been proposed that
enhanced selectivity for ERb can be achieved by designing ligands
able to bind differently to ERb Ile373 than to ERa Met421. This
interaction has been reported for some ligands derived from the
2-phenylnaphthalene scaffold.13 Our docking studies show that 2
binds to ERb in a more efficient way than to ERa, as a result of
several subtle interactions that can account for the ERb selectivity
experimentally shown by this compound.


Fig. 7 Compound 2 docked poses into the binding site of ERb. Key
residues of the site are denoted by sticks.
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Compound 3. Energy range for solutions inside ERa LBD
was −12.3 to −11.1 kcal mol−1 (27 solutions out of 100), and
for ERb LBD was −12.3 to −11.9 kcal mol−1 (37 solutions out
of 100). Docking calculations did not predict any orientation
involving similar interactions to those for estradiol, i.e. interac-
tions in which both hydroxyl groups are involved in contacts
with ERa Glu353-Arg394-HOH triad, and with ERa His524,
simultaneously (Fig. 8). Only in ERb, a pattern of interactions
resembling the estradiol-like pattern could be identified (in 17 out
of 37 docking solutions): interactions between OH-3 and His475,
and between OH-9 and Arg346 (but not Glu305). With this pair
of contacts, two “flipped” orientations were identified: with the
cyano group oriented toward Leu394, and with the cyano group
oriented toward Lys315. Nevertheless, the lack of an appropriate
set of interactions could justify the weak ERb agonistic behavior
in comparison to 2.


Fig. 8 Superimposition of the docking orientations obtained for com-
pound 3 in A) ERa LBD; B) ERb LBD. Estradiol is shown in CPK
colours as reference.


We also observed a repulsive interaction between the sulfur atom
and the carbonyl group of ERa Leu346, due to its proximity (red
in Fig. 8A.). However, in ERb, the sulfur atom is close to the Ca
of Ala302 (3.68 Å), and the equivalent carbonyl group (Leu298)
is far away, so there is no repulsive interaction (see Fig. 8B.). In
spite of the slight energy difference between ERa/ERb docking
solutions, this observation could explain the weak ERb selectivity
shown by 3.


Compound 4. Docking studies inside the ERa LBD pre-
dicted only four solutions inside the binding site. Two of them
were grouped into the same cluster (−10.9 kcal mol−1), and


corresponded to an estradiol-like orientation, with OH-7 pointing
toward His524, and OH-4′ toward Glu353-Arg394-HOH triad.
The sulfur atom is bumping on Leu387 side chain. Docked
solutions within the ERb LBD pointed to a potential ERb
selectivity. The energy range was −11.5 to −9.5 kcal mol−1 (51
solutions out of 100), and four possible orientations could be
identified. One of these orientations (16 solutions) corresponded
to that for estradiol: the hydroxyl group at position 7 is oriented
toward the Glu305-Arg346-HOH triad, and OH-4′ is oriented
toward His475. The cyano group is placed into the cavity delimited
by Leu343 and Leu380. An alternative orientation, and the
most populated one (32 solutions), involves interactions between
the OH-7 group and the sulfur atom of Met340, the OH-4′


group and the NH of the backbone of His475, and the stacking
interaction between the phenyl ring and the imidazole of His475.
Unexpectedly, naphthothiophene 4 only showed a very weak
antagonistic activity on ERa, in disagreement with the docking
prediction. In order to rationalize this result further computational
work, such as molecular dynamic simulations, becomes necessary.


Experimental


General methods


Melting points (uncorrected) were determined on a Stuart Scien-
tific SMP3 apparatus. Infrared (IR) spectra were recorded with a
Perkin-Elmer 1330 infrared spectrophotometer. 1H and 13C NMR
were recorded on a Bruker 300-AC instrument. Chemical shifts
(d) are expressed in parts per million; coupling constants (J)
are in Hertz. Mass spectra were run on a Bruker Esquire 3000
spectrometer. Elemental analyses (C, H, N) were performed on a
LECO CHNS-932 equipment at the Microanalyses Service of the
University Complutense of Madrid. Thin-layer chromatography
(TLC) was run on Merck silica gel 60 F-254 plates. Unless stated
otherwise, starting materials used were high-grade commercial
products. The photolyses were carried out in a quartz immersion
well apparatus with a Pyrex filter and a 400 W medium-pressure
Hg arc lamp.


6-Methoxy-1-benzofuran 14


To a solution of 6-hydroxy-1-benzofuran-3(2H)-one (5 g,
33 mmol) in dry acetone (20 cm3) at room temperature were added
K2CO3 (5.9 g, 43 mmol) and Me2SO4 (2.49 g, 20 mmol). After
stirring for 2 h, the mixture was concentrated in vacuo, and diluted
with water. The aqueous layer was extracted with DCM, and the
combined organic layers were washed with brine, dried (MgSO4),
filtered, and concentrated to give 6-methoxy-1-benzofuran-3(2H)-
one (3.5 g, 65%) as a yellow solid, mp 102–103 ◦C; mmax (KBr)/cm−1


2220; dH(300 MHz, CDCl3) 3.85 (3 H, s, OMe), 4.60 (2 H, s, CH2),
6.51 (1 H, d, J 1.8, ArH), 6.62 (1 H, dd, J 8.6 and 1.8, ArH)
and 7.52 (1 H, d, J 9.2, ArH); dC(75.4 MHz, CDCl3) 55.80, 75.44,
96.18, 112.10, 114.20, 124.94, 168.09, 176.43 and 197.49.


To a solution of 6-methoxy-1-benzofuran-3(2H)-one (0.5 g,
3.05 mmol) in MeOH (10 cm3) was added NaBH4 (0.17 g,
4.6 mmol) in four successive portions at room temperature. After
stirring for 4 h, the crude reaction mixture was quenched by
the addition of acetone and treated with an aqueous 3 N HCl
solution for 1 h. The acetone and methanol were evaporated and
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the aqueous solution was extracted with EtOAc. The combined
organic extracts were dried (MgSO4), filtered, and concentrated to
give 14 (0.305 g, 70%) as an oil; mmax (KBr)/cm−1 1610 and 2810;
dH(300 MHz, CDCl3) 3.87 (3 H, s, OMe), 6.73 (1 H, s, ArH), 6.93
(1 H, d, J 8.5, ArH), 7.09 (1 H, s, ArH), 7.49 (1 H, d, J 8.5, ArH)
and 7.57 (1 H, s, ArH); dC(75.4 MHz, CDCl3) 55.56, 95.76, 106.26,
111.83, 120.54, 121.10, 143.95, 155.84 and 157.88.


6-Methoxy-1-benzofuran-2-carbaldehyde 6


To a solution of 14 (2.26 g, 15 mmol) in dry THF (20 cm3), was
added dropwise n-BuLi (11.25 cm3, 1.6 M in hexane) at −78 ◦C
under argon. The mixture was stirred for 1 h and then DMF
(2.19 g, 30 mmol) was added. After stirring for 4 h at room
temperature, the mixture was quenched with an aqueous saturated
NH4Cl solution (15 cm3) and stirred at 0 ◦C for 0.5 h. The aqueous
phase was extracted with DCM (3 × 20 mL) and the combined
organic extracts were dried (MgSO4) and concentrated to dryness.
The residue was purified by flash column chromatography using
hexane–EtOAc (9 : 1) as eluent to give 6 (1.6 g, 61%) as brownish
solid, mp 78–80 ◦C; mmax (KBr)/cm−1 1655; dH(300 MHz, CDCl3)
3.69 (3 H, s, OMe), 6.79 (2 H, m, ArH), 7.35 (1 H, s, ArH), 7.42 (1
H, d, J 8.5, ArH) and 9.58 (1 H, s, CHO); dC(75.4 MHz, CDCl3)
55.20, 94.89, 114.32, 118.71, 119.50, 123.57, 151.95, 157.43, 161.29
and 178.28. EIMS (m/z) 199 [M + Na]+.


6-Methoxy-1-benzothiophene-2-carbaldehyde 7


The procedure described above was used for the synthesis of 7.
From 6-methoxy-1-benzothiophene (3.824 g, 423 mmol), n-BuLi
(14.4 cm3, 1.6 M in hexane) and DMF (3.36 g, 46 mmol), 7 was
obtained (3.69 g, 83%) as a white solid, mp 98–99 ◦C (from EtOH)
(Found: C, 62.71; H, 4.35; S, 16.76. C10H8OS requires C, 62.48;
H, 4.19; N, 16.68%); mmax (KBr)/cm−1 1652; dH(300 MHz, CDCl3)
3.86 (3 H, s, OMe), 7.02 (1 H, dd, J 8.8 and 2.2, ArH), 7.25 (1 H,
d, J 2.2, ArH), 7.76 (1 H, d, J 8.8, ArH), 7.87 (1 H, s, ArH) and
9.97 (1 H, s, CHO); dH(300 MHz, CDCl3) 55.30, 104.23, 116.06,
126.82, 132.20, 134.57, 140.58, 144.68, 160.04 and 183.91; EIMS
(m/z) 193 [M + H]+.


5-(4-Methoxyphenyl)thiophene-2-carbaldehyde 15


To a solution of 5-bromothiophene-2-carbaldehyde (3.0 g,
16 mmol), 4-methoxyphenylboronic acid (3.65 g, 24 mmol)
and bis(triphenylphosphine)palladium(II) dichloride (5% mol,
0.8 mmol) in THF (50 cm3) was added a 2 M solution of K2CO3


(25 mL, 50 mmol) and the mixture was stirred at 40 ◦C for 3.5 h.
Diethyl ether (30 cm3) was added and the solution was washed
with an aqueous 0.5 N NaOH solution (2 × 20 cm3), water and
brine, and then dried (MgSO4), filtered and evaporated to dryness.
The residue was purified by flash column chromatography using
hexane–EtOAc (9 : 1) as eluent to give 15 (1.78 g, 51%) as an
orange solid, mp 121–122 ◦C (Found: C, 65.97; H, 4.82; S, 14.52.
C2H10O2S requires C, 66.03; H, 4.62; S, 14.69%); mmax (KBr)/cm−1


1650; dH(300 MHz, CDCl3) 3.86 (3 H, s, OMe), 6.95 (2 H, AA′XX′,
ArH), 7.30 (2 H, d, J 3.8, thiophene-H), 7.62 (2 H, AA′XX′, ArH),
7.71 (1 H, d, J 3.8 Hz, thiophene-H) and 9.86 (1 H, s, CHO);
dC(75.4 MHz, CDCl3) 55.3, 114.4, 122.9, 125.6, 127.7, 137.7, 141.3,
154.4, 160.6 and 182.6; EIMS (m/z) 219 [M + H]+.


3-(1-Benzofuran-2-yl)-2-(3-methoxyphenyl)prop-2-enenitrile 8


To a solution of 3-methoxyphenylacetonitrile (3.02 g, 20 mmol)
and 1-benzofuran-2-carbaldehyde (3 g, 20 mmol) in absolute
EtOH (50 cm3) was added NaOEt (0.68 g, 10 mmol) and the
mixture was stirred at room temperature for 5 h. The precipitate
formed was collected by filtration to give 8 (3.78 g, 62%) as a
solid, mp 88–90 ◦C (Found: C, 78.49; H, 4.81; N, 5.14. C18H13NO2


requires C, 78.53; H, 4.76; N, 5.09%); mmax (KBr)/cm−1 2220;
dH(300 MHz, CDCl3) 3.87 (3 H, s, OMe), 6.95 (1 H, m, ArH), 7.21
(1 H, t, ArH), 7.27–7.50 (6 H, m, ArH, furan-H and HC=C), 7.56
(1H, d, J 8.2, ArH) and 7.65 (1 H, d, J 7.7, ArH); dC(75.4 MHz,
CDCl3) 55.4, 110.7, 111.3, 111.6, 115.2, 117.4, 118.2, 122.0, 123.6,
126.8, 128.1, 128.3, 130.2, 134.8, 151.2, 155.2 and 160.1. EIMS
(m/z) 276 [M + H]+.


3-(6-Methoxy-1-benzofuran-2-yl)-2-(3-methoxyphenyl)prop-2-
enenitrile 9


A solution of 3-methoxyphenylacetonitrile (1.25 g, 8.5 mmol),
compound 6 (1.5 g, 8.5 mmol) and NaOEt (0,068 g, 1.0 mmol) in
absolute EtOH (30 cm3) was refluxed for 1 h and cooled to room
temperature to produce a precipitate of yellow crystals. The solid
was removed by filtration and an additional amount of NaOMe
(0.21 g, 3.1 mmol) was added to the filtrate. The mixture was
refluxed for 2 h and cooled to room temperature to precipitate
more crystals. The two crops were washed with a small amount of
EtOH and dried to give 9 (2.1 g, 80%) as a yellow solid, mp
99–101 ◦C (from hexane) (Found: C, 75.24; H, 4.97; N, 4.86.
C19H15NO3 requires C, 74.74; H, 4.95; N, 4.59%); mmax (KBr)/cm−1


2200; dH (300 MHz; CDCl3) 3.89 (3 H, s, OMe), 3.90 (3 H, s,
OMe), 6.91–6.96 (m, 2 H, ArH), 7.08 (1 H, d, J 1.8, ArH), 7.20 (1
H, t, ArH), 7.27–7.30 (1 H, m, ArH), 7.37, (1 H, t, J 7.9, ArH),
7.39 and 7.43 (2 H, 2 s, ArH and CH=C) and 7.51 (1 H, d, J 9.2,
ArH). dC (75.4 MHz; CDCl3) 55.42, 55.74, 95.29, 108.58, 111.18,
111.99, 113.86, 114.83, 117.78, 118.12, 121.47, 122.28, 128.16,
130.13, 135.15, 150.52, 156.72, 160.08 and 160.11; EIMS (m/z)
328 [M + Na]+.


3-(6-Methoxy-1-benzothiophen-2-yl)-2-(3-methoxyphenyl)prop-2-
enenitrile 10


The procedure described above was used for the synthesis of 10.
From 3-methoxyphenylacetonitrile (2.8 g, 19 mmol), 7 (3.7 g,
19 mmol) and NaOEt (0.32 g, 4.6 mmol), 10 (4.427 g, 73%) was
obtained as a yellow solid, mp 149–150 ◦C (Found: C, 70.79; H,
4.76; N, 4.59; S, 9.90. C19H15NO2S requires C, 71.00; H, 4.70;
N, 4.36; S, 9.98%); mmax (KBr)/cm−1 2220; dH(300 MHz, CDCl3)
3.86 (3 H, s, OMe), 3.88 (3 H, s, OMe), 6.91 (1 H, dd, J 8.2,
and 2.2, ArH), 7.00 (1 H, dd, J 8.8 and 2.2, ArH), 7.15 (1 H,
m, ArH), 7.22–7.37 (3 H, m, ArH) and 7.67–7.69 (3 H, m, ArH);
dC(75.4 MHz, CDCl3) 55.35, 55.55, 104.17, 108.47, 111.18, 114.54,
115.69, 118.07, 118.12, 125.36, 130.05, 130.15, 132.47, 135.14,
135.24, 143.14, 159.06 and 159.97; EIMS (m/z) 344 [M + Na]+.


2-(3-Methoxyphenyl)-3-[5-(4-methoxyphenyl)thiophen-2-yl]prop-
2-enenitrile 16


To a solution of 3-methoxyphenylacetonitrile (0.5 g, 3.4 mmol) and
5-(4-methoxyphenyl)thiophene-2-carbaldehyde (0.74 g, 3.4 mmol)
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in absolute EtOH (20 cm3) was added NaOEt (0.09 g, 1.7 mmol)
and the mixture was stirred at room temperature for 5 h. The
precipitate formed was collected by filtration to give 16 (1.04 g,
88%) as an orange solid, mp 132–133 ◦C (Found: C, 72.50; H,
5.01; N, 4.11; S, 9.39. C21H17NO2S requires C, 72.60; H, 4.93; N,
4.03; S, 9.23%); mmax (KBr)/cm−1 2220; dH(300 MHz, CDCl3) 3.85
(3 H, s, OMe), 3.87 (3 H, s, OMe), 6.88–6.91 (1 H, m, ArH), 6.94
(2 H, AA′XX′, ArH), 7.16 (1 H, t, J 2.2, ArH), 7.22–7.26 (2 H,
m, ArH and thiophene-H), 7.34 (1 H, t, ArH), 7.55 (1 H, d, J 3.8,
thiophene-H), 7.61 (1H, s, HC=C) and 7.62 (2 H, AA′XX′, ArH).
dC(75.4 MHz, CDCl3) 55.3, 106.4, 111.0, 114.2, 114.4, 117.9, 118.3,
122.4, 126.0, 127.4, 130.0, 134.5, 134.5, 135.4, 136.0, 149.2, 160.0
and 160.0. EIMS (m/z) 348 [M + H]+.


3-Methoxybenzo[b]naphtho[1,2-d]furan-5-carbonitrile 11


A solution of 8 (0.6 g, 1.96 mmol) and I2 (0.5 g, 1.96 mmol)
in absolute EtOH (350 mL) was irradiated for 4 h. The solid
formed was isolated by filtration to give 11 (0.39 g, 65%) as a
white solid, mp 202–204 ◦C (Found: C, 79.15; H, 4.20; N, 5.22.
C18H11NO2 requires C, 79.11; H, 4.06; N, 5.13%); mmax (KBr)/cm−1


2220; dH(300 MHz, CDCl3) 4.04 (3 H, s, OMe), 7.46–7.74 (5 H, m,
ArH), 8.15 (1 H, s, ArH), 8.39 (1 H, br d, J 8.8, ArH) and 8.58 (1
H, d, J 9.4, ArH); dC(75.4 MHz, CDCl3) 55.5, 104.7, 107.1, 112.3,
118.7, 118.7, 121.0, 122.6, 122.6, 123.4, 123.7, 125.3, 128.1, 131.0,
150.5, 156.9 and 158.2. EIMS (m/z) 273 [M]+.


3,9-Dimethoxybenzo[b]naphtho[1,2-d]furan-5-carbonitrile 12


A solution of 9 (0.30 g, 0.98 mmol) and I2 (0.25 g, 0.98 mmol)
in absolute EtOH (350 cm3) was irradiated for 4 h in a quartz
immersion well apparatus with a Pyrex filter and a 400 W medium-
pressure Hg arc lamp. The solid formed was isolated by filtration
to give 12 (0.247 g, 82%) as a solid, mp 262–263 ◦C (Found: C,
74.89; H, 4.28; N, 4.83. C19H13NO3 requires C, 75.24; H, 4.32; N,
4.62%); mmax (KBr)/cm−1 2200; dH (300 MHz, CDCl3) 3.96 (3 H, s,
OMe), 4.04 (3 H, s, OMe), 7.10 (1 H, dd, J 8.8 and 2.2, ArH), 7.20
(1 H, d, J 2.2, ArH), 7.46 (1 H, dd, J 8.8 and 2.7, ArH), 7.67 (1 H.
d, J 2.7, ArH), 8.12 (1 H, s, ArH), 8.24 (1 H, d, J 8.8, ArH) and
8.52 (1 H, d, J 8.8, ArH); EIMS (m/z) 304 [M + H+].


3,9-Dimethoxybenzo[b]naphtho[1,2-d]thiophene-5-carbonitrile 13


A solution of 10 (0.3 g, 0.94 mmol) and I2 (0.24 g, 0.94 mmol)
in absolute EtOH (350 cm3) was irradiated for 8 h. The solid
formed was isolated by filtration to give 13 (0.2 g, 84%) as a white
solid, mp 226–227 ◦C (Found: C, 71.14; H, 4.27; N, 4.81; S, 10.04.
C19H13NO2S requires C, 71.45; H, 4.10; N, 4.39; S, 10.04%); mmax


(KBr)/cm−1 2200; dH (300 MHz, CDCl3) 3.98 (3 H, s, OMe), 4.05
(3 H, s, OMe), 7.23 (1 H, dd, J 9.2 and 2.4, ArH), 7.43–7.47 (2
H, m, ArH), 7.70 (1 H, d, J 2.4, ArH), 8.28 (1 H, s, ArH), 8.70 (1
H, d, J 9.2, ArH) and 8.90 (1 H, d, J 9.2, ArH); EIMS (m/z) 342
[M + Na]+.


7-Methoxy-2-(4-methoxyphenyl)naphtho[2,1-b]thiophene-5-
carbonitrile 17


A solution of 16 (0.3 g, 0.867 mmol) and I2 (0.2 g, 0.867 mmol)
in absolute EtOH (350 cm3) was irradiated for 15 h. The solid
formed was isolated by filtration to give 17 (0.17 g, 57%) as an


orange solid, mp 216–217 ◦C (Found: C, 72.91; H, 4.49; N, 4.24;
S, 9.22. C21H15NO2S requires C, 73.02; H, 4.38; N, 4.06; S, 9.28%);
mmax (KBr)/cm−1 2220; dH (300 MHz, CDCl3) 3.89 (3 H, s, OMe),
4.01 (3 H, s, OMe), 7.01 (2 H, AA′XX′, ArH), 7.34 (1 H, dd, J
8.8 and 1.7, ArH), 7.58 (1 H, d, J 1.7, ArH), 7.72 (2 H, AA′XX′,
ArH), 7.98 (1 H, s, thiophene-H), 8.21 (1 H, s, ArH) and 8.26 (1
H, d, J 8.8, ArH); dC (75.4 MHz; CDCl3) 55.4, 55.5, 104.7, 114.5,
116.1, 118.6, 119.7, 123.4, 125.7, 126.1, 127.9, 127.9, 128.1, 131.2,
132.4, 140.8, 149.5, 158.8 and 160.4; EIMS (m/z) 346 [M + H]+.


3-Hydroxybenzo[b]naphtho[1,2-d]furan-5-carbonitrile 1


To a solution of 11 (0.20 g, 0.73 mmol) in dry DCM (20 cm3),
was added BBr3 (14 cm3, 1 M in DCM, 14 mmol) at 0 ◦C. The
mixture was stirred in a sealed tube at 70 ◦C for 48 h. After cooling
to room temperature, the crude reaction mixture was quenched
carefully with ice, water and 1 N HCl. The aqueous layer was
extracted with AcOEt (3 × 50 cm3) and the combined organic
extracts were washed with saturated aqueous NaHCO3 and brine,
dried (MgSO4) and concentrated to dryness to give 1 (0.11 g, 99%)
as a solid, which was recrystallized from n-butanol, mp > 300 ◦C
(Found: C, 78.22; H, 3.76; N, 5.51. C17H9NO2 requires C, 78.76; H,
3.50; N, 5.40%); mmax (KBr)/cm−1 2220; dH (300 MHz, DMSO) 7.46
(1 H, dd, J 8.5 and 2.4, ArH), 7.53–7.60 (2 H, m, ArH), 7.67 (1 H,
t, ArH), 7.88 (1 H, d, J 7.9, ArH), 8.64 (1 H, s, ArH), 8.67 (1 H, d,
J 7.3, ArH) and 8.79 (1 H, d, J 8.5, ArH); dC (75.4 MHz; DMSO)
105.9, 107.4, 112.3, 118.0, 119.6, 119.7, 121.0, 121.7, 122.2, 122.8,
123.2, 124.1, 126.4, 128.6, 131.0, 149.8, 156.3 and 156.7; EIMS
(m/z) 260 [M + H]+.


3,9-Dihydroxybenzo[b]naphtho[1,2-d]furan-5-carbonitrile 2


The procedure described above was used for the synthesis of 2.
From 12 (0.16 g, 0.53 mmol), and BBr3 (10.5 cm3, 1M in DCM,
10.5 mmol), and after work up, the residue was purified by column
chromatography using AcOEt : MeOH (20 : 1) as eluent to afford
2 (0.12 g, 86%) as a solid, mp > 300 ◦C (Found: C, 73.68; H,
3.45; N, 5.28. C17H9NO3 requires C, 74.18; H, 3.30; N, 5.09%);
mmax (KBr)/cm−1 2220; dH(300 MHz, DMSO) 7.01 (1 H, dd, J 8.5
and 2.4, ArH), 7.16 (1 H, d, J 2.4, ArH), 7.41 (1 H, dd, J 9.2 and
2.4 Hz, ArH), 7.56 (1 H, d, J 2.5, ArH), 8.43 (1 H, d, J 8.5 Hz,
ArH), 8.52 (1 H, s, ArH), 8.68 (1 H, d, J 9.2 ArH) and 10.38
(2 H, br s, 2 OH); dC(75.4 MHz, DMSO) 98.29, 103.40, 107.21,
113.55, 114.79, 118.44, 119.25, 120.70, 121.19, 123.14, 123.88,
126.55, 131.34, 149.40, 156.63, 158.34 and 159.04; EIMS (m/z)
274 [M − H]+.


3,9-Dihydroxybenzo[b]naphtho[1,2-d]thiophene-5-carbonitrile 3


The procedure described above was used for the synthesis of 3.
From 13 (0.13 g, 0.41 mmol) and BBr3 (6.12 cm3, 1 M in DCM,
6.12 mmol), and after work-up, the residue was purified by flash
column chromatography using AcOEt : hexane (7 : 3) as eluent
to give 3 (0.071 g, 60%) as a solid, mp > 300 ◦C (Found: C,
69.08; H, 3.52; N, 4.71; S, 10.48. C17H9NO2S·1/3H2O requires C,
68.67; H, 3.28; N, 4.71; S, 10.78%); mmax (KBr)/cm−1 2220, 3250
and 3400; dH(300 MHz, DMSO) 7.12 (1 H, dd, J 9.2 and 2.4,
ArH), 7.40 (1 H, dd, J 9.2 and 2.5, ArH), 7.49 (1 H, d, J 2.4,
ArH), 7.53 (1 H, d, J 2.5, ArH), 8.70 (1 H, s, ArH), 8.80 (1 H,
d, J 9.2, ArH), 8.99 (1 H, d, J 9.2, ArH), 10.30 (1 H, s, OH) and
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10.43 (1 H, s, OH); dC(75.4 MHz; DMSO) 104.49, 107.73, 108.49,
115.56, 118.37, 120.25, 122.85, 126.25, 127.19, 128.99, 129.22,
131.65, 132.10, 133.26, 143.29, 156.62 and 157.26; EIMS (m/z)
290 [M − H]+.


7-Hydroxy-2-(4-hydroxyphenyl)naphtho[2,1-b]thiophene-5-
carbonitrile 4


The procedure described above was used for the synthesis of 4.
From 17 (0.145 g, 0.42 mmol) and BBr3 (8.43 cm3, 1 M in DCM,
18.43 mmol), 4 (0.069 g, 52%) was obtained as a solid, mp >


300 ◦C; mmax (KBr)/cm−1 1690 and 3400; dH(300 MHz, acetone-d6)
6.90 (2 H, AA′XX′, ArH), 7.30 (1 H, dd, J 9.2 and 2.4, ArH),
7.45 (1 H, d, J 2.4, ArH), 7.74 (2 H, AA′XX′, ArH), 8.51 (1 H, s,
thiophene-H), 8.54 (1 H, d, J 9.2, ArH) and 8.63 (1 H, s, ArH),
10.00 (1 H, s OH) and 10.35 (1 H, s OH); dC (75.4 MHz; acetone-
d6) 102.9, 106.5, 115.0, 115.3, 115.4, 117.2, 118.32, 121.9, 124.0,
125.7, 127.0, 127.2, 127.3, 130.6, 130.7, 140.4, 149.1, 156.2 and
157.8; EIMS (m/z) 316 [M − H]+.


(3,9-Dimethoxybenzo[b]naphtho[1,2-d]thien-5-yl)(4-
fluorophenyl)methanone 20


To a solution of 13 (0.23 g, 0.72 mmol) in THF (10 cm3) was
added a solution of 4-fluorophenylmagnesium bromide (14.5 ml,
14.5 mmol, 1.0 M in THF) at RT, and the mixture was refluxed for
24 h. After cooling, HCl 3 N (20 mL) was added to the crude,
and a red solid, which was characterized as the imine of 20,
precipitated. The solid was isolated by filtration, and after adding
HCl 3 N (125 cm3), the suspension was refluxed for 48 h. The new
yellow precipitate formed was extracted with DCM (3 × 20 cm3)
and the organic extracts were washed with brine, dried (MgSO4),
and evaporated to give 20 (0.21 g, 71%), mp 179–180 ◦C; mmax


(KBr)/cm−1 1640; dH (300 MHz, CDCl3) 3.87 (3 H, s, OCH3), 3.96
(3 H, s, OCH3), 7.16–7.23 (3 H, m, ArH), 7.40 (1 H, dd, J 9.3 and
2.5, ArH), 7.45 (1 H, d, J 2.5, ArH), 7.71 (1 H, d, J 2.9, ArH),
7.93–7.98 (3 H, m, ArH), 8.70 (1 H, d, J 9.3, ArH) and 8.92 (1
H, d, J 9.8, ArH); dC (75.4 MHz; CDCl3) 55.11, 55.43, 105.65,
106.03, 114.31, 115,45, 115.74, 118.96, 124.33, 124.70, 125.49,
125.81, 129.37, 131.04, 131.97, 132.41, 134.93, 142.88, 157.22,
158.20, 163.99, 167.38 and 196.11.


(3,9-Dibenzyloxybenzo[b]naphtho[1,2-d]thien-5-yl)(4-
fluorophenyl)methanone 22


The procedure described above for 1–4 was used for the synthesis
of 21. From 20 (0.13 g, 0.31 mmol), and BBr3 (6.2 cm3, 1 M in
DCM, 6.2 mmol), and after work up, a solid was obtained. Then,
HCl 3 N (125 mL) was added and the mixture was refluxed for 48 h.
After cooling, the mixture was extracted with AcOEt (3 × 50 cm3)
and the combined organic extracts were washed with NaHCO3


and brine, dried (MgSO4) and concentrated to dryness to afford
21 (0.114 g, 95%) as a brown solid, which was used in the next step
without further purification; dH (300 MHz, acetone-d6) 7.22 (1 H,
d, J 8.6, ArH), 7.32 (2 H, m, ArH), 7.42 (1 H, d, J 9.2 Hz, ArH),
7.54 (1 H, s, ArH), 7.58 (1 H, s, ArH), 7.98 (2 H, m, ArH), 8.05
(1 H, s, ArH), 8.83 (1 H, d, J 8.6 Hz, ArH) and 9.05 (1 H, d, J
9.2 Hz, ArH).


A solution of 21 (0.12 g, 0.31 mmol), K2CO3 (0.43 g, 3.1 mmol)
and benzyl bromide (0.4 ml, 3.1 mmol) in EtOH (3 cm3) was


refluxed for 24 h. The reaction was then diluted with AcOEt,
washed with water and brine, dried (MgSO4) and evaporated to
dryness. The residue was purified by flash column chromatography
using hexane : AcOEt (9 : 1) as eluent to give 22 (0.06 g, 33%) as a
yellow oil; dH (300 MHz, CDCl3) 5.11 (2 H, s, CH2), 5.20 (2 H, s,
CH2), 7.14–7.53 (15 H, m, ArH), 7.80 (1 H, s, ArH), 7.94 (3 H, m,
ArH), 8.70 (1 H, d, J 9.2, ArH) and 8.92 (1 H, d, J 9.3 ArH).


(3,9-Dibenzyloxybenzo[b]naphtho[1,2]thien-5-yl)(4-[2-(piperidin-1-
yl)ethoxy]phenyl)methanone 23


To a solution of 2-(piperidin-1-yl)ethanol (0.26 g, 2 mmol) in DMF
(5 ml) was added NaH (0.05 g, 2 mmol) and the mixture was stirred
at RT for 30 minutes. Then 22 (0.06 g, 0.1 mmol) was added and the
stirring was continued for 6 h. To the solution was added water,
and the aqueous layer was extracted with EtOAc, washed with
brine, dried (MgSO4) and evaporated. The residue was purified by
flash column chromatography using AcOEt as eluent to give 23
(0.04 g, 57%) as a yellow oil; dH (300 MHz, CDCl3) 1.47 (2 H,
m, CH2-piperidine), 1.64 (4 H, m, 2CH2-piperidine), 2.52 (4 H,
m, 2CH2-piperidine), 2.82 (2 H, t, J 5.9, CH2N), 4.20 (2 H, t, J
5.9, CH2O), 5.08 (2 H, s, CH2Ph), 5.20 (2H, s, CH2Ph), 6.97 (2
H, d, J 8.8, ArH), 7.37–7.52 (13 H, m, ArH), 7.75 (1 H, d, J 2.4,
ArH), 7.90 (1 H, d, J 8.8, ArH), 7.94 (1 H, s, ArH), 8.71 (1H, d, J
9.3, ArH), 8.92 (1H, d, J 9.8, ArH); dC (75.4 MHz; CDCl3) 24.08,
25.86, 55.03, 57.65, 66.27, 69.89, 70.29, 107.03, 107.45, 114.28,
114.87, 119.39, 123.31, 124.77, 125.68, 125.85, 127.52, 127.72,
127.97, 128.14, 128.50, 128.65, 128.74, 129.87, 131.07, 131.35,
132.77, 133.34, 133.83, 136.44, 136.49, 142.65, 156.30, 157.32,
163.06 and 196.49; EIMS (m/z) 678 [M + H]+.


(3,9-Dihydroxybenzo[b]naphtho[1,2]thien-5-yl)(4-[2-(piperidin-1-
yl)ethoxy]phenyl)methanone 24


To a solution of 23 (40 mg, 0.06 mmol) in EtOH (4 cm3) was
added Pd/C 10% (30 mg) and the mixture was introduced into a
Parr apparatus under an initial pressure of 20 psi. After 2 h the
catalyst was removed and the solvent evaporated. The residue was
purified by flash column chromatography using AcOEt : MeOH
(9 : 1) as eluent to give 24 (13 mg, 46%) as a yellow solid; mmax


(KBr)/cm−1 1640, 3300–3600; dH (300 MHz, CD3OD) 1.65 (2 H,
m, CH2-piperidine), 1.81 (4 H, m, 2CH2-piperidine), 2.84 (4 H, m,
2CH2-piperidine), 3.07 (2 H, t, J 4.8, CH2N), 4.34 (2 H, t, J 4.8,
CH2O), 7.13 (2 H, d, J 7.9, ArH), 7.28 (1 H, d, ArH), 7.46–7.53 (3
H, m, ArH), 7.94–7.96 (3 H, m, ArH), 8.84 (1 H, d, J 9.2, ArH),
9.07 (1H, d, J 9.2, ArH); EIMS (m/z) 498 [M + H]+.


Computational methods


Geometries of compounds 1, 2, 3, 4, estradiol, raloxifene, and
THC were first optimized using the ab initio quantum chemistry
program Gaussian 9823 and the B3LYP/3-21G* basis set. Partial
atomic charges were then obtained using the RESP24 methodology
with the 6-31G* basis set. Different conformers of the ligands
were docked using the Lamarckian genetic algorithm (LGA)
implemented in AutoDock, by randomly changing the torsion
angles and overall orientation of the molecule. A volume for
exploration was defined in the shape of a three-dimensional grid
(80 × 80 × 90 Å3 for 1A52; 60 × 70 × 95 Å3 for 1ERR; 60 ×
90 × 60 Å3 for 1L2J) with a spacing of 0.375 Å that enclosed
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the binding site, and included the residues that are known to be
crucial for activity. Missing atoms inside the grids were added
and crystallographic water close to Glu-Arg was kept for the
docking calculations. At each grid point, the receptor’s atomic
affinity potentials for carbon, aromatic carbon, oxygen, nitrogen,
sulfur, and hydrogen atoms were precalculated for rapid intra-
and intermolecular energy evaluation of the docking solutions for
each ligand. The original Lennard–Jones and hydrogen-bonding
potentials provided by the program were used. The parameters
for the docking using the LGA were identical for all docking jobs.
After docking, the 100 solutions were clustered in groups with root
mean square deviations less than 1.0 Å. The clusters were ranked
by the lowest energy representative of each cluster.


IC50 assessment on hERa-LBD and hERb-LBD with scintillation
proximity assay (SPA)


All dilutions except the compound dilution series were made in
pH 8 assay buffer (1 mM EDTA, 18 mM K2HPO4, 2 mM KH2PO4,
20 mM Na2MoO4, 1mM TCEP). Extract of human estrogen
receptor expressed in E. coli (hERa-LBD or hERb-LBD) was
thawed on ice from −70 ◦C and mixed with streptavidin coated
SPA beads from Perkin Elmer (RPNQ00007). The amount of
receptor used will give an assay signal of approximately 300 ccpm.
Compounds were stored in 10 mM DMSO stock solutions at
−30 ◦C and thawed to room temperature prior to use. The
compounds were diluted in DMSO to 12 concentrations and
0.018 cm3 of each dilution was added in duplicates to a 384 well
assay plate with clear bottom (Corning 3706). The final assay
concentration of tracer was 1.2 ± 0.08 nM and the compound
concentrations ranged from 37 pM to 157 lM in a total volume
of 0.088 cm3. The plates were incubated on a shaker overnight at
room temperature, centrifuged (2000 rpm, 5 min) and measured
with top and bottom detectors on a 12 detector Trilux Microbeta
from Perkin Elmer. A four parameter logistic fit (4PL) was used to
analyze the data with XLfit software from IDBS (Guildford, UK)
in Microsoft Excel.


Agonist/antagonist characterization towards ERa and ERb


The estrogen receptor a and b competitive binding assays were
conducted using an estrogen receptor (a and b)/coactivator ligand
assay kit (EnBioTec Laboratories, Japan), in accordance with
protocol. In brief, the mixture of recombinant human estrogen
receptor a or b and samples (compounds 1 to 4, estradiol or
bisfenol A) were added to the wells of a plate coated with
biotinylated coactivator peptide, and they were allowed to react
at room temperature for 1 h. After washing the wells with wash
solution, the anti-ER-HRP solution was added to each well. The
absorbance at 450 nm was measured with a microplate reader
(Power Wave XS, Biotek) after incubation with the chromogen.
For antagonist assay the mixture added to the wells of the
plate coated with biotinylated coactivator peptide contained the
samples together with a known concentration of estradiol and
the recombinant human estrogen receptor a or b. The effective
concentration (EC50) and inhibitory concentration (IC50) for each
compound were calculated from the concentration of sample at
which the absorbance was diminished to 50%. Estradiol and
bisphenol A were used as controls.


In vitro cytotoxicity assays


Two pancreas tumoural cell lines, Panc-1 and L36PL were used
in this study. In vitro drug sensibility was assessed by the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide dye
conversion assay. Briefly, cells were trypsinized, seeded at 5 ×
103 per well in 96-well plate, and allowed to grow for 24 h
before treatment with exponential increasing concentrations of
drugs (Gemcitabine, compounds 2 and 3) in the presence 0.5%
fetal bovine serum. After a 96 h period of treatment, 0.02 cm3


of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
solution (5 mg cm−3 in PBS; Sigma) were added to each well and the
plates were then incubated for 3 h at 37 ◦C. The medium was then
replaced with 0.1 cm3 DMSO per well. Plates were shaken and the
absorbance was measured at 570 nm using a multiwell plate reader
(Model 550, Bio-Rad, Inc., Hercules, CA). Each experiment was
done in triplicate for each drug concentration and carried out at
least thrice.


Conclusion


A set of ER ligands based on novel tetracyclic scaffolds have been
synthesized through an efficient photochemical approach. The
affinity toward both ERa and ERb receptors has been evaluated,
and they have been characterized as agonists or antagonists. The
most interesting result has been found for compound 2, which
behaves as an ERb agonist (EC50 = 0.1 lM) and an ERaantagonist
(IC50 = 9.9 lM), and presents 3.5-fold higher affinity toward ERb.
This result has been rationalized, based on molecular modelling
studies, by an additional interaction between the cyano group
present in 2 and ERb Thr299, which is not present in the complex
formed by 2 with ERa. Further optimization of this scaffold as
ERb-selective agonist is now underway.


All synthesized compounds are candidates to be transformed
into ER antagonists by introduction of an appropriate basic side
chain through the cyano group present in the molecule. In fact, a
basic side chain has been introduced in compound 3 via a five step
synthetic pathway, demonstrating that these systems are scaffolds
suitable for the construction of new potential SERMs.


Compounds 2 and 3 shown an interesting antitumour profile
towards two pancreatic cancer cell lines and have been selected to
carry out in vivo assays. Interestingly, compound 2 behaves as a
ERb-agonist/ERa-antagonist.
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All-trans-retinoic acid (ATRA) and its associated analogues are important mediators of cell
differentiation and function during the development of the nervous system. It is well known that ATRA
can induce the differentiation of neural tissues from human pluripotent stem cells. However, it is not
always appreciated that ATRA is highly susceptible to isomerisation when in solution, which can
influence the effective concentration of ATRA and subsequently its biological activity. To address this
source of variability, synthetic retinoid analogues have been designed and synthesised that retain
stability during use and maintain biological function in comparison to ATRA. It is also shown that
subtle modifications to the structure of the synthetic retinoid compound impacts significantly on
biological activity, as when exposed to cultured human pluripotent stem cells, synthetic retinoid
4-(5,5,8,8-tetramethyl-5,6,7,8-tetrahydronaphthalen-2-ylethynyl)benzoic acid, 4a (para-isomer), induces
neural differentiation similarly to ATRA. In contrast, stem cells exposed to synthetic retinoid
3-(5,5,8,8-tetramethyl-5,6,7,8-tetrahydronaphthalen-2-ylethynyl)benzoic acid, 4b (meta-isomer),
produce very few neurons and large numbers of epithelial-like cells. This type of
structure–activity-relationship information for such synthetic retinoid compounds will further the
ability to design more targeted systems capable of mediating robust and reproducible tissue
differentiation.


Introduction


Retinoids are a class of natural and synthetic analogues of all-
trans-retinoic acid (ATRA), which is a metabolite of vitamin A
(retinol), a fat-soluble vitamin required by all mammals. ATRA,
and its two naturally occurring isomers, 9-cis-retinoic acid (9CRA)
and 13-cis-retinoic acid (13CRA) (Fig. 1), are capable of mediating
many biological processes both during embryonic development
and in adult life, particularly in the nervous system.1 They are vital
in the mediation of cell proliferation, differentiation and apoptosis,
and they maintain these processes in both normal and tumour
cells, in vivo and in vitro. Due to the ability of different retinoids to
control differentiation and apoptosis of tumour cells, they have
potential therapeutic uses in the treatment and prevention of
cancer.2 Indeed, ATRA and other commercially available retinoids
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Fig. 1 Structures for ATRA, 9CRA and 13CRA.


are currently used in a variety of cell differentiation therapies,3


rather than the naturally occurring retinoids, which contain a
polyene chain comprising five conjugated double bonds, and
are thus excellent chromophores which efficiently absorb light
in the region of 300–400 nm (depending on the solvent). This
makes these molecules particularly susceptible to photoisomeri-
sation, leading to degradation into a mixture of retinoic acid
isomers.4


Compound stability is an important feature when reagents are
routinely used for cell culture applications. During the preparation
and maintenance of cell cultures, the concentration levels of
retinoids have been shown to decrease markedly over time, and
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this could be a direct consequence of both their degradation
and metabolism.5 Isomerisation of ATRA is understood to be
an important part of its metabolic pathways within cells, since the
resulting isomers have different mechanisms of action.5,6 Indeed,
this is an important point that is all too often over-looked by
users of natural retinoids in the cell culture laboratory. A warning
to this effect has been issued to cell biologists using retinoic
acids as inducers of cell differentiation by Murayama et al.,4


who reported that the isomers of ATRA differentially affect the
ability of mammalian stem cells to differentiate along alternative
lineages, and they stated that care should be taken to protect
retinoic acids from isomerisation. This is particularly relevant
when the cellular response is determined by the concentration(s)
of the isomer(s) present in solution. For example, the induction
of the differentiation of pluripotent stem cells using retinoids is
variable, resulting in the differential activation of key molecular
pathways involved in tissue development in a concentration-
dependent manner.7 In turn, this variation has the potential to
result in mixed proportions of alternative differentiating cell types
which leads to increased culture heterogeneity. To reduce such
variability in differentiation response and improve reproducibility,
it is essential that whatever is used to induce cell differentiation is
in the same form and concentration every time it is used. Currently,
this cannot be guaranteed, especially when using reagents such as
ATRA and its stereoisomers because they are highly susceptible
to isomerisation under sample preparation conditions, storage of
stock solution conditions and in culture.


It is because the different isomers have diverse effects on cells
that some attempts have been made to control ATRA’s sensitivity
and tendency to isomerise. For example, a number of additives
which inhibit either cis–trans interconversion or oxidation have
been evaluated, including bovine serum albumin (BSA), fibrogen,
lysozyme, phosphatidylcholine N-ethylmaleimide and vitamin C.8


However, the addition of such molecules to cell culture media is
often not viable because such additives may affect cell behaviour in
their own way. In addition, none of these additives can completely
prevent isomerisation and, for example, the use of BSA is not
possible in serum-free culture media.


In this paper, we describe our recent work on the design, prepa-
ration and preliminary biological evaluation of synthetic retinoids
which remain stable to degradation for extended periods under
normal laboratory light. The ability of these types of compounds


to modulate tissue development; notably, the induction of cell
differentiation in a recognised pluripotent stem cell model of
human embryogenesis,9 is demonstrated.


Results and discussion


Synthetic retinoid synthesis


Retinoids have three structurally important regions: a hydropho-
bic section; a variable linker; and an acidic function, and extensive
chemical modifications to these motifs are possible. For example,
incorporating an aromatic ring to replace part of the polyene
chain forms a new class of retinoids, sometimes called arotinoids.
The major consequence of this replacement is an increase in
chemical and physical stability of the resulting retinoids compared
to natural retinoic acids, which are unstable under a wide variety
of conditions, including exposure to heat and light.4 A common
replacement for the trimethylcyclohexenyl ring and part of the
polyene chain in the retinoic acids is the 1,1,4,4-tetramethyl-
1,2,3,4-tetrahydronaphthalene unit,10 and hence, we decided to
incorporate such a function. In addition, it was expected that
an acetylene moiety would not only provide a suitable linear
structure, but it would also act as a non-isomerisable linker unit.
Hence, it was decided to access isomeric compounds of type
4, in which the isomeric placement of the carboxylate function
at either the para- or meta-positions might mimic some of the
different natural retinoic acid isomers, as has been reinforced by
competitive binding studies with nuclear receptor proteins.11 It was
envisaged that this series would be readily accessible, as outlined
in Scheme 1, using serial cross-coupling reactions starting from
bromide 1.


Although bromide 1 is known,12 an improved preparation
was developed (Scheme 2) involving boron trifluoride-catalysed
bromination. Subsequent Sonagashira cross-coupling of bromide
1 with trimethylsilylacetylene (TMSA) or 2-methylbut-3-yn-2-
ol, according to literature methods13 (with careful degassing to
remove oxygen, and thus avoid diyne formation) initially gave
no conversion to either the TMSA derivative 2a or dimethyl
carbinol product 2b. However, a combination of PdCl2 and PPh3


in conjunction with a Cu(II) co-catalyst gave improved results,
with the reaction of bromide 1 with TMSA yielding 2a in
82% yield. Larger scale reactions generally had small amounts


Scheme 1 Proposed synthetic sequence for the synthesis of isomeric retinoid analogues 4.


Scheme 2 Synthesis of acetylene derivative 3 via bromide 5.
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of 1,4-bis(trimethylsilyl)butadiyne present as by-product, which
were readily removed later in the synthesis (Scheme 1). The
corresponding dimethyl carbinol 2b could also be accessed using
the same protocol, though in lower conversion (45%), and hence
the TMSA derivative 2a, which could be readily de-silylated
using KOH to give acetylene 3 (Scheme 2), was carried forward
for the synthesis of synthetic retinoids 4. It is clear that 1 has
unusually low reactivity for an aryl bromide, suggesting a strong
deactivation by the inductively donating alkyl groups of the
tetrahydrotetramethylnaphthalene unit.


As the coupling of bromide 1 with either TMSA or 2-methylbut-
3-yn-2-ol required relatively high palladium-catalyst loadings, a
more reactive coupling partner was considered, and iodide 6
appeared to be an ideal alternative reagent to bromide 1. However,
a suitable, efficient method for the synthesis of iodide 6 was
required.


Iodide 6 was prepared efficiently by an interesting, adapted
literature method14 in 71% yield (Scheme 1). Cross-coupling of
iodide 6 with TMSA under Sonogashira conditions occurred
readily at room temperature with only 1% Pd catalyst resulting
in an 88% yield of acetylene 2a. Subsequent deprotection of 2a
with hydroxide gave the alkyne 3, which was subjected to a second
Sonogashira coupling with both para- and meta-iodobenzoate
methyl esters to provide each of the isomeric esters 7a and 7b,
in 87% and 59% yields respectively (Scheme 3). Saponification of
the methyl esters 7 produced the corresponding carboxylic acids 4
in 72 and 78% yields, for the para- and meta-isomers respectively.


Stability of synthetic retinoids versus ATRA


The photostability of the synthetic retinoids 4 was tested and com-
pared with that of ATRA. The susceptibility of ATRA to undergo
photoisomerisation and degradation when exposed to ordinary
laboratory (fumehood) fluorescent light (see Experimental sec-
tion) in the visible to near-UV range was demonstrated first using
1H NMR spectroscopy. This showed that prolonged exposure to
fluorescent light led to progressive degradation of ATRA, and
after 3 days there was substantial isomerisation/degradation of
the ATRA (ca. 37% remaining), as shown in Fig. 3 (light-exposed)
compared with Fig. 2 (no light exposure). In contrast, ATRA was
found to be stable for at least 3 days when kept in the dark. When


Fig. 2 1H NMR at 400 MHz of ATRA in DMSO-d6 (5.0–8.0 ppm region)
in the absence of light.


Fig. 3 1H NMR at 400 MHz of ATRA in DMSO-d6 (5.0–8.0 ppm region)
after 3 weeks exposure to white fluorescent light at a distance of 40 cm.


the synthetic retinoids 4 were exposed to the same wavelength of
fluorescent light for 3 days, and the 1H NMR spectra compared
with control samples which had been left in the dark for the same
length of time, it was found that both 4a and 4b were completely
unaltered (Figs. 4 and 5). These results clearly demonstrate that
the replacement of the polyene chain in ATRA by a diphenylene
acetylene motif does result in a dramatic increase in photostability
compared with ATRA.


Scheme 3 Synthesis of synthetic retinoids 4 starting with iodide 6.
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Fig. 4 1H NMR at 400 MHz of 4a in DMSO-d6 (5.0–8.0 ppm region)
after 3 weeks exposure to white fluorescent light at a distance of 40 cm.


Fig. 5 1H NMR at 400 MHz of 4b in DMSO-d6 (5.0–8.0 ppm region)
after 3 weeks exposure to white fluorescent light at a distance of 40 cm.


Effect of synthetic retinoids on the differentiation of human
pluripotent stem cells


Having prepared synthetic retinoids 4, they were assessed for
their ability to induce the differentiation of the human embryonal
carcinoma stem cell line, TERA2.cl.SP12. Cell lines of the TERA2
lineage are proven models of human embryonic development9


and have frequently been used to study neural differentiation
in particular.15 To compare the effect of natural versus synthetic
retinoids on stem cell differentiation, cultures of TERA2.cl.SP12
cells were incubated with 1 lM and 10 lM concentrations of each
type of compound for up to 21 days. Control cultures consisted
of cells treated with the organic solvent (DMSO) alone (1 : 1000
dilution in tissue culture medium), which was used as the vehicle to
dissolve each synthetic retinoids tested. The number of viable cells
was determined during the first 7 days of treatment with each test
compound by using a standard MTS assay to monitor the rate of
cell proliferation (data not shown). Cell numbers were compared
to those of the control. Note that in all of our experiments using
ATRA, careful precautions were taken to ensure that only pure
ATRA was used, and that no degradation could occur during
the period of the experiments, by exclusion of light. On this basis,
accurate comparisons could be made on the effects all compounds
studied.


Cultures treated with DMSO alone (control) continued to
proliferate, became over-confluent and were terminated after
7 days. In contrast, cell proliferation in cultures exposed to 1 lM


and 10 lM solutions of ATRA and the para-isomer synthetic
retinoid 4a slowed significantly, indicative of cells exiting the cell
cycle and committing to differentiation. However, the number
of viable cells in cultures treated with a 1 lM solution of the
meta-isomer synthetic retinoid 4b were not different to those of
the control and such cultures became over-confluent and were
terminated, indicating the inability of this compound to arrest
cell proliferation at this concentration. Cultures exposed to the
higher concentration of 4b (10 lM) did remain viable though
with reduced proliferation. Furthermore, the rate at which cells
committed to differentiate in response to 4b (10 lM) was slower
compared to that induced by either ATRA or 4a.


TERA2.cl.SP12 cells treated with natural or synthetic retinoids
responded positively and showed marked differentiation (Fig. 6).
The morphology of cultures exposed to 4a were similar to those
treated with ATRA, with both containing heterogeneous cell
populations and, in particular, containing structures resembling
neural rosettes typically seen in neural cell cultures (Fig. 6B and
C).15 Alternatively, 21 days of treatment with 10 lM 4b resulted
in highly confluent cultures containing distinct regions of large
flat epithelial-like cells (referred to as ‘plaques’) (see Fig. 6D).
Plaques formed by the large flat cells were distributed throughout
the culture and were large enough to be seen with the naked eye
against the bottom of the culture flask. Furthermore, the large
flat cells within the plaques showed strong staining for epithelial
cytokeratin-8 (Fig. 7). Such structures were observed to a lesser
extent in cultures treated with ATRA and 4a and occupied a
significantly smaller area compared to cultures treated with 4b
(Fig. 7D, E). Indeed, the proportion of the cell population that


Fig. 6 Morphological appearance of TERA2.cl.SP12 human pluripotent
stem cells in the presence and absence of retinoid. (A) TERA2.cl.SP12
stem cells (control). (B) TERA2.cl.SP12 cells exposed to 10 lM ATRA
for 21 days. (C) TERA2.cl.SP12 cells exposed to 10 lM 4a (EC23)
for 21 days. (D) TERA2.cl.SP12 cells exposed to 10 lM 4b (EC19) for
21 days. TERA2.cl.SP12 stem cells retained a homogeneous ‘cobblestone’
appearance throughout the culture (A). Cultures exposed to ATRA
differentiate and become heterogeneous in appearance consisting of neural
rosettes [bordered area, (B)] and regions of flat epithelial-like cells (referred
to as ‘plaques’). Similarly, cultures exposed to 4a formed neural rosettes
[bordered area, (C)], but fewer plaques compared to ATRA. In contrast,
4b induced the formation of multiple, large plaques of flat epithelial-like
cells [bordered area, (D)] throughout the culture with no evidence of neural
rosettes. Scale bars: 100 lm.
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Fig. 7 Induction of cytokeratin-8-positive epithelial plaques in response to retinoids. Immunofluorescence micrographs show cytokeratin-8 expression
in TERA2.cl.SP12 cultures exposed to 10 lM of either ATRA, 4a (EC23) or 4b (EC19) (A–C respectively). Plaque areas are outlined in each image. For
each condition, 12 randomly selected fields of view were collected. The number of plaques (D) and the area which they occupied (E) was determined per
field of view in cultures exposed to ATRA, 4a and 4b at a concentration of either 1 lM or 10 lM for 21 days. The number and average area covered by
epithelial plaques increased significantly in 4b cultures. As the concentration of ATRA or 4a increased, the number of plaques per field and their average
area occupancy per field of view decreased, being almost totally absent in cultures exposed to 10 lM 4a. Data represent mean ± SD, n = 12.


formed plaques was particularly low in cultures treated with a
10 lM solution of 4a. Cultures treated with solutions of either
10 lM ATRA or 4a resulted in slightly fewer cytokeratin-8-positive
plaques compared to those treated with a 1 lM dose of either
ATRA or 4a, but this was not significant.


Induction of cellular differentiation in response to retinoids was
further evaluated by monitoring the expression profile of known
markers for stem cell and differentiated cell phenotypes (Fig. 8).
Flow cytometry was performed on samples of cells tested for the
expression of the stem cell antigens, SSEA-3 (globoseries stage
specific embryonic antigen-3) and TRA-1-60 (keratin-sulfate-
associated glycoprotein stem surface marker). The reduction in
the expression level of SSEA-3 and TRA-1-60 indicated cells
committing to differentiate in response to both ATRA and 4a. The
activity of ATRA and 4a was similar at both the 1 lM and 10 lM
concentrations. After 7 days exposure to either ATRA or 4a, the
stem cell antigens were heavily down-regulated; however, SSEA-3
and TRA-1-60 expression levels remained comparatively high in
cultures treated with 4b up to 7 days after addition. Nonetheless,
the decrease in stem cell antigen expression relative to control
cultures was marked, indicating that cellular differentiation had
been triggered in a proportion of cells. After 7 days, cultures treated
with 1 lM 4b were discarded due to overgrowth, as recorded above.


However, in cultures treated with 10 lM 4b, SSEA-3 and TRA-
1-60 continued to decline to levels comparable to those cultures
treated with either ATRA or 4a for 14 days. These data indicate
that 4b can induce the differentiation of TERA2.cl. SP12 cells,
albeit at a slower rate than either ATRA or 4a. Commitment of
cells to differentiate in response to each of the retinoids tested
herein correlated with the regulated levels of cell proliferation as
determined by the MTS assay (as described above).


TERA2.cl.SP12 cells are well known for their ability to form
neurons in response to ATRA.15 Accordingly, flow cytometry
was used to evaluate the expression of antigens associated with
differentiating neural cell types, VINIS-53 (neuronal cell adhesion
molecule (NCAM)) and A2B5 (ganglioseries antigen marking
early-stage neural cells) (Fig. 8), markers which are expressed
during the early stages of neuronal development. Each retinoid
tested induced the expression of VINIS-53 and A2B5, although
there were some differences between the different compounds in
the rate of expression and the maximum levels attained. Notably,
cells exposed to 10 lM 4a showed the highest levels of VINIS-
53 and A2B5 during the period tested, whilst those treated with
4b were considerably slower at inducing the expression of neural
antigens, which correlated with the delayed decrease in stem cell
markers.
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Fig. 8 Flow cytometric analysis of the induction of TERA2.cl.SP12 cell differentiation in response to retinoids. Markers of stem cells (SSEA-3 and
TRA-1-60, A, B respectively) and neural differentiation (VINIS-53 and A2B5, C, D respectively) were differentially regulated during the 21 day culture
period in response to 1 lM or 10 lM ATRA, 4a or 4b. Both concentrations of ATRA and 4a resulted in a rapid decrease in expression of the stem cell
markers and reciprocal increase in neural marker expression. Similarly, 10 lM 4b induced differentiation as evidenced by the absence of the stem cell
markers after 14 days, although this down-regulation occurred at a slower rate than that induced by 4a and 4b. Treatment with 1 lM 4b did not induce
differentiation; cells continued to proliferate and the experiment was terminated after 7 days as a consequence of becoming over-confluent. Data represent
mean ± SEM, n = 3.


Confirmation of neural development of TERA2.cl.SP12 cells
was demonstrated by immunocytochemical staining of cultures
treated with each of the retinoid compounds over 21 days (see
Figs. 9 and 10). Nestin, a protein marker expressed by neuropro-
genitor cells, showed low levels of expression in TERA2.cl.SP12
stem cells which was significantly up-regulated throughout cul-
tures treated with either ATRA or 4a at either 1 lM or 10 lM
concentrations (Fig. 9). Treatment with both ATRA and 4a
induced large numbers of nestin-positive structures resembling
‘neural-rosettes’ which are characteristic of aggregations of cul-
tured neuroprogenitor cells. In contrast, cells exposed to solutions
of 4b resulted in lower levels of nestin expression which was
localised to discrete areas, and nestin expression was absent
in the large plaques consisting of flat epithelial-like cells. The
expression of neurofilament 200 (NF200) was also examined as
a cytoskeletal marker of mature neurons (Fig. 10). As expected,
TERA2.cl.SP12 stem cells did not express NF200. Large numbers
of NF200-positive neurons were identified in cultures treated with
either ATRA or 4a for both concentrations tested. In contrast,


cultures exposed to 4b produced few mature neurons and the large
epithelial plaques stained negative for NF200. Collectively, these
data indicate that the retinoids ATRA and 4a behave in a similar
manner and induce the differentiation of human pluripotent stem
cells to form mature neural derivatives. Quantification of the
number of NF200-positive perykarya in each culture treatment
was calculated as a mean from six randomly selected cultures
(Fig. 10). In rank order, the highest number of NF200-positive
perykarya (and by inference number of mature neurons), was
seen in cultures treated with 10 lM 4a > 10 lM ATRA >


1 lM 4a > 1 lM ATRA >> 10 lM 4b. Indeed exposure to
10 lM 4a resulted in approximately 38% more NF200-positive
cells compared to 10 lM ATRA. According to these data, the
stable synthetic retinoid 4a appears to be a more potent inducer
of neuronal differentiation compared to naturally occurring
ATRA. Although the results also indicate a degree of neuronal
differentiation in cultures exposed to 10 lM 4b, the levels were
very much lower than those observed following either ATRA or 4a
treatment.
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Fig. 9 Differential regulation of nestin, a protein marker of neuropro-
genitor cells, in response to retinoids. Immunofluorescence micrographs
show nestin expression in TERA2.cl.SP12 cultures exposed to (A) 1 lM
or (B) 10 lM ATRA, (C) 1 lM or (D) 10 lM 4a and (E) 10 lM
4b for 21 days. Undifferentiated cells displayed relatively low levels of
nestin expression (F). Both concentrations of ATRA and 4a elicited a
strong nestin expression response (A–D), although unlike 1 lM ATRA
(A), 1 lM 4a (C) repeatedly showed consistently high levels homogenously
distributed throughout the culture. In cultures exposed to 4b (E), nestin
expression was restricted to discrete areas and the large flat cells within the
plaques which dominated the 4b cultures stained negative for nestin. Panel
(E) includes an inset to show Hoescht 33342 counterstaining indicating
the location of all cell nuclei in the culture. Scale bars: 50 lm.


Conclusions


In this study, we have designed, synthesised and tested the stability
of two synthetic retinoids, 4a and 4b, and directly compared their
stability and biological activity to that of naturally occurring
ATRA. We have shown that both 4a and 4b remain stable and
are resistant to light under conditions which cause isomerisation
and degradation of ATRA. Our studies suggest that there are
some significant advantages to using synthetic retinoids such as
4a and 4b over using ATRA in the cell culture laboratory since
this avoids potential problems associated with solutions of ATRA,
which are very susceptible to photoisomerisation and which may
subsequently influence their function to modulate cell activity.4 It
is important to note that as well as observing normal handling
procedures, light needs to be excluded particularly when carrying
out in vitro studies with RAs, whereas 4a and b can be handled
under normal ambient light conditions. At present, we can not be
certain that all of the biological effects of ATRA are replaced by
4; however, ongoing studies may reveal situations in which there
are discernable differences. In the meantime, cell biologists can be
confident of retinoid stability when using the synthetic compounds
tested herein, and that many of the observable effects of ATRA


Fig. 10 Induction of neural differentiation in cultures of TERA2.cl.SP12
cells exposed to retinoids. Immunofluorescence micrographs show ex-
pression of neurofilament-200 (NF200), a marker of mature neurons, in
TERA2.cl.SP12 cultures exposed to (A) 10 lM ATRA, (B) 10 lM 4a
or (C) 10 lM 4b for 21 days. TERA2.cl.SP12 stem cells did not express
NF200 (D). Cultures treated with ATRA and 4a formed large numbers
of NF200-positive neurons (A, B respectively) whereas those exposed to
4b developed very few neurons and such cells were located between the
epithelial plaques (C). Inset images to show Hoescht 33342 counterstaining
indicating the location of all cell nuclei in the culture (C, D). Scale bars:
50 lm. Quantification of the numbers of NF-200 positive cell perikarya
induced in response to 10 lM ATRA, 4a, or 4b, was determined from 6
randomly selected fields of view per condition (E). Data represent mean ±
SEM, n = 6.


examined in these studies are reproduced. Testing the biological
effects of the synthetic retinoids showed that they possess the
ability to induce the differentiation of human pluripotent stem
cells. However, 4a in particular displayed the ability to induce
neural tissues to a degree that was at least as effective, or better
than that observed for ATRA. In contrast, 4b induced cell
differentiation, resulting in distinctly different cultures which were
composed primarily of epithelial cells with few neural phenotypes.
These data indicate that subtle differences in the molecular
structure can have a dramatic effect upon the biological function,
exemplified in this study by the isomeric synthetic retinoids 4b and
4a. Such information regarding structure–activity-relationships
will be important in the future design and application of new
synthetic compounds aimed at controlling cellular development
processes. The observed similarity in the function of 4a to
ATRA highlights that the para-isomer synthetic retinoid 4a is
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an exciting compound for use in stem cell science since it has the
added benefit of stability. It is noteworthy that 4a and ATRA
both show competitive binding towards RAR receptors, and
not to RXR receptors,11 but it is premature to be certain that
the observed biological effects reported here are directly linked
to this. Further studies in this area will be reported in due
course.


Experimental


General synthetic chemistry


All cross-couplings were carried out under an N2 atmosphere
using standard Schenk techniques. Triethylamine was distilled
over CaH2 under N2. Other reactions were performed in the
air in reagent-grade solvents. The compound 1,1,4,4-tetramethyl-
1,2,3,4-tetrahydronaphthalene was obtained from Maybridge and
used without further purification. Trimethylsilylacetylene was
obtained from Fluorochem, 3-iodobenzoic acid and methyl 4-
iodobenzoate from Aldrich, and 2-methylbut-3-yn-2-ol from Alfa
Aesar.


Melting points were obtained using a Gallenkamp melting point
apparatus. NMR spectra were performed on Varian Mercury
(1H) and Bruker Avance (13C) spectrometers with chemical shifts
referenced to solvent resonances and reported relative to tetram-
ethylsilane. EI-MS analyses were performed on an Agilent 6890
GC with a 5973 Inert MSD, using UHP helium as the carrier gas.
ES-MS analyses were performed on a Thermo-Electron Corp.
Finnagan LTQ-FT mass spectrometer. Elemental analyses were
obtained using an Exeter Analytical CE-440 analyzer. UV-vis
spectra were recorded in CHCl3 on a Hewlett-Packard 8453
diode array spectrophotometer using standard 1 cm quartz
cells.


The crystal and molecular structures of compounds 1, 2a, 3,
6, 7a, and 7b were determined by single-crystal X-ray diffraction,
details of which are provided in the ESI†.


6-Bromo-1,1,4,4-tetramethyl-1,2,3,4-tetrahydronaphthalene 112


To a solution of 1,1,4,4-tetramethyl-1,2,3,4-tetrahydronaphtha-
lene 5 (10.0 g, 53.0 mmol) in DCM (60 ml) at 0 ◦C under N2 was
added Br2 (15.58 g, 97.5 mmol). BF3·Et2O (8.27 g, 58.3 mmol) in
DCM (10 ml) was added dropwise over 2 h. The reaction mixture
was diluted with 40 : 60 EtOAc–hexane (150 ml) and washed
with saturated Na2SO3 solution (100 ml), saturated NaHCO3


solution (100 ml), and H2O (100 ml). The organic layer was
dried (MgSO4), filtered and evaporated to give a dark brown oil.
Kugelrohr distillation (120 ◦C, 8 × 10−3 mbar) gave 1 as pale yellow
crystals (11.02 g, 78%); mp 43–45 ◦C; m/z (EI) 267 (M+); Anal.
Calcd. for C14H19Br: C, 62.93; H, 7.17; Found: C, 62.81; H, 7.16.
All 13C and 1H NMR data were identical to those reported in the
literature.12


Trimethyl(5,5,8,8-tetramethyl-5,6,7,8-tetrahydronaphthalen-2-
ylethynyl)silane 2a


PdCl2 (75 mg, 0.43 mmol), Cu(OAc)2 (77 mg, 0.43 mmol), 1 (1.14 g,
4.30 mmol) and PPh3 (0.56 g, 2.14 mmol) were placed in a 250 ml
Schlenk flask under N2. Dry, degassed triethylamine (100 ml) was
added via cannula and TMSA (0.7 mL 5.14 mmol) added via


syringe. After 18 h at 70 ◦C, triethylamine was evaporated and the
residue was passed through a short silica gel column (hexane as
eluent) to give the crude product as a viscous, pale yellow oil after
evaporation which slowly solidified to give an off-white solid which
was recrystallised from ethanol to give the trimethylsilylacetylene
adduct 2a (1.0 g, 81%); mp 51–52 ◦C. dH (400 MHz; CDCl3) 7.40
(1H, m, Ar), 7.21 (2H, m, Ar), 1.66 (4H, s, CH2), 1.26 (6H, s, CH3),
1.25 (6H, s, CH3), 0.24 (9H, s, CH3); dC (126 MHz, CDCl3) 145.7,
144.8, 130.2, 129.0, 126.4, 120.0, 105.8, 92.6, 34.9, 34.8, 34.2, 34.1,
31.7, 31.6, 0.0; m/z (EI) 284 (M+); Anal. Calcd. for C19H28Si C,
80.21; H, 9.92; found C, 80.04: H, 9.90.


(5,5,8,8-Tetramethyl-5,6,7,8-tetrahydronaphthalen-2-
ylethynyl)dimethylcarbinol 2b


PdCl2 (0.331 g, 1.87 mmol), Cu(OAc)2 (0.274 g, 1.87 mmol), 1
(5.0 g, 18.71 mmol) and PPh3 (2.45 g, 9.35 mmol) were placed in a
500 ml Schlenk flask, and the flask was evacuated and back-filled
with N2 gas (3 ×). Triethylamine (150 ml) was added via cannula,
followed by 2-methylbut-3-yn-2-ol (4.72 g, 56.13 mmol). The
solution was stirred under N2 at 70 ◦C for 3 days. Triethylamine was
evaporated and the residue was passed through a short silica gel
column (hexane, then 10% EtOAc–hexane as eluent). The EtOAc–
hexane solution was washed with 1 M HCl solution (100 ml), dried
(MgSO4) and evaporated to give 2b as an off-white solid (2.25 g,
45%); mp 107–109 ◦C; dH (500 MHz, CDCl3) 7.36 (1H, s, Ar),
7.24 (1H, d, J 7.8 Hz, Ar ), 7.21 (1H, d, J 7.8 Hz, Ar), 2.05 (1H, s,
OH), 1.67 (4H, s, CH2), 1.62 (6H, s, CH3), 1,27 (6H, s, CH3), 1.26
(6H, s, CH3); dC (126 MHz, CDCl3) 145.6, 145.1, 130.1, 128.9,
126.8, 119.8, 92.8, 82.8, 65.8, 35.2, 35.1, 34.5, 34.4, 31.9, 31.9,
31.8; m/z (EI) 270 (M+); HRMS calcd. for C19H26ONa ([MNa]+)
293.18759, found 293.18776, and HRMS calcd. for C19H25 ([M −
OH]+) 253.19508, found 253.19522.


6-Iodo-1,1,4,4-tetramethyl-1,2,3,4-tetrahydronaphthalene 6


To a mixture of 1,1,4,4-tetramethyl-1,2,3,4-tetrahydronaphthalene
(3.76 g, 20 mmol), iodine (2.04 g, 8 mmol) and periodic acid (0.92 g,
4 mmol) was added glacial acetic acid (20 ml), water (4 ml) and
concentrated H2SO4 (98%, 1 ml). The reaction mixture was heated
to 70 ◦C for 4 h. A precipitate formed upon cooling, which was
filtered off, dissolved in hexane and passed through a short silica
gel column (hexane as eluent). The hexane was evaporated and
the residue was re-crystallised from ethanol to give iodide 6 as a
white crystalline solid (4.45 g, 71%); mp 69–70 ◦C; dH (200 MHz,
CDCl3) d 7.59–7.62 (1H, d, J 2 Hz, Ar), 7.40–7.47 (1H, dd, J 8 and
2 Hz, Ar), 7.01–7.07 (1H, d, J = 8 Hz, Ar), 1.66 (4H, s, 2 × CH2),
1.28 (6H, s, 2 × Me), 1.26 (6H, s, 2 × Me); dC (100 MHz, CDCl3)
147.7, 144.6, 135.6, 134.6, 128.7, 91.1, 34.9, 34.8, 34.3, 34.1, 31.8,
31.7; MS (EI): 314 (M+); Anal. Calcd. for C14H19I C, 53.52; H,
6.10; found C, 53.66; H, 6.13.


6-Trimethylsilylethynyl-1,1,4,4-tetramethyl-1,2,3,4-
tetrahydronaphthalene 2a


6-Iodo-1,1,4,4-tetramethyl-1,2,3,4-tetrahydronaphthalene (3.14 g,
10 mmol), Pd(PPh3)2Cl2 (0.07 g, 0.1 mmol) and CuI (0.02 g,
0.1 mmol) were added to a 250 ml Schlenk flask which was
evacuated and purged with N2 (3 ×). Triethylamine (150 ml) was
added via cannula under N2, followed by trimethylsilylacetylene
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(1.18 g, 12 mmol). After 12 h at RT, triethylamine was evaporated
and the residue was passed through a short silica gel column
(hexane as eluent) to give the crude product as a viscous, pale
yellow oil after evaporation which slowly solidified to give an
off-white solid, which was recrystallised from ethanol to give
the trimethylsilylacetylene adduct 2a (2.50 g, 88%). All spectro-
scopic and analytical properties were identical to those reported
above.


6-Ethynyl-1,1,4,4-tetramethyl-1,2,3,4-tetrahydronaphthalene 3


To a solution of 6-trimethylsilylethynyl-1,1,4,4-tetramethyl-
1,2,3,4-tetrahydronaphthalene (1.42 g, 5 mmol) in methanol
(50 ml) and diethyl ether (50 ml), was added NaOH (0.14 g,
3.5 mmol) in water (2 ml). After 4 h, the mixture was ex-
tracted with diethyl ether, washed with water (3 ×), dried
(MgSO4) and evaporated to give 6-ethynyl-1,1,4,4-tetramethyl-
1,2,3,4-tetrahydronaphthalene 3 as a pale yellow oil which slowly
solidified to give a white solid (0.78 g, 74%); mp 48–49 ◦C; tmax


(KBr disc, cm−1) inter alia 2105 (C≡C); dH (200 MHz, CDCl3) 7.47
(1H, s, Ar), 7.27 (2H, s, Ar), 3.03 (1H, s, CH), 1.70 (4H, s, CH2),
1.29 (6H, s, 2 × Me), 1.26 (6H, s, 2 × Me); dC (100 MHz, CDCl3)
146.1, 145.1, 130.5, 129.2, 126.6, 119.1, 84.3, 75.9, 34.9, 34.8, 34.3,
34.2, 31.8, 31.7; m/z (EI): 212 (M+); Anal. calcd. for C16H20 C,
90.51; H, 9.49; found C, 90.27; H, 9.57.


Methyl 3-iodobenzoate


A solution of 3-iodobenzoic acid (24.8 g, 100 mmol) in methanol
(300 ml) was treated with sulfuric acid (98%, 5.0 g). After heating
at 70 ◦C for 5 h, the mixture was extracted with diethyl ether,
washed with water (3 ×), dried (MgSO4) and evaporated. The
residue was passed through a short silica gel column (hexane
as eluent), to give the product as a white crystalline solid
(21.1 g, 81%); mp 53–54 ◦C (lit. 54–55 ◦C1). All spectroscopic
and analytical properties were identical to those reported in the
literature.16


4-(5,5,8,8-Tetramethyl-5,6,7,8-tetrahydronaphthalen-2-ylethynyl)-
benzoic acid methyl ester 7a


Methyl 4-iodobenzoate (3.59 g, 13.7 mmol), Pd(PPh3)2Cl2 (0.09 g,
0.14 mmol) and CuI (0.03 g, 0.14 mmol) were added with stirring to
a 500 ml Schlenk flask. After evacuation and purging with N2 (3 ×),
triethylamine (200 ml) was added via cannula under N2, followed
by 6-ethynyl-1,1,4,4-tetramethyl-1,2,3,4-tetrahydronaphthalene 3
(3.50 g, 16.5 mmol). After 18 h at RT, the triethylamine was
evaporated and the residue was passed through a short silica gel
column (hexane, followed by hexane–DCM, 4 : 1 as eluent) to
give the crude product, which was re-crystallised from ethanol to
give the product 7a as a white crystalline solid (4.13 g, 87%); mp
128–129 ◦C; tmax (KBr disc, cm−1) inter alia 2207 (C≡C), 1712
(C=O); dH (400 MHz, CDCl3) 8.03 (2H, d, J 9 Hz, Ar), 7.59 (2H,
d, J 9 Hz, Ar), 7.51 (1H, s, Ar), 7.31 (2H, s, Ar), 3.94 (3H, s,
MeO), 1.71 (4H, s, 2 × CH2), 1.28 (12H, s, Me); dC (100 MHz,
CDCl3) 166.8, 146.3, 145.4, 131.7, 130.3, 129.7, 129.4, 129.0, 128.6,
127.0, 119.8, 93.3, 87.2, 52.4, 35.2, 35.1, 34.6, 34.5, 32.0, 31.9; kmax


(CHCl3) 310 nm (e 26400 M−1 cm−1); Anal. calcd. for C24H26O2 C,
83.20; H, 7.56; found C, 83.03; H, 7.59.


3-(5,5,8,8-Tetramethyl-5,6,7,8-tetrahydronaphthalen-2-
ylethynyl)benzoic acid methyl ester 7b


Methyl 3-iodobenzoate (0.52 g, 2 mmol), Pd(PPh3)2Cl2 (0.014 g,
0.02 mmol) and CuI (0.004 g, 0.02 mmol) were added to a 250 ml
Schlenk flask which was evacuated and purged with N2 (3 ×).
Triethylamine (50 ml) was added via cannula under N2, followed
by 6-ethynyl-1,1,4,4-tetramethyl-1,2,3,4-tetrahydronaphthalene 3
(0.44 g, 2.1 mmol). The reaction mixture was stirred overnight at
RT, then heated at 70 ◦C for 1 h. After cooling, the triethylamine
was evaporated and the residue was passed through a short silica
gel column (hexane, followed by hexane–DCM, 4 : 1 as eluent) to
give the crude product, which was re-crystallised from ethanol, to
give 7b as a white crystalline solid (0.41 g, 59%); mp 100–101 ◦C;
tmax (KBr disc, cm−1) inter alia (C≡C), 1717 (C=O); dH (200 MHz,
CDCl3) 8.23 (1H, s, Ar), 7.97–8.01 (1H, d, J 5 Hz, Ar), 7.72–7.68
(1H, d, J 5 Hz, Ar), 7.50 (1H, s, Ar), 7.38–7.45 (1H, t, J 5 Hz, Ar),
7.28 (2H, s, Ar), 3.95 (3H, s, MeO), 1.70 (4H, s, 2 × CH2), 1.30
(6H, s, 2 × Me), 1.28 (6H, s, 2 × Me); dC (100 MHz, CDCl3) 166.5,
145.9, 145.2, 135.6, 132.7, 130.4, 130.0, 128.9, 128.7, 128.4, 126.7,
124.1, 119.8, 90.9, 87.2, 52.0, 35.0, 34.9, 34.4, 34.2, 31.8, 31.7; MS
(EI) 346 (M+); kmax (CHCl3) 289 nm (e 23000 M−1 cm−1); Anal.
calcd. for C24H26O2: C, 83.20; H, 7.56; found C, 82.99; H, 7.56.


4-(5,5,8,8-Tetramethyl-5,6,7,8-tetrahydronaphthalen-2-ylethynyl)-
benzoic acid 4a


A solution of 4-(5,5,8,8-tetramethyl-5,6,7,8-tetrahydronaphtha-
len-2-ylethynyl)benzoic acid methyl ester 7a (0.35 g, 1 mmol)
in THF (20 ml) was treated with aqueous 20% NaOH (20 ml).
After heating at 70 ◦C for 20 h, the reaction mixture was diluted
with diethyl ether (150 ml) and water (150 ml), then 1 M HCl
solution was added until mixture reached pH 1. The ether layer
was separated, dried (MgSO4) and evaporated to give an off-white
powder, which was re-crystallised from acetonitrile to give the
product 4a as a white crystalline solid (0.24 g, 72%); mp 254–
256 ◦C; tmax (KBr disc, cm−1) inter alia 2205 (C≡C), 1681 (C=O);
dH (400 MHz, CDCl3) 8.09 (2H, d, J 8.5 Hz, Ar), 7.62 (2H, d, J
8.5 Hz, Ar), 7.51 (1H, s, Ar), 7.31 (2H, s, Ar), 1.68 (4H, s, CH2),
1.31 (12H, s, Me); dC (125 MHz, CDCl3) 171.5, 146.5, 145.4, 131.7,
130.4, 130.3, 129.6, 129.1, 128.4, 127.0, 119.7, 93.9, 87.8, 35.1, 35.0,
34.6, 34.5, 32.0, 31.9; m/z (ESI) 377 (M + 2Na), 331 (M − H); kmax


(CHCl3) 310 nm (e 26900 M−1 cm−1); HRMS calcd. for C23H23O2


331.16926 (M − H), found 331.16949.


3-(5,5,8,8-Tetramethyl-5,6,7,8-tetrahydronaphthalen-2-ylethynyl)-
benzoic acid 4b


A solution of 3-(5,5,8,8-tetramethyl-5,6,7,8-tetrahydronaphtha-
len-2-ylethynyl)benzoic acid methyl ester 7b (0.35 g, 1 mmol)
in THF (20 ml) was treated with aqueous 20% NaOH (20 ml).
After heating at 70 ◦C for 20 h, the reaction mixture was diluted
with diethyl ether (150 ml) and water (150 ml), then 1M HCl
solution was added until mixture reached pH 1. The ether layer
was separated, dried (MgSO4) and evaporated to give an off-white
powder. The product was re-crystallised from acetonitrile to give
4b as a white crystalline solid (0.26 g, 78%); mp 223–224 ◦C; tmax


(KBr disc, cm−1) inter alia 2210 (C≡C), 1690 (C=O); dH (200 MHz,
CDCl3) 8.25 (1H, s, Ar), 8.00–8.04 1H, (d, J 5 Hz, Ar), 7.76–7.80
(1H, d, J 5 Hz, Ar), 7.50 (1H, s, Ar), 7.42–7.50 (1H, t, J 5 Hz,
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Ar), 7.28 (2H, s, Ar), 1.70 (4H, s, CH2), 1.32 (6H, s, 2 × Me), 1.30
(6H, s, 2 × Me); dC (100 MHz, d6-DMSO) 167.0, 146.3, 145.5,
135.7, 132.4, 131.9, 130.1, 129.7, 129.0, 127.4, 123.4, 119.5, 91.1,
87.8, 34.9, 34.8, 34.5, 34.4, 31.9, 31.8; kmax (CHCl3) 289 nm (e 29
000 M−1cm−1); Anal. calcd. for C23H24O2 C, 83.10; H, 7.28; found:
C, 82.38; H, 7.24; HRMS calcd. for C23H23O2 331.16926 (M − H);
found 331.17050.


Exposure to light


ATRA and the synthetic retinoids NMR samples were prepared
and left to stand in ordinary laboratory light, with additional
irradiation from a standard fluorescent light ca. 30 cm above the
sample. The spectral characteristics of the light were measured
using a spectrophotometer and are shown in Fig. 11.


Fig. 11 Red line = room lights (note shortest wavelength feature 366 nm).
Light blue = lamps used for irradiation of the samples, with a short
integration period. Dark blue = lamps used for the sample irradiation,
with a longer integration period (note shortest wavelength feature 366 nm,
similar to room light).


Tissue culture


Human pluripotent TERA2.cl.SP12 embryonal carcinoma stem
cells were maintained under standard laboratory conditions as
described by Przyborski.9 In brief, cells were cultured in DMEM
(Sigma) supplemented with 10% FCS (Gibco), 2mM L-glutamine
and 100 active units each of penicillin and streptomycin (Gibco).
Cultures were passaged using acid-washed glass beads (VWR)
unless a single-cell suspension was required for counting, in which
case a 0.25% trypsin EDTA (Cambrex) solution was used. Cultures
intended for flow cytometric analysis were set up in T25 flasks
(Nunc) while 12-well plates (Nunc) were used for MTS assays and
immunocytochemical studies. In preparation for use in cell culture
experiments, stock solutions of synthetic retinoids and ATRA
(Sigma) were prepared in DMSO (Sigma) to concentrations of
10mM. Aliquotted stock solutions were stored at −80 ◦C in the
dark.


Flow cytometry


Flow cytometric analysis was carried out on live cells using
antibodies recognising cell surface markers. The expression of
markers indicative of the stem cell (SSEA-3 and TRA-1-60
(generous gift from Prof. P. Andrews, University of Sheffield))
or neural cell (A2B5 (Abcam) and VINIS-53 (generous gift
from Prof. P. Andrews, University of Sheffield)) phenotype was


determined to indicate the status of cellular differentiation by
TERA2.SP12 cells.9 Suspensions of single EC cells or their
differentiated derivatives were formed by the addition of 1 ml
0.25% trypsin/EDTA solution and cell numbers determined using
a haemocytometer. Cells were added to a 96-well plate (0.2 × 106


cells per well) for incubation with primary (1 : 20) and FITC-
conjugated secondary antibody (Cappell, 1 : 100) as previously
described.9,15 Labelled cells were analysed in a BD Biosystems
FACSFlow cytometer. Thresholds determining the numbers of
positively expressing cells were set against the negative control
antibody P3X.


Immunocytochemistry


Cells were grown in 12-well culture plates for immunocytochemical
analysis. Confluent cultures of stem cells and their differentiated
derivatives were fixed in ice-cold 4% paraformaldehyde (Sigma) in
phosphate-buffered saline (PBS) for 30 min at room temperature
(RT), followed by 3 washes in PBS. Cell membranes were perme-
ablised by treatment with 1% Triton-X-100 (Sigma) in PBS for
10 min at room temperature. Non-specific binding of antibodies
was blocked using a solution of 1% goat serum (Sigma) in PBS
containing 0.2% Tween-20 (Sigma). Fixed cells were incubated
with the blocking solution on a bench-top shaker for 30 min
at room temperature. Primary antibodies: nestin (Chemicon,
1 : 100); NF-200 (Sigma 1 : 100); cytokeratin-8 (Sigma, 1 : 100) were
diluted in blocking solution and incubated with the cells for 1 h
at RT. After washing, cells were incubated in FITC-conjugated
secondary antibody (Alexafluor 488 1 : 600) for 60 min. After
washing in PBS, samples were mounted under coverslips using
Vectashield, (Vector Labs) containing 1 lg ml−1 Hoechst 33342
nuclear staining dye (Molecular Probes). Imaging was performed
on a fluorescent microscope under restricted light conditions
(Nikon Diaphot 300). Fluorescence photomicrographs, including
Hoecsht 33342, were acquired using the appropriate filter sets and
an adapted digital camera (Nikon).
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We describe a short, efficient approach for the synthesis of three novel isotope labeled azobenzene
photoswitches. The synthesis is based on commercially available fully isotope labeled precursors. The
target molecules have been obtained in good yields, checked for purity, and identified by NMR and IR
spectroscopy and a variety of standard analytical methods (UV–vis, mp, ESI-MS, elemental analysis).
Using conventional coupling techniques the three isotope labeled photoswitches can be incorporated
very easily in biomacromolecules.


Introduction


Some of the main objectives in the fast growing, interdisciplinary
fields of chemistry and biology are the elucidation of binding affini-
ties and the structural dynamics of biomacromolecules. Mass-
spectrometry and a variety of spectroscopic (NMR, IR, Raman
and CD) techniques are used to understand these processes. An
important and still not fully understood process is peptide- and
protein folding. In the last years a variety of sensitive and powerful
spectroscopic techniques have been developed, allowing one to
follow structural dynamics in real time.1–7


To study protein- or peptide folding, a triggering event is
required to initiate the folding or unfolding process. In ultrafast
spectroscopy, in general, the triggering event is a short laser pulse.
Three concepts are used in time-resolved spectroscopy to initiate
the reaction: T-jumps,8,9 phototriggers10–12 and photoswitches.13 A
phototrigger is either a “predetermined breaking point”14,15 or a
photolabile protection group.10–12 This means that on irradiation
an irreversible reaction is initiated. In contrast, photoswitches un-
dergo a reversible reaction, e.g. the photoswitch can be converted
by light from state A to state B. The reverse process (B→A) can
be achieved by light of a different wavelength or temperature. A
variety of phototriggers and photoswitches have been successfully
integrated and used in time-resolved spectroscopy.15–20 Among
the photoswitches azobenzene is the one most frequently used,
since it exhibits almost perfect photophysical properties (kcis→trans =
430 nm vs. ktrans→cis = 366 nm). It has been demonstrated,17,21–23


that azobenzene that is crosslinked to a polypeptide allows the
optical control of peptide and protein conformation. The induced
conformational changes have been monitored by time-resolved
spectroscopies in real time.21,22,24,25


The amide I band (1610–1695 cm−1) of polypeptides in the
mid-IR region, arising primarily from the backbone mC=O stretch
mode, is particularly sensitive to peptide secondary structure,
due to transition-dipole coupling effects and hydrogen bonding.


Physikalisch-Chemisches Institut, Universität Zürich, Winterthurerstrasse
190, CH-8057 Zürich, Switzerland. E-mail: phamm@pci.unizh.ch,
c.kolano@pci.unizh.ch; Fax: +41 4463 56838
† Electronic supplementary information (ESI) available: NMR spectra (1H
and/or 13C) for all compounds reported in the manuscript. See DOI:
10.1039/b804568b


Therefore the dynamics of a peptide backbone are associated with
the spectral evolution of the structure sensitive amide I band and
can be monitored by time-resolved infrared spectroscopy.


Recent studies using IR spectroscopy have shown that more
structural information can be achieved if the amide I band
becomes site selective upon isotope labeling. This results from
the fact that the labeled bands are shifted slightly to lower
wavenumbers.26 Unfortunately, the mC=C stretching vibrations of
the aromatic rings of the azobenzene switch also give rise to weak
to medium absorptions between 1450 and 1650 cm−1.27 Moreover
in such experiments one typically measures the differences between
folded and unfolded states, and these differences in the amide I
region are usually very small. In contrast, big changes in electronic
structure take place on the azobenzene switch. Hence, although the
mC=C vibrations are of weak to medium strength, in the measured
difference spectrum they can be quite strong in a relative sense.
Thus, the amide I bands of the peptide units are often overlapping
or hidden underneath the mC=C stretching vibrations of the aromatic
rings, making an unambiguous band assignment of the peptide
backbone difficult.


Motivated by this fact, we conducted a study aimed at circum-
venting this problem. We decided to use isotopic labeling on the
azobenzene photoswitch to shift the perturbing mC=C stretching
vibrations well below the amide I region.


Applying density functional theory (DFT) allowed us to
estimate to what extent the bands will be shifted upon isotopic
labeling. These calculations (B3LYP/6-311+g*) predicted that the
interfering aromatic bands will be shifted to lower wavenumbers by
approximately 30–38 cm−1 for D–H exchange and approximately
55–60 cm−1 for 13C–12C exchange.


We describe in this paper the design, synthesis and characteriza-
tion of three isotope labeled (fully deuterated or 13C labeled) pho-
toswitches that are based on an azobenzene moiety (13C-DIAA
(1), DAMPB (2), DPZCl (3), Fig. 1). These photoswitches can be
incorporated very easily in biomacromolecules by conventional
coupling techniques.


Results and discussion


The three azobenzene photoswitches presented in this paper
are: 4,4′-diiodoacetamide-[13C12]-azobenzene (13C-DIAA) (1),
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Fig. 1 Synthesized and characterized isotope photoswitches based on
the azobenzene moiety (13C-DIAA (1), DAMPB (2), DPZCl (3)). The
asterisks indicate 13C atoms. Fmoc refers to the N-terminal protecting
group 9H-fluoren-9-ylmethoxycarbonyl.


4-(4-[(9H -fluoren-9-ylmethoxycarbonylamino)-dideutero-me-
thyl]-tetradeutero-phenylazo)-tetradeutero-benzoic acid (DAMPB)
(2) and [D11]-4-phenylazo benzyl chloroformate (DPZCl) (3).
They were assembled by an azo coupling based on a nitroso–
amine reaction in glacial acetic acid as described by Schwyzer
et al.28 and Ulysse et al.29


Synthesis and characterization of 13C-DIAA (1)


First, we focus on the synthesis of 13C-DIAA (1), which is the
isotope labeled derivative of the azobenzene linker originally
designed by Woolley et al.30 13C-DIAA (1) is a rigid switch,
which can be directly cross-linked to two cysteine residues of
a polypeptide chain,25,30 while the other two switches 2 and 3
described in this work can be integrated directly into a polypeptide
chain via an amide or urethane bond.


The synthetic route for 13C-DIAA (1) is outlined in Scheme 1.
Starting from commercially available acetanilide-13C6 (4), we
obtained 4-nitro acetanilide-13C6 (5) by treatment with guanidium
nitrate31 in an excellent 84% yield. The next step was reduction of
5 to 4-amino acetanilide-13C6 (6), which was accomplished in 85%
yield. Azobenzene derivative 8 was obtained by partial oxidation
of 6 in the presence of hydrogen peroxide and simultaneous
coupling of the in situ formed 4-nitroso acetanilide-13C6 (7) to
unreacted 4-aminoacetanilide-13C6 (6) in acetic acid. The acetyl
capping was removed in boiling hydrogen chloride, yielding
4,4′-diaminoazobenzene-13C12 (9) in moderate yield (58%). Ad-
dition of chloroacetyl chloride afforded 4,4′-dichloroacetamido-
azobenzene-13C12 (10), which was not isolated but directly con-
verted to the final product 13C-DIAA (1) under Finkelstein con-
ditions (NaI, acetone). The yield of this two-step reaction was 68%.


The final product 1 was characterized by mass spectrometry
and 1H and 13C NMR spectroscopy. As 13C-DIAA exhibits
aromatic rings which are 13C labeled, we predicted a redshift of
the interfering bands by approximately 60 cm−1 in the mid IR
region according to our DFT calculations (B3LYP/6-311+g*).
In principle one expects for the molecule three types of band in
the region between 1450–1750 cm−1. One band arising from the
mC=O stretch modes of the 4,4′-diiodoacetamide groups and two
additional sets from the mC=C stretching vibrations of the aromatic
rings and the amide II modes of the NHCO moieties.


To prove that our synthesized switch 1 is spectroscopically clean
and to confirm our assignment, we recorded the FTIR spectra
(Fig. 2) of labeled and unlabeled 1 in a mixture of DMSO :


Scheme 1 Synthetic route to 13C-DIAA (1). The asterisks indicate 13C
atoms. Reagents and conditions: (a) H2SO4, guanidium nitrate, 0 ◦C, 2 h
(84%). (b) MeOH, Pd/C, H2, rt, 4 h (85%). (c) + (d) AcOH, H2O2, rt,
6 h (16%); 7 not isolated. (e) Conc. HCl, reflux, 3 h (58%). (f) THF,
TEA, chloroacetyl chloride. (g) Acetone, THF, NaI, rt, 18 h (68%); 10 not
isolated.


Fig. 2 FTIR spectrum of the mC=C stretching and amide I and II regions
of 1 in DMSO : D2O (7 : 1) (5–6 mM, spectral resolution 2 cm−1)
in comparison with the unlabeled sample. Black spectrum: 13C labeled
molecule 13C-DIAA (1). Dotted spectrum: unlabeled molecule DIAA.


D2O (7 : 1). By using this mixture, the hydrogen atoms of the
two diiodoacetamide groups undergo H–D exchange, a common
effect during sample preparation in the field of biomolecule
spectroscopy. Thus the set of bands that arises from the amide
II modes vanishes. Fig. 2 shows a strong band centered at
∼1690 cm−1, which belongs to the mC=O stretch modes of the 4,4′-
diiodoacetamide groups. Hence, the two remaining bands in the
region between 1450–1610 cm−1 arise from the mC=C stretching
vibrations of the aromatic rings and undergo the strongest spectral
shift upon isotope labeling, as predicted by our DFT calculations
(exp. 52 cm−1 and 36 cm−1; calc. 60 cm−1 and 29 cm−1).


Synthesis and characterization of DAMPB (2)


Compared to 4-(4-amino-phenylazo)-benzoic acid (APB),
DAMPB (2) is fully deuterated and contains an additional
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methylene group. The group is localized between the amino
group and the phenyl ring of the azobenzene and prevents
delocalization of the free electron pair of the amino group over the
completely delocalized p-system of the azobenzene. This leads to
an increased nucleophilicity and reactivity of the amino group,
which offers the possibility of using DAMPB (2) in the form
of Fmoc-DAMPB in standard peptide synthesis, both solution
and SPPS. In addition, the additional methylene group offers
increased flexibility, especially valuable when 2 is used for ring
closing reactions in small cyclic peptides. It has been shown that the
increased flexibility has no effect on the efficiency of the cis↔trans
isomerization.32,33


The synthetic route for 2 is shown in Scheme 2. Starting from
commercially available fully deuterated toluene (11), we obtained
[D7]-4-nitro toluene (12a) by treatment with nitrosulfuric acid in
nearly quantitative yield. One part of 12a was oxidized without


Scheme 2 Synthetic route to DAMPB (2). Reagents and conditions:
(a) HNO3, H2SO4, 14 ◦C, 2 h, rt, 1 h (100%). (b) Na2Cr2O7, H2SO4, 95 ◦C,
∼15 h (22%). (c) SOCl2, reflux, 6 h (55%). (d) THF, tert-BuOLi, 0 ◦C,
1 h, rt, 12 h (90%). (e) 2-methoxy ethanol, Zn, NH4Cl, rt, ∼3 h, FeCl3,
H2O–EtOH, 0 ◦C, 3 h (77%). (f) CCl4, NBS, AIBN, reflux, 3 h (17%).
(g) Phthalimide potassium salt, DMF, 50 ◦C, 12 h (82%). (h) EtOH, THF,
hydrazine hydrate, reflux, 24 h (95%). (i) DCM, DIEA, Fmoc-Cl, rt, 2 h
(99%). (j) EtOH, dioxane, Pd/C, H2, rt, 2 h (100%). (k) AcOH, 0 ◦C, 1 h,
rt, 48 h (67%). (l) DCM, TFA, rt, 36 h (81%).


further purification, yielding pure [D4]-4-nitro benzoic acid (12b)
in acceptable yield (22%). After that 12b was converted to the
corresponding benzoyl chloride derivative 12c by treatment with
thionyl chloride, followed by treatment with lithium tert-butoxide.
This yielded the corresponding tert-butyl ester 12d in nearly
quantitative yield (90%).


Reduction of 12d in the presence of zinc–NH4Cl yielded the
[D4]-4-nitroso benzoic acid tert-butyl ester (13a) in good yield
(77%). The other part of 12a was purified by distillation to obtain
pure 12a. Pure 12a was subjected to Wohl–Ziegler bromination34,35


yielding [D6]-4-nitro benzylbromide (12e) in acceptable yields.
12e was subjected to Gabriel synthesis,36 followed by treatment
with hydrazine hydrate. This yielded [D6]-4-nitro benzylamine
(12g) in very good yield. Since 12g proved to be not very stable,
it was converted directly to the Fmoc protected species 12h by
treatment with Fmoc-Cl in a near quantitative amount. After that
12h was reduced with H2–Pd/C to ([D6]-4-amino-benzyl)-amine-
Fmoc (14a) in quantitative yield. Azobenzene derivative 15a was
obtained by treatment of fresh 13a and 14a in the presence of
acetic acid. The final product 2 was obtained in good yields (81%)
by removal of the tert-butyl ester in the presence of TFA. The final
product 2 was characterized by mass spectrometry and 1H and 13C
NMR spectroscopy.


Fig. 3 shows the FTIR spectra of labeled and unlabeled 2. In
both cases we observe three absorption bands. The strong band at
∼1700 cm−1 is caused by the carbonyl groups of the carboxylic acid
and the Fmoc urethane. In the case of the unlabeled 2 we observe
a band centered at ∼1603 cm−1, which causes signal overlapping
with the red part of the amide I region. This band is shifted to
1576 cm−1 upon isotope labeling. The observed shift of 26 cm−1


nicely matches our expected value of 30 cm−1 (B3LYP/6-311+g*).


Fig. 3 FTIR spectrum of the mC=C stretching and amide I and II regions of
2 in DMSO (spectral resolution 2 cm−1) in comparison with the unlabeled
sample. Black spectrum: fully deuterated molecule DAMPB (2). Dotted
spectrum: unlabeled molecule.


Synthesis and characterization of DPZCl (3)


The third photoswitch DPZCl (3) is aimed at being attached
single-sided to a biomacromolecule. The use of this type of switch
allows for the tracking of energy transport in a peptide helix upon
photochemical excitation.37


The synthetic route for 3 is shown in Scheme 3. Starting from
crude [D7]-4-nitro toluene (12a), we obtained [D4]-4-nitro benzoic
acid (12b) by oxidation in acceptable yield after separation from
unwanted byproducts. 12b was converted to the corresponding
amino derivative 14b in the presence of Na2CO3 and zinc dust
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Scheme 3 Synthetic route to DPZCl (3). Reagents and conditions:
(a) Na2Cr2O7, H2SO4, 95 ◦C, ∼15 h (22%). (b) Na2CO3, Zn–HCl, 30 ◦C,
20 min (80%). (c) SOCl2, MeOH, 0 ◦C, 1 h, rt, 12 h (∼80%). (d) LiAlD4,
ether, reflux, 4 h (47%). (e) Zn, NH4Cl, H2O, rt, 20 min, H2SO4, 0 ◦C,
Na2Cr2O7, water (30%). (f) AcOH, 0 ◦C, 1 h, rt, 1 h (56%). (g) Triphosgene,
dioxane, rt, 1 h, 40 ◦C, 12 h (63%). (h) Aib, 1 N NaOH, dioxane, rt, 1 h,
50 ◦C, 4 h, 1 N HCl (40%).


in good yield (80%). Esterification with thionyl chloride and
methanol yielded the methyl ester 14c (∼80%), which was reduced
with LiAlD4 to [D6]-4-Amino benzyl alcohol (14d) in moderate
yield. [D5]-Nitroso benzene (13b) was prepared according to the
synthesis published by Shine et al.38 from commercially available
12i. Again azobenzene derivative 15b was obtained by treatment of
fresh 13b and 14d in the presence of acetic acid. Finally, DPZCl (3)
was obtained in good yields by treatment of 15b with triphosgene.
The final product 3 was characterized by mass spectrometry and
1H and 13C NMR spectroscopy.


The FTIR spectra of labeled and unlabeled 3a are shown in
Fig. 4. We can see two very broad and strong absorptions (amide II
and mC=C; amide I and mC=O) dominating the 1500–1700 cm−1 region.
The amide II and aromatic valence vibrations are overlapping
and can be seen much better in the magnification. Upon isotope
labeling the band at 1606 cm−1 shifts to approx. 1576 cm−1, where
it becomes a shoulder of the strong broad band. The observed shift


Fig. 4 FTIR spectrum of the mC=C stretching and amide I and II regions of
3a in DMSO (spectral resolution 2 cm−1) in comparison with the unlabeled
sample. Black spectrum: fully deuterated molecule 3a. Dotted spectrum:
unlabeled molecule. Inset: magnification of the 1550–1700 cm−1 region.


of 30 cm−1 is in agreement with our calculated value (B3LYP/6-
311+g*).


Examples of applications


Fig. 5 shows three examples for which azobenzene photoswitches
have been integrated sucessfully. In the following we will explain
the aim of these photoswitches in the individual model systems. In
addition, we will discuss in detail for example (b) how isotope
labeling of the photoswitch cleans a spectral window between
1550–1600 cm−1, which in turn allows the isotope-labeling of
certain amide groups, letting one study peptide folding in a site-
selective manner.


Fig. 5 Three examples for which azobenzene photoswitches have been
integrated successfully. (a) cycAMPB adapted from ref. 21, (b) schematic
models of FK11X adapted from ref. 25 and (c) PAZ-Aib-Ala-(Aib)6-OMe
adapted from ref. 37.


The folding and unfolding processes of biomolecules can be
monitored by IR spectroscopic techniques with picosecond time-
resolution. The aim of the azobenzene photoswitches in examples
(a) and (b) is to trigger a conformational change of the peptide
upon cis–trans isomerization of the azo-moiety. In example (a)
the photoswitch has been directly integrated into the peptide
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backbone (C- and N-terminal),21 whereas it is attached via the
cysteine side chains in example (b).25,39 The molecule of example
(c), in contrast, was designed to study heat transport phenomena
through peptide helices.37 To this end, an azobenzene moiety,
which isomerizes on a 200 fs timescale and thereby becomes
vibrationally hot, is attached to one side of the helix and isotope
labeled amide groups are used as local thermometers at various
distances from the heater along the helix.


Fig. 6 exemplifies in detail the advantages of isotope
labeling the azobenzene photoswitch 1, which was inte-
grated in the helical system L96, a 16-residue peptide Ac-
AACAKA*AAA**KAAACKA-NH2 (where * denotes 13C16O
labeling and ** denotes 13C18O labeling). The polypeptide was
prepared by SPPS according to standard protocols, and the
photoswitch 1 was attached to L96 as described by Woolley et al.30


Fig. 6 FTIR difference spectra (spectral resolution 2 cm−1) upon cis–trans
isomerization of the azobenzene moiety of the molecule shown in Fig. 5(b).
For comparison, a spectrum of the unlabeled photoswitch 1 is shown
as well (red spectrum, without peptide). Bands appearing on irradiation
are pointing upward; bands disappearing are pointing downward. Black
spectrum: fully labeled L96 (i.e. 13C labeled azobenzene moiety 1 and
13C16O -13C18O double labeled polypeptide). Dotted spectrum: unlabeled
L96 (i.e. neither the azobenzene moiety nor the polypeptide are isotope
labeled).


Fig. 6, red curve, shows the IR spectrum of the unlabeled
photoswitch 1 upon cis-trans isomerization. We can see two weak
to medium mC=C stretching vibrations in the region between 1580
and 1600 cm−1 which originate from the aromatic rings of the
azobenzene moiety. Fig. 6, dotted curve, shows the IR response
of the unlabeled photoswitch 1 integrated in the helical system
L96. The strong difference bands at 1625 and 1650 cm−1 report
on the strengthening of the intramolecular hydrogen bonds upon
folding of the helix. Comparison with the difference spectrum
from the unlabeled photoswitch 1 (red spectrum) shows that the
two weaker bands in the wings (1580 and 1600 cm−1) originate
from the photoswitch. These bands appear in exactly the spectral
region where 13C16O or 13C18O labeled amide I vibrations are
expected. Fig. 6, black curve, shows the response of the fully
labeled system. The result demonstrates that 13C labeling of the
azobenzene moiety cleans a spectral range large enough to allow
for 13C16O - 13C18O double labeling of L96. The hydrogen bond
strengths of each of the isotope labeled amide units can now be
investigated in a site-selective manner. Furthermore, since there
is room for two different isotope labels, 2D-IR studies become
feasible, allowing one to observe local contacts between any pair


of two amino acids.40 This will enable studies of the complex
folding pathways of small peptides and proteins in unprecedented
detail.


Conclusions


In summary, we have developed a short, efficient approach to the
synthesis of three novel isotope labeled azobenzene photoswitches
based on commercially available fully isotope labeled precursors.
Azobenzene is often used in the biophysical community to initiate
conformational changes and to locally deposit energy. The mC=C


stretching vibrations of the unlabeled azobenzene photoswitches
interfere with the structure sensitive amide I vibrations of the
peptide/protein backbone. Consequently, it was the aim of this
work to shift the perturbing mC=C stretching vibrations out of
the amide I region by isotopic labeling. We characterized the
synthesized molecules by a variety of standard analytical methods
(UV–vis, mp, ESI-MS, elemental analysis). During the synthesis
we did not encounter any difficulties. Fortunately, the molecules
behaved like the unlabeled compounds, which made the implemen-
tation of the labeled photoswitches in biomacromolecules very
easy. Consequently, we think that these universal switches are
spectroscopically clean and therefore allow us to gain new insights
into folding processes, which up until now have been hidden under
the mC=C stretching vibrations.


Experimental


General. Melting points: Dr Tottoli apparatus, uncorrected. IR
spectra: Biorad FTS-175C spectrometer. MS: ESI Esquire-LC
00028. Elementary analyses: Vario EL. TLC: Merck Silica gel 60
F/254. Column chromatography: Silica gel 60, 0.063–0.200 mm,
Merck. 1H NMR: ARX 300 (300.13 MHz), rel. to Me4Si. 13C
NMR: ARX 300 (75.468 MHz). The chemical shifts given for the
13C enriched products are just the enhanced signals due to isotope
labeling. Chemicals were purchased from Sigma-Aldrich, if not
mentioned otherwise. Deuterated compounds were purchased
from Armar Chemicals (Döttingen, Switzerland).


For irradiation, we used a high-pressure mercury lamp (Oriel
Corp.) with a monochromator (SPEX Minimate) operating at
either k = 425 nm or k = 366 nm.


The abbreviations used are as follows: Aib, aminoisobutyric
acid; Boc, tert. butoxycarbonyl; DCM, dichloromethane; DMF,
N,N-dimethylformamide; TFA, trifluoroacetic acid; PZ, 4-pheny-
lazo-benzyloxycarbonyl; DPZ, deuterated 4-phenylazo-
benzyloxycarbonyl; AMPB, (4-aminomethyl)-phenylazobenzoic
acid; AIBN, azo-isobutyronitrile; DIEA, diisopropyl ethyl
amine; DMSO, dimethylsulfoxide; EE, ethyl acetate; ether,
diethyl ether; Fmoc, 9H-fluoren-9-ylmethoxycarbonyl; LiAlD4,
lithium aluminium deuteride; NBS, N-bromo succinimide; Pd/C,
palladium 10% on charcoal; PE, petroleum ether (60–80), if not
otherwise stated.


General procedure for catalytic reduction (GPA)


The nitro compound was placed in a flame-dried flask under a N2


atmosphere. To this was added freshly distilled MeOH or dioxane–
ethanol. Pd/C was added to the solution. Hydrogen was passed
through the vigorously stirred solution for 2–4 h. For removal of
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the hydrogen the flask was purged with N2. The Pd/C was filtered
off by using celite, and the solvent was removed in vacuo. Yields
80–100%.


4,4′-Diiodoacetamide-[13C12]-azobenzene (1)


4,4′-Diiodoacetamide-[13C12]-azobenzene (1) was synthesized ac-
cording to the procedure published by Kumita et al.30 Yield: 0.081 g
(68%). C4


13C12H14N4O2I2, mmax(DMSO)/cm−1: 3278 m, 3226 m,
3120 m, 3050 m, 2965 m, 1688 s, 1585 s, 1544 s, 1508 s, 1464 s,
1300 s, 1145 s. 1H-NMR (300.13 MHz, [D6]-DMSO): 10.63 (2H, s,
NH), 8.10 (4H, d, arom.), 7.55 (4H, d, arom.), 3.87 (4H, s, CH2).
13C-NMR (75.468 MHz, [D6]-DMSO): 147.7, 141.4, 123.4, 119.2.
MS (ESI): m/z 583.0 (90%, [M + Na]).


[D10]-4-(4-Fmoc-aminomethyl-phenylazo)-benzoic acid (2)


[D10]-4-(4-Fmoc-aminomethyl-phenylazo)-benzoic acid tert-
butyl ester (15a) (0.544 g, 1 mmol) and TFA (4 mL) were
dissolved, whilst stirring, in DCM (40 mL). Stirring was
continued for about 36 h at room temperature. The reaction
was quenched by the addition of water (20 mL). The precipitate
formed was filtered off, and successively washed with DCM
(10 mL), 5% NaHCO3 (20 mL), water (20 mL) and twice with
DCM (10 mL). Finally the product was stored in a desiccator
over P2O5. This yielded 0.394 g (81%). Degree of deuteration
>99%. Mp 240–242 ◦C. Found: C, 69.82%; D, 6.94%; N, 8.39%.
C29D10H13N3O4 requires : C, 71.44%; D, 6.82%; N, 8.62%.
mmax(KBr)/cm−1: 3422 s, 3308 s, 3020–3070 m, 2950 m, 2207 w,
2109 w, 1688 s, 1576 m, 1532 s, 1271 s, 740 s. kmax(THF)/nm
266.5 (e/dm3 mol−1 cm−1 23 000), 301 (21 000), 333 (28 500) and
452.5 (675).1H-NMR (300.13 MHz, [D6]-DMSO): 13.18 (1H, s,
COOH), 7.25–7.95 (9H, m, Fmoc-aromatic and NH), 4.40 (2H,
d, Fmoc-CH2), 4.25 (1H, t, Fmoc-CH). 13C-NMR (75.468 MHz,
[D6]-DMSO): 166.8, 156.5, 154.2, 150.9, 144.1, 143.9, 140.8,
132.8, 130.4, 127.7, 127.1, 125.2, 122.5, 122.2, 120.2, 65.4, 46.9.
MS (ESI): m/z 510.4 (95%, [M + Na]).


[D11]-4-Phenylazo benzyl chloroformate (DPZCl) (3)


Triphosgene (2.3 g, 7.75 mmol) was dissolved in dry dioxane
(9 mL) and cooled to approx. 15 ◦C. Whilst stirring, 15b (1.12 g,
5 mmol) was added. Stirring was continued for 1 h at room
temperature. The temperature was then raised to 40 ◦C, and
the mixture was stirred overnight. The solvent was evaporated,
the compound recrystallized from hexane, and finally dried
under high vacuum conditions. Yield 0.903 g (63%). Mp 73–
77 ◦C. C14D11ClN2O2, mmax(KBr)/cm−1: 2940 w, 2274 w, 2257 w,
2168 w, 1780 s, 1371 w, 1335 w, 1298 m, 1186 s, 1064 m, 1034 m,
910 m, 812 m, 778 m, 736 m, 684 m, 608 w, 552 m, 504 w, 483
m. 13C-NMR (75.468 MHz, CDCl3): 153.1, 152.6, 150.9, 135.6,
130.9, 129.2, 128.8, 122.8, 72.1. MS (ESI): m/z 286.1 (43%, [M +
H]), 206.1 (17%, [M − ClCOO]).


General procedure for DPZCl–Amino acid/Peptide coupling
(e.g. [D11]-4-Phenylazo-benzyloxycarbonyl)-aminoisobutyric acid
(DPZ-Aib) (3a)). Aminoisobutyric acid (0.304 g, 2.95 mmol)
was dissolved in 1 N NaOH (6 mL). A solution of 3 (0.841 g,
2.95 mmol) in dioxane (7.5 mL) was added dropwise to the stirred
solution. The mixture was stirred for 30 min at room temperature


and for a further 2 h at 50 ◦C before adding 1 N NaOH (3 mL).
Stirring was continued for an additional 2 h at 50 ◦C. After
cooling to room temperature, water (9 mL) was added. Afterwards
the mixture was extracted three times with ether (15 mL) to
remove byproducts. The aqueous layer was acidified with 1 N
HCl (∼12 mL) and subsequently extracted three times with ether
(30 mL). The organic layer was dried (Na2SO4), and the solvent
evaporated. This yielded the crude product, which was further
purified. The crude was dissolved in MeOH (15 mL), and insoluble
parts were filtered off. The filter cake was washed twice with MeOH
(7.5 mL). The combined organic phases were concentrated to
∼10 ml. Addition of water (5 mL) and storage of the solution
for 1 h at room temperature, followed by an additional hour in
the refrigerator yielded a crystalline product, which was filtered
off and dried under vacuum. This yielded 0.413 g (40%). Mp 124–
126 ◦C. C18D11H8N3O4, mmax(KBr)/cm−1: 3429 w, 3001 w, 1715 vs,
1581 w, 1494 s, 1310 m, 1271 m, 1224 m, 1159 m, 1089 m, 552
w, 474 w. kmax(EtOH)/nm 229 (e/dm3 mol−1 cm−1 15 000), 320
(26 000) and 442 (600). 1H-NMR (300.13 MHz, CDCl3): 9.8 (1H,
bs, OH), 5.42 (1H, bs, NH), 1.60 (6H, s, Aib CH3). 13C-NMR
(75.468 MHz, CDCl3): 179.4, 155.1, 152.4, 152.2, 138.7, 130.2,
128.1, 122.5, 65.7, 56.3, 25.0. MS (ESI): m/z 375.2 (95%, [M +
Na]).


4-Nitro acetanilide-13C6 (5)


Acetanilide-13C6 (4) (1.0 g, 7.09 mmol) was dissolved in 85%
H2SO4 (11 mL) and cooled in an ice bath. Whilst stirring,
guanidium nitrate (0.87 g, 7.1 mmol) was added slowly to the
solution. The mixture was stirred for an additional 2 h at
0 ◦C. Afterwards the mixture was poured onto ice–water (70 mL).
The precipitated product was filtered off and washed with water.
Drying under vacuum yielded 1.13 g (84%). C2


13C6H8N2O3, 1H-
NMR (300.13 MHz, [D6]-DMSO): 10.53 (1H, s, NH), 7.91–
8.49 (2H, d, arom.), 7.54–8.10 (2H, d, arom.), 2.12 (3H, s,
CH3).


4-Amino acetanilide-13C6 (6)


Compound 6 was synthesized as described above (GPA method).
5 (1.13 g, 6.07 mmol) was dissolved in methanol (90 mL), and
Pd/C (0.104 g, 0.1 mmol) was added. Reaction time 3–4 h. This
yielded 0.805 g (85%). C2


13C6H10N2O, 1H-NMR (300.13 MHz,
[D6]-DMSO): 9.45 (1H, s, NH), 6.20–7.50 (4H, m, arom.), 4.91
(2H, s, NH2), 1.94 (3H, s, CH3). 13C-NMR (75.468 MHz, [D6]-
DMSO): 144.3, 128.6, 120.7, 113.7.


4,4′-Di(acetylamino)-[13C12]-azobenzene (8)


4-Amino acetanilide-13C6 (6) (0.312 g, 2.0 mmol) was dissolved
in acetic acid (6 mL). Whilst stirring, 33% H2O2 (0.55 mL,
6 mmol) was added. Stirring was continued for 6 h at room
temperature. Water (7 mL) was added to the mixture and stirring
was continued for 5 min. The precipitated brown product was
filtered off, and washed with water (5 mL). This yielded 0.05 g
(16%). C4


13C12H16N4O2, 1H-NMR (300.13 MHz, [D6]-acetone):
9.42 (2H, s, NH), 7.58–8.12 (8H, d, arom.), 2.13 (6H, s, acetyl).
13C-NMR (75.468 MHz, [D6]-acetone): 149.3, 143.1, 124.3,
120.0.
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4,4′-Diamino-[13C12]-azobenzene (9)


8 (0.0617 g, 0.2 mmol) was suspended in water (10 mL). Whilst
stirring, conc. HCl (5 mL) was added and the mixture was heated
under reflux for 3 h. The solvent was removed in vacuo, and
the residue was taken up in water (10 mL). The solution was
basified to pH 8–9 by the addition of 1 N NaOH (approx. 1 mL).
The precipitated brown product was filtered off, and was washed
twice with water (5 mL). The filter cake was taken up in acetone.
Removal of the solvent yielded 0.0259 g (58%) of the product.
13C12H12N4, 1H-NMR (300.13 MHz, [D6]-acetone): 6.48–7.90 (8H,
m, arom.), 5.15 (4H, s, NH2). 13C-NMR (75.468 MHz, [D6]-
acetone): 152.7, 124.8, 121.0, 114.6.


[D7]-4-Nitro toluene (12a)


[D8]-toluene (11) (10.75 mL, 100 mmol) was cooled by an ice bath.
A precooled mixture of 10 mL 65% HNO3 and 12 ml 98% H2SO4


was added dropwise over 40 min to the vigorously stirred mixture
at 5–10 ◦C. The mixture was stirred for 2 h at 14 ◦C. Stirring
was continued for an additional hour at 25 ◦C. Afterwards the
mixture was poured onto ice–water (300 mL), and extracted
three times with ether (50–80 mL). The combined organic layers
were successively washed with 5% NaHCO3 (50 mL) and twice
with water (50 mL). Drying of the combined organic layers
(CaCl2), and removal of the solvent yielded 14.4 g (100%) crude
product.


Remark: for the synthesis of 12e it is necessary to separate the
pure para compound 12a from the raw product by distillation (bp
84–85 ◦C at 8 mbar; ortho: bp 80–89 ◦C at 9 mbar). However for the
synthesis of 12b it is much easier to separate the para compound
from the byproduct after oxidation (cf. [D4]-4-nitro benzoic acid
(12b)). Mp 49–52 ◦C. C7D7NO2, mmax(KBr)/cm−1: 2835 w, 2314 w,
2278 w, 2126 w, 1581 s, 1510 s, 1346 s, 854 s, 639 s, 1073 m, 832
m, 821 m, 582 m. 13C-NMR (75.468 MHz, [D6]-acetone): 146.8 (2
signals), 130.4, 123.7, 20.6.


[D4]-4-Nitro benzoic acid (12b)


Sodium dichromate (6 g, 20 mmol) was dissolved in water–H2SO4


(30 mL, 2 : 1). Crude 12a (1.44 g, 10 mmol) was added to the
solution, and the mixture was stirred overnight at 95 ◦C in a
stopper closed apparatus. (CAUTION!!! We obtained a lower
yield when the reaction was performed under reflux in an open
apparatus). The mixture was allowed to cool down for 10 min
before pouring in water (30 mL). After chilling the mixture for
15 min by an ice bath, the precipitate formed was filtered off.
The crude was heated for 5 min at 100 ◦C in 5% H2SO4 (15 mL).
Afterwards the mixture was again cooled by an ice bath and filtered
off. The residue was taken up in 5% NaOH (15 mL). Insoluble
parts were filtered off and the filtrate was mixed with 10% H2SO4


(20 mL). Once again the filter cake was washed with 5% NaOH
(4mL) and the obtained filtrate was added to the H2SO4 mixture as
well. Cooling of the mixture by an ice bath for about 5 min yielded
a white precipitate, which was filtered off, washed twice with water
(5 mL), and dried in a desiccator. The product already consists of
para compound exclusively, as determined by NMR, IR and mp.
No ortho- or meta byproducts were found. Further purification
can be achieved by recrystallization from methanol–water. The
crystalline compound (0.484 g, 2.83 mmol) was dissolved in water


(10 mL), heated to 60 ◦C, and filtered hot. Subsequently the
filter cake was washed twice with hot methanol (5 mL). Water
(10 mL) was added to the filtrate, which was stored afterwards in
a refrigerator for ∼15 h. The precipitate formed was filtered off,
and washed twice with cold methanol–water (8 mL, 1 : 1), before
placing in a desiccator. Concentration of the mother liquor yielded
further product. The combined fractions afforded 0.428 g (22%).
Mp 229–231 ◦C, (lit.41 239–240 ◦C). C7D4HNO4, mmax(KBr)/cm−1:
3450 m, 2314 m, 1696 vs, 1592 s, 1538 s, 1441 s, 1349 s, 1283 vs, 938
m, 861 m, 822 m, 773 m, 640 m, 541 w. 13C-NMR (75.468 MHz,
[D6]-acetone): 166.0, 151.5, 136.8, 131.4, 124.1.


[D4]-4-Nitro benzoyl chloride (12c)


12b (1.71 g, 10 mmol) and SOCl2 (6.3 ml, 87 mmol) were placed
in the reaction flask. Whilst stirring the mixture was heated under
reflux for 6 h. The clear solution was evaporated and the residue
was taken up in hot hexane (20 mL, ∼60 ◦C). Insoluble parts were
filtered off, and the filter cake was washed three times with boiling
hexane (10 mL). The combined organic phases were concentrated
to 20 mL. Storage in the refrigerator yielded a crystalline product,
1.05 g (55%). Mp 69–71 ◦C. C7D4ClNO3, mmax(KBr)/cm−1: 2307
m, 2286 w, 1777 s, 1751 s, 1696 m, 1583 s, 1524 s, 1381 m, 1352 s,
1301 s, 1162 m, 1150 s, 1063 m, 1017 m, 883 s, 866 s, 821 m, 796 s,
684 m, 619 m, 581 m, 538 m, 451 m. 13C-NMR (75.468 MHz,
CDCl3): 167.1, 151.5, 137.9, 131.9, 123.8.


[D4]-4-Nitro benzoic acid tert-butyl ester (12d)


In a flame-dried flask, 12c (1.9 g, 10 mmol) was placed under
a N2 atmosphere. To this was added freshly distilled and dried
THF (20 mL). Lithium tert-butoxide (1.3 g, 16 mmol) was added
portionwise to the ice-cooled and vigorously stirred solution in
such a manner that the reaction temperature did not increase
beyond 10 ◦C. Stirring was continued for 1 h at 0 ◦C, and
overnight at room temperature. The reaction was quenched by
the portionwise addition of water (∼28 mL). The mixture was
extracted three times with ether (14 mL). The combined organic
layers were dried (Na2SO4), and the solvent was evaporated.
Yield: 2.06 g (90%). Degree of deuteration >99.5%. Mp 112–
113 ◦C. C11D4H9NO4, mmax(KBr)/cm−1: 2981 m, 2316 w, 2284
w, 1714 s, 1588 s, 1521 s, 1462 m, 1397 s, 1373 m, 1366 m,
1345 s, 1307 m, 1284 s, 1167 s, 1109 s, 849 m, 814 m, 635 s.
1H-NMR (300.13 MHz, CDCl3): 1.61 (9H, s, tert-Bu). 13C-NMR
(75.468 MHz, CDCl3): 163.8, 150.3, 137.4, 130.2, 123.1, 82.7,
28.2.


[D6]-4-Nitro benzylbromide (12e)


Pure 12a (1.44 g, 10 mmol) was dissolved in CCl4 (10 mL). Whilst
stirring NBS (1.78 g, 10 mmol) and AIBN (0.02 g, 0.12 mmol)
were added successively to the solution. The mixture was heated
under reflux for 3 h. Afterwards the precipitated succinimide was
filtered off, and was washed twice with CCl4 (5 mL). The solvent
was removed in vacuo, and recrystallized from PE. This yielded
0.378 g (17%) of pure compound. Mp 94–96 ◦C. C7D6BrNO2,
mmax(KBr)/cm−1: 3428 s, 2305 s, 2288 w, 2187 w, 2149 w, 1593 s,
1534 s, 1347 s. 13C-NMR (75.468 MHz, CDCl3 : THF (3 : 1)):
147.3, 144.4, 129.2, 123.3, 30.1. MS (ESI): m/z 221.0 (6%, [M]),
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205.0 (0.4%, [M − O]), 175.0 (1.5%, [M − NO2]), 142.1 (62%,
[M − Br]), 96.1 (10%, [M − Br − NO2]).


[D6]-4-Nitro benzylamine phthalimide (12f)


12e (2.22 g, 10 mmol) and phthalimide potassium salt (1.85 g,
10 mmol) were dissolved, whilst stirring, in DMF (30 mL) under
a N2 atmosphere. The mixture was stirred and heated at approx.
50 ◦C overnight. The addition of water (100 mL) afforded a white
precipitate, which was filtered off, washed with water (100 mL),
and twice with ethanol (100 mL). The obtained product was dried
in a desiccator. This yielded 2.36 g (82%) of pure compound. Mp
167–168 ◦C. C15D6H4N2O4, mmax(KBr)/cm−1: 2360 w, 2296 w, 1769
m, 1711 s, 1583 m, 1572 w, 1508 s, 1467 m, 1392 s, 1344 s, 1306
w, 1177 m, 1078 w, 917 s, 856 m, 826 w, 795 w, 723 s, 708 m,
667 w, 625 w, 529 w. 1H-NMR (300.13 MHz, CDCl3): 7.87 (2H,
d, arom.), 7.76 (2H, d, arom.). 13C-NMR (75.468 MHz, CDCl3):
167.9, 147.6, 143.2, 134.4, 132.0, 129.1, 123.7, 123.7, 40.4. MS
(ESI): m/z 343.1 (50%, [M + Na + O2]), 311.1 (100%, [M + Na]),
242.3 (12%, [M − NO2]).


[D6]-4-Nitro benzylamine (12g)


[D6]-4-Nitro benzylamine phthalimide (12f) (0.89 g, 3.09 mmol)
was suspended in a mixture of ethanol (108 mL) and THF (11 mL).
Whilst stirring, hydrazine hydrate (80%) (1.1 mL, 18 mmol) was
added under a N2 atmosphere. Afterwards the mixture was heated
under reflux for 24 h. The resulting mixture was cooled to 0 ◦C.
1M oxalic acid (68 mL) was added and once again the mixture
was heated under reflux for 30 min. The solution was basified
with 2 N NaOH (68 mL), filtered, and the filter cake washed with
water (43 mL). The filtrate was extracted five times each with
DCM (46 mL). Drying of the combined organic layers (K2CO3),
and removal of the solvent yielded the title compound, which was
directly subjected to the next reaction step (12h) without further
characterization, because the compound proved to be not very
stable.


[D6]-4-Nitro benzylamine-Fmoc (12h)


Compound 12g (0.467 g, 2.95 mmol) and DIEA (1 mL, 5.9 mmol)
were dissolved whilst stirring in DCM (59 mL) under a N2


atmosphere. Fmoc-Cl (0.768 g, 2.95 mmol) was added, and
stirring was continued for 2 h at room temperature. The mixture
was successively washed with 1 N HCl (15 mL), and twice
with water (30 mL). The organic layer was dried (Na2SO4)
and the solvent removed. This yielded 1.111 g (99%). Mp 149–
151 ◦C. C22D6H12N2O4, mmax(KBr)/cm−1: 3366 s, 3325 s, 2305 w,
2126 w, 1698 s, 1588 m, 1524 s, 1347 s, 1270 s, 1133 m, 1089 m,
758 m, 741 m. 1H-NMR (300.13 MHz, CDCl3): 7.27–7.80 (8H, m,
Fmoc-aromatic), 5.14 (1H, s, NH), 4.54 (2H, d, Fmoc-CH2), 4.12
(1H, t, Fmoc-CH).


[D4]-4-Nitroso benzoic acid tert-butyl ester (13a)


[D4]-4-Nitroso benzoic acid tert-butyl ester (13a) was synthesized
according to the procedure published by Park and Standaert.42


Yield: 1.3 g (77%). Mp 55–62 ◦C. Rf = 0.53 in hexane : EE (5 :
1). C11D4H9NO3, mmax(KBr)/cm−1: 2980 m, 2934 w, 2359 w, 2286
w, 1712 s, 1575 m, 1522 w, 1476 w, 1457 w, 1428 m, 1395 m, 1369


m, 1335 m, 1282 s, 1258 w, 1158 s, 1102 m, 1080 m, 1033 m, 940
m, 904 w, 848 m, 752 w, 709 m, 686 w, 613 m, 528 w, 497 w.
1H-NMR (300.13 MHz, CDCl3): 1.63 (9H, s, tert-Bu). 13C-NMR
(75.468 MHz, [D6]-acetone): 164.7, 164.4, 137.1, 130.5, 119.9,
82.5, 28.2.


[D5]-Nitroso benzene (13b)


Nitroso benzene (13b) was synthesized according to the procedure
published by Shine et al.38 A change was made during the
workup procedure. Crude 13b (2 g, 17.8 mmol) was added to
a flask containing water (29 mL). Distillation of the mixture at
atmospheric pressure afforded a green liquid (bp 93–98 ◦C at
∼1000 mbar) and a white solid, which got stuck in the Liebig
condenser. The white solid was washed away from the condenser
with ethanol (12 mL). The combined ethanolic solution was
concentrated in vacuo to approx. 5–6 mL. Storage overnight in
the fridge yielded a white solid. Since the vapor pressure of the
product is very high, the green solvent in the receiver contained
further product. Upon careful concentration further product
could be obtained. The product was placed in a desiccator. The
combined fractions afforded 0.84 g (30%). Mp 65–67 ◦C. C6D5NO,
mmax(KBr)/cm−1: 2287 m, 1401 s, 1360 s, 1327 m, 1290 m, 1228 w,
1150 s, 1037 w, 959 w, 934 s, 859 m, 838 w, 820 w, 809 w, 779 m,
768 m, 680 w, 664 m, 639 m, 599 w, 592 w, 559 m, 543 m, 521 s, 470
m. 13C-NMR (75.468 MHz, CDCl3): 165.9, 135.2, 128.9, 120.6.


([D6]-4-Amino-benzyl)-amine-Fmoc (14a)


Compound 14a was synthesized as described above (GPA
method). 12h (1.1 g, 2.9 mmol) was dissolved in dioxane–ethanol
(25 mL : 40 mL), and Pd/C (0.16 g, 0.16 mmol) was added.
Reaction time 2 h. This yielded 1.022 g (100%). Mp 118–
121 ◦C. C22D6H14N2O2, mmax(KBr)/cm−1: 3432 s, 3321 s, 2268 w,
2247 w, 2108 w, 1689 s, 1622 m, 1590 m, 1534 s, 1465 m, 1446 s,
1269 s, 1245 s, 1125 m, 1081 m, 1066 m, 1031 m, 757 m, 741 w. 1H-
NMR (300.13 MHz, [D6]-DMSO): 7.85 (1H, s, NH), 7.28–7.80
(8H, m, Fmoc-aromatic), 4.35 (4H, m, Fmoc-CH2 and NH2), 4.20
(1H, t, Fmoc-CH).


[D4]-4-Amino benzoic acid (14b)


[D4]-4-Nitrobenzoic acid (12b) (0.856 g, 5 mmol) was suspended
in water (20 mL). Whilst vigorously stirring, Na2CO3 (0.3 g,
2.8 mmol) and zinc dust (2 g, 30 mmol) were added to the solution.
The mixture was heated to approx. 30 ◦C, and conc. HCl (10 mL)
was added dropwise over 20 min. Thereafter the solution was
filtered, and the filter cake was washed twice with water (7 mL).
To remove unreacted 12b, the filtrate was extracted twice with
ethyl acetate (40 mL). The aqueous layer was adjusted to pH 9–
10 by the addition of sat. Na2CO3 solution (approx. 32 mL),
and the precipitated ZnOH was filtered off. Once more the filter
cake was washed twice with 5% NaHCO3 (10 mL). To remove
byproducts, the filtrate was extracted twice with ethyl acetate
(80 mL). Subsequently, the aqueous layer was adjusted to pH 3–4
by the addition of 1 N HCl (approx. 30 mL). Finally, the solution
was extracted four times with ethyl acetate (80 mL). Drying of the
combined organic layers (Na2SO4), and removal of the solvent in
vacuo yielded 0.562 g (80%) of an off white crystalline compound.
Mp 179–180 ◦C. C7D4H3NO2, mmax(KBr)/cm−1: 3461 s, 3364 s,


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 3508–3517 | 3515







2287 vw, 1662 vs, 1575 vs, 1410 s, 1343 m, 1306 s, 1235 m, 705 m,
603 m, 542 m, 424 m. 13C-NMR (75.468 MHz, D2O): 175.5, 149.5,
130.4, 126.0, 114.7.


[D4]-4-Amino benzoic acid methyl ester (14c)


Methanol (200 mL) was placed in the reaction flask at approx.
0 ◦C. Whilst stirring, SOCl2 (15 mL, 206 mmol) was added
dropwise to the methanol in such a manner that the reaction
temperature did not increase beyond 10 ◦C (approx. 30 min).
14b (7.06 g, 50 mmol) was added slowly (approx. 30 min) to the
solution. Stirring was continued for 1 h at 0 ◦C. The temperature
was raised to room temperature and stirring was continued
overnight. The solvent was removed in vacuo and the residue
was taken up in water (100 mL). Neutralization with pyridine
(10 mL) gave a white precipitate, which was filtered off, and
washed three times with water (15 mL). Drying in a desiccator
over P2O5 yielded 3.53 g (79%) of a crystalline compound. Mp
107–109 ◦C. C8D4H5NO2, mmax(KBr)/cm−1: 3411 s, 3341 s, 3329 s,
2947 m, 2285 m, 2261 m, 1683 s, 1638 m, 1575 s, 1428 s, 1374 m,
1284 s, 1221 s, 1089 s, 824 m, 708 s, 599 m, 479 m, 431 m. 13C-NMR
(75.468 MHz, CDCl3): 167.3, 151.1, 131.2, 119.2, 113.4, 51.6.


[D6]-4-Amino benzyl alcohol (14d)


A flame dried 250 mL three-necked flask equipped with a
thermometer, dropping funnel, and reflux condenser was N2


purged. Dry ether (60 mL) was placed in the reaction flask. Whilst
stirring, LiAlD4 (0.84 g, 20 mmol) was added. Subsequently, a
solution of 14c (3.1 g, 20 mmol) in dry ether (100 mL) was
added dropwise over a period of approx. 30 min. The mixture
was heated under reflux for 3–4 h, after which it was cooled by an
ice bath. Afterwards the reaction was quenched by the dropwise
addition of water (7 mL). The mixture was filtered off, and the
filter cake was washed three times with ether (40 mL). Drying of
the combined organic phases (NaOH), and removal of the solvent
yielded the crude product (100%), which was further recrystallized
from benzene and placed in a desiccator. This yielded 1.22 g
(47%) of a crystalline compound. Mp 60–62.5 ◦C, (lit.29 64.5 ◦C).
C7D6H3NO, mmax(KBr)/cm−1: 3377 s, 3240 s, 2273 m, 2251 w, 2203
m, 2108 m, 2069 m, 1580 s, 1439 s, 1374 s, 1236 s, 1083 s, 1045 s,
952 s, 517 s. 13C-NMR (75.468 MHz, [D6]-acetone): 148.1, 131.1,
128.6, 114.6, 64.1.


[D10]-4-(4-Fmoc-aminomethyl-phenylazo)-benzoic acid tert-butyl
ester (15a)


Fresh 13a (0.701 g, 2 mmol) and acetic acid (20 mL) were placed
in the reaction flask at approx. 0 ◦C. Whilst stirring, 14a (0.634 g,
3 mmol) was added immediately. The mixture was stirred at 0 ◦C
for 1 h and then at room temperature for an additional 48 h.
The solvent was removed in vacuo and the residue was further
purified by flash chromatography. Elution with EE–hexane (1 : 3)
afforded 0.725 g (67%) of an orange crystalline compound. Mp
90–97 ◦C. C33D10H21N3O4, mmax(KBr)/cm−1: 3457 s, 2980 m, 1712 s,
1534 s, 1369 m, 1337 m, 1272 s, 1161 s, 1078 s, 759 m, 742 m.
kmax(THF)/nm 266 (e/dm3 mol−1 cm−1 26 000), 301 (21 000), 333
(28 000) and 449 (885). 13C-NMR (75.468 MHz, CDCl3): 165.3,
156.6, 154.8, 151.9, 143.9, 142.1, 141.4, 133.7, 130.1, 127.8, 127.1,


125.1, 123.1, 122.2, 120.1, 81.6, 66.8, 47.4, 28.3. MS (ESI): m/z
566.4 (99%, [M + Na]).


[D11]-4-Phenylazo benzyl alcohol (15b)


Nitroso benzene (13b) (1.24 g, 11 mmol) and acetic acid (9 mL)
were placed in the reaction flask at approx. 0 ◦C. Whilst stirring,
[D6]-4-amino benzyl alcohol (14d) (1.29 g, 10 mmol) was added
immediately. The mixture was stirred at 0 ◦C for 1 h and then at
room temperature for an additional hour. The precipitated product
was filtered off. A second fraction of product was obtained upon
the addition of water (38 mL) to the filtrate. After 30 min the
second fraction of precipitated product was filtered and afterwards
recrystallized from CCl4. This yielded 1.25 g (56%) of a light red
crystalline compound. Degree of deuteration 99.5%. Mp 135–
138 ◦C. C13D11HN2O, mmax(KBr)/cm−1: 3330 s, 2280 m, 2110 m,
1578 w, 1385 w, 1332 m, 1299 m, 1211 m, 1156 m, 1092 m, 1047
m, 970 m, 545 m, 477 m. kmax(EtOH)/nm 229 (e/dm3 mol−1 cm−1


13 000), 323 (23 000) and 442 (620). 13C-NMR (75.468 MHz, [D6]-
acetone): 153.4, 152.4, 146.8, 131.5, 129.6, 127.6, 123.1. MS (ESI):
m/z 246.1 (90%, [M + Na]).
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The elaboration of a 6,6-spiroacetal scaffold to incorporate a triazole unit as a peptide bond surrogate at
the anomeric position is described. The novel spiroacetal-triazole hybrid structures were generated via
cycloaddition of a spiroacetal azide to a series of alkynes. The spiroacetal framework was constructed
via Barbier reaction of bromide 10 with Weinreb amide 11, followed by acid-catalysed deprotection and
cyclisation to afford the 6,6-spiroacetal ring system. The resultant ethoxy-spiroacetal 8 was converted
to spiroacetal azide 5, which was then elaborated into a series of spiroacetal-triazole derivatives 7.


Introduction


Nature has traditionally been the most important source of lead
compounds for the development of new therapeutic agents. Evolu-
tionary selection pressures have resulted in chemical biodiversity
that has been exploited extensively by the pharmaceutical industry.
By modifying a biologically active lead compound, libraries of
structurally similar, but non-natural, synthetic analogues are
then synthesised such that the molecular complexity is kept
to a minimum whilst improvements are made to the desired
pharmacological activity.1


The number of biological targets available for screening has
increased substantially in recent years through a better under-
standing of biological pathways and the successful sequencing of
the human genome.2 Hence, it has become increasingly common
to subject natural products and their synthetic analogues to
broad phenotypic discovery screens to identify any biological
activity that is not found in the original natural product. By
combining biologically active motifs within a natural product-
inspired scaffold system, a library of compounds can be generated
for screening of potential bioactivity.3,4


Spiroacetals, in particular 1,7-dioxaspiro[5.5]undecanes, are a
common structural element in many natural products isolated
from a variety of sources that display a wide range of bi-
ological activities. For example, many simple spiroacetals are
insect pheromones;5,6 routiennocin is an ionophore antibiotic;7


okadaic acid and tautomycin are protein phosphatase inhibitors;8


integramycin is a HIV-1 integrase inhibitor;9 the milbemycins
and avermectins are anthelmintic and insecticidal agents5 and the
spongistatins are antimitotic agents.10


More importantly, many truncated synthetic spiroacetals de-
rived from more complex spiroacetal containing natural products,
such as spiroacetals 1–3, provide the basic pharmacophore for the
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observed biological activity.11,12 The 6,6-spiroacetal unit has also
been used to replace the rigid galactose disaccharide core in a sialyl
Lewis X mimetic 4 (Fig. 1).13


Fig. 1 Privileged 6,6-spiroacetal structures.11–13


Several research groups have reported the generation of libraries
based on a 6,6-spiroacetal scaffold. For example, Ley et al.3 and
Porco et al.14 synthesised a series of 6,6-spiroacetal derivatives
containing three sites for further synthetic elaboration to probe
for biological activity. A structurally diverse 6,6-spiroacetal-based
library constructed by Waldmann et al.12 resulted in the discovery
of the lead compound 3 as an inhibitor of several important protein
phosphatases (Fig. 1).


The 1,4-disubstituted 1,2,3-triazoles (“triazoles”) are used as the
mimics (isosteres) of amide/peptide bonds. Being a rigid linker, a
triazole ring system holds the substituents in a similar geometry
and distance to those of an amide as well as providing a com-
parable dipole moment. However, unlike the amide counterpart,
triazoles are stable towards hydrolytic cleavage (especially under
enzymatic conditions), oxidation and reduction.15


Our research group has a long standing interest in the synthesis
of spiroacetals present in a wide range of biologically significant
compounds.16,17 This synthetic effort has prompted the investiga-
tion of elaborating the 6,6-spiroacetal unit to provide novel diverse
functionality. In particular, we were interested in the chemical
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attachment of the spiroacetal scaffold to a biologically relevant
1,2,3-triazole unit. Further incorporation of a hydroxymethyl
group on the spiroacetal ring also provides an additional site
for further derivatisation. As a result, the combination of these
important bioactive motifs generates a novel hybrid of function-
ality that can be probed for biological activity. The collection
of spiroacetal-triazoles reported herein provides novel probes to
screen for potential bioactivity in phenotypic assays.


Moreover, these spiroacetal derivatives allow diversification at
the anomeric position, providing spiroacetal-based triazoles in
which the triazole unit acts as an isostere to mimic the biologically
relevant peptide bond. We therefore herein report the synthesis of
a series of spiroacetal-triazoles 7 based on the cycloaddition of
spiroacetal azide 5 to alkynes 6 (Scheme 1).


Scheme 1 Synthesis of spiroacetal-triazoles 7 based on the cycloaddition
of azide 5 to a range of alkynes 6.


To date, only Ley et al.3 have reported the synthesis of a struc-
turally related spiroacetal-triazole analogue which includes viable
procedures for the synthesis of a series of these triazole derivatives.
The biological screening of the spiroacetal-triazole unit is currently
under evaluation.


Results and discussion


The retrosynthesis adopted for the key spiroacetal-triazole target
7 hinges on disconnection of the anomeric C–N bond linking
the spiroacetal to the triazole motif. Thus, ethoxy-spiroacetal 8
is converted to azide 5 which is then elaborated to a triazole.
Ethoxy-spiroacetal 8 is formed via acid-catalysed deprotection and
cyclisation of ketone 9 which in turn, is available from the Barbier
coupling of bromide 10 with Weinreb amide 11. Weinreb amide 11
is then easily accessed from lactone 12 (Scheme 2).


Preparation of spiroacetal-azide 5


Lactone 12 was prepared from commercially available ethyl 2-
oxocyclopentanecarboxylate in 87% yield over five steps using


procedures adapted from the work reported by Taylor et al.18


Lactone 12 was then treated with the aluminium amide
intermediate generated from trimethylaluminium and N,O-
dimethylhydroxylamine in CH2Cl2. Subsequent silylation of the
resultant alcohol 13 afforded Weinreb amide 11 in 85% yield over
two steps. Bromide 10 was readily prepared from tetrahydrofuran
via adaptation of the literature procedure.19


With bromide 10 and Weinreb amide 11 in hand, attention
focused on their union via generation of the Grignard reagent
derived from bromide 10 (Scheme 3). Due to the instability of
the resultant Grignard reagent,20 utilisation of Barbier conditions
was implemented under the reaction conditions that have been
successfully used for related reactions by our research group.17,21


After activation of the magnesium turnings with iodine and 1,2-
dibromoethane, Weinreb amide 11 and bromide 10 were added


Scheme 3 Synthesis of spiroacetal azides 5a and 5b. Reagents and condi-
tions: (a) i. N,O-dimethylhydroxylamine hydrochloride, AlMe3, CH2Cl2,
0 ◦C, 20 min; ii. 12, CH2Cl2, 0 ◦C→rt, 2 h; (b) TBSCl, imidazole,
DMAP (cat.), CH2Cl2, rt, 3 d, 85% over 2 steps; (c) i. 11, Mg, I2 (cat.),
1,2-dibromoethane, THF, rt, 1 h; ii. 10, 33 ◦C, 2 h, 80%; (d) CSA, aq.
EtOH, rt, 3 h, 86%; (e) TMSN3, TMSOTf, CH2Cl2, −10 ◦C, 3 h, 5a: 36%,
5b: 15%; (f) TMSN3, TMSOTf, CH2Cl2, −10 ◦C, 3 h, 5a: 43%, 5b: 20%.


Scheme 2 Retrosynthesis of spiroacetal-triazoles 5.
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sequentially and the reaction was triggered with the addition of
iodine. Initially, the reaction afforded ketone 9 in only 42–65%
yield when the reaction temperature was not carefully controlled.
However, it was later found that a higher yield (78–80%) was
obtained when the reaction was conducted under concentrated
conditions with careful control of the temperature to be less than
33 ◦C in order to minimise degradation of Grignard reagent. The
use of magnesium powder was also attempted, but this reagent
only afforded ketone 9 in 12% yield only (Scheme 3).


With the basic spiroacetal skeleton assembled, the carbonyl
cascade cyclisation of ketone 9 to ethoxy-spiroacetal 8 was next
pursued. Similar deprotection and cyclisation sequences have
been used by Mead and Zemribo22 as well as de Greef and
Zard23 to prepare structurally related spiroacetals. After much
experimentation, simultaneous unmasking of the aldehyde and
the secondary alcohol in ketone 9 followed by cyclisation and
subsequent ethoxylation of the resulting lactol was best carried
out using camphorsulfonic acid (CSA) in aqueous ethanol at room
temperature for 3 hours. Ethoxy-spiroacetal 8 was then carefully
separated from the unreacted ketone 9 by flash chromatography.
The crude residue was recycled by subjecting it to the same
cyclisation conditions (CSA in aqueous ethanol) to give 86%
overall yield of ethoxy-spiroacetal 8 after three iterations of
recycling (Scheme 3).


NMR analysis of ethoxy-spiroacetal 8 revealed a characteristic
anomeric 2-H resonance at dH 4.83 ppm (dd, J2ax,3ax 10.0 Hz and
J2ax,3eq 2.3 Hz), which indicated that the ethoxy substituent adopted
an equatorial position. A characteristic quaternary spirocarbon C-
6 resonated at dC 98.1 ppm and a NOESY correlation between 2-H
and 8-H confirmed the presence of the bis-anomerically stabilised
spiroacetal ring system (Fig. 2).


Fig. 2 Structures of azide 5a and 5b showing the anomerically stabilised
spiroacetal rings and their substituents. NOESY correlations are denoted
by arrows.


Conversion of ethoxy-spiroacetal 8 to azide 5 was next per-
formed using TMSOTf and TMSN3 in CH2Cl2 at −10 ◦C to
yield a diastereomeric mixture of equatorial azide 5a and axial
azide 5b. Carefully controlled separation by flash chromatography
afforded equatorial azide 5a and axial azide 5b in 36% and 15%
yield, respectively. Treating pure axial azide 5b with TMSOTf and
TMSN3 in CH2Cl2 at −10 ◦C led to epimerisation of 5b into a
separable 2.2 : 1 mixture of equatorial azide 5a and axial azide
5b in 63% yield. Thus, combination of this epimerisation process
with the initial displacement reaction afforded equatorial and axial


azides 5a and 5b in 42% and 3% yield respectively, over two steps
from ethoxy-spiroacetal 8 (Scheme 3).


NMR analysis of azide 5a revealed a characteristic anomeric
2-H resonance at dH 4.94 ppm (dd, J2ax,3ax 10.8 Hz and J2ax,3eq


2.5 Hz), which indicated that the azide substituent adopted an
equatorial position. A NOESY correlation between 2-H and 8-
H also confirmed the presence of the bis-anomerically stabilised
spiroacetal ring system (Fig. 2). On the other hand, NMR analysis
of azide 5b revealed a characteristic anomeric 2-H resonance
at dH 4.61 ppm (t, J2,3 6.4 Hz), which indicated that the azide
substituent adopted an axial position. In this case, a NOESY
correlation between 5-H and 8-H confirmed the presence of the
mono-anomerically stabilised spiroacetal ring system (Fig. 2). The
characteristic quaternary spirocarbon C-6 in both equatorial azide
5a and axial azide 5b resonated at dC 93.2 ppm.


Preparation of spiroacetal-triazoles 14


In 2001, Sharpless et al.24 proposed the concept of “click chem-
istry” following nature’s lead and assembled a set of powerful,
highly reliable, and selective reactions for the rapid synthesis
of new compounds through carbon–heteroatom linkages. Since
the introduction of this concept, the 1,3-dipolar cycloaddition
of azides to alkynes is the most extensively studied and applied
“click reaction” used. The popularity of this reaction is due
to the versatility of triazoles as chemically stable peptide bond
surrogates and the introduction of the synthetically useful copper-
catalysed azide–alkyne cycloaddition (CuAAC) by Meldal et al.25


and Sharpless et al.26


With azides 5a and 5b in hand, attention next turned to
their subsequent cycloaddition to a range of alkynes in order to
prepare spiroacetal-triazoles 14 (Scheme 4). The cycloaddition of
the major equatorial azide 5a was carried out using a catalytic
quantity of phosphine-stabilised copper(I) salt27 [CuI·P(OEt)3] in
the presence of excess terminal alkynes 6a–d in toluene under reflux
to afford spiroacetal-triazoles 14a–d in excellent yield (83–98%). It
is known that CuAAC only catalyses the cycloaddition of an azide
to a terminal alkyne to afford a 1,4-disubstituted triazole as the
only regioisomer due to the involvement of the copper acetylide
intermediate. This excellent regioselectivity was clearly observed in
the formation of triazoles 14a–d that were prepared using CuAAC
(Table 1, entry 1–4).


In contrast, the cycloaddition of the major equatorial azide 5a
to the internal alkyne, dimethyl acetylenedicarboxylate (6e), was
promoted thermally using an excess of alkyne 6e in toluene at
110 ◦C, affording spiroacetal-triazoles 14e in good yield (78%,
Table 1, entry 5).


The thermally promoted conditions were also used for the
cycloaddition of azide 5a to trimethylsilyl-substituted alkynes 6f
and 6g to afford spiroacetal-triazoles 14f and 14g in good yield (64–
84%). However, prolonged heating in a sealed tube was required


Scheme 4 Cycloadditions of azides 5a to a range of alkynes under copper(I)-catalysed or thermally-promoted conditions.
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Table 1 Summary of reagents and conditions used for the cycloaddition of azide 5a


Products


Entry Alkynes Reagents and conditions R1 R2 Yield (%)


1 a 14a H (CH2)2OBn 98


2 a 14b H CH2OH 83


3 a 14c H Ph 96


4 a 14d H CO2Et 84


5 b 14e CO2Me CO2Me 78


6 c 14f H TMS 64a(+ 36% 5a)


7 c 14g CO2Et TMS 84


Reagents and conditions: (a) CuI·P(OEt)3 (10 mol%), toluene, reflux, 1 h; (b) toluene, reflux, 1 h; (c) toluene, sealed tube, reflux, 2 d.a Azide starting
material 5a was recovered from the cycloaddition due to the high volatility of trimethylsilylacetylene 6f despite using a large excess of the alkyne in a
sealed tube.


for these cycloadditions (Table 1, entry 6 and 7). Although the
cycloaddition of azide 5a to terminal trimethylsilylacetylene (6f,
Table 1, entry 6) can be catalysed by CuAAC, the thermally
promoted conditions were adopted in order to demonstrate the
increased reaction times required compared to the use of CuAAC
and to demonstrate the regio-directing effect of the silyl substituent
on the alkyne.


The regio-directing effect of the silyl substituent in alkynes
6f and 6g was clearly observed with 4-trimethylsilyl substituted
triazoles 14f and 14g being obtained as the sole regioisomers from
the cycloadditions (Table 1). This regioselectivity resulted from the
steric bulk exerted by the trimethylsilyl substituent and the ability
of silicon to stabilise a developing partial positive charge on the
alkyne b-carbon in the transition state for the reaction. Mono-
substituted triazole 7f and 1,5-disubstituted triazole 7g were then
obtained upon removal of the 4-trimethylsilyl group in 14f and
14g. A 1,5-disubstituted triazole is a stable isostere of a cis-peptide
bond commonly found in turns and loops of peptide secondary
structures.28


For all the cycloadditions performed using equatorial azide
5a, only the corresponding equatorial triazoles 14a–g resulted
from the reaction with no epimerisation at the anomeric or
the spiroacetal centre being observed as confirmed by NMR
studies. The axial anomeric 2′-H resonance in spiroacetal-triazole
14g showed characteristic deshielding (dH 6.65 ppm) due to the
through-space electron withdrawing effect and anisotropic effect
exerted by the neighbouring carbonyl group at C-5 of the triazole
ring (Fig. 3).


The cycloaddition of axial azide 5b to alkynes 6a and 6c was
also attempted. However, in these cases, only complex mixtures
were obtained. It was postulated that the steric clash between


Fig. 3 The characteristic deshielding of 2′-H resonance in trisubstituted
triazole 14g was due to the through-space electron withdrawing effect and
anisotropic effect exerted by the neighbouring carbonyl group.


the newly formed axial triazole substituent at C-2′ and the
TBDPS-protected hydroxymethyl substituent at C-8′ destabilised
the resulting triazole 15 leading to degradation and a complex
mixture of products (Scheme 5).


Scheme 5 Attempted cycloaddition of azides 5b to alkynes 6a or 6c.
Reagents and conditions: (a) 6a or 6c, CuI·P(OEt)3 (cat.), toluene, reflux,
1 h, complex mixture.
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Deprotection of the silyl ether group in spiroacetal-triazoles 7


Deprotection of the silyl ether group in spiroacetal-triazoles 14a–
g was effected using a variety of reagents (Scheme 6). Firstly,
desilylation of TBDPS ethers 14a and 14c was effected using TBAF
in the presence of molecular sieves to give triazoles 7a and 7c in
74% and 82% yield, respectively. However, the use of TBAF could
not be extended to the desilylation of TBDPS ethers 14e and 14g,
which only resulted in complex mixtures presumably due to the
basicity of the fluoride reagent used (Table 2).


Scheme 6 Desilylations of spiroacetal-triazoles 14a–g.


Secondly, the less basic reagent, HF·pyridine was used to
successfully effect desilylation of TBDPS ethers 14b and 14d in
70–71% yield. The use of HF·pyridine for the deprotection of
TBDPS ethers 14a proceeded in a comparable yield (72–75%)
to that observed using TBAF (74%). However, these reaction
conditions were found to be too harsh for the deprotection of
TBDPS ethers 14e and 14f, only affording triazoles 7e and 7f in
23–26% yield (Table 2).


Finally, the mild reagent, HF·triethylamine,29 was used to
effect desilylation of the sensitive triazoles 14e–g. Using the
deprotection of TBDPS ether 14a as a trial reaction, desilylation
using HF·triethylamine in THF at room temperature afforded
triazole 7a in 99% yield although a long reaction time was
required (2 days). Satisfied with the high yield obtained for this
reaction, the desilylation of the sensitive triazoles 14e and 14f
using HF·triethylamine was next carried out. Pleasingly, triazoles
7e and 7f were afforded in 69% and 86% yield, respectively. The
4-silyl group in 14f was also simultaneously removed to give the
monosubstituted compound 7f (Table 2).


Use of HF·triethylamine was found to be too harsh to effect the
deprotection of 14g and only a complex mixture was obtained.
Subsequently, excess triethylamine was added to buffer the reac-
tion, and gratifyingly, the desired triazole 7g was afforded in 93%
yield (Table 2). The 4-silyl group in 14g was also simultaneously
removed to give the 1,5-disubstituted compound 7g. The use of
non-fluoride based desilylation reagents was also investigated.


However, use of catalytic HCl,30 generated in situ from the addition
of acetyl chloride to methanol, failed to give triazole 7g and only
a complex mixture resulted.


Conclusion


In conclusion, the elaboration of a 6,6-spiroacetal ring system to
incorporate a triazole unit at the anomeric position together with
a synthetic useful hydroxymethyl group has been successfully ac-
complished. Given the importance of a triazole unit as a practical
isostere/surrogate of a peptide bond, the assembly of a spiroacetal
and a triazole unit demonstrated herein generates a novel series
of spiroacetal-containing peptide bond mimics. The knowledge
gleaned in this synthetic study also provides momentum for future
elaboration of 6,6-spiroacetals to incorporate other biologically
active motifs. In addition to the chemical diversity reflected by this
series of spiroacetal hybrids, compounds prepared in this study can
also be used as probes to screen for potential bioactivity in broad
phenotypic assays.


Experimental


General


Experiments requiring anhydrous conditions were performed
under a dry nitrogen or argon atmosphere using oven- or flame-
dried apparatus and standard techniques in handling air- and/or
moisture-sensitive materials unless otherwise stated. Solvents
used (except for Et2O) for reactions, work-up extractions and
chromatographic purifications were distilled, unless otherwise
stated. Commercial reagents were analytical grade or were purified
by standard procedures prior to use.31 Separation of mixtures
was performed by flash chromatography using Kieselgel S 63–
100 lm (Riedel-de-Hahn) silica gel with the indicated eluent.
Mass spectra were recorded on a VG-70SE mass spectrometer
at a nominal accelerating voltage of 70 eV for low resolution and
at a nominal resolution of 5000 to 10 000 as appropriate for high
resolution. Ionisation was effected using electron impact (EI+),
fast atom bombardment (FAB+) using 3-nitrobenzyl alcohol as
the matrix or chemical ionisation (CI+) using ammonia as a carrier
gas. Major and significant fragments are quoted in the form x (y),
where x is the mass to charge ratio (m/z) and y is the percentage
abundance relative to the base peak (100%). Infrared spectra were
obtained using a Perkin Elmer Spectrum 1000 Fourier Transform


Table 2 Summary of reagents and conditions used for the desilylations of spiroacetal-triazoles 14a–g


Products Yield (%)


Entry TBDPS ether R1 R2 (a) TBAF (b) HF·py (c) 3HF·NEt3


1 14a 7a H (CH2)2OBn 74 72–75 99
2 14b 7b H CH2OH — 71 —
3 14c 7c H Ph 82 — —
4 14d 7d H CO2Et — 70 —
5 14e 7e CO2Me CO2Me c. mixture 23 69
6 14f 7f H H — 26 86
7 14g 7g CO2Et H c. mixture — 93a


Reagents and conditions: (a) TBAF, 3 Å molecular sieves, THF, rt, 4 h; (b) HF·pyridine, THF, rt, 18–24 h; (c) 3HF·NEt3, THF, rt, 2–3 d.a Excess NEt3


was added to buffer the reaction mixture. A complex mixture resulted when NEt3 was not used.


3522 | Org. Biomol. Chem., 2008, 6, 3518–3526 This journal is © The Royal Society of Chemistry 2008







Infrared spectrometer as a thin film between sodium chloride
plates. Absorption peaks are reported as wavenumbers (m, cm−1).
NMR spectra were recorded on either a Bruker DRX300 spec-
trophotometer operating at 300 MHz for 1H nuclei and 75 MHz for
13C nuclei, or on a Bruker DRX400 spectrophotometer operating
at 400 MHz for 1H nuclei and 100 MHz for 13C nuclei, at ambient
temperature. 1H NMR chemical shifts are reported in parts per
million (ppm) relative to the tetramethylsilane peak (d 0.00 ppm).
1H NMR values are reported as chemical shift d, relative integral,
multiplicity (s, singlet; d, doublet; t, triplet; q, quartet; quintet; m,
multiplet), coupling constant (J, Hz) and assignment. Coupling
constants were taken directly from the spectra. 13C NMR chemical
shifts are reported in ppm relative to the chloroform peak (d
77.0 ppm). 13C NMR values are reported as chemical shifts d,
multiplicity and assignment. Assignments were made with the aid
of DEPT, COSY, HSQC, HMBC and NOESY experiments.


Synthesis towards spiroacetal azides 5a and 5b


6-(tert-Butyldiphenylsilyloxy)-5-hydroxy-N-methoxy-N-
methylhexanamide (13)


To a suspension of N,O-dimethylhydroxylamine (2.20 g,
22.5 mmol) in anhydrous CH2Cl2 (80 mL) at 0 ◦C was added
dropwise a solution of AlMe3 (11.3 mL, 2.0 mol L−1 in toluene,
22.5 mmol). The mixture was stirred until the solid dissolved. A
solution of valerolactone 12 (3.97 g, 10.8 mmol) in anhydrous
CH2Cl2 (40 mL) was added and the mixture was warmed to room
temperature. After 3 h, the reaction was carefully poured into an
ice-cold 1 : 1 solution mixture of saturated NH4Cl and Rochelle’s
salt (80 mL). The resulting mixture was stirred vigorously for
30 min with warming to room temperature. The aqueous phase
was extracted with Et2O (3 × 60 mL). The combined organic
extracts were dried over MgSO4 and concentrated in vacuo to
yield the crude title compound 13 as a yellow oil (4.85 g, 100%)
that was used in the hydroxyl protection step without further
purification. Purification by flash chromatography was performed
using hexane–EtOAc (7 : 3 to 3 : 2) as eluent to yield the
title compound 13 as a colourless oil. HRMS (CI): found MH+,
430.2415, C24H36NO4Si requires 430.2414. mmax (film)/cm−1: 3430
br (O–H), 2931 (C–H), 1651 (C=O), 1427, 1112 (C–O), 703. dH


(300 MHz; CDCl3): 1.07 (9 H, s, OSiPh2
tBu), 1.47 (2 H, dt, J4,5


7.7 and J4,3 6.5, 4-H), 1.62–1.83 (2 H, m, 3-H), 2.43 (2 H, t, J2,3


7.4, 2-H), 2.64 (1 H, br s, OH), 3.16 (3 H, s, NMe), 3.51 (1 H, dd,
JAB 10.0 and J6A,5 7.4, 6-HA), 3.66 (1 H, dd, JAB 10.0 and J6B,5 3.6,
6-HB), 3.66 (3 H, s, OMe), 3.71–3.77 (1 H, m, 5-H), 7.35–7.47 (6
H, m, Ph), 7.63–7.68 (4 H, m, Ph). dC (75 MHz; CDCl3): 19.2 (C,
OSiPh2


tBu), 20.5 (CH2, C-3), 26.8 (CH3, OSiPh2
tBu), 31.6 (CH2,


C-2), 32.2 (CH3, NMe), 32.4 (CH2, C-4), 61.1 (CH3, OMe), 68.0
(CH2, C-6), 71.6 (CH, C-5), 127.7 (CH, Ph), 129.8 (CH, Ph), 133.2
(C, Ph), 135.5 (CH, Ph), 174.3 (C, C=O). m/z (CI): 430 (MH+,
38%), 412 (M − OH, 3), 372 (M − tBu, 22), 353 (26), 352 (M −
Ph, 100), 322 (52), 291 (31), 264 (17), 199 (29), 78 (24).


5-(tert-Butyldimethylsilyloxy)-6-(tert-butyldiphenylsilyloxy)-N-
methoxy-N-methylhexanamide (11)


To a solution of crude alcohol 13 (ca. 4.85 g, 10.8 mmol) in
anhydrous CH2Cl2 (50 mL) at room temperature was added
imidazole (1.69 g, 24.9 mmol), DMAP (276 mg, 2.26 mmol)


and TBSCl (1.87 g, 12.4 mmol). After 24 h, a second portion
of TBSCl (170 mg, 1.13 mmol) was added and the mixture
was concentrated in vacuo to half of its volume. After 2 h,
saturated NaHCO3 solution (25 mL) was added. The aqueous
phase was extracted with Et2O (3 × 25 mL) and the combined
organic extracts were dried over MgSO4 and concentrated in
vacuo. Purification by flash chromatography (twice) using hexane–
EtOAc (19 : 1 to 3 : 2) as eluent yielded the title compound 11
(4.80 g, 82% from valerolactone 12 over 2 steps) as a colourless oil
and valerolactone 12 (0.56 g, 14%). HRMS (FAB): found MH+,
544.3273, C30H50NO4Si2 requires 544.3278. mmax (film)/cm−1: 2930
(C–H), 1667 (C=O), 1428, 1254 (C–O), 1112 (C–O), 702. dH


(400 MHz; CDCl3): −0.08 (3 H, s, OSiMe2
tBu), 0.00 (3 H, s,


OSiMe2
tBu), 0.83 (9 H, s, OSiMe2


tBu), 1.04 (9 H, s, OSiPh2
tBu),


1.45–1.55 (1 H, m, 4-HA), 1.58–1.77 (3 H, m, 3-H and 4-HB),
2.43 (2 H, m, 2-H), 3.17 (3 H, s, NMe), 3.47 (1 H, dd, JAB 10.0
and J6A,5 6.7, 6-HA), 3.57 (1 H, dd, JAB 10.0 and J6B,5 5.1, 6-HB),
3.66 (3 H, s, OMe), 3.68–3.79 (1 H, m, 5-H), 7.34–7.42 (6 H, m,
Ph), 7.64–7.68 (4 H, m, Ph). dC (100 MHz; CDCl3): −4.83 (CH3,
OSiMe2


tBu), −4.48 (CH3, OSiMe2
tBu), 18.0 (C, OSiMe2


tBu), 19.2
(C, OSiPh2


tBu), 20.3 (CH2, C-3), 25.8 (CH3, OSiMe2
tBu), 26.8


(CH3, OSiPh2
tBu), 32.3 (CH3 and CH2, NMe and C-2), 34.1 (CH2,


C-4), 61.1 (CH3, OMe), 67.5 (CH2, C-6), 72.6 (CH, C-5), 127.6
(CH, Ph), 129.6 (CH, Ph), 133.6 (C, Ph), 133.6 (C, Ph), 135.6
(CH, Ph), 174.6 (C, C=O). m/z (FAB): 544 (MH+, 20%), 528
(M − Me, 5), 486 (M − tBu, 72), 412 (M − OTBDMS, 39), 217
(25), 209 (50), 197 (45), 193 (30), 147 (23), 135 (100), 73 (98).


8′-(tert-Butyldimethylsilyloxy)-9′-(tert-butyldiphenylsilyloxy)-1′-
(1,3-dioxolan-2-yl)nonan-4′-one (9)


To a mixture of Mg turnings§ (1.07 g, 44.0 mmol) in THF
(5.0 mL) at room temperature under an atmosphere of argon were
added I2 (1 crystal) and 1,2-dibromoethane (228 lL, 2.64 mmol).
The mixture was stirred until the yellow colour faded. Weinreb
amide 11 (4.79 g, 8.80 mmol) in THF (31 mL) was added to
the above activated magnesium via cannula followed by addition
of bromide 10 (2.87 mL, 17.6 mmol) dropwise. The reaction was
initiated with the addition of I2 (1 crystal) and the internal reaction
temperature was regulated carefully to be less than 33 ◦C. After
1 h, a second portion of bromide 10 (1.44 mL, 8.80 mmol) was
added dropwise. After 1 h, saturated NaHCO3 solution (30 mL)
was added and the aqueous phase was extracted with Et2O (3 ×
50 mL). The combined organic extracts were dried over MgSO4


and concentrated in vacuo. Purification by flash chromatography
using hexane–EtOAc (19 : 1 to 9 : 1) as eluent yielded the title
compound 9 (4.23 g, 80%) as a pale yellow oil. HRMS (CI): found
MH+, 599.3562, C34H55O5Si2 requires 599.3588. mmax (film)/cm−1:
2930 (C–H), 1714 (C=O), 1428, 1254 (C–O), 1112 (C–O), 836, 703.
dH (300 MHz; CDCl3): −0.08 (3 H, s, OSiMe2


tBu), −0.01 (3 H, s,
OSiMe2


tBu), 0.83 (9 H, s, OSiMe2
tBu), 1.04 (9 H, s, OSiPh2


tBu),
1.40–1.46 (1 H, m, 7′-HA), 1.60–1.78 (7 H, m, 1′-HA, 1′-HB, 2′-HA,
2′-HB, 6′-HA, 6′-HB and 7′-HB), 2.38 (2 H, t, J5′ ,6′ 6.9, 5′-H), 2.45
(2 H, t, J3′ ,2′ 7.1, 3′-H), 3.45 (1 H, dd, JAB 10.0 and J9′A,8′ 6.8,
9′-HA), 3.57 (1 H, dd, JAB 10.0 and J9′B,8′ 5.0, 9′-HB), 3.64–3.74 (1
H, m, 8′-H), 3.81–3.89 (2 H, m, 4-H), 3.89–3.98 (2 H, m, 5-H),


§The Mg turnings were pre-washed with aqueous HCl (0.10 mol L−1) and
water then flame-dried in vacuo.
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4.85 (1 H, t, J2,1′ 4.4, 2-H), 7.34–7.44 (6 H, m, Ph), 7.64–7.68 (4
H, m, Ph). dC (75 MHz; CDCl3): −4.81 (CH3, OSiMe2


tBu), −4.46
(CH3, OSiMe2


tBu), 18.0 (C, OSiMe2
tBu), 18.2 (CH2, C-2′), 19.2


(C, OSiPh2
tBu), 19.5 (CH2, C-6′), 25.8 (CH3, OSiMe2


tBu), 26.9
(CH3, OSiPh2


tBu), 33.1 (CH2, C-1′), 33.9 (CH2, C-7′), 42.2 (CH2,
C-3′), 43.1 (CH2, C-5′), 64.8 (2 × CH2, C-4 and C-5), 67.5 (CH2,
C-9′), 72.6 (CH, C-8′), 104.3 (CH, C-2), 127.6 (CH, Ph), 129.6
(CH, Ph), 133.7 (C, Ph), 135.6 (CH, Ph), 210.5 (C, C=O). m/z
(CI): 599 (MH+, 17%), 541 (26), 412 (M − OSiMe2


tBu, 100), 343
(M − OSiPh2


tBu, 11), 211 (27), 197 (16), 149 (20), 135 (24), 121
(36), 99 (40), 91 (20), 78 (37), 73 (94).


(2S*,6S*,8S*)-8-(tert-Butyldiphenylsilyloxymethyl)-2-ethoxy-1,7-
dioxaspiro[5.5]undecane (8)


To a solution of ketone 9 (750 mg, 1.25 mmol) in a 99 : 1 mixture
of EtOH–H2O (15 mL) at room temperature was added (+)-10-
camphorsulfonic acid monohydrate (628 mg, 2.51 mmol) in small
portions. After 3 h, solid NaHCO3 (220 mg, 2.63 mmol) was added
and the mixture was concentrated in vacuo. The resulting thick
yellow oil was dissolved in saturated NaHCO3 solution (10 mL)
and Et2O (10 mL) and the aqueous phase was extracted with
Et2O (3 × 10 mL). The combined organic extracts were dried
over MgSO4 and concentrated in vacuo. Purification by flash
chromatography using hexane–EtOAc (99 : 1, 97 : 3 to 9 : 1)
as eluent yielded the title compound 8 (356 mg, 61%) as a pale
yellow oil and a mixture of starting materials (264 mg). The
recovered starting materials were subjected to the above reaction
cycle several times to yield the title compound 8 (503 mg, 86%
overall yield after 3 cycles) after purification. HRMS (FAB): found
MH+, 467.2618, C28H39O4Si requires 467.2618. mmax (film)/cm−1:
2934 (C–H), 1428, 1221, 1187, 1112 (C–O), 1083 (C–O), 973, 955,
702. dH (300 MHz; CDCl3): 1.05 (9 H, s, OSiPh2


tBu), 1.17–1.22
(1 H, m, 9-HA), 1.26 (3 H, t, JCH3,CH2 7.1, OCH2CH3), 1.33–1.50
(3 H, m, 3-HA, 5-HA and 11-HA), 1.56–1.66 (4 H, m, 4-HA, 5-HB


or 11-HB, 9-HB and 10-HA), 1.71–1.81 (2 H, m, 3-HB and 5-HB


or 11-HB), 1.87–2.06 (2 H, m, 4-HB and 10-HB), 3.53 (1 H, dq,
JAB 9.4 and JCH2,CH3 7.1, OCHAHBCH3), 3.59 (1 H, dd, JAB 10.4
and J8-CH2,8 4.2, 8-CHAHBO), 3.68 (1 H, dd, JAB 10.4 and J8-CH2,8


6.5, 8-CHAHBO), 3.86–3.95 (1 H, m, 8-H), 4.00 (1 H, dq, JAB 9.4
and JCH2,CH3 7.1, OCHAHBCH3), 4.83 (1 H, dd, J2ax,3ax 10.0 and
J2ax,3eq 2.3, 2-Hax), 7.33–7.46 (6 H, m, Ph), 7.69–7.76 (4 H, m, Ph).
dC (75 MHz; CDCl3): 15.3 (CH3, OCH2CH3), 17.8 (CH2, C-4 or
C-10), 18.5 (CH2, C-4 or C-10), 19.2 (C, OSiPh2


tBu), 26.7 (CH3,
OSiPh2


tBu), 27.0 (CH2, C-9), 30.9 (CH2, C-3), 34.8 (CH2, C-5
or C-11), 35.2 (CH2, C-5 or C-11), 64.3 (CH2, OCH2CH3), 67.5
(CH2, 8-CH2O), 70.9 (CH, C-8), 96.6 (CH, C-2), 98.1 (C, C-6),
127.6 (CH, Ph), 127.6 (CH, Ph), 129.5 (CH, Ph), 129.6 (CH, Ph),
133.8 (C, Ph), 133.8 (C, Ph), 135.6 (CH, Ph), 135.7 (CH, Ph). m/z
(FAB): 467 (MH+, 3%), 423 (M − OEt, 27), 411 (M − tBu, 10),
391 (M − Ph, 11), 365 (25), 207 (33), 199 (65), 197 (47), 167 (22),
149 (37), 137 (35), 135 (98), 85 (100), 75 (22).


(2S*,6S*,8S*)-2-Azido-8-(tert-butyldiphenylsilyloxymethyl)-1,7-
dioxaspiro[5.5]undecane (5a) and (2S*,6R*,8S*)-2-azido-8-(tert-
butyldiphenylsilyloxymethyl)-1,7-dioxaspiro[5.5]undecane (5b)


To a solution of ethoxy-spiroacetal 8 (293 mg, 624 lmol) and
TMSN3 (414 lL, 3.12 mmol) in anhydrous CH2Cl2 (9.7 mL) at


−10 ◦C was added freshly prepared TMSOTf solution (1.16 mL,
0.70 mol L−1 in CH2Cl2, 811 lmol) dropwise. After 3 h, ice-cold
saturated NaHCO3 solution (3 mL) was added and the mixture
was warmed to room temperature. Saturated NaHCO3 (10 mL)
and CH2Cl2 (10 mL) were added and the aqueous phase was
extracted with CH2Cl2 (3 × 10 mL). The combined organic extracts
were filtered through a pad of silica and concentrated in vacuo.
Purification by flash chromatography using hexane–Et2O–EtOAc
(99 : 1 : 0, 49 : 1 : 0 to 97 : 0 : 3) as eluent yielded the title equatorial
azido-spiroacetal 5a (106 mg, 36%) and axial azido-spiroacetal 5b
(42.9 mg, 15%) as pale yellow oils. Unreacted ethoxy-spiroacetal
8 (13.6 mg, 5%) was also recovered.


Epimerisation of axial azido-spiroacetal 5b


To a solution of axial azido-spiroacetal 5b (50 mg, 107 lmol)
and TMSN3 (71 lL, 535 lmol) in anhydrous CH2Cl2 (2.0 mL) at
−10 ◦C was added freshly prepared TMSOTf solution (0.2 mL,
0.70 mol L−1 in CH2Cl2, 139 lmol) dropwise. After 3 h, ice-
cold saturated NaHCO3 solution (1.5 mL) was added and the
mixture was warmed to room temperature. Saturated NaHCO3


(2 mL) and CH2Cl2 (2 mL) were added and the aqueous phase was
extracted with CH2Cl2 (3 × 4 mL). The combined organic extracts
were filtered through a pad of silica and concentrated in vacuo.
Purification by flash chromatography using hexane–Et2O–EtOAc
(99 : 1 : 0, 49 : 1 : 0 to 97 : 0 : 3) as eluent yielded the title equatorial
azido-spiroacetal 6a (21.5 mg, 43%) and axial azido-spiroacetal 5b
(10.1 mg, 20%) as pale yellow oils.


Equatorial azido-spiroacetal 5a. HRMS (FAB): found [M −
N3]+, 423.2351, C26H35O3Si requires 423.2356. mmax (film)/cm−1:
2929 (C–H), 2104 (N3), 1428, 1248 (C–O), 1112 (C–O), 702. dH


(400 MHz; CDCl3): 1.05 (9 H, s, OSiPh2
tBu), 1.16–1.26 (1 H, m,


9-HA), 1.37–1.48 (3 H, m, 3-HA, 5-HA and 11-HA), 1.58–1.66 (4
H, m, 4-HA, 5-HB or 11-HB, 9-HB, and 10-HA), 1.71–1.77 (2 H, m,
3-HB and 5-HB or 11-HB), 1.90–2.02 (2 H, m, 4-HB and 10-HB),
3.58 (1 H, dd, JAB 10.5 and J8-CH2,8 4.2, 8-CHAHBO), 3.66 (1 H,
dd, JAB 10.5 and J8-CH2,8 6.6, 8-CHAHBO), 3.81–3.87 (2 H, m, 8-H),
4.94 (1 H, dd, J2ax,3ax 10.8 and J2ax,3eq 2.5, 2-Hax), 7.35–7.44 (6 H,
m, Ph), 7.68–7.74 (4 H, m, Ph). dC (75 MHz; CDCl3): 17.8 (CH2,
C-4 or C-10), 18.3 (CH2, C-4 or C-10), 19.2 (C, OSiPh2


tBu), 26.7
(CH2, C-9), 26.7 (CH3, OSiPh2


tBu), 30.2 (CH2, C-3), 34.4 (CH2,
C-5 or C-11), 34.8 (CH2, C-5 or C-11), 67.2 (CH2, 8-CH2O), 71.0
(CH, C-8), 83.2 (CH, C-2), 98.4 (C, C-6), 127.6 (CH, Ph), 127.6
(CH, Ph), 129.6 (CH, Ph), 129.6 (CH, Ph), 133.7 (C, Ph), 135.6
(CH, Ph). m/z (FAB): 423 ([M − N3]+, 13%), 199 (57), 197 (39),
139 (18), 137 (35), 135 (100), 105 (16), 91(17), 75(17).


Axial azido-spiroacetal 5b. HRMS (FAB): found MH+,
466.2513, C26H36N3O3Si requires 466.2526. mmax (film)/cm−1: 2956
(C–H), 2858, 2105 (N3), 1428, 1250 (C–O), 1113 (C–O), 1072, 847,
702. dH (300 MHz; CDCl3): 1.06 (9 H, s, OSiPh2


tBu), 1.19–1.32 (1
H, m, 9-HA), 1.32–1.44 (1 H, m, 3-HA), 1.53–1.63 (3 H, m, 3-HB,
10-HA and 10-HB), 1.65–1.81 (7 H, m, 4-HA, 4-HB, 5-HA, 5-HB,
9-HB, 11-HA and 11-HB), 3.54 (1 H, dd, JAB 10.5 and J8-CH2,8 4.8,
8-CHAHBO), 3.62 (1 H, dd, JAB 10.5 and J8-CH2,8 5.3, 8-CHAHBO),
3.85–3.94 (2 H, m, 8-H), 4.61 (1 H, t, J2,3 6.4, 2-Heq), 7.35–7.44 (6
H, m, Ph), 7.66–7.74 (4 H, m, Ph). dC (75 MHz; CDCl3): 18.7 (CH2,
C-4), 19.1 (CH2, C-10), 19.3 (C, OSiPhtBu), 26.8 (CH2, C-9), 26.8
(CH3, OSiPhtBu), 32.0 (CH2, C-3), 34.1 (CH2, C-5), 39.8 (CH2,
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C-11), 67.0 (CH2, 8-CH2O), 73.3 (CH, C-8), 77.8 (CH, C-2), 93.2
(C, C-6), 127.6 (CH, Ph), 129.6 (CH, Ph), 133.6 (C, Ph), 133.7 (C,
Ph), 135.6 (CH, Ph). m/z (FAB): 466 (MH+, 1%), 423 (M − N3,
2), 239 (SiPh2


tBu, 7), 214 (32), 207 (13), 199 (38), 197 (37), 183
(13), 137 (24), 135 (100), 121 (14), 105 (14).


General procedures for 1,3-dipolar cycloaddition of azide 5a to
alkynes 6


Method A: For terminal alkynes with catalysis by CuI·P(OEt)3.
To a solution of azide 5a and alkyne 6 (50.0–100 lL) in
anhydrous toluene (250–500 lL) under an atmosphere of argon
was added CuI·P(OEt)3 (0.10–0.12 equiv.). The resulting mixture
was heated to reflux for 1 h. After cooling to room temperature,
the mixture was purified directly by flash chromatography using
hexane–EtOAc as eluent to give the spiroacetal containing a 1,4-
disubstituted triazole substituent.


Method B: For symmetrical internal alkynes. A solution of
azide 5a and alkyne 6 (100 lL) in anhydrous toluene (500 lL) was
heated to reflux for 1 h. The reaction mixture was purified directly
by flash chromatography using hexane–EtOAc as eluent to give the
spiroacetal containing a 1,4,5-trisubstituted triazole substituent.


Method C: For trimethylsilylacetylenes. A solution of azide
5a and trimethylsilylacetylene 6 (50.0–100 lL) in anhydrous
toluene (500 lL) was heated at 110 ◦C in a sealed vessel. If the
cycloaddition was not complete in 18 h (TLC), a second portion of
trimethylsilylacetylene 6 (50.0–100 lL) was added and the mixture
was heated at 110 ◦C overnight. The reaction mixture was purified
directly by flash chromatography using hexane–EtOAc as eluent
to give the spiroacetal containing a 1,4,5-trisubstituted triazole
substituent.


General procedures for deprotection of silyl protected
spiroacetal-triazoles 14


Method A: Desilylation using TBAF. To a solution of TBDPS-
protected triazole 14 in anhydrous THF (1.0 mL) under an
atmosphere of argon at room temperature was added activated
molecular sieves (0.20 g) and TBAF solution (1.0 mol L−1 in THF,
2.0–10 equiv.). After 1–3 h, saturated NH4Cl solution (1 mL) was
added. The aqueous phase was extracted with Et2O (3 × 2 mL)
and the combined organic extracts were concentrated in vacuo.
Purification by flash chromatography using the appropriate eluent
yielded hydroxymethyl spiroacetal-triazole 7.


Method B: Desilylation using HF·pyridine. To a solution of
TBDPS-protected triazole 14 in anhydrous THF (1.0–2.0 mL) in a
plastic vial under an atmosphere of argon was added HF·pyridine
(1.5–3.4 lL per micromole of triazole) and the mixture was stirred
at room temperature. If the desilylation was not complete within
18 h (TLC), a second portion of HF·pyridine (1.3–2.0 lL per
micromole of triazole) was added and the mixture was stirred at
room temperature for another 18 h. Saturated NaHCO3 solution
(4 mL) was added dropwise. The aqueous phase was extracted
with Et2O (4 × 4 mL) and the combined organic extracts
were concentrated in vacuo. Purification by flash chromatography
using the appropriate eluent yielded hydroxymethyl spiroacetal-
triazole 7.


Method C: Desilylation using 3HF·NEt3. A solution of
TBDPS-protected triazole 14 and 3HF·NEt3 (2.0–3.0 lL per
micromole of triazole) in anhydrous THF (300 lL–1.0 mL) was
stirred at room temperature under an atmosphere of argon. If
the desilylation was not complete within 18 h (TLC), a second
portion of 3HF·NEt3 (2.0–2.5 lL per micromole of triazole) was
added and the mixture was stirred at room temperature for another
18 h. Saturated NaHCO3 solution (4 mL) was added dropwise.
The aqueous phase was extracted with Et2O (4 × 4 mL) and the
combined organic extracts were concentrated in vacuo. Purification
by flash chromatography using the appropriate eluent yielded
hydroxymethyl spiroacetal-triazole 7.


Method D: Desilylation using 3HF·NEt3 and buffered with NEt3.
A solution of TBDPS-protected triazole 14, 3HF·NEt3 (2.0 lL
per micromole of triazole) and NEt3 (2.5 lL per micromole of
triazole) in anhydrous THF (700 lL) was stirred at 40 ◦C for 48 h
under an atmosphere of argon. A second portion of 3HF·NEt3


(1.0 lL micromole of triazole) and NEt3 (1.3 lL per micromole
of triazole) were added and the mixture was stirred at 40 ◦C for
18 h. Saturated NaHCO3 solution (2 mL) was added dropwise.
The aqueous phase was extracted with EtOAc (3 × 3 mL) and the
combined organic extracts were concentrated in vacuo. Purification
by flash chromatography using hexane–EtOAc as eluent yielded
hydroxymethyl spiroacetal-triazole 7.
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Atorvastatin (ATV), the best known HMG-CoA reductase inhibitor family member, undergoes
pH-dependent hydroxy acid–lactone interconversion similar to other statins. Although the only active
form is a linear one, it was shown that drug interactions should also be considered for the lactone. The
ATV lactonisation–hydrolysis mechanism was investigated theoretically using the density functional
theory (DFT) method. Under both mildly acidic and basic conditions, the ATV lactone form is less
stable than its hydroxy acid form. However, in the presence of a carboxylic acid, the equilibrium was
only slightly shifted towards the lactone side (4 kcal mol−1 difference between the substrate and the
product), while energy gain for the hydrolysis under basic conditions amounts to 18 kcal mol−1.
Hydrolysis activation energy barriers were 19 and 6 kcal mol−1, in acidic and basic conditions,
respectively. We determined one-step interconversion as unfavourable under physiological conditions
due to a 35 kcal mol−1 activation energy barrier. All data were compared with analogue ones for
fluvastatin (FLV) reported earlier and indicated that ATV is more flexible than FLV, not only due to the
fact that it has more rotatable carbon–carbon single bonds, but also because ATV
lactonistation–hydrolysis energy barriers are lower.


Introduction


Atorvastatin (ATV) (trade names Lipitor, Torvast, Sortis) has been
the best selling drug since 2001. In 2006, annual sales of Lipitor
were $13.6 billion.1 Probably, Lipitor will be the highest selling
prescription drug worldwide in 2007 as well. Atorvastatin (IU-
PAC name 7-[2-(4-fluorophenyl)-3-phenyl-4-(phenylcarbamoyl)-
5-propan-2-yl-pyrrol-1-y l]-3,5-dihydroxy-heptanoic acid, Fig. 1)
belongs to the family of HMG-CoA reductase inhibitors also
known as statins. Research into inhibitors of HMG-CoA reductase
commenced in 1971. The first commercially marketed statin
was Lovastatin isolated from the mould Aspergillus terreus in
1976.2 The basic application of statins is a treatment of lipid
disorders. They block the biosynthesis of cholesterol by inhibiting
HMG-CoA reductase, which suppresses synthesis of endogenous
cholesterol. Because the liver synthesises less cholesterol, the
number of high affinity low-density lipoprotein (LDL) receptors
increases. As a result LDL and cholesterol blood levels decrease.3,4


Studies of the statins showed that they delay the progression of
coronary artery disease,5 reduce mortality from cardiovascular
diseases6 and have anti-inflammatory7 and anti-oxidant activity.8


There are some reports on testing HMG-CoA reductase inhibitors
against cancer,9 Alzheimer’s disease, and osteoporosis.10
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Fig. 1 Chemical structures of atorvastatin (ATV) and fluvastatin (FLV).


However, concerns about side effects are increasing, in partic-
ular due to the prolonged administration. In the last few years,
the number of drugs and dietary supplements taken by an average
person has been steadily increasing. Moreover, the mechanisms of
action of most of them are not known as well as they should be. It
is especially true for inter-drug interactions. Therefore, there is a
need for further studies of the already developed drugs as well to
supplement our knowledge about them, especially in the case of a
drug as popular as atorvastatin.


Atorvastatin is a totally synthetic statin. Its molecule is com-
posed of a lipophilic moiety containing four aromatic rings and a
heptanoic acid side chain with a 3,5-diol moiety. It is administrated
orally as the calcium salt but the labile 3,5-diol moiety undergoes
reversible pH-dependent lactonisation.11,12 At the physiological
pH and higher, the lactone form is unstable and the equilibrium
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favours hydrolysis, which opens the lactone and yields the hydroxy
acid form. The latter is susceptible under acidic conditions to
lactone formation.13,14 In general, the lactone and acid forms co-
exist in the in vivo equilibrium and in the case of many statins, the
lactone form is at least as abundant as the hydroxy acid.15,16 Crystal
structures clearly indicate that the linear forms of statins are
predisposed for binding to the enzyme, as the terminal carboxylate
group forms salt bridges with Lys692 and Lys735, while the d-
hydroxy group serves as a charge-assisted hydrogen bond donor to
Glu559 and as a hydrogen bond acceptor from Lys691.30 Although
only the acid form lowers cholesterol levels, it has been shown that
drug interactions should be considered for both acid and lactone
forms.17


Recently, the mechanism of lactone–hydroxy acid intercon-
version in the case of fluvastatin (FLV), under both acidic
and basic conditions, was investigated by us theoretically using
the density functional theory (DFT) methods.18 Regardless of
the conditions, the lactone form of FLV was always higher in
energy by 6 kcal mol−1 in acidic and 19 kcal mol−1 in basic
conditions. However, under basic conditions, the activation barrier
for the hydrolysis was significantly lower (9 kcal mol−1) than for
the reverse reaction (28 kcal mol−1), making the lactone form
highly unstable. The activation barriers under acidic conditions
were of comparable value in both directions (22 kcal mol−1


for hydrolysis and 28 kcal mol−1 for lactonisation), making the
occurrence of both forms probable. Due to the high activation
barrier (>40 kcal mol−1), a one-step, direct interconversion
between the two forms turned out to be unfavourable. Moreover,
relatively small energy differences (<5 kcal mol−1) between the key
conformers18 were reported.


Although atorvastatin (ATV) and fluvastatin (FLV) belong to
the same group of statin drugs, there are important differences
between them (Fig. 1). The inhibition constant of HMG-CoA
reductase is IC50 = 27.6 (nM) for fluvastatin and IC50 = 8.2 (nM)
for atorvastatin.19 Thus atorvastatin is a more efficient and more
popular drug. However, atorvastatin does not contain the double
carbon–carbon bond in the dihydroxy acid side chain, so there are
more conformers possible.


In the current study, we focused on atorvastatin lactonisation–
hydrolysis and compared the results with the analogue ones
for fluvastatin as they may help us understand how the subtle
differences in the structures of these molecules affect the activity
of the drugs.


Computational details


All calculations presented in this report were performed with the
Gaussian 0320 and AMSOL29 programs. The structures were built
using standard bond lengths, valence angles and dihedrals. To
facilitate calculations, the structures were pre-optimised at the
HF/6-31G(d) level of theory. For further calculations, the popular
Becke’s hybrid functional with LYP21,22 potential (B3LYP) was
used. It was combined with the 6-31G(d) basis set. In 6-31G(d),
each valence shell is split into two parts described by three and
one Gaussian function, respectively. Inner shells are represented
by a single basis function expressed as a sum of six Gaussians.23


Moreover, a set of polarisation functions of d symmetry is present
in non-hydrogen atoms. Transition state structures and local
potential energy minima were characterised vibrationally to verify


the presence of the correct number of imaginary frequencies (one
for the transition states, zero for the minima). We also optimised
at this level of theory the structure of ATV observed in the crystal
structure in complex with HMG-CoA reductase (PDB refcode
1HWK).30 Moreover, IRC calculations were performed to verify
which potential energy minima are connected by a given TS. The
energies of all optimised structures were finally calculated using the
B3LYP method combined with a 6-31+G(d) basis set (6-31G(d)
augmented with diffuse function), because it was shown that at
least a single set of diffuse functions should be used for the proper
description of the ionic system.24–27


The solvation free energies in aqueous media were calcu-
lated using SM5.4 model with AM1 and PM328 Hamiltonians
implemented in the AMSOL package.29 Briefly, the solvation
models (SMx) are semiempirical models that introduce into
calculations the effects of various solvents. In the SM5.4 terms
responsible for cavity formation, dispersion, solvent structure
and local field polarisation are present. The solvation energy is
obtained via the usual approximation that solute treated at the
quantum mechanical level is immersed in an isotropic, polarisable
continuum representation of a solvent. The semiempirical SMx
methods have two major advantages. First, they make up for
errors intrinsic to replacing a continuous charge distribution by a
set of distributed point charges because the mapping from which
they are obtained is chosen to minimise errors in the physical
observables predicted from point charges. Second, they make up
for deficiencies in the semiempirical wave function from which they
are obtained because the parametrisations are chosen to minimise
deviations from experiment.


The hydration free energies calculated with SM5.4A and
SM5.4P methods were added to energies of the isolated structures
calculated at B3LYP level to gain insight into the relative stability
of these structures in aqueous solution. For the sake of clarity,
we report here only the results from SM5.4A calculations as the
SM5.4P results were essentially the same and are presented as
supplementary material.†


Results and discussion


Mechanism of atorvastatin hydroxy acidic to lactone
interconversion under acidic conditions


The kinetics of interconversion and the equilibrium between
the hydroxy acid and the lactone form as a function of pH
studied experimentally showed that the acid-catalysed reaction
is reversible.14 At pH < 6, an equilibrium favouring the hydroxy
acid form was established.14 It is well known that the reaction
mechanisms studied computationally with H3O+ (not mentioning
those using an isolated proton) show very low energy barriers
for isolated species.31,32 Some studies indicate that the use of
uncharged groups as the source of protons results in more
realistic interconversion barriers.33–35 Therefore, we decided to use
carboxylic acid as a source of protons. We chose formic acid as the
simplest one and also to provide the same mildly acidic conditions
as reported earlier for fluvastatin.18


In the initial pre-reaction complex,18 the formic acid forms
hydrogen bonds with the acidic form of ATV as it accepts
a hydrogen bond from the 5-OH group of ATV and donates
another hydrogen bond to the carboxylic oxygen atom of ATV. We
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determined two possible reaction mechanisms starting from that
point (Table 1, Fig. 2, Fig. 3). The first one (A-AL-L) is a one-
step process with a very high energy barrier over 35 kcal mol−1


(above the starting structure of the pre-reaction complex). More
specifically, there are two possible transition states which differ
from each other in protonation patterns, i.e. in AL1 (38 kcal mol−1


for the isolated system and 37 kcal mol−1 in aqueous solution), the
leaving water molecule is in the axial position with respect to the
forming lactone ring, while in AL2 (36 kcal mol−1 for the isolated
system and 35 kcal mol−1 in aqueous solution), the water molecule
is in the equatorial position. Under physiological conditions, such
high energy barriers are not likely to be possible.


Further investigations led us to the second reaction mechanism.
It goes through four transition states and requires 20 kcal mol−1


less energy. In the first step, the carbonyl oxygen atom is
protonated. At the same time, the proton dissociates from the
5-OH group and the oxygen atom attacks the carboxylic carbon
atom (TS, 16. kcal mol−1 for the isolated system and in aqueous
solution). The ring closes and a hydrated lactone is formed (II,
6 kcal mol−1). On the way to the lactone form, the hydrated lactone


Table 1 Relative energies (in kcal mol−1) of structures present during ATV
hydroxy acid to lactone interconvertion under acidic conditions calculated
for isolated species and in aqueous solution


Structure DE (isolated) DG SM5.4A hydration DE (solution)


I 0.0 −8.8 0.0
A_AL2 4.1 −10.0 2.8
A_AL1 11.3 −9.5 10.6
TS 16.5 −9.1 16.3
AL2 35.8 −10.1 34.5
AL1 37.8 −9.2 37.3
II 6.0 −8.4 6.4
TS1_eq 6.2 −8.4 6.6
TS1_ax 8.8 −8.5 9.1
III_eq 5.1 −8.9 5.0
III_ax 6.1 −9.3 5.6
TS2_eq 5.9 −10.3 4.4
TS2_ax 18.4 −11.2 16.0
IV_eq 4.5 −10.4 2.9
IV_ax 5.7 −9.6 4.8
ST3_eq 25.1 −9.4 24.5
TS3_ax 18.7 −9.2 18.3
L_AL2 −1.7 −8.7 −1.6
L_AL1 −4.2 −9.3 −4.7
V_eq −1.7 −8.7 −1.6
V_ax −4.2 −9.3 −4.7


Fig. 2 Reaction pathways for the interconversion between the acid (A \ I)
and lactone (V) forms of ATV under mildly acidic conditions.


Fig. 3 Structures of selected stationary points along ATV interconversion
pathways under acid conditions. R – represents a bulky hydrophobic
substituent which was included in the calculations, but for clarity is not
presented in the figure.


eliminates one water molecule, which may leave the newly formed
lactone ring in the axial or equatorial positions. Therefore, two
structures (IV_ax and IV_eq), which differ from each other by
protonation patterns, may be formed from II, by passing two TS
(TS_1, TS_2) in which the rotation of terminal OH groups takes
place. As we can see (Fig. 2), there is a significant energy difference
between states TS2_ax (18.4 kcal mol−1 for the isolated system and
16.0 kcal mol−1 in aqueous solution) and TS2_eq (5.9 kcal mol−1


for the isolated system and 4.4 kcal mol−1 in aqueous solution).
Therefore, it may seem that the reaction goes mainly through
TS1_eq and TS2_eq transition states. Probably, it is not so.
The next step (TS3_eq) requires 25 kcal mol−1 energy (both in
aqueous solution and in vacuo) compared to 18.7 kcal mol−1 in
the case of TS3_ax, which can be easily explained by the 1,3
diaxial interactions. None of the “ax” transition states is higher
than 19 kcal mol−1. When this level of energy is achieved in the
initial process, there are no additional energy barriers to overcome.
Among the lactone forms created, the one with the lowest potential
energy (V_ax) is energetically favoured by 4.2 kcal mol−1 over
the isolated substrates (4.7 kcal mol−1 in aqueous solution). The
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reaction leading from the acid form of ATV to the lactone form
is thus exoergic and the energy barrier for this conversion is
about 19 kcal mol−1. The reverse, endoergic reaction has a slightly
higher activation energy barrier of 23 kcal mol−1. Hydroxy acid–
lactone interconversion equilibrium in the presence of formic acid
conditions favours the lactone form, which is in line with the
experimental findings.


As expected, the differences between ATV and FLV in
the lactonisation–hydrolysis reaction are fine. Nevertheless, the
activation barrier for lactone formation is smaller for ATV
(19 kcal mol−1) than for FLV (22 kcal mol−1). Thus, differences
in the structure of the hydrophobic moiety seem to have only
limited influence on the hydroxy acid chain.


Mechanism of the transition from the lactone form (L) to the
carboxylate salt (S) of ATV under basic conditions


From our calculations, the equilibrium of ATV lactonisation–
hydrolysis under basic conditions is shifted towards the carboxy-
late salt (Table 2, Fig. 4), which is in agreement with the experimen-
tal findings.13,14 The energy gain upon lactone hydrolysis amounts
to 21 kcal mol−1 for the isolated system and 18.1 kcal mol−1 in
aqueous solution (Fig. 5).


The reaction in vacuo goes through two transition states, LO and
OS, with relative energies of 26.9 and 23.9 kcal mol−1, respectively.
In the LO transition state, a hydroxy anion attacks the lactone ring
(L) and hydrated lactone (O) is formed. For the isolated system,
the hydrated lactone (O) corresponds to the shallow, potential
energy local minimum nearly 22.9 kcal mol−1 higher than that
for the ATV carboxylate. Subsequently, the bond between the


Table 2 Relative energies (in kcal mol−1) of structures present during ATV
lactone hydrolysis under basic conditions calculated for isolated species
and in aqueous solution


Structure DE (isolated) DG SM5.4A hydration DE (solution)


S 0.0 −48.8 0.0
OS 23.9 −44.8 27.9
O 22.9 −47.9 23.8
LO 26.9 −56.7 22.7
L 21.0 −55.4 18.1


Fig. 4 Reaction pathways for the interconversion between the linear (S)
and lactone (L) forms of ATV under basic conditions. The blue line refers
to the process between isolated species, while the red line refers to the
process in aqueous solution. The shallow potential energy minimum (O)
present for the isolated species disappears when the aqueous solution is
taken into account in calculations.


Fig. 5 Reaction pathway, under basic conditions, for the interconversion
between the linear anionic form of ATV interacting with water molecule
(S), and the lactone form (L) together with water molecule and hydroxide
anion. R – represents a bulky hydrophobic substituent which was included
in the calculations but for clarity is not presented in the figure.


oxygen and the carboxylic carbon is hydrolysed (OS), and the ATV
carboxylate anion interacting with a water molecule is formed.
However, in aqueous solution, the shallow minimum O does not
exist, so the only transition state corresponds to the structure OS,
whose relative energy with respect to the carboxylate anion (S)
is 27.9 kcal mol−1. Therefore, the activation energy for lactone
hydrolysis amounts to 5.9 kcal mol−1 for the isolated system
and 9.8 kcal mol−1 in aqueous solution. Moreover, the activation
energy barrier of the reverse reaction in basic conditions is nearly
28 kcal mol−1. Generally, the lactone form under basic conditions is
highly unstable and the reaction proceeds towards the carboxylate
salt.


The data for FLV also indicated that the lactone form was
unstable in basic conditions. Nevertheless the hydrolysis activation
barrier is significantly lower for ATV (6 kcal mol−1) than for FLV
(10 kcal mol−1).


Conclusions


The calculations presented in this report, based on the density
functional theory (DFT), fully support the previously reported
findings on the pH-dependent character of atorvastatin hydroxy
acid–lactone interconversion. Four reaction pathways connecting
both forms were found and analysed. Two one-step processes
observed under acidic conditions are characterised by high ac-
tivation energy barriers at a level over 35 kcal mol−1, which makes
these pathways unlikely under physiological conditions. However,
other reaction pathways with significantly lower activation energy
barriers were also found. They go through an activation energy
barrier of ca. 19 kcal mol−1. In fact this reaction path can
be split into two different ways, depending on protonation
patterns. Energy reasons favour the leaving water molecule in
the axial position with respect to the forming lactone ring. The
overall equilibrium is slightly shifted towards the lactone side
of the reaction as the lactonisation reaction is exoergic (about
4 kcal mol−1).


Under basic conditions the hydroxy acid form is much more
stable. In the hydrolysis reaction the energy gain is large, amount-
ing to 18 kcal mol−1. The activation energy barrier is less than
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10 kcal mol−1 while for the reverse reaction (lactone formation),
it nearly amounts to 28 kcal mol−1. Thus under basic conditions,
atorvastatin in the molecular anion form is strongly energetically
favoured. Our results suggest that in basic conditions, the lactone
form of ATV is even less stable than FLV, as activation energy
barriers for hydrolysis are 6 and 10 kcal mol−1 for ATV and FLV
respectively. Also in the mildly acidic conditions the energy span
of the lactonisation reaction was slightly smaller for ATV (ca.
19 kcal mol−1) than for FLV (22 kcal mol−1), presumably due to
the fact that the dihydroxy acid side chain of ATV is more flexible.
All in all, the ATV molecule seems to be more flexible than FLV—
contrary to FLV, it does not possess a carbon–carbon double
bond in the dihydroxy acid side chain. But also, thanks to lower
activation barriers for lactonisation and hydrolysis reactions, the
ATV molecule can adopt more chemical structures more easily
than FLV.
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Bishomoallylic alcohols (pent-4-en-1-ols) underwent efficient oxidative cyclizations, if treated with O2


and bis{2,2,2-trifluoromethyl-1-[(1R,4S)-1,7,7-trimethyl-2-(oxo-jO)bicyclo[2.2.1]hept-3-
yliden]ethanolato-jO}cobalt(II) in solutions of 2-propanol at 60 ◦C. Ring closures occurred
diastereoselectively and afforded 2,3-trans- (96% de), 2,4-cis- (∼60% de), and 2,5-trans-substituted
(>99% de) (phenyl)tetrahydrofur-2-ylmethanols as major components. Formation of bicyclic
compounds and a 2,3,4,5-substituted oxolane was feasible as exemplified by syntheses of
oxabicyclo[4.3.0]nonylmethanols and a derivative of natural product magnosalicin in 61–72% (90–99%
de). The effectiveness of tetrahydrofuran synthesis was critically dependent on (i) solvent, (ii) reaction
temperature, (iii) initial cobalt concentration, (iv) chain length between hydroxyl and vinyl groups, and
(v) substitution at reacting entities. A sequence is proposed for rationalizing observed selectivities.


Introduction


In a series of papers it was reported that acceptor-substituted
bis{[2-(oxo-jO)prop-1-yliden]methanolato-jO}cobalt(II) com-
plexes, i.e. compounds derived from b-diketonate anions and
Co(II), were able to induce oxidative cyclization of 1-substituted
bishomoallylic alcohols (pent-4-en-1-ols), if heated with a
1–1.5 molar excess of tert-butyl hydroperoxide (TBHP) in
an atmosphere of molecular oxygen.1–4 The reaction afforded
5-substituted tetrahydrofur-2-ylmethanols with a notable degree
of 2,5-trans diastereoselection and has been applied in a number
of natural product syntheses.3–6


The mechanism of the aerobic tetrahydrofuran synthesis is
subject to debate, since cobalt(II) chelates combine affinity for
dioxygen binding,7–13 with a marked propensity for alkyl hydroper-
oxide decomposition in a Fenton-type manner.14–17


Given the fact that functionalized tetrahydrofurans occur widely
in nature,5,18 we became interested in the scope of aerobic alkenol
oxidation19,20 as a tool in stereoselective heterocycle synthesis.
Four major achievements were considered necessary for a more
profound validation of this reaction. (i) Parameters for conducting
tetrahydrofur-2-ylmethanol syntheses using O2 as terminal oxi-
dant had to be identified and applied to a larger set of 1-, 2-,
and 3-substituted pent-4-en-1-ols. (ii) Guidelines for predicting
selectivity in aerobic oxidative cyclizations had to be derived.
(iii) An extension of the method toward tri- and tetrasubstituted
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tetrahydrofuran synthesis had to be developed (Scheme 1). The
major results of a study performed on the basis of the given
key notes showed that acceptor-substituted camphor-derived
cobalt(II) chelates were able to catalyze formation of trans-2,3-,
cis-2,4-, and trans-2,5-substituted tetrahydrofur-2-ylmethanols
from underlying bishomoallylic alcohols and O2. Addition of
TBHP was not required for obtaining yields between 60–80%.
The newly developed procedure was furthermore applicable in
syntheses of tetrasubstituted and bicyclic oxolanes. Its success,


Scheme 1 Objectives for the development of sustainable tetrahydrofuran
syntheses via cobalt-catalyzed aerobic alkenol oxidation (A, R = alkyl,
aryl; RE , RZ = H, CH3; H2X = coreductant).
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however, was critically dependent on solvent, temperature, cobalt
complex concentration, and alkenol constitution.


Results


1. Synthesis and characterization of bis{1-[(1R,4S)-1,7,7-
trimethyl-2-(oxo-jO)bicyclo[2.2.1]hept-3-yliden]methanolato-
jO}cobalt(II) complexes


Auxiliaries 1–4 that allowed a swift and efficient survey of pa-
rameters that control reactivity and selectivity in oxidative cobalt-
catalyzed alkenol ring closure (see also Scheme 1) were prepared
via a-acylation of (1R,4R)-1,7,7-trimethylbicyclo[2.2.1]heptan-2-
one, i.e. (+)-bornan-2-one, (+)-camphor, in extension to literature
procedures.21,22 Treatment of diketones with Co(OAc)2·4H2O in
EtOH (for 1–3, Table 1, entries 1–3)23–25 or in a mixture of aq.
EtOH and aq. NaOH (for 4, Table 1, entry 4)25 furnished cobalt
complexes as red–brown (5, 726), red (6),27 or orange (8) crystalline
solids. In view of its propensity to liberate diketone 1 upon drying
at 20–25 ◦C under reduced pressure, compound 5 was applied
as an in situ preparation. Cobalt complexes were characterized
via MALDI-TOF (5–8), UV/Vis- and IR-spectroscopy (5–8), and
combustion analysis (6, 8). The compounds were readily soluble
in polar organic solvents, e.g., EtOH (except for 8), 2-propanol,
THF, Et2O, acetone, and CH2Cl2. They were insoluble in H2O
or aliphatic hydrocarbons. In contrast to complex 8, cobalt(II)
compounds 5–7 showed a marked affinity for solvate formation,
as evident from combustion analysis.


Table 1 Conversion of diketones 1–4 into cobalt(II) chelates 5–8


Entry 1–4 R Yield of 5–8 [%]


1a 1 (HL1) C(CH3)3 5:—b


2a 2 (HL2) CF3 6: quant.
3a 3 (HL3) C6H5 7: 60
4c 4 (HL4) 3,5-(CF3)2C6H3 8: quant.


a Reaction in EtOH at 20 ◦C. b In situ-preparation. c In EtOH–H2O, 50 :
50 (v/v) at 20 ◦C.


2. Reactivity of bis[b-diketonato(−1)]cobalt(II) complexes
toward dioxygen


Cobalt(II) complex 6 served for reasons that are outlined below as
a benchmark for probing the reactivity of cobalt(II) compounds
in combination with O2 toward organic substrates. A solu-
tion of bis[3-trifluoroacetylcampherato(−1)]cobalt(II) complex 6
(1.00 mmol, co = 0.10 M) in 2-propanol (20 ◦C) absorbed O2


with a steadily decreasing rate. Gas uptake was paralleled by a
gradual change in color from red (6) via brown to green. It levelled
off after a consumption of 3.21 mmol of the oxidant (∼140 h).
Product analysis indicated formation of acetone (3.21 mmol) and
H2O (3.20 mmol, see also Table 4). Removal of the volatiles from
the solution afforded a green solid. If compared to complex 6,


the IR spectrum of the residue showed apart from two additional
new IR-absorptions at 1205 and 1147 cm−1 similar bands. UV/Vis
absorptions of this material were located at 270 and 600 nm, and
a shoulder at 361 nm (iPrOH). Chromatographic purification
for separating organic components from the residue afforded
3-oxa-1,8,8-trimethylbicyclo[3.2.1]octane-2,4-dione, i.e. camphor
acid anhydride28 (0.08 mmol), a 50 : 50 diastereomeric mix-
ture of 4-isopropoxy-1,8,8-trimethylbicyclo[3.2.1]-3-oxaoctan-2-
one (0.37 mmol, ESI), and at least one additional camphor-derived
product of hitherto unknown constitution.


3. Oxidative cyclizations


3.1 Establishing parameters for oxidative pent-4-en-1-ol-
cyclization. The oxidation of 2,2-dimethylhept-6-en-3-ol (9a)29


was selected as a reporter reaction for establishing parameters for
efficient aerobic alkenol ring closures. Type, amount, and initial
concentration of cobalt reagents (i.e. 5–8), additive, solvent, and
means of thermal activation were varied.


If stirred in a solution of 2-propanol at 60 ◦C in a stationary O2


atmosphere (>95%), cobalt(II)-complexes 5–8 induced formation
of tetrahydrofuran 10a30 with a marked preference for the trans-
isomer. The yield of product 10a gradually decreased along the
sequence of cobalt(II) complexes 6 (R = CF3) > 8 [R = 3,5-
(CF3)2C6H3] > 7 (R = C6H5) ∼ 5 [R = C(CH3)3] (Table 2, entries
1–4). The product was obtained as a racemate, regardless whether
the material was isolated at conversions below or above 50%. Its
enantiomeric purity was determined by 31P NMR with the aid of a
chiral phosphorous-based derivatization reagent.31 No conversion
of 9a took place, upon substituting Co(OAc)2·4H2O for, e.g.,
complex 6 (GC). Purging of O2 through solutions of 6 and alkenol
9a in 2-propanol at 60 ◦C furnished complete turnover of the
substrate, however, without providing a satisfactory mass balance
(not shown). The use of a monomode microwave instrument§
for inducing thermal activation was associated with shorter
reaction times but also with a significant increase in side product
formation (e.g. Table 2, entry 5).


The yield of product formation was critically dependent on
reactant concentration. In a separate study (not shown) it was
found that a solution containing 1 mmol of 9a in 8 mL of solvent
afforded the most efficient turnover. A precatalyst concentration
of 1.25 × 10−2 M (10 mol%) of 6 posed a reasonable balance
between selectivity and time–yield factor. A further investigation
showed that initial concentrations of complex 6 below 10−2 M
provided slower but more chemoselective conversion of substrate
9a (not shown). Since catalyst deactivation gradually occurred,
a complete conversion of alkenol 9a was not attainable within
15 h, if cobalt concentrations fell below 6.0 × 10−3 M. The
UV/Vis spectrum of the spent catalyst pointed to formation of a
cobalt(III) residue of unknown constitution. UV/Vis absorptions
of the green material [k/nm = 271, 309sh, 362sh, 607] and
strong IR bands at 1203 and 1135 cm−1 were similar but not
identical to spectral information of a product originating from
the reaction between 6 and O2 (see above).32 Addition of typical
Co(III)→Co(II) reductants,33 e.g. formate, hypophosphite, or L-
ascorbate provided a change in color from brown to pink, however,


§All microwave-assisted experiments were performed using special glass-
ware and microwave equipment.
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Table 2 Solvent and catalyst effects in cobalt(II)-catalyzed oxidations of alkenol 9a


Entry Co(II) [%] Solventa T/◦C t/h Convn. [%]b Yield [%] (cis : trans)b


1 5 [10]c iPrOH 60 15 24 3 (11 : 89)
2 6 [10] iPrOH 60 2.5 91 63 (< 1 : 99)d


3 7 [10] iPrOH 60 3.0 14 4 (< 1 : 99)d


4 8 [10] iPrOH 60 3.0 87 42 (1 : 99)
5 6 [10] iPrOH 60 1.5e quant. 50 (2 : 98)
6 6 [20] EtOH 60 15f quant. 50 (< 1 : 99)d


7 6 [20] tBuOH 60 15f quant. 32 (< 1 : 99)d


8 6 [20] cC5H9OH 60 15f quant. 31 (< 1 : 99)d


9 6 [20] CF3CH2OH 60 15f 48 25 (8 : 92)
10 6 [10] RR′C=Og 60 2.5 70 9h (15 : 85)
11 6 [10] tBuCHO 60 2.5 42 < 1i (< 1 : 99)d


12 6 [10] EtCH(OEt)2 60 2.5 85 42j (< 1: 99)d


13 6 [10] CHD–C6H6
k 60 2.5 98 8l (< 1 : 99)d


14 6 [20] CH2Cl2 20 48f 85 28 (6 : 94)


a 8 mL of p.a. grade solvent. b Quantitative GC measurements; er = 50 : 50 for trans-10a. c In situ formation of 5. d cis-10a not detected (GC). e Microwave
heating (300 W, monomode instrument). f MS 4 Å added. g 2-Methylcyclohexanone. h Additional product: 2-tert-butyl-5-methyltetrahydrofuran
11a (cis : trans < 1 : 99, 36%). i additional product: 2-tert-butyl-5-methyltetrahydrofuran trans-11a (40%). j Additional products: 2-tert-butyl-5-
methyltetrahydrofuran trans-11a (13%), 4-tert-butyl-d-valerolactol 14a (10%). k Cyclohexa-1,4-diene : benzene 50 : 50 (v/v). l Additional product: 2-
tert-butyl-5-methyltetrahydrofuran trans-11a (90%).


without restoring catalytic activity for oxidative bishomoallylic
alcohol cyclization. Addition of NH4SCN to the 1-pentanol
soluble fraction of, e.g., hypophosphite-reduced cobalt residue
obtained from aerobic oxidation of 6 in iPrOH afforded an
UV/Vis absorption at 620 nm, which was indicative of Co(SCN)2.
Addition of one of the reductants to an aerated solution of alkenol
9a and complex 6 in 2-propanol completely inhibited formation
of tert-butyltetrahydrofurylmethanol 10a.


Systematic variation showed a gradual increase in yield
of tetrahydrofuran 10a along the series of applied sol-
vents pivalaldehyde < cyclohexa-1,4-diene (CHD)–C6H6 < 2-
methylcyclohexanone < CF3CH2OH < CH2Cl2 < cC5H9OH ∼
tBuOH < 1,1-diethoxypropane < EtOH < iPrOH (Table 2, entries
2, 6–14). The use of molecular sieves (4 Å) had no effect (not
shown).


2-tert-Butyl-5-methyltetrahydrofuran (11a)29 was consistently
found as a side product. Its yield generally remained below 15%


but became significant (90%), if substrate 9a was oxidized in a 50 :
50-mixture (v/v) of 1,4-cyclohexadiene (CHD) and C6H6. This
observation called for more complete mass balancing, which is
summarized in section 3.2.


Addition of tert-butyl hydroperoxide (TBHP), either as 70%
(w/w) aqueous solution or as anhydrous 5.5 M solution in nonane
did not improve the efficiency of the conversion 9a→10a (Table 3,
entries 1–2). Molecular sieves (4 Å) were added in those instances
for comparing data to related values from the literature.1 Addition
of typical radical initiators, such as a,a-azobis(isobutyronitrile)
(AIBN) or dibenzoyl peroxide (DBPO), were ineffective for
improving yields of target compound 10a (Table 3, entries 3–4).


3.2 Product selectivity and mass balancing. In a second
part of the study, mass balancing was performed for obtaining
additional information on product- and chemoselectivity of
aerobic cobalt-catalyzed oxidation of alkenols 9a–b.34,35 Thorough


Table 3 Effect of additives in aerobic cobalt(II)-catalyzed oxidations of alkenol 9a


Entry Additive T/◦C t/h 6 [mol%] Convn. of 9a [%]a 10a [%] (cis : trans)a


1 TBHP–MS 4 Åb 50 5 20 82 56 (< 1 : 99)c


2 TBHP–MS 4 Åd 50 5 20 quant. 62 (< 1 : 99)c


3 AIBNe 60 2.5 10 94 63 (< 1 : 99)f


4 DBPOe 60 2.5 10 83 35 (1 : 99)g


a Quantitative GC measurements. b 1.0 equiv. of a 70% (w/w) aqueous solution. c cis-10a was not detected (GC). d 1.0 equiv. of a 5.5 M anhydrous solution
in nonane. e 1.0 equiv. of a,a-bis(isobutyronitrile) (AIBN) or dibenzoyl peroxide (DBPO). f Additional product: 4-tert-butyl-d-valerolactol 14a (13%).
g Additional products: 2-tert-butyl-5-methyltetrahydrofuran 11a (15%), 4-tert-butyl-d-valerolactol 14a (7%).
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Table 4 Mass balancing in aerobic cobalt(II)-catalyzed oxidations of 1-substituted pent-4-en-1-ols 9a and 9b


Yield [%]b


Entry 9–17 R [O2]a [%] Conv. [%]b 10 11 12 13 14 15 16 17


1c a tBu >95 91 63 —d 6 1e 11 4 3 —d


2f a tBu >95 98 60 2 5 7g 15 6 2 —d


3c b Ph >95 75 49 —d 4 —d 4 —d 13 4
4c b Ph 50 99 63 5 5 —d 6 —d 13 2
5f b Ph 50 99 59 9 3 —d 6 —d 17 2
6c b Ph ∼21h 98 51 20 4 —d 4 —d 7 1


a Gas phase oxygen concentration (v/v). b Quantitative GC measurements. c 10 mol% of 6. d Not detected. e dr = 62 : 38. f Catalyst generated in situ from
10 mol% of Co(OAc)2·4 H2O and 20 mol% of 2. g dr = 55 : 45. h Air.


chromatographic separation was supplemented by independent
syntheses to furnish the set of compounds 10–1736–39 that consis-
tently accounted for 97–99% of products (Table 4, entries 1 and
3). The yields were dependent on initial O2 concentration in the
gas phase. A gradual increase in yield of target compound 10b was
noted along the series of applied O2 volume percentages ∼95% <


∼21% < 40% ∼ 60% (the latter two not shown) < 50% (Table 4,
entries 3–6). In situ preparations or independently synthesized
cobalt reagent 6 afforded comparable results (Table 4, entries 1–2,
4–5). Treatment of 5-phenylpent-1-ene40 with O2 and 10 mol% of
catalyst 6 in 2-propanol (60 ◦C) furnished 91% of recovered olefin
and no detectable compounds of oxidative conversion (GC/MS,
not shown).


3.3 Probing for secondary products—acetone and H2O. Reac-
tion mixtures originating from aerobic cobalt-catalyzed oxidation
of alkenols 9a and 9b in 2-propanol were subjected to quantitative
acetone and H2O analysis using appropriate analytical techniques
(Table 5, entries 1–4).41,42 The yields of both products, were
corrected for trace amounts of acetone and water that were present
in substrates 9a–b, analytical grade iPrOH, and a solution of
cobalt complex 6 that was stirred for 2.5 (9a)–3 h (9b) in analytical
grade 2-propanol at 60 ◦C in an atmosphere of O2.


4. Stereoselectivity


4.1 Terminal unsubstituted alkenols. Variation of phenyl
substituent positioning furnished the set of substrates 9b–d for
exploring stereoselectivity in aerobic cobalt-catalyzed alkenol ring
closures associated with groups attached to position 1, 2, and 3
in pent-4-en-1-ols. If exposed for 15 h to an atmosphere of O2


in a solution of 2-propanol (60 ◦C) containing cobalt(II) reagent
6, alkenols 9b–d furnished disubstituted tetrahydrofurans 10b–
d30 as major products (Table 6, entries 1, 4, 8). All oxidations
proceeded diastereoselectively and afforded trans-10b (>99% de),
cis-10c (56% de), and trans-10d (96% de) as major components.


Table 5 Quantitative analysis of H2O and acetone formed in aerobic
cobalt(II)-catalyzed oxidations in 2-propanol


Yield [%]


Entry 9 R pO2/bar
Conv. of
1 [%]a 10a Acetoneb H2Oc


1 9ad tBu 3.0 80 ± 1 10a: 50 ± 2 60 ± 6 78 ± 8
2 9a tBu 1.5 82 10a: 53 53 71
3 9bd Ph 3.0 66 ± 4 10b: 25 ± 2 47 ± 5 64 ±10
4 9b Ph 1.5 71 10b: 20 46 67


a Determined via GC. b HPLC analysis of derived 2,4-dinitro-
phenylhydrazone.41 c Karl–Fischer-titration.42 d Mean value ± standard
deviation as determined from 5 independent runs.


2-Methyl-substituted tetrahydrofurans, i.e. 11b–d,34 were iden-
tified in all instances as side products. Diastereoselectivity of
the latter corresponded to values determined for hydroxyl-
substituted derivatives 10b–d. Enantiomeric purities of alcohols
10b–d were checked via 31P-NMR, after derivatization with
a chiral dioxaphospholane.31 Products 10b–d were consistently
formed as racemates. This result was independent from whether
samples from an early phase of the reaction or after complete
consumption of substrates 9b–d were collected for derivatization.
In a similar manner, diastereomeric ratios of 2,4-disubstituted
tetrahydrofurans 10c and 11c were independent from the degree of
conversion of 9c.43 A decrease in amount of cobalt complex 6 from
20 to 5 mol% generally reduced rates of turnover of 9b–d but also
improved overall selectivity by inhibiting 2-methyltetrahydrofuran
formation (Table 6, entries 2–3, 5–7, 9–10).


In a further set of experiments, the effects of an additional
substituent attached to position 1 and chain elongation between
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Table 6 Product formation in aerobic oxidation of phenyl-substituted bishomoallylic alcohols


Entry R1 R2 R3 6 [mol l−1] (mol%)a 9–11 Conv. of 9 [%]b Yield of 10 [%]b (cis : trans) Yield of 11 [%]b (cis : trans)


1 Ph H H 0.025 (20) b quant. 48 (< 1 : 99)c ,d 24 (< 1 : 99)c ,e


2 Ph H H 0.013 (10) b 99 63 (< 1 : 99)c ,d 5 (< 1 : 99)c ,e


3 Ph H H 0.008 (6.5) b 86 56 (< 1 : 99)c ,d —f


4 H Ph H 0.025 (20) c quant. 55 (78 : 22)d 31 (66 : 34)e


5 H Ph H 0.013 (10) c quant. 61 (78 : 22)d 23 (71 : 29)e


6 H Ph H 0.008 (6.5) c quant. 76 (78 : 22)d 2 (< 1 : 99)g


7 H Ph H 0.006 (5.0) c 83 72 (80 : 20)d —f


8 H H Ph 0.025 (20) d quant. 44 (2 : 98)d 16 (< 1 : 99)c ,e


9 H H Ph 0.013 (10) d 98 63 (2 : 98)d 5 (< 1 : 99)c ,e


10 H H Ph 0.009 (7.5) d 91 59 (2 : 98)d —f


a 8 mL of reagent grade iPrOH; 15 h reaction time, except for entry 2 (3 h). b GC. c cis Isomer not detected (GC). d er for trans-10b, cis/trans-10c, and
trans-10d = 50 : 50. e er not determined. f Not detected (GC). g trans-11c not detected (GC).


reacting entities were investigated (Scheme 2). In this case, aerobic
oxidation required elevated temperatures in order to occur. Almost
no conversion was detected, if 2-phenylhex-5-en-2-ol (9e)44 was
aerated for 3 h in a solution of 2-propanol at 60 ◦C in the presence
of complex 6. In 2-butanol at 98 ◦C, 83% conversion of 9e was
attainable after a period of 15 h. The reaction afforded 15% of
trisubstituted tetrahydrofuran 10e (cis : trans = 20 : 80) and 39%
of diol 1845 (Scheme 2). In a similar way, oxidation of alkenol
1946 required elevated temperature for substrate conversion to
occur, and extended reaction time to afford a new product in
substantial amounts. The material was isolated and identified as
diol 20 (Scheme 2).


Scheme 2 Aerobic oxidation of 2-phenylhex-5-en-2-ol (9e) and 2,2-
dimethyloct-7-en-3-ol (19).


For investigating whether stereoselectivity in ring closures
prevailed in the case of constrained or multiply substituted
substrates, appropriate alkenols were prepared and aerated in the
presence of complex 6. Treatment of cis- and trans-isomers of
2-allylcyclohexanol 9f–g47 under established conditions afforded
8-substituted oxabicyclo[4.3.0]nonanes 10f (68%) and 10g (61%)
in a 6,8-trans-selective manner (Scheme 3, top).48,49 Oxidation of
diastereomerically pure alkenol 9h50 with O2 in iPrOH (60 ◦C,


Scheme 3 Stereoselective synthesis of oxabicyclo[4.3.0]nonanes 10f–g
(top), and tetrasubstituted tetrahydrofuran 10h (bottom). acis : trans-ratios
refer to the relative configuration of substituents attached at positions 6
and 8. b1H NMR.


4 h) using cobalt(II) catalyst 6 (10 mol%, c0 = 5.0 × 10−3 M) and
a second batch of cobalt reagent 6 (10 mol%) at 75 ◦C (15 h)
provided diastereomerically pure (1H NMR) tetrasubstituted
tetrahydrofuran 10h (72%, Scheme 3, bottom).


4.2 Oxidation of alkenols having methyl substituents attached
at the terminal position of the p-bond. In a final set of oxi-
dations, terminally methyl-substituted alkenols were applied as
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substrates. It was the aim to screen for polar and steric substituent
effects, since CH3-substitution is known to control stereoselectivity
in other cyclizations, e.g. alkenoxyl radical ring closures and
peroxide-mediated tetrahydrofuran syntheses.14,29 Treatment of a
solution of (E)-1-phenylhex-4-en-1-ol (9i)51 and cobalt reagent
6 for 4 h in iPrOH at 60 ◦C with O2 furnished 34% of 2,5-
trans-disubstituted tetrahydrofuran 10i as a 56 : 44 mixture of
diastereomers with respect to the stereogenic center located in the
side chain. In addition, 17% of dicarbonyl compound 16b was
detected (GC-MS) (Scheme 4).


Scheme 4 Aerobic oxidation of (E)-1-phenylhex-4-en-1-ol (9i).


1-Phenyl-5-methylhex-4-en-1-ol (9j)30 underwent almost no
conversion if treated with cobalt complex 6 in 2-propanol at
60 ◦C. A change of solvent to 2-butanol allowed the reaction
to be conducted at 98 ◦C, which led to formation of 2,5-
disubstituted tetrahydrofuran 10j (cis : trans = 75 : 25),30 diol
21,52 and hydroxyketone 22 (Scheme 5, top). tert-Butyl-substituted
derivative 9k was oxidized, if treated with O2 and catalyst 6 in a
solution of EtOH (60 ◦C), to furnish 13% of tetrahydrofuran 10k
(cis : trans = 57 : 43) along with 3% of tetrahydropyran 23 (cis :
trans < 1 : 99) (Scheme 5, bottom).


Scheme 5 Aerobic oxidation of terminal dimethyl-substituted alkenols
9j–k. acis-23 not detected (GC).


Discussion


1. Cobalt complex reactivity toward O2


Acceptor substituted [e.g. CF3 or 3,5-(CF3)2C6H3] bis[b-dike-
tonato(−1)]cobalt(II) complexes were able to activate O2 for its
application in diastereoselective synthesis of alkyl- and aryl-
substituted tetrahydrofurylmethanols e.g. 10a–d from bishomoal-
lylic alcohols 9a–d. The fact that O2-pressures above 1 bar
decreased rates of alkenol oxidation pointed to competitive
substrate and oxidant binding to cobalt (see Table 5). Support
for this interpretation originated from an experiment, in which


5-phenylpent-1-ene was applied as substrate. The olefin was inert,
whereas 1-phenylpentenol 9b underwent swift and (stereo)selective
5-exo-ring closure under standard conditions (O2, iPrOH, 60 ◦C,
3 h, 10 mol% of 6). Oxidative disintegration of cobalt reagent
6 in 2-propanol occurred, if exposed to an atmosphere of O2.
It is supposed that this background reaction accounted for
a considerable fraction of catalyst deactivation in the present
investigation.


2. Oxidation catalysis


Yields of tetrahydrofur-2-ylmethanols were dependent on solvent,
reaction temperature, initial cobalt concentration, and alkenol
constitution.


(a) Solvent. Adequate time–yield factors for tetrahydrofur-2-
ylmethanol formation were attainable using 2-propanol as solvent.
The reaction provided acetone and water as secondary products.
Their yields slightly diverged but were clearly correlated with those
of tetrahydrofuran formation. Autoxidations that were identified
as side reactions, were considered to increase the percentage of
reaction water without affecting the acetone balance.


Quantitative alkenol conversion was paralleled by 2-
methyltetrahydrofuran formation. An experiment performed in
2-propanol-d8 at 75 ◦C (see ESI) provided 18% of 2-phenyl-5-
methyltetrahydrofuran 11b with a 50% degree of deuteration,
exclusively at the methyl substituent (1H NMR), which clearly
pointed to the solvent as one of the H-atom sources. The role of
the solvent in the synthesis of these compounds was furthermore
evident from an experiment performed in CHD–C6H6, which
provided 90% of 2-tert-butyl-5-methyltetrahydrofuran 11a. If
bond dissociation energies (381 ± 4 kJ mol−1 for 2-C,H in iPrOH,
and 318 ± 5 kJ mol−1 for 3-C,H in CHD)53 were taken as a guide
for interpretation, CHD is expected to serve as H-atom donor in
homolytic substitutions. The fact that initiators, such as AIBN and
DBPO, failed to significantly alter product selectivities at 60 ◦C
strongly pointed to a radical trapping and thus terminating effect
of CHD, and not to an active role in radical generation.


(b) Temperature dependence and initial cobalt(II) concentration.
Effects of temperature and initial cobalt(II) complex concentration
were correlated in terms of rate and selectivity. Temperatures
below 60 ◦C and initial cobalt(II) concentrations of less than
10−2 M reduced rates of oxidative cyclization but improved product
selectivity. Conducting oxidations at T > 60 ◦C, regardless of the
applied solvent (e.g. iPrOH or iBuOH) and at initial cobalt(II)
concentrations of >10−2 M increased rates of alkenol oxidation
but also provided notable amounts of 2-methyltetrahydrofurans,
acyclic alcohols, and products of autoxidation.


(c) Stereoselectivity. Diastereoselection gradually decreased
along substituent positions 1 > 3 > 2. The observed trans-2,3- and
trans-2,5-selectivity of the cobalt method was notable. Explanation
on the lack of enantioselectivity in this chemistry, however, has
to await profound structural investigations. The cobalt atom in,
e.g., complex 6 poses a stereogenic center.27 The configuration at
this site, either in the reagent or in the active oxidant, is entirely
unknown. Formation of diastereomerically pure all-trans-3,5-
diaryl-4-methyl-2-hydroxymethyl-tetrahydrofuran 10h, a deriva-
tive of the natural product magnosalicin,54,55 indicated that the
concept of oxidative ring closure was extendable to the formation
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of multiple substituted tetrahydrofurans. Studies associated with
the synthesis of 8-substituted oxabicyclo[4.3.0]nonane 10f revealed
that a reversal of from 2,4-cis to 2,4-trans is feasible, if the former
would interfere with an obviously more dominating 2,5-trans-
stereocontrol.


3. Mechanistic interpretation


Selectivity in cobalt-catalyzed alkenol oxidation was critically
dependent on the chain length and substitution pattern at
reactive sites. Subtle changes associated with auxiliary, solvent,
temperature, and alkenol constitution were reflected in yields
and/or product profiles. In combination with available data from
the literature dealing with related transformations, a mechanism
was proposed (Schemes 6–8) with the aim to address, the origin
of the preferred 5-exo-ring closure, stereodisintegration associated
with oxygenation of (E)-configured alkenol 9i, stereoselection, and
product selectivity.


(a) Oxidative 5-exo-ring closure. Oxygen activation is con-
sidered to occur via binding to paramagnetic complex 6.43 Due
to effects exerted by substituents R in terms of reactivity and
selectivity, it is expected that at least one of the auxiliaries
remained attached to cobalt in O2 adduct I (Scheme 6). EPR
data56 and computational investigations of dioxygen adducts of
cobalt(II) complexes with macrocyclic N2O2-donor ligands57 had
been previously interpreted in terms of a doublet ground state.58,59


If a similar structure and bonding applied for O2 adducts of
(b-diketonato)cobalt complexes, a superoxo-mode of binding is
expected to provide a strong Lewis acid and a metal based oxidant.
In extension to the propensity of bis(trifluoroacetato)cobalt(III)
complexes to convert olefins into radical cations,60 an approach
of reacting entities in proposed intermediate II is considered to
furnish radical cation III. A decrease in p-bond order lowers the
barrier to rotation toward an almost unhindered torsional move-
ment of entities that were previously connected via a double bond.
Evidence for this interpretation originated from a ∼ 50 : 50 ratio


Scheme 6 Proposed mechanistic scheme for O2 activation (top) and
dioxygen utilization in aerobic cobalt-catalyzed tetrahydrofuran synthesis
(bottom).


of diastereoisomers with respect to side chain configuration of a
product obtained from (E)-configured alkenol 9i (see Scheme 4). A
5-exo-mode of hydroxyl O-atom attack onto the oxidized p-bond
in this model constitutes the first of two sequential C,O bond
forming steps associated with the conversion 9→10.


(b) Stereochemical model. A chair like folding of the alkenol
chain in II and III would direct substituents preferentially into
positions that are reminiscent of equatorial sites in cyclohexane.
Intramolecular C,O bond formation III→IV in this model would
afford 2,5-trans-, 2,4-cis-, and 2,3-trans-disubstituted products,
reflecting experimentally observed diastereoselectivities. Steric
encroachment imposed by cobalt coordination (for R1) and vinyl
substitution (for R3), would not be similarly experienced by R2.


(c) Termination of the sequence and cobalt(II) regeneration. In
extension to the well-known driving force of cobalt(II) compounds
for alkyl hydroperoxide reduction,61 intermediate IV is expected
to furnish tetrahydrofur-2-ylmethanol 10 and hydroxycobalt(III)
complex V in the presence of a suitable H-atom donor, e.g. a
solvent molecule.62 Cobalt(II) regeneration is considered to occur
via hydride shift from coordinated 2-propanol. This step would
yield acetone, H2O, and hydridocobalt(III) complex VI (Scheme 7).
This interpretation closely follows the chemistry of hydroxo- and
alkanolato[bis(acetylacetonato)]cobalt(III).63,64


Scheme 7 Proposed sequence for cobalt(II) regeneration.


(d) Olefin hydration and reversal of diastereoselectivity. Sec-
ondary and tertiary alcohols were formed in instances where
oxidative cyclization for unknown reasons was slow (see Schemes 2
and 5). The chemistry of olefin hydration using the combination
of O2 and cobalt(II) Schiff base complexes has been extensively
investigated.65 It proceeds via alkylperoxy cobalt(III) complex
formation and decomposition according to an alkylperoxyl radical
pathway (not shown).


Since superoxo cobalt(III) complexes, e.g. I, have a strong affinity
for homolytic H-atom substitution, preferentially from molecules
with weak C,H-bonds as present in 2-propanol, hydroperoxy
cobalt(III) complex VII (Scheme 8) is expected to be formed
in instances of slow oxidative cyclization.17 It is proposed that
this intermediate accounts for the reversal of stereoselectivity
in tetrahydrofuran formation in going from substrate 9a–b to
dimethyl-substituted derivatives 9j–k. Alkenol oxygenation in
this case is considered to follow a mechanism that has been
investigated in tert-butylperoxy vanadium(V) chemistry for alkenol
9j in detail.30 In extension to this sequence, stereoselective epoxy
alcohol formation and isomerization would furnish cis-10j as
major cyclic ether.
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Scheme 8 Proposed mechanistic scheme for stereoselective formation
of 2,5-cis-configured tetrahydrofurans from terminal dimethyl-substituted
pent-4-en-1-ols 9j–k (R1 = Ph or tBu).


Conclusions


Secondary and primary bishomoallylic alcohols (pent-4-en-1-
ols), e.g. 9a–d, underwent efficient oxidative ring closures if
treated with molecular oxygen and catalytic amounts (10−2 M,
10 mol%) of bis{2,2,2-trifluoromethyl-1-[(1R,4S)-1,7,7-trimethyl-
2-(oxo-jO)bicyclo[2.2.1]hept-3-yliden]ethanolato- jO}cobalt (6)
in 2-propanol at 60 ◦C. The reaction proceeded diastereoselectively
and was applied for sustainable syntheses of 2,3-trans- (96%
de), 2,4-cis- (56% de), and 2,5-trans-di- (>99 de), tri-, and
tetrasubstituted tetrahydrofurans. The procedure therefore has the
potential to open perspectives for natural product synthesis.


Experimental


1. General remarks


Standard instrumentation and general remarks have been dis-
closed previously (see also ESI). All solvents and reagents were pu-
rified following recommended standard procedures.66 Petroleum
ether refers to the fraction boiling between 30–75 ◦C.


2. Synthesis of bis[3-acyl-1,7,7-trimethylbicyclo[2.2.1]heptan-2-
onato(−1)]cobalt(II) complexes


Bis{2,2,2-Trifluoromethyl-1-[(1R,4S)-1,7,7-trimethyl-2-(oxo-
jO)bicyclo[2.2.1]hept-3-yliden]ethanolato-jO}cobalt(II) (6). A
solution of (1R,4R)-3-trifluoroacetyl-1,7,7-trimethylbicyclo-
[2.2.1]heptan-2-one (2) (1.99 g, 8.00 mmol) (ESI) in EtOH (6 mL)
was added in an atmosphere of nitrogen to a suspension of
Co(OAc)2·4H2O (996 mg, 4.00 mmol) in EtOH (12 mL). The
mixture was stirred for 30 min at 20 ◦C. The volatiles were
removed under reduced pressure to afford complex 6 (2.50 g,
quant.) as a red solid, mp > 300 ◦C (from EtOH), this material
was applied in aerobic oxidations. [a]20


D +91.9, (c 0.96 in CHCl3).
mmax (KBr)/cm−1 2965, 1654, 1560, 1389, 1326, 1270, 1227, 1199,
1132 and 806. dF (565 MHz; EtOD) −76.44. MALDI-TOF
(DHB) calc for C24H28O4F6Co: 553.4. Found m/z 553.3 [M+].
Calc for C24H28O4F6Co (553.41): C, 52.09; H, 5.10. Found: C,
50.40; H, 5.35%. An analytically pure sample was obtained by
slowly allowing pentane to diffuse into a solution of 6 in wet
THF to furnish hydrated monotetrahydrofuran adduct of 6 as
red crystalline solid. kmax (iPrOH)/nm 309 (log e 3.25). Calc. for


C28H38O6F6Co (643.53): C, 52.26; H, 5.95%. Found: C, 52.36; H,
5.86%.


Bis{2,2-dimethyl-1-[(1R,4S)-1,7,7-trimethyl-2-(oxo-jO)bicyclo-
[2.2.1]hept-3-yliden]propanolato-jO}cobalt(II) (5). Compound
5 was prepared from Co(OAc)2·4H2O (47.2 mg, 190 lmol)
and (1R,4R)-3-[(2,2-dimethyl-1-oxo)prop-1-yl]-1,7,7-trimethyl-
bicyclo[2.2.1]heptan-2-one (1) (89.4 mg, 380 lmol) (ESI) in
iPrOH in extension to the procedure outlined for cobalt complex
6. Compound 5 liberated auxiliary 1 upon drying under reduced
pressure and was therefore used as obtained in solution (red-
colored). [a]20


D +43.5 (c 1.00 in MeOH). kmax (MeOH)/nm 281sh
and 314 (log e 2.82). MALDI-TOF (DHB) calc. for C30H46O4Co:
529.6. Found: 529.6 [M+].


Bis{1-phenyl-1-[(1R,4S)-1,7,7-trimethyl-2-(oxo-jO)bicyclo-
[2.2.1]hept-3-yliden]methanolato-jO}cobalt(II) (7). Compound 7
was obtained from Co(OAc)2·4H2O (126 mg, lmol) and (1R,4R)-
3-benzoyl-1,7,7-trimethylbicyclo[2.2.1]heptan-2-one (3) (253 mg,
1.00 mmol) (ESI) as described for derivative 6. Yield: 175 mg
(60%), red–brown crystalline solid, mp 325 ◦C (EtOH). [a]20


D +95.5
(c 0.90 in CHCl3). kmax (EtOH)/nm 233 (log e 2.76), 327 (2.89).
mmax (KBr)/cm−1 2957 and 2870 (CH), 1755 and 1609 (CO), 1575,
1506, 1471, 1374, 1179, 1078, 800, 781 and 700. MALDI-TOF
(DHB) calc. for C34H38O4Co: 569.6. Found: 569.3 [M+] and 591.4
[(M + Na)+].


Bis{1-[3,5-Bis-(trifluoromethyl)benzoyl]-1-[(1R,4S)-1,7,7-tri-
methyl-2-(oxo-jO)bicyclo[2.2.1]hept-3-yliden]methanolato-jO}-
cobalt(II) (8). Compound 8 was prepared from Co(OAc)2·
4H2O (124 mg, 500 lmol) and (1R,4R)-3-{1-[3,5-bis-(trifluo-
romethyl)phenyl]-1,7,7-trimethylbicyclo[2.2.1]heptan-2-one (4)
(392 mg, 1.00 mmol) (ESI) in extension to a published procedure.67


Yield: 419 mg (quant.), orange crystalline solid, mp 173 ◦C
(EtOH–H2O). [a]20


D +32.4 (c 1.00 in CHCl3). kmax (CH3CN)/nm
228sh, 262sh and 342 (log e 3.14). mmax (KBr)/cm−1 2964 and 2867
(CH), 1634 (CO), 1523, 1387, 1367, 1278, 1172, 1137, 1107, 1078,
1053, 900, 847 and 680. dF (565 MHz; CDCl3) −59.5 and −63.0
(6 : 1). MALDI-TOF (DHB) calc. for C38H34O4F12Co: 841.6.
Found: 841.2 [M+]. Calc. for C38H34O4F12Co (841.60): C, 54.23;
H, 4.07%. Found: C, 54.00; H, 4.10%.


3. Aerobic cobalt-catalyzed oxidations


General procedure. A solution of a substrate (0.40 mmol of
9h; 0.91 mmol of 9i; 0.99–1.02 mmol of 9a–d, 9k, 19; 1.55 mmol
of 9j; 2.03 mmol of 9e and 3.00 mmol of 9f–g) and a cobalt(II)
complex 5–8 (0.05–0.20 equivalents) in a solution of a given solvent
(20 mL mmol−1 for 9h; 8 ml/mmol for of 9a–d, 9i–k, 19 and
6 mL mmol−1 for 9e–g) was stirred at 20–98 ◦C for 2–48 h in a
stationary oxygen atmosphere. After cooling down to 20 ◦C, the
reaction mixture was diluted with dichloromethane (6 mL mmol−1)
and Et2O (4 mL mmol−1). The solution was washed with satd. aq.
Na2S2O3 soln. (3 × 5 mL mmol−1). Combined Na2S2O3 washings
were extracted with Et2O (2 × 4 mL mmol−1). (i) GC Analysis: n-
decane was added as internal standard to combined organic layers
to afford a solution which was quantitatively analyzed by GC
via independently measured responsivity factors. (ii) Preparative
scale experiments: combined organic layers were dried (MgSO4)
to afford a solution that was concentrated under reduced pressure.
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The remaining residue was purified by column chromatography
(SiO2).


Tetrahydro-5-methyl-5-phenylfur-2-ylmethanol (10e). Yield:
60.0 mg (15%, cis : trans = 20 : 80) from 357 mg (2.03 mmol)
of 9e. Rf 0.35 [SiO2, Et2O–pentane = 2 : 1 (v/v)], colorless oil.
C12H16O2 (192.25). trans-10e: dH (600 MHz; CDCl3) 1.55 (3 H, s,
Me), 1.80–1.86 (2 H, m, 3-H, 4-H), 2.02–2.09 (1 H, m, 3-H),
2.24–2.30 (1 H, m, 4-H), 3.58 (1 H, dd, J 11.4, 5.5, CH2OH), 3.77
(1 H, dd, J 11.4, 3.3, CH2OH), 4.17 (1 H, ddd, J 12.5, 6.9, 3.3,
2-H), 7.20–7.25 (1 H, m, Ph), 7.31–7.35 (2 H, m, Ph), 7.38–7.41 (2
H, m, Ph). dC (150 MHz; CDCl3) 27.3 (C3), 30.4 (Me), 39.4 (C4),
65.4 (CH2OH), 79.0 (C2), 85.2 (C5), 124.5, 126.4, 128.2, 147.7
(Ph). NOESY (cross peaks) CH2OH ↔ Me, 2-H ↔ Ph. m/z (EI,
70 eV) 192 (M+, 1), 177 (100), 161 (78), 143 (87), 128 (38), 117
(52), 105 (71), 91 (85), 77 (48). cis-10e: dH (600 MHz; CDCl3) 1.52
(3 H, s, Me), 1.80–2.15 (3 H, m, 3-H, 4-H), 2.21–2.31 (1 H, m,
4-H), 3.54 (1 H, dd, J 11.6, 6.4, CH2OH), 3.71 (1 H, dd, J 11.5,
3.4, CH2OH), 4.32 (1 H, ddd, J 13.5, 6.9, 3.3, 2-H), 7.20–7.44 (5
H, m, Ph). dC (150 MHz; CDCl3) 27.5 (C3), 29.6 (Me), 39.2 (C4),
65.6 (CH2OH), 79.4 (C5), 85.0 (C2), 124.5, 126.5, 128.2, 148.2
(Ph). m/z (EI, 70 eV) 177 (M+ − CH3, 95%), 161 (93), 143 (97),
128 (42), 117 (54), 105 (85), 91 (100), 77 (60).


3-trans-4-cis-5-trans-Tetrahydro-3,5-bis(2,4,5-trimethoxyphe-
nyl)-4-methylfur-2-ylmethanol (10h). Yield: 130 mg (72%, cis :
trans < 1 : 99) from 173 mg (0.40 mmol) of 9h. Rf 0.42 [SiO2,
acetone–Et2O = 1 : 3 (v/v)], colorless solid, mp 46 ◦C [acetone–
Et2O = 1 : 3 (v/v)]. C24H32O8 (448.51). dH (400 MHz; DMSO-d6)
0.72 (3 H, d, J 6.5, 4-Me), 2.28 (1 H, mc, 4-H), 3.10 (1 H, dd, J 10.6,
9.5, 3-H), 3.27–3.33 (1 H, m, CH2OH), 3.39 (1 H, ddd, J 11.7, 5.6,
2.4, CH2OH), 3.69 (3 H, s, OMe), 3.73 (3 H, s, OMe), 3.75 (2 ×
3 H, s, OMe), 3.76 (3 H, s, OMe), 3.78 (3 H, s, OMe), 4.19 (1 H,
ddd, J 8.6, 5.9, 2.4, 2-H), 4.62 (1 H, t, J 5.7, OH), 4.84 (1 H, d, J
9.5, 5-H), 6.66 (1 H, s, Ph), 6.67 (1 H, s, Ph), 6.84 (1 H, s, Ph), 7.06
(1 H, s, Ph). dC (100 MHz; CDCl3) 14.1 (4-Me), 48.4, 48.9 (C3 and
C4), 56.2, 56.3, 56.6, 56.7, 56.9, 57.0 (6 × OMe), 63.8 (CH2OH),
81.9 (C5), 84.7 (C2), 98.2, 98.6, 112.0, 113.0, 119.0, 121.5, 143.6,
143.7, 148.7, 149.4, 151.9, 152.6 (Ph). NOESY (cross peaks) 2-H
↔ Ph, 2-H ↔ 4-H, 3-H ↔ 5-H, 3-H ↔ 4-Me, 4-H ↔ Ph, 5-H ↔
4-Me; m/z (EI, 70 eV) 448 (M+, 45%), 388 (15), 357 (6), 221 (16),
209 (100), 181 (64), 151 (19).


trans-1-(5-Phenyltetrahydrofur-2-yl)ethanol trans-(10i).
Isomer 1. Yield: 33.0 mg (19%) from 160 mg (0.91 mmol) of


9i, Rf 0.38 [SiO2, acetone–pentane = 1 : 5 (v/v)], colourless oil.
dH(400 MHz; CDCl3) 1.18 (3 H, d, J 6.4, 2′-H), 1.68–1.77 (1 H, m,
3-H), 1.89 (1 H, mc, 4-H), 2.11 (1 H, mc, 3-H), 2.37 (1 H, mc, 4-H),
2.61 (1 H, s, OH), 3.68 (1 H, dq, Jd 6.7, Jq 6.4, 1′-H), 4.00 (1 H,
ddd, J 7.3, 2-H), 4.96 (1 H, dd, J 8.8, 5.9, 5-H), 7.26–7.29 (1 H,
m, Ph-H) and 7.34–7.35 (4 H, m, Ph-H); dC (150 MHz; CDCl3)
18.5 (C2′), 28.7 (C3), 35.8 (C4), 70.7 (C1′), 80.7 (C5), 84.5 (C2),
125.6, 127.4, 128.3 and 142.7 (Ph); NOESY (cross peaks) 2-H ↔
Ph, 1-H′ ↔ 5-H, 2-H ↔ OH. m/z (EI, 70 eV) 192 (M+, 8%), 174
(12), 147 (85), 129 (51), 117 (24), 104 (99), 91 (100), 77 (31) and 51
(16).


Isomer 2. Yield: 25.9 mg (15%) from 160 mg of 9i, Rf 0.29
[SiO2, acetone–pentane = 1 : 5 (v/v)], colourless oil. dH (600 MHz;
CDCl3) 1.18 (3 H, d, J 6.4, 2′-H), 1.86–1.94 (1 H, m, 3-H), 1.94–
1.99 (1 H, m, 4-H), 2.01–2.07 (1 H, m, 3-H), 2.39 (1 H, mc, 4-H),


4.06–4.10 (1 H, m, 1′-H), 4.14 (1 H, mc, 2-H), 5.02 (1 H, dd, J 8.7,
6.1, 5-H), 7.27–7.30 (1 H, m, Ph-H) and 7.33–7.34 (4 H, m, Ph-H);
dC (150 MHz; CDCl3) 17.9 (C2′), 25.5 (C3), 35.6 (C4), 68.1 (C1′),
81.6 (C5), 83.7 (C2), 125.5, 127.3, 128.4 and 143.3 (Ph); NOESY
(cross peaks) 2-H ↔ Ph. m/z (EI, 70 eV) 192 (M+, 10%), 174 (10),
147 (91), 129 (45), 117 (22), 104 (100), 91 (99), 77 (27) and 51 (15).


7,7-Dimethyloctane-2,6-diol (20). Yield: 55.6 mg (31%, dr =
50 : 50) from 160 mg (1.02 mmol) of 19, Rf 0.28 [SiO2, acetone–
petroleum ether = 2 : 5 (v/v)], colorless oil. dH (400 MHz; CDCl3)
0.89 (2 × 9 H, s, 7-Me), 1.19 (2 × 3 H, d, J 6.2, 1-H), 1.23–1.68
(2 × 6 H, m, 3-H, 4-H, 5-H), 1.72 (2 × 2 H, s, OH), 3.20 (2 × 1
H, d, J 10.4, 6-H), 3.83 (2 × 1 H, mc, 2-H). dC (100 MHz; CDCl3)
23.1 and 23.2 (C4), 23.5 and 23.6 (C1), 25.7 (C8), 31.2 and 31.4
(C5), 34.9 (C7), 39.2 and 39.3 (C3), 68.0 and 68.2 (C2), 79.9 (C6).
m/z (EI, 70 eV) 141 (M+ − CHO, 1%), 117 (8), 99 (63), 87 (16), 81
(100), 71 (18), 57 (58), 43 (36), 29 (9). Calc. for C10H22O2 (174.28):
C, 68.92; H, 12.72. Found: C, 68.60; H, 12.63%.


5-Hydroxy-5-methyl-1-phenylhexan-1-one (22). Yield: 86.8 mg
(27%) from 295 mg (1.55 mmol) of 9j, Rf 0.43 [SiO2, acetone–
pentane = 1 : 3 (v/v)], colorless oil. C13H18O2 (206.28). dH


(400 MHz; DMSO-d6) 1.07 (2 × 3 H, s, Me), 1.35–1.42 (2 H,
m, 3-H), 1.64 (2 H, mc, 4-H), 2.98 (2 H, t, J 7.3, 2-H), 4.13 (1 H, s,
OH), 7.47–7.54 (2 H, m, Ph), 7.58–7.64 (1 H, m, Ph), 7.92–7.97 (2
H, m, Ph). dC (150 MHz; DMSO-d6) 19.0 (C3), 29.3 (Me), 38.5,
43.0 (C2 and C4), 68.7 (C5), 127.8, 128.7, 133.0, 136.7 (Ph), 200.2
(C1). m/z (EI, 70 eV) 192 (M+ − CH2, 2%), 188 (14), 170 (5), 147
(4), 133 (27), 120 (55), 105 (100), 77 (56), 59 (29), 55 (21).
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6-(Thien-2-yl) and 6-(fur-2-yl)salicylates are prepared by TiCl4-mediated [3 + 3] cyclocondensations of
1,3-bis(trimethylsilyloxy)-1,3-butadienes with 3-(thien-2-yl)- and 3-(fur-2-yl)-3-silyloxy-2-en-1-ones,
respectively. The regioselectivity of the cyclization depends on the substitution pattern of the
3-silyloxy-2-en-1-one.


Introduction


Heterocyclic biaryls are of considerable pharmacological rele-
vance and represent important lead structures in medicinal chemi-
stry.1 In this context, highly functionalized 2-(thien-2-yl)benzene
derivatives are of special interest. For example, 6-(thien-2-
yl)salicylates have been reported to show in vitro inhibitory activity
on guinea-pig detrusor muscle contraction on electrical field
stimulation.2 2-(Thien-2-yl)benzoates are CAAX peptidomimetics
and represent potent inhibitors of farnesyltransferase (Ftase).3 2-
(Thien-2-yl)benzoates have been prepared by the Grignard reac-
tion of 1-bromo-2-(thien-2-yl)benzene with carbon dioxide4 and
by Stille5 or Suzuki reactions6 of 2-halobenzoates, or related tran-
sition metal catalyzed cross-coupling reactions. The scope of these
methods is often limited by the fact that sterically encumbered sub-
strates often fail to undergo transition metal catalyzed reactions
or the yields are low. Besides, the synthesis of highly substituted
and functionalized starting materials is often a difficult task.


Some years ago, Chan and Brownbridge developed7 an elegant
approach to functionalized arenes based on formal [3 + 3] cycliza-
tions of 1,3-bis(silyl enol ethers).8,9 Herein, we report the applica-
tion of this methodology to the synthesis of arenes containing an
electron-rich heterocyclic moiety. From a preparative viewpoint,
the chemistry reported offers a convenient and regioselective
approach to functionalized and sterically encumbered 6-(thien-
2-yl)- and 6-(fur-2-yl)salicylates that are not readily available by
other methods and have only scarcely been reported so far.10 Due
to the considerable importance of the trifluoromethyl group in
organic and medicinal chemistry,11 this group was included in the
present studies.‡ The cyclization of 1,3-bis(silyl enol ethers) with


aInstitut für Chemie, Universität Rostock, Albert-Einstein-Str. 3a, 18059
Rostock, Germany. E-mail: peter.langer@uni-rostock.de; Fax: 00 49 381
49864112; Tel: 0049 381 4986410
bLeibniz-Institut für Katalyse e. V. an der Universität Rostock, Albert-
Einstein-Str. 29a, 18059 Rostock, Germany
cInstitut für Anorganische und Analytische Chemie, Universität Jena, August-
Bebel-Str. 2, 07740 Jena, Germany
† Electronic Supplementary Information (ESI) available: Details of the
X-ray structure analyses. CCDC reference numbers 664610, 664611 and
675254. For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/b803472a
‡ While the sizes of the methyl and trifluoromethyl groups are comparable,
the latter possesses a highly electron-withdrawing effect. Therefore, the


alkyl- and CF3-substituted substrates proceeded with different
regioselectivity, which can be explained by electronic factors.


Results and discussion


The 3-(thien-2-yl)- and 3-(fur-2-yl)-1,3-diones 3a–d were prepared
by the LDA-mediated reaction of ketones 1a–c with (thien-2-
yl)- and (fur-2-yl)carboxylic acid chloride (2a,b) (Table 1). The
silylation of 3a–d afforded the silyl enol ethers 4a–d. The TiCl4-
mediated [3 + 3] cyclization of 4a–d with 1,3-bis(silyl enol ethers)
5a–e, prepared from the corresponding 1,3-dicarbonyl compounds
in two steps,12 afforded the 6-(thien-2-yl)salicylates 6a–m and the 6-
(fur-2-yl)salicylates 6n,o. All products were formed with very good
regioselectivity. During the optimization of this reaction, the (high)
concentration and the temperature played an important role. The
relatively low yields (30–47%) can be explained by hydrolysis and
TiCl4 mediated oxidative dimerization of dienes 5.


The cyclocondensation of 4a with 5a and the regioselectivity
can be explained by formation of intermediate A, attack of the
terminal carbon atom of 5 onto the carbon located next to
the methyl group to give intermediate B, cyclization by an SN


′


mechanism with displacement of the Cl3TiO-group (intermediate
C), and subsequent aromatization (Scheme 1). Alternatively, the
cyclization might proceed by isomerization of intermediate A
into intermediate D and subsequent cyclocondensation by a
mechanism similar to the one described above.


The structures of all the products were elucidated by spectro-
scopic methods (2D NMR). The structure of 6b was independently
confirmed by X-ray crystal structure analysis (Fig. 1).13 The thienyl
and the phenyl moiety are in plane. An intramolecular hydrogen
bond is observed although the ester group is slightly twisted out
of plane.


1-Propanoyl-1-(thien-2-oyl)cyclopropane (8) was prepared by
the reaction of 3b with 1,2-dibromoethane (Table 2). The TiCl4-
mediated reaction of 1,3-bis(silyloxy)-1,3-butadienes 5a–d with


replacement of a CH3- by a CF3-group in a molecule results in a great
change in its electronic properties and reactivity. The trifluoromethyl
group in drugs plays an important role in drug–receptor interactions and
in their in vivo transport. In addition, the high chemical and biological
stability of the CF3-group allows the avoidance of unwanted metabolic
transformations.


3542 | Org. Biomol. Chem., 2008, 6, 3542–3551 This journal is © The Royal Society of Chemistry 2008







Table 1 Synthesis of 6a–o


Reagents and conditions: i: LDA (1.5 equiv.), THF; ii: NEt3 (1.6 equiv.),
Me3SiCl (1.8 equiv.), C6H6, 20 ◦C, 3 d; iii: TiCl4, CH2Cl2, −78 → 20 ◦C.


4 5 6 X R1 R2 R3 % (6)a


a a a S Me H Me 32
a b b S Me Me Me 33
a c c S Me Et Et 35
a d d S Me nHex Me 30
a e e S Me nOct Me 34
b a f S Et H Me 35
b b g S Et Me Me 34
b c h S Et Et Et 30
b d i S Et nHex Me 30
c a j S nPr H Me 40
c b k S nPr Me Me 47
c c l S nPr Et Et 42
c d m S nPr nHex Me 35
d a n O Et H Me 32
d b o O Et Me Me 30


a Yields of isolated products.


8 afforded the 6-(thien-2-yl)salicylates 9a–d containing a remote
chloride group (Table 2). The products are formed by a domino
‘[3 + 3]-cyclization–homo-Michael’ reaction.14 It is noteworthy
that the regioselectivity decreased with increasing steric hindrance
of the 1,3-bis(silyl enol ether).


The trifluoromethyl-substituted silyl enol ethers 4e,f were
prepared by silylation of the corresponding 1,3-diketones 3e,f.
The TiCl4-mediated cyclization of 4e,f with 1,3-bis(silyloxy)-
1,3-butadienes 5a–e afforded the novel 4-hetaryl-6-(trifluo-
romethyl)salicylates 10a–j with very good regioselectivity
(Scheme 2, Table 3). The cyclization and the regioselectivity can
be explained by a mechanism similar to the one discussed above
for the synthesis of 6a.


It is noteworthy that the cyclizations of 1,3-bis(silyl enol ethers)
5 with alkyl- and CF3-substituted silyl enol ethers 4a–d and 4e,f
proceed with different regioselectivity. This might be explained
by comparison of the resonance structures of the cations formed
by reaction of TiCl4 with silyl enol ethers 4a and 4e (Fig. 2). In
the case of the CH3-substituted silyl enol ethers 4a–d, it can be
expected that resonance structure A1 is predominant over A2 due
to the r-donating effect of the methyl group. The hetaryl moiety
is expected to be twisted out of plane. In contrast, E2 is expected
to be more stable than E1 due to the cation-destabilizing effect of
the CF3-group. The reactions presumably proceed, under kinetic
reaction control, by attack of the terminal carbon atom of 5 onto
the cationic intermediate that is predominantly present.


Scheme 1 Possible mechanism of the formation of 6a. Reagents and
conditions: i: TiCl4, CH2Cl2, −78 → 20 ◦C.


Fig. 1 Crystal structure of 6b.


The structures of the products were elucidated by spectroscopic
methods (2D NMR). The structures of 10a and 10f were indepen-
dently confirmed by X-ray crystal structure analyses (Fig. 3 and
ESI†).13 Similarly to 6b, the thienyl and the phenyl moiety are in
plane. An intramolecular hydrogen bond is present although the
ester group is slightly twisted out of plane.


Conclusions


In conclusion, a variety of sterically encumbered 6-(thien-2-yl)-
and 6-(fur-2-yl)salicylates were regioselectively prepared by the
Lewis acid mediated [3 + 3] cyclizations of 1,3-bis(silyl enol
ethers) with novel 3-(thien-2-yl)- and 3-(fur-2-yl)-3-silyloxy-2-
en-1-ones and with 1-alkanoyl-1-(thien-2-oyl)cyclopropanes. The
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Table 2 Synthesis of 9a–d


Reagents and conditions: i: K2CO3 (4.0 equiv.), DMSO; ii: TiCl4, CH2Cl2,
−78 → 20 ◦C, 20 h.


5 9 R1 R2 % (9)a Regioisomeric ratio


a a H Me 42 100 : 0
b b Me Me 40 95 : 5
c c Et Et 34 80 : 20
d d nHex Me 32 66 : 33


a Yields of isolated products.


Scheme 2 Possible mechanism of the formation of 10a. Reagents and
conditions: i: TiCl4, CH2Cl2, −78 → 20 ◦C.


Table 3 Synthesis of 10a–j


Reagents and conditions: i: NEt3 (1.6 equiv.), Me3SiCl (1.8 equiv.), C6H6,
20 ◦C, 3 d; ii: TiCl4, CH2Cl2, −78 → 20 ◦C.


4 5 10 X R1 R2 % (10)a


e a a S H Me 35
e b b S Me Me 45
e c c S Et Et 44
e d d S nHex Me 34
e e e S nOct Me 37
f a f O H Me 40
f b g O Me Me 41
f c h O Et Et 35
f d i O nHex Me 30
f e j O nOct Me 35


a Yields of isolated products.


Fig. 2 Possible explanation for the different regioselectivity of formation
of 6a and 10a.
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Fig. 3 Crystal structure of 10a.


cyclizations of 1,3-bis(silyl enol ethers) with alkyl- and CF3-
substituted substrates proceeded with different regioselectivity.
The products are not readily available by other methods.


Experimental section


General Comments. All solvents were dried by standard
methods and all reactions were carried out under an inert
atmosphere. For 1H and 13C NMR spectra the deuterated solvents
indicated were used. Mass spectrometric data (MS) were obtained
by electron ionization (EI, 70 eV), chemical ionization (CI,
H2O) or electrospray ionization (ESI). For preparative scale
chromatography, silica gel (60–200 mesh) was used. Melting points
are uncorrected.


General procedure for the synthesis of 1,3-dicarbonyl compounds
3. To a stirred solution of LDA (75.0 mmol) in THF (1.2 mL
per 1.0 mmol of LDA) was added ketone 1 (50.0 mmol) at
−78 ◦C. After the solution was stirred for 1 h, the acid chloride
2a,b (60.0 mmol) was added. The temperature of the solution was
allowed to rise to 20 ◦C over 12 h. A saturated solution of NH4Cl
was added, the layers were separated, and the aqueous layer was
extracted with EtOAc (3 × 50 mL). The combined organic layers
were dried (Na2SO4) and filtered, and the solvent was removed
in vacuo. The residue was purified by chromatography (silica gel,
n-heptane–EtOAc = 30 : 1 → 20 : 1) to give 3. Compounds 1a–c
and 3e,f are commercially available.


4-Hydroxy-4-(2-thienyl)-3-buten-2-one (3a). Starting with
THF (4.8 mL), LDA (6 mmol), acetone 1a (0.232 g, 4.0 mmol)
and 2-thiophenecarbonyl chloride 2 (0.704 g, 4.8 mmol), 3a was
isolated as a yellowish oil (0.235 g, 34%). 1H NMR (300 MHz,
CDCl3): d = 2.02 (s, 3 H, CH3), 5.90 (s, 1 H, CH), 6.97 (m, 1
H, CHHetar), 7.45 (dd, 3J = 4.9 Hz, 4J = 1.1 Hz, 1 H, CHHetar),
7.54–7.56 (m, 1 H, CHHetar), 15.59 (s, 1 H, OH). 13C NMR
(75 MHz, CDCl3): d = 22.70 (CH3), 95.4 (CH), 126.7, 129.9, 132.6
(CHHetar), 140.5 (CHetar), 180.7 (COH), 186.1 (CO). IR (KBr, cm−1):
m̃ = 3435 (br, m), 3085 (m), 2963 (w), 1629 (s), 1519 (m), 1408 (s),
1275 (s), 1078 (m), 937 (m), 797 (m), 779 (s), 723 (s). GC-MS (EI,
70 eV): m/z (%) = 168 ([M+], 87), 153 (45), 135 (21), 126 (18),
111 (100), 97 (7), 84 (15), 69 (53), 43 (23). HRMS (EI): calcd for
C8H8O2S [M+]: 168.02395; found: 168.02385.


1-Hydroxy-1-(2-thienyl)-1-penten-3-one (3b). Starting with
THF (62.5 mL), LDA (75 mmol), 2-butanone 1b (3.606 g,
50.0 mmol) and 2-thiophenecarbonyl chloride 2 (8.796 g,
60.0 mmol), 3b was isolated as a yellowish oil (2.720 g, 30%). 1H
NMR (300 MHz, CDCl3): d = 1.41 (t, 3J = 6.6 Hz, 3 H, CH2CH3),


2.60 (q, 3J = 7.6 Hz, 2 H, CH2CH3), 6.22 (s, 1 H, CH), 7.31–7.33
(m, 1 H, CHHetar), 7.78 (dd, 3J = 4.9 Hz, 4J = 1.1 Hz, 1 H, CHHetar),
7.88–7.90 (m, 1 H, CHHetar), 15.89 (s, 1 H, OH). 13C NMR (75 MHz,
CDCl3): d = 10.5 (CH2CH3), 31.0 (CH2CH3), 95.3 (CH), 128.5,
130.4, 132.6 (CHHetar), 142.1 (CHetar), 182.1 (COH), 186.1 (CO).
GC-MS (EI, 70 eV): m/z (%) = 182 ([M+], 62), 153 (86), 126 (26),
111 (100), 97 (7), 83 (8), 69 (56), 56 (17), 53 (7), 45 (8), 39 (17),
29 (8). HRMS (EI): calcd for C9H10O2S [M+]: 182.03960; found:
182.03933.


1-Hydroxy-1-(2-thienyl)-1-hexen-3-one (3c). Starting with
THF (62.5 mL), LDA (75.0 mmol), 2-pentanone (1c) (4.306 g,
50.0 mmol) and 2-thiophenecarboxylic acid chloride (2) (8.796 g,
60.0 mmol), 3c was isolated as a yellowish oil (2.750 g, 28%).
1H NMR (300 MHz, CDCl3): d = 0.86 (t, 3J = 7.4 Hz, 3 H,
CH2CH2CH3), 1.53–1.61 (m, 2 H, CH2CH2CH3), 2.21 (t, 3J =
7.2 Hz, 2 H, CH2CH2CH3), 5.91 (s, 1 H, CH), 6.97–7.00 (m, 1
H, CHHetar), 7.46 (dd, 3J = 4.4 Hz, 4J = 0.9 Hz, 1 H, CHHetar),
7.56–7.57 (m, 1 H, CHHetar), 15.62 (s, 1 H, OH). 13C NMR
(75 MHz, CDCl3): d = 12.6 (CH2CH2CH3), 18.4 (CH2CH2CH3),
38.2 (CH2CH2CH3), 94.8 (CH), 126.6, 129.1, 131.9 (CHHetar), 142.6
(CHetar), 181.0 (COH), 189.1 (CO). GC-MS (EI, 70 eV): m/z (%) =
196 ([M+], 47), 181 (3), 168 (14), 153 (100), 135 (4), 126 (34), 111
(90), 97 (7), 85 (7), 69 (53), 53 (5), 39 (18). HRMS (EI): calcd for
C10H12O2S [M+]: 196.05525; found: 196.05469.


General procedure for the synthesis of silyl enol ethers 4. To
a stirred benzene solution (2.5 mL per 1.0 mmol of 3) of 3
(10.0 mmol) was added triethylamine (16.0 mmol). After the so-
lution had been stirred for 2 h, trimethylchlorosilane (18.0 mmol)
was added. After the solution had been stirred for 72 h, the solvent
was removed in vacuo and hexane (25 mL) was added to the
residue to give a suspension. The latter was filtered under an argon
atmosphere. The filtrate was concentrated in vacuo to give silyl enol
ethers 4.


4-(2-Thienyl)-4-[(trimethylsilyl)oxy]-3-buten-2-one (4a). Start-
ing with benzene (41.0 mL), 3a (2.757 g, 16.4 mmol), triethy-
lamine (3.205 g, 26.2 mmol) and trimethylchlorosilane (3.205 g,
29.5 mmol), 4a was isolated as a reddish oil (3.464 g, 88%). 1H
NMR (300 MHz, CDCl3): d = 0.19 (m, 9 H, Si(CH3)3), 2.21 (s, 3
H, CH3), 5.18 (s, 1 H, CH), 6.90–6.96 (m, 1 H, CHHetar), 7.34–7.38
(m, 1 H, CHHetar), 7.39–7.42 (m, 1 H, CHHetar).


1-(2-Thienyl)-1-[(trimethylsilyl)oxy]-1-penten-3-one (4b).
Starting with benzene (30.0 mL), 3b (1.821 g, 10.0 mmol),
triethylamine (1.619 g, 16.0 mmol) and trimethylchlorosilane
(1.738 g, 18.0 mmol), 4b was isolated as a reddish oil (2.162 g,
85%). 1H NMR (300 MHz, CDCl3): d = 0.20 (m, 9 H, Si(CH3)3),
0.98 (t, 3J = 7.4 Hz, 3 H, CH2CH3), 2.68 (q, 3J = 7.6 Hz, 2
H, CH2CH3), 5.96 (s, 1 H, CH), 6.93–6.95 (m, 1 H, CHHetar),
7.36–7.38 (m, 1 H, CHHetar), 7.42–7.44 (m, 1 H, CHHetar).


1-(2-Thienyl)-1-[(trimethylsilyl)oxy]-1-hexen-3-one (4c). Start-
ing with benzene (73.0 mL), 3c (4.799 g, 24.5 mmol), triethy-
lamine (3.960 g, 39.1 mmol) and trimethylchlorosilane (4.780 g,
44.0 mmol), 4c was isolated as a yellowish oil (6.018 g, 92%). 1H
NMR (300 MHz, CDCl3): d = 0.27 (m, 9 H, Si(CH3)3), 0.90 (t,
3J = 7.2 Hz, 3 H, CH2CH2CH3), 1.53 (m, 2 H, CH2CH2CH3), 2.74
(t, 3J = 6.1 Hz, 2 H, CH2CH2CH3), 6.08 (s, 1 H, CH), 6.97–7.01
(m, 1 H, CHHetar), 7.43–7.45 (m, 1 H, CHHetar), 7.49–7.51 (m, 1 H,
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CHHetar). 13C NMR (75 MHz, CDCl3): d = 0.3 (Si(CH3)3), 12.8
(CH2CH2CH3), 18.4 (CH2CH2CH3), 35.3 (CH2CH2CH3), 103.8
(CH), 127.5, 128.8, 132.0 (CHHetar), 147.3 (CHetar), 174.8 (C), 181.7
(CO).


1-(2-Furyl)-1-[(trimethylsilyl)oxy]-1-penten-3-one (4d). Start-
ing with benzene (30.0 mL), 3d (1.660 g, 10.0 mmol), triethy-
lamine (1.619 g, 16.0 mmol) and trimethylchlorosilane (1.738 g,
18.0 mmol), 4d was isolated as a yellowish oil (2.028 g, 84%). 1H
NMR (250 MHz, CDCl3): d = 0.27 (m, 9 H, Si(CH3)3), 1.05 (t,
3J = 7.6 Hz, 3 H, CH2CH3), 2.76 (q, 3J = 7.4 Hz, 2 H, CH2CH3),
6.09 (s,1 H, CH), 6.43 (m, 1 H, CHHetar), 7.01 (m, 1 H, CHHetar),
7.44 (m, 1 H, CHHetar).


1,1,1-Trifluoro-4-(2-thienyl)-4-[(trimethylsilyl)oxy]-3-buten-2-
one (4e). Starting with benzene (45.0 mL), 3e (3.330 g,
15.0 mmol), triethylamine (2.429 g, 24.0 mmol) and trimethyl-
chlorosilane (2.917 g, 27.0 mmol), 4e was isolated as a reddish oil
(3.175 g, 72%). 1H NMR (250 MHz, CDCl3): d = 0.24 (m, 9 H,
Si(CH3)3), 6.53 (m, 1 H, CH), 7.04 (m, 1 H, CHHeter), 7.56–7.62 (m,
2 H, CHHeter).


1,1,1-Trifluoro-4-(2-furyl)-4-[(trimethylsilyl)oxy]-3-buten-2-one
(4f). Starting with benzene (45.0 mL), 3f (3.09 g, 15.0 mmol),
triethylamine (2.429 g, 24.0 mmol) and trimethylchlorosilane
(2.917 g, 27.0 mmol), 4f was isolated as a reddish oil (3.169 g,
76%). 1H NMR (300 MHz, CDCl3): d = 0.27 (m, 9 H, Si(CH3)3),
6.44 (m, 1 H, CH), 6.59 (m, 1 H, CHHeter), 7.12–7.19 (m, 1 H,
CHHeter), 7.49–7.54 (m, 1 H, CHHeter).


General procedure for the synthesis of salicylates 6. To a
CH2Cl2 solution (2 mL per 1.0 mmol of 4) of 4 (1.0 mmol)
was added 5 (1.1 mmol) and, subsequently, TiCl4 (1.1 mmol) at
−78 ◦C. The temperature of the solution was allowed to warm
to 20 ◦C over 14 h with stirring. To the solution was added
hydrochloric acid (10%, 20 mL) and the organic and the aqueous
layer were separated. The latter was extracted with CH2Cl2 (3 ×
20 mL). The combined organic layers were dried (Na2SO4), filtered
and the filtrate was concentrated in vacuo. The residue was purified
by chromatography (silica gel, n-heptane–EtOAc) to give 6.


Methyl 2-hydroxy-4-methyl-6-(2-thienyl)-benzoate (6a). Start-
ing with 4a (0.361 g, 1.5 mmol), 5a (0.426 g, 1.6 mmol) and TiCl4


(0.18 mL, 1.6 mmol), 6a was isolated as a reddish viscous oil
(0.119 g, 32%); 1H NMR (300 MHz, CDCl3): d = 2.24 (s, 3 H,
CH3), 3.50 (s, 3 H, OCH3), 6.77 (m, 1 H, CHAr), 6.74 (m, 1 H,
CHAr), 6.80–6.82 (m, 1 H, CHHetar), 6.91 (dd, 3J = 4.9 Hz, 4J =
1.5 Hz, 1 H, CHHetar), 7.20 (dd, 3J = 4.5 Hz, 4J = 1.8 Hz, 1 H,
CHHetar), 10.55 (s, 1 H, OH). 13C NMR (75 MHz, CDCl3): d = 21.9
(CH3), 52.2 (OCH3), 110.7 (CCOOCH3Ar), 118.2 (CHAr), 125.4 (2
CHHetar), 126.1 (CHHetar), 126.9 (CHAr), 136.8, 144.0 (CAr), 145.1
(CHetar), 161.9 (COHAr), 171.5 (CO). IR (neat, cm−1): m̃ = 2921 (w),
2851 (w), 1660 (m), 1611 (m), 1569 (m), 1432 (m), 1333 (m), 1261
(m), 1222 (m), 1089 (m), 848 (w), 795 (m), 702 (m). GC-MS (EI,
70 eV): m/z (%) = 248 ([M+], 53), 216 (100), 188 (52), 160 (11),
145 (3), 128 (5), 115 (16), 77 (3). HRMS (EI): calcd for C13H12O3S
[M+]: 248.04948; found: 248.04961.


Methyl 2-hydroxy-3,4-dimethyl-6-(2-thienyl)-benzoate (6b).
Starting with 4a (0.240 g, 1.0 mmol), 5b (0.190 g, 1.1 mmol) and
TiCl4 (0.12 mL, 1.1 mmol), 6b was isolated as a reddish solid.
(0.086 g, 33%), mp = 75–81 ◦C. 1H NMR (300 MHz, CDCl3):


d = 2.13 (s, 3 H, CH3), 2.22 (s, 3 H, CH3), 3.51 (s, 3 H, OCH3),
6.69 (m, 1 H, CHAr), 6.79 (m, 1 H, CHHetar), 6.92 (dd, 3J = 5.1 Hz,
4J = 1.7 Hz, 1 H, CHHetar), 7.19 (dd, 3J = 5.1 Hz, 4J = 1.1 Hz,
1 H, CHHetar), 10.88 (s, 1 H, OH). 13C NMR (75 MHz, CDCl3):
d = 12.0, 20.7 (CH3), 52.2 (OCH3), 110.3 (CCOOCH3Ar), 125.1
(CHAr), 125.3 (CAr), 125.5, 125.9, 126.8 (CHHetar), 133.5, 143.2
(CAr), 144.5 (CHetar), 159.8 (COHAr), 172.0 (CO). IR (neat, cm−1):
m̃= 2948 (w), 2854 (w), 1668 (s), 1600 (m), 1562 (w), 1433 (s), 1332
(w), 1258 (s), 1150 (s), 1089 (s), 1057 (m), 842 (s), 798 (s), 711 (s).
GC-MS (EI, 70 eV): m/z (%) = 262 ([M+], 63), 230 (100), 215 (4),
202 (58), 187 (26), 173 (17), 159 (6), 141 (3), 129 (6), 115 (12), 91
(3), 77 (3), 63 (3), 45 (4). HRMS (EI): calcd for C14H14O3S [M+]:
262.06582; found: 262.06563.


Ethyl 3-ethyl-2-hydroxy-4-methyl-6-(2-thienyl)-benzoate (6c).
Starting with 4a (0.360 g, 1.5 mmol), 5c (0.495 g, 1.6 mmol) and
TiCl4 (0.18 mL, 1.6 mmol), 6c was isolated as a reddish viscous
oil (0.152 g, 35%). 1H NMR (300 MHz, CDCl3): d = 0.72 (t, 3J =
7.2 Hz, 3 H, CH2CH3), 0.97 (t, 3J = 7.4 Hz, 3 H, OCH2CH3),
2.13 (s, 3 H, CH3), 2.56 (q, 3J = 7.4 Hz, 2 H, CH2CH3), 3.87
(q, 3J = 7.2 Hz, 2 H, OCH2CH3), 6.56 (s, 1 H, CHAr), 6.67 (m,
1 H, CHHetar), 6.79 (dd, 3J = 5.1 Hz, 4J = 1.7 Hz, 1 H, CHHetar),
7.07 (dd, 3J = 5.1 Hz, 4J = 1.1 Hz, 1 H, CHHetar), 10.89 (s, 1
H, OH). 13C NMR (75 MHz, CDCl3): d = 14.1 (CH2CH3), 14.2
(OCH2CH3), 20.6 (CH2CH3), 27.7 (CH3), 62.2 (OCH2CH3), 112.3
(CCOOCH2CH3Ar), 126.3 (CHAr), 127.2, 127.3, 128.2 (CHHetar),
132.8, 135.2 (CAr), 143.7 (CHetar), 146.1 (CAr), 161.4 (COHAr), 173.1
(CO). IR (neat, cm−1): m̃ = 2928 (m), 2872 (w), 1658 (s), 1606 (m),
1455 (m), 1389 (s), 1275 (s), 1226 (s), 1176 (m), 1104 (m), 1037 (w),
810 (w), 693 (m). GC-MS (EI, 70 eV): m/z (%) = 290 ([M+], 78),
244 (100), 229 (60), 216 (69), 201 (34), 187 (8), 171 (16), 158 (5),
128 (10), 115 (10), 77 (5), 45 (4). HRMS (EI): calcd for C16H18O3S
[M+]: 290.09712; found: 290.09704.


Methyl 3-hexyl-2-hydroxy-4-methyl-6-(2-thienyl)-benzoate (6d).
Starting with 4a (0.360 g, 1.5 mmol), 5d (0.563 g, 1.6 mmol) and
TiCl4 (0.18 mL, 1.6 mmol), 6d was isolated as a reddish viscous oil
(0.134 g, 30%). 1H NMR (300 MHz, CDCl3): d = 0.70 (t(br), 3J =
6.6 Hz, 3 H, CH2(CH2)4CH3), 1.08 (m, 8 H, CH2(CH2)4CH3), 2.13
(s, 3 H, CH3), 2.53 (t, 3J = 7.2 Hz, 2 H, CH2(CH2)4CH3), 3.40 (s,
3 H, OCH3), 6.56 (m, 1 H, CHAr), 6.68–6.70 (m, 1 H, CHHetar),
6.80 (m, 1 H, CHHetar), 7.08 (d, 3J = 5.9 Hz, 1 H, CHHetar), 10.71
(s, 1 H, OH). 13C NMR (75 MHz, CDCl3): d = 15.2 ((CH2)5CH3),
20.9 (CH3), 23.7, 27.5, 29.9, 30.7, 32.8 ((CH2)5CH3), 53.0 (OCH3),
111.3 (CCOOCH3Ar), 125.9 (CHAr), 126.6, 126.7, 127.6 (CHHetar),
131.0, 134.4 (CAr), 143.4 (CHetar), 145.3 (CAr), 160.6 (COHAr), 172.8
(CO). IR (neat, cm−1): m̃ = 2925 (s), 2855 (s), 1663 (s), 1607 (m),
1440 (s), 1391 (m), 1268 (s), 1226 (s), 1197 (m), 1162 (m), 1122 (w),
849 (w), 693 (m). GC-MS (EI, 70 eV): m/z (%) = 332 ([M+], 56),
300 (24), 285 (43), 271 (3), 243 (11), 230 (100), 215 (4), 202 (20),
187 (5), 171 (11), 128 (8), 41 (4). HRMS (EI): calcd for C19H24O3S
[M+]: 332.14407; found: 332.14436.


Methyl 2-hydroxy-4-methyl-3-octyl-6-(2-thienyl)-benzoate (6e).
Starting with 4a (0.360 g, 1.5 mmol), 5e (0.609 g, 1.6 mmol) and
TiCl4 (0.18 mL, 1.6 mmol), 6e was isolated as a reddish viscous oil
(0.180 g, 34%). 1H NMR (300 MHz, CDCl3): d = 0.70 (t(br), 3J =
6.2 Hz, 3 H, CH2(CH2)6CH3), 1.09 (m, 12 H, CH2(CH2)6CH3),
2.13 (s, 3 H, CH3), 2.50 (t, 3J = 7.4 Hz, 2 H, CH2(CH2)6CH3),
3.53 (s, 3 H, OCH3), 6.57 (m, 1 H, CHAr), 6.69 (m, 1 H, CHHetar),
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6.80–6.82 (m, 1 H, CHHetar), 7.07–7.09 (m, 1 H, CHHetar), 10.71 (s,
1 H, OH). 13C NMR (75 MHz, CDCl3): d = 15.2 ((CH2)7CH3),
20.9 (CH3), 23.8, 27.5, 28.3, 29.9, 30.5, 31.2, 33.0 (CH2), 53.0
(OCH3), 111.3 (CCOOCH3Ar), 125.9 (CHAr), 126.6 (2 CHHetar),
127.6 (CHHetar), 131.0, 134.3 (CAr), 143.3 (CHetar), 145.3 (CAr), 160.7
(COHAr), 172.8 (CO). IR (neat, cm−1): m̃ = 2925 (s), 2855 (m), 1663
(s), 1607 (m), 1439 (m), 1360 (w), 1260 (m), 1226 (s), 1162 (m),
1025 (w), 844 (m), 693 (m). GC-MS (EI, 70 eV): m/z (%) = 360
([M+], 51), 328 (24), 313 (41), 230 (100), 202 (18), 171 (9), 128 (6),
41 (5). HRMS (EI): calcd for C21H28O3S [M+]: 360.17537; found:
360.17496.


Methyl 4-ethyl-2-hydroxy-6-(2-thienyl)-benzoate (6f). Starting
with 4b (0.448 g, 2.0 mmol), 5a (0.567 g, 2.2 mmol) and TiCl4


(0.24 mL, 2.2 mmol), 6f was isolated as a reddish viscous oil
(0.184 g, 35%). 1H NMR (300 MHz, CDCl3): d = 1.15 (t, 3J =
7.4 Hz, 3 H, CH2CH3), 2.53 (q, 3J = 7.4 Hz, 2 H, CH2CH3),
3.50 (s, 3 H, OCH3), 6.69 (s, 1 H, CHAr), 6.77 (s, 1 H, CHAr),
6.81 (m, 1 H, CHHetar), 6.91 (dd, 3J = 5.1 Hz, 4J = 1.7 Hz, 1 H,
CHHetar), 7.21 (dd, 3J = 4.9 Hz, 4J = 1.3 Hz, 1 H, CHHetar), 10.55
(s, 1 H, OH). 13C NMR (75 MHz, CDCl3): d = 13.6 (CH2CH3),
27.7 (CH2CH3), 50.8 (OCH3), 109.0 (CCOOCH3Ar), 115.5 (CHAr),
122.8, 123.9 (CHHetar), 124.7 (CHAr), 125.4 (CHHetar), 135.5, 142.7
(CAr), 149.7 (CHetar), 160.5 (COHAr), 170.0 (CO). IR (neat, cm−1):
m̃ = 2967 (s), 2872 (w), 1734 (w), 1664 (s), 1610 (s), 1568 (s), 1440
(s), 1360 (s), 1265 (s), 1160 (m), 1098 (s), 1014 (m), 932 (m), 808
(m), 791 (m), 697 (s). GC-MS (EI, 70 eV): m/z (%) = 262 ([M+],
43), 230 (100), 202 (26), 187 (24), 173 (7), 115 (10). HRMS (EI):
calcd for C14H14O3S [M+]: 262.0582; found: 262.06562.


Methyl 4-ethyl-2-hydroxy-3-methyl-6-(2-thienyl)-benzoate (6g).
Starting with 4b (0.448 g, 2.0 mmol), 5b (0.598 g, 2.2 mmol) and
TiCl4 (0.24 mL, 2.2 mmol), 6g was isolated as a reddish viscous
oil. (0.180 g, 34%). 1H NMR (300 MHz, CDCl3): d = 1.09 (t, 3J =
7.6 Hz, 3 H, CH2CH3), 2.13 (s, 3 H, CH3), 2.54 (q, 3J = 7.4 Hz, 2 H,
CH2CH3), 3.48 (s, 3 H, OCH3), 6.67 (s, 1 H, CHAr), 6.77–6.79 (m, 1
H, CHHetar), 6.90 (dd, 3J = 4.9 Hz, 4J = 1.5 Hz, 1 H, CHHetar), 7.16
(dd, 3J = 5.1 Hz, 4J = 1.1 Hz, 1 H, CHHetar), 10.87 (s, 1 H, OH).
13C NMR (75 MHz, CDCl3): d = 11.0 (CH2CH3), 14.0 (CH3),
26.8 (CH2CH3), 51.7 (OCH3), 109.0 (CCOOCH3Ar), 123.1 (CHAr),
123.5, 124.6, 126.3 (CHHetar), 133.3, 139.7 (CAr), 144.4 (CHetar), 148.4
(CAr), 159.6 (COHAr), 171.6 (CO). IR (Nujol, cm−1): m̃ = 1663 (s),
1607 (m), 1561 (m), 1261 (s), 1220 (m), 1196 (m), 1160 (m), 1102
(w), 1043 (m), 1007 (m), 848 (m), 806 (m), 766 (w), 649 (s). MS
(EI, 70 eV): m/z (%) = 276 ([M+], 98), 244 (100), 216 (91), 201
(41), 187 (23), 173 (25), 115 (15), 97 (8), 69 (10), 55 (8), 43 (8).
HRMS (CI, positive): calcd for C15H17O3S ([M + 1]+): 277.08929;
found: 277.08890.


Ethyl 3,4-diethyl-2-hydroxy-6-(2-thienyl)-benzoate (6h). Start-
ing with 4b (0.448 g, 2.0 mmol), 5c (0.659 g, 2.2 mmol) and TiCl4


(0.24 mL, 2.2 mmol), 6h was isolated as a reddish viscous oil
(0.186 g, 30%). 1H NMR (300 MHz, CDCl3): d = 0.82 (t, 3J =
7.0 Hz, 3 H, CH2CH3), 1.09 (t, 3J = 7.4 Hz, 3 H, CH2CH3),
1.12 (t, 3J = 7.6 Hz, 3 H, OCH2CH3), 2.56 (q, 3J = 7.4 Hz, 2
H, CH2CH3), 2.64 (q, 3J = 7.4 Hz, 2 H, CH2CH3), 3.96 (q, 3J =
7.0 Hz, 2 H, OCH2CH3), 6.67 (s, 1 H, CHAr), 6.76–6.78 (m, 1
H, CHHetar), 6.90 (dd, 3J = 5.1 Hz, 4J = 1.5 Hz, 1 H, CHHetar),
7.17 (dd, 3J = 5.1 Hz, 4J = 1.1 Hz, 1 H, CHHetar), 10.99 (s, 1
H, OH). 13C NMR (75 MHz, CDCl3): d = 13.5 (CH2CH3), 14.4


(CH2CH3), 16.6 (OCH2CH3), 19.5 (CH2CH3), 26.4 (CH2CH3),
61.3 (OCH2CH3), 110.8 (CCOOCH2CH3Ar), 124.2 (CHAr), 125.9,
126.1, 127.1 (CHHetar), 134.0, 139.7 (CAr), 144.8 (CHetar), 148.1 (CAr),
160.4 (COHAr), 171.6 (CO). IR (neat, cm−1): m̃ = 2968 (s), 2874 (m),
1657 (s), 1606 (m), 1559 (m), 1463 (m), 1394 (s), 1322 (m), 1274
(s), 1242 (m), 1220 (s), 1175 (s), 1109 (m), 1030 (m), 870 (w), 812
(m), 694 (s). MS (EI, 70 eV): m/z (%) = 304 ([M+], 47), 258 (100),
229 (31), 215 (52), 201 (6), 187 (7), 171 (13), 153 (6), 97 (11), 81(9),
69 (14), 55 (13), 41 (11). HRMS (EI): calcd for C17H20O3S [M+]:
304.11277; found: 304.11299.


Methyl 4-ethyl-3-hexyl-2-hydroxy-6-(2-thienyl)-benzoate (6i).
Starting with 4b (0.425 g, 1.7 mmol), 5d (0.628 g, 1.8 mmol) and
TiCl4 (0.20 mL, 1.8 mmol), 6i was isolated as a reddish viscous oil
(0.156 g, 30%). 1H NMR (300 MHz, CDCl3): d = 0.71 (t(br), 3J =
7.0 Hz, 3 H, CH2(CH2)4CH3), 1.03 (t, 3J = 7.6 Hz, 3 H, CH2CH3),
1.08–1.14 (m, 8 H, CH2(CH2)4CH3), 2.46 (q, 3J = 7.2 Hz, 2 H,
CH2CH3), 2.48 (q, 3J = 8.1 Hz, 2 H, CH2(CH2)4CH3), 3.41 (s,
3 H, OCH3), 6.59 (m, 1 H, CHAr), 6.70 (m, 1 H, CHHetar), 6.82
(dd, 3J = 6.4 Hz, 4J = 1.7 Hz, 1 H, CHHetar), 7.07–7.09 (m, 1 H,
CHHetar), 10.71 (s, 1 H, OH). 13C NMR (75 MHz, CDCl3): d = 15.2
((CH2)5CH3), 20.9 (CH2CH3), 23.8, 27.2, 30.4, 30.7, 31.0, 33.1
(CH2), 53.0 (OCH3), 111.2 (CCOOCH3Ar), 124.9 (CHAr), 125.9,
126.6, 127.6 (CHHetar), 130.4, 134.6 (CAr), 145.8 (CHetar), 149.3 (CAr),
160.8 (COHAr), 172.8 (CO). IR (neat, cm−1): m̃ = 2925 (s), 2854 (m),
1661 (s), 1606 (m), 1559 (m), 1439 (s), 1396 (s), 1324 (m), 1263 (s),
1220 (s), 1197 (m), 1162 (m), 1125 (w), 849 (m), 813 (w), 649 (m).
GC-MS (EI, 70 eV): m/z (%) = 346 ([M+], 43), 314 (8), 285 (100),
271 (5), 257 (8), 244 (55), 215 (13), 187 (4), 171 (12), 153 (4), 85 (8),
71 (11), 57 (15), 43 (13). HRMS (EI): calcd for C20H26O3S [M+]:
346.15972; found: 346.15989.


Methyl 2-hydroxy-4-propyl-6-(2-thienyl)-benzoate (6j). Start-
ing with 4c (0.536 g, 2.0 mmol), 5a (0.568 g, 2.2 mmol) and
TiCl4 (0.24 mL, 2.2 mmol), 6j was isolated as a reddish viscous
oil (0.214 g, 40%). 1H NMR (300 MHz, CDCl3): d = 0.81 (t, 3J =
7.4 Hz, 3 H, CH2CH2CH3), 1.45–1.58 (m, 2 H, CH2CH2CH3), 2.42
(t, 3J = 7.8 Hz, 2 H, CH2CH2CH3), 3.46 (s, 3 H, OCH3), 6.62 (s, 1
H, CHAr), 6.70 (s, 1 H, CHAr), 6.77 (m, 1 H, CHHetar), 6.86 (m, 1 H,
CHHetar), 7.15 (d, 3J = 6.3 Hz, 1 H, CHHetar), 10.57 (s, 1 H, OHAr). 13C
NMR (75 MHz, CDCl3): d = 13.7 (CH3), 23.6, 37.7 (CH2), 51.7
(OCH3), 110.2 (CCOOMeAr), 117.1, 124.3 (CHAr), 124.9, 125.6,
126.4 (CHHetar), 136.7, 143.7 (CAr), 149.2 (CHetar), 161.4 (COHAr),
171.0 (CO). IR (KBr, cm−1): m̃ = 3012 (w), 2844 (w), 1662 (s), 1499
(m), 1459 (s), 1378 (s), 1239 (s), 1106 (m), 1074 (m), 1025 (m), 806
(m). MS (EI, 70 eV): m/z (%) = 276 ([M+], 60), 244 (100), 229
(5), 216 (97), 187 (24), 160 (10), 115 (20). HRMS (EI): calcd for
C15H16SO3 [M+]: 276.08147; found: 276.08178.


Methyl 2-hydroxy-3-methyl-4-propyl-6-(2-thienyl) -benzoate
(6k). Starting with 4c (0.537 g, 2.0 mmol), 5b (0.604 g, 2.2 mmol)
and TiCl4 (0.24 mL, 2.2 mmol), 6k was isolated as a reddish
viscous oil (0.274 g, 47%). 1H NMR (300 MHz, CDCl3): d =
0.88 (t, 3J = 7.4 Hz, 3 H, CH2CH2CH3), 1.46–1.49 (m, 2 H,
CH2CH2CH3), 2.14 (s, 3 H, CH3), 2.49 (t, 3J = 7.8 Hz, 2 H,
CH2CH2CH3), 3.49 (s, 3 H, OCH3), 6.66 (s, 1 H, CHAr), 6.78–6.79
(m, 1 H, CHHetar), 6.90 (dd, 3J = 5.1 Hz, 4J = 1.5 Hz, 1 H, CHHetar),
7.17 (dd, 3J = 5.1 Hz, 4J = 1.1 Hz, 1 H, CHHetar), 10.88 (s, 1 H,
OH). 13C NMR (75 MHz, CDCl3): d = 11.7 (CH2CH2CH3), 14.7
(CH3), 23.1 (CH2CH2CH3), 36.3 (CH2CH2CH3), 52.2 (OCH3),
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110.2 (CCOOMeAr), 124.8 (CHAr), 125.9, 126.8, 127.5 (CHHetar),
133.5, 140.0 (CAr), 144.6 (CHetar), 147.5 (CAr), 160.1 (COHAr), 172.1
(CO). IR (neat, cm−1): m̃ = 2957 (s), 2871 (m), 1662 (s), 1607 (m),
1562 (m), 1438 (s), 1397 (s), 1312 (m), 1266 (s), 1198 (m), 1161
(m), 1011 (w), 849 (w), 807 (m), 747 (w), 697 (m). MS (EI, 70
eV): m/z (%) = 290 ([M+], 72), 258 (100), 229 (18), 215 (25), 202
(55), 187 (13), 171 (13), 158 (4), 128 (9), 115 (10), 89 (3), 77 (4),
45 (3). HRMS (EI): calcd for C16H18O3S [M+]: 290.09712; found:
290.09699.


Ethyl 3-ethyl-2-hydroxy-4-propyl-6-(2-thienyl)-benzoate (6l).
Starting with 4c (0.537 g, 2.0 mmol), 5c (0.659 g, 2.2 mmol) and
TiCl4 (0.24 mL, 2.2 mmol), 6l was isolated as a reddish viscous
oil (0.245 g, 42%). 1H NMR (300 MHz, CDCl3): d = 0.81 (t,
3J = 7.0 Hz, 3 H, CH2CH2CH3), 0.89 (t, 3J = 7.2 Hz, 3 H,
CH2CH3), 1.09 (t, 3J = 7.4 Hz, 3 H, OCH2CH3), 1.49–1.56 (m,
2 H, CH2CH2CH3), 2.50 (t, 3J = 7.8 Hz, 2 H, CH2CH2CH3),
2.64 (q, 3J = 7.4 Hz, 2 H, CH2CH3), 3.96 (q, 3J = 7.0 Hz, 2
H, OCH2CH3), 6.66 (s, 1 H, CHAr), 6.76–6.77 (m, 1 H, CHHetar),
6.88 (dd, 3J = 5.1 Hz, 4J = 1.5 Hz, 1 H, CHHetar), 7.16 (dd,
3J = 5.1 Hz, 4J = 1.1 Hz, 1 H, CHHetar), 10.99 (s, 1 H, OH). 13C
NMR (75 MHz, CDCl3): d = 13.5 (CH2CH2CH3), 14.3 (CH2CH3),
14.6 (OCH2CH3), 19.6 (CH2CH2CH3), 24.5 (CH2CH2CH3), 35.5
(CH2CH3), 61.3 (OCH2CH3), 110.8 (CCOOCH2CH3Ar), 124.8
(CHAr), 125.0, 125.9, 126.7 (CHHetar), 131.0, 133.7 (CAr), 142.6
(CHetar), 144.8 (CAr), 160.2 (COHAr), 171.6 (CO). GC-MS (EI, 70
eV): m/z (%) = 318 ([M+], 62), 272 (100), 257 (64), 244 (18), 229
(45), 216 (7), 201 (7), 187 (5), 171 (14), 153 (4), 115 (7), 97 (3),
77 (3). HRMS (EI): calcd for C18H22O3S [M+]: 318.12842; found:
318.12842.


Methyl 3-hexyl-2-hydroxy-4-propyl-6-(2-thienyl)-benzoate (6m).
Starting with 4c (0.537 g, 2.0 mmol), 5d (0.812 g, 2.2 mmol) and
TiCl4 (0.24 mL, 2.2 mmol), 6m was isolated as a reddish viscous
oil (0.273 g, 35%). 1H NMR (300 MHz, CDCl3): d = 0.71 (t(br),
3J = 4.7 Hz, 3 H, CH2(CH2)4CH3), 0.81 (t, 3J = 7.2 Hz, 3 H,
CH2CH2CH3), 1.08 (m, 8 H, CH2(CH2)4CH3), 1.39–1.47 (m, 2 H,
CH2CH2CH3), 2.41 (t, 3J = 7.8 Hz, 2 H, CH2CH2CH3), 2.49 (t,
3J = 7.4 Hz, 2 H, CH2(CH2)4CH3), 3.41 (s, 3 H, OCH3), 6.57 (m,
1 H, CHAr), 6.69–6.71 (m, 1 H, CHHetar), 6.81 (dd, 3J = 4.9 Hz,
4J = 1.5 Hz, 1 H, CHHetar), 7.10 (dd, 3J = 5.1 Hz, 4J = 1.1 Hz, 1
H, CHHetar), 10.71 (s, 1 H, OH). 13C NMR (75 MHz, CDCl3): d =
13.1 ((CH2)5CH3), 13.2 (CH2CH2CH3), 21.6, 23.0, 25.0, 28.5, 28.6,
30.7, 34.2 (CH2), 50.8 (OCH3), 108.9 (CCOOCH3Ar), 123.5 (CHAr),
123.6, 124.4, 125.4 (CHHetar), 128.5, 132.1 (CAr), 143.3 (CHetar), 145.7
(CAr), 158.7 (COHAr), 170.6 (CO). IR (neat, cm−1): m̃ = 2927 (s),
2870 (m), 1663 (s), 1605 (m), 1559 (m), 1437 (s), 1396 (s), 1268 (s),
1161 (s), 1114 (w), 1015 (w), 810 (m), 693 (s). MS (EI, 70 eV): m/z
(%) = 360 ([M+], 79), 328 (35), 311 (21), 285 (100), 271 (13), 258
(73), 243 (28), 201 (11), 171 (11), 97 (6), 83 (6), 57 (11). HRMS
(CI, positive): calcd for C21H29O3S ([M + 1]+): 361.18319; found:
361.18305.


Methyl 4-ethyl-2-(2-furyl)-6-hydroxy-benzoate (6n). Starting
with 4d (0.380 g, 1.6 mmol), 5a (0.426 g, 1.6 mmol) and TiCl4


(0.18 mL, 1.6 mmol), 6n was isolated as a yellow oil (0.125 g,
32%). 1H NMR (250 MHz, CDCl3): d = 1.25 (t, 3J = 7.6 Hz,
3 H, CH2CH3), 2.63 (q, 3J = 7.5 Hz, 2 H, CH2CH3), 3.71 (s, 3
H, OCH3), 6.39 (m, 1 H, CHHetar), 6.45 (m, 1 H, CHHetar), 6.82
(s, 1 H, CHAr), 7.46 (m, 1 H, CHHetar), 10.43 (s, 1 H, OH). 13C


NMR (75 MHz, CDCl3): d = 15.0 (CH2CH3), 29.0 (CH2CH3),
52.6 (OCH3), 107.2 (CHAr), 109.4 (CCOOCH3Ar), 111.1 (CHAr),
116.8, 122.1 (CHHetar), 132.6 (CAr), 142.1 (CHHetar), 151.1 (CAr),
154.1 (CHeter), 161.2 (COHAr), 170.8 (CO). MS (EI, 70 eV): m/z
(%) = 246 ([M+], 36), 214 (100), 186 (28), 171 (19), 128 (7), 115
(12). HRMS (EI): calcd for C14H14O4 [M+]: 246.08866; found:
246.08807.


Methyl 4-ethyl-6-(2-furyl)-2-hydroxy-3-methyl-benzoate (6o).
Starting with 4d (0.261 g, 1.1 mmol), 5b (0.190 g, 1.1 mmol)
and TiCl4 (0.12 mL, 1.1 mmol), 6o was isolated as a yellowish
viscous oil (0.085 g, 30%). 1H NMR (250 MHz, CDCl3): d =
1.12 (t, 3J = 7.2 Hz, 3 H, CH2CH3), 2.16 (s, 3 H, CH3), 2.58 (q,
3J = 7.4 Hz, 2 H, CH2CH3), 3.41 (s, 3 H, OCH3), 6.28–6.30 (m,
1 H, CHHetar), 6.36–6.39 (m, 1 H, CHHetar), 6.73 (s, 1 H, CHAr),
7.36 (m, 1 H, CHHetar), 10.72 (s, 1 H, OH). 13C NMR (75 MHz,
CDCl3): d = 11.2 (CH2CH3), 14.3 (CH3), 29.8 (CH2CH3), 52.6
(OCH3), 106.8, 109.1 (CHHetar), 113.3 (CCOOCH3Ar), 122.2 (CAr),
124.9, 129.9 (CAr) 142.0 (CHHetar), 149.0 (CAr), 154.7 (CHetar), 159.6
(COHAr), 170.6 (CO). GC-MS (EI, 70 eV): m/z (%) = 260 ([M+],
43), 228 (100), 200 (49), 185 (12), 171 (7), 157 (13), 128 (16), 115
(11). HRMS (EI): calcd for C15H16O4 [M+]: 260.104319; found:
260.10424.


General procedure for the synthesis of 8. To a stirred dimethyl-
sulfoxide solution (1 mL per 1.0 mmol of 3) of 3 (10.0 mmol) was
added potassium carbonate (40.0 mmol) at room temperature.
After the solution had been stirred for 30 min, 1,2-dibromoethane
(20.0 mmol) was added at 20 ◦C. After the solution had been stirred
for 12 h, an excess amount of water was added to remove dimethyl-
sulfoxide and the mixture was extracted with dichloromethane.
The combined organic layers were dried (Na2SO4) and filtered.
The filtrate was concentrated in vacuo. The residue was purified by
chromatography (silica gel, n-heptane–EtOAc = 30 : 1 → 20 : 1)
to give 8.


1-[1-(2-Thienylcarbonyl)cyclopropyl]-1-ethanone (8a). Starting
with dimethysulfoxide (17.8 mL), 3b (3.250 g, 17.840 mmol),
K2CO3 (9.863 g, 71.4 mmol) and 1,2-dibromoethane (6.704 g,
35.7 mmol), 8a was isolated as a reddish oil (3.417 g, 91%). 1H
NMR (300 MHz, CDCl3): d = 0.90 (t, 3J = 7.1 Hz, 3 H, CH2CH3),
1.34 (t, 3J = 3.1 Hz, 2 H, CH2), 1.43 (t, 3J = 3.2 Hz, 2 H, CH2),
2.42 (q, 3J = 7.3 Hz, 2 H, CH2CH3), 7.05 (dd, 3J = 4.9 Hz, 4J =
1.1 Hz, 1 H, CHHetar), 7.56–7.58 (m, 1 H, CHHetar), 7.60–7.62 (m,
1 H, CHHetar). 13C NMR (75 MHz, CDCl3): d = 7.4 (CH2CH3),
16.1 (2 CH2), 35.2 (CH2CH3), 41.6 (COCCO), 128.2, 133.6, 134.2
(CHHetar), 143.4 (CHetar), 188.7, 206.0 (CO). IR (neat, cm−1): m̃ =
2977 (w), 1700 (m), 1647 (s), 1512 (w), 1409 (s), 1315 (m), 1233
(m), 1052 (m), 972 (w), 794 (w), 721 (s), 657 (w). GC-MS (EI, 70
eV): m/z (%) = 208 ([M+], 16), 193 (10), 179 (22), 151 (9), 111
(100), 83 (8), 57 (13), 39 (13). HRMS (EI): calcd for C11H12O2S
[M+]: 208.05507; found: 208.05475.


General procedure for the synthesis of salicylates 9. To a
CH2Cl2 solution (50 mL per 1.0 mmol of 8) of 8 (1.0 mmol)
was added 5 (1.1 mmol) and, subsequently, TiCl4 (1.1 mmol) at
−78 ◦C. The temperature of the solution was allowed to warm
to 20 ◦C over 14 h with stirring. To the solution was added
hydrochloric acid (10%, 20 mL) and the organic and the aqueous
layer were separated. The latter was extracted with CH2Cl2 (3 ×
20 mL). The combined organic layers were dried (Na2SO4), filtered
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and the filtrate was concentrated in vacuo. The residue was purified
by chromatography (silica gel, n-heptane–EtOAc) to give 9.


Methyl 5-(2-chloroethyl)-4-ethyl-2-hydroxy-6-(2-thienyl)-ben-
zoate (9a). Starting with 8a (0.312 g, 1.2 mmol), 5a (0.429 g,
1.6 mmol) and TiCl4 (0.570 mL, 3.0 mmol), 9a was isolated as
reddish viscous oil (0.204 g, 42%). 1H NMR (250 MHz, CDCl3):
d = 1.15 (t, 3J = 7.4 Hz, 3 H, CH2CH3), 2.92 (q, 3J = 7.4 Hz,
2 H, CH2CH3), 3.08 (t, 3J = 7.5 Hz, 2 H, CH2CH2Cl), 3.36 (t,
3J = 8.1 Hz, 2 H, CH2CH2Cl), 3.92 (s, 3 H, OCH3), 6.95 (s, 1 H,
CHAr), 6.96 (s, 1 H, CHHetar), 7.03 (d, 3J = 5.1 Hz, 1 H, CHHetar),
7.32 (dd, 3J = 5.1 Hz, 4J = 1.2 Hz, 1 H, CHHetar), 10.42 (s, 1
H, OH). 13C NMR (62 MHz, CDCl3): d = 15.9 (CH2CH3), 26.6
(CH2CH3), 32.9 (CH2CH2Cl), 43.4 (CH2CH2Cl), 52.5 (OCH3),
112.6 (CCOOCH3Ar), 118.2 (CHAr), 126.1 (CHHetar), 126.8 (CAr),
126.9, 127.0 (CHHetar), 141.1, 141.3 (CAr), 145.8 (CHetar), 159.4
(COHAr), 170.2 (CO). IR (neat, cm−1): m̃ = 2923 (w), 1661 (s),
1597 (w), 1569 (m), 1434 (s), 1337 (m), 1234 (s), 1203 (s), 1142
(m), 1080 (m), 939 (w), 807 (m), 788 (m), 692 (s). MS (EI, 70 eV):
m/z (%) = 326 ([M+], 37Cl, 8), 324 ([M+], 35Cl, 21), 294 (37Cl, 17),
292 (35Cl, 49), 275 (6), 245 (37Cl, 5), 243 (35Cl, 100), 215 (4), 187
(5), 171 (6), 119 (9), 97 (11), 83 (11), 69 (24), 57 (19). HRMS (EI):
calcd for C16H17ClO3S ([M]+, 35Cl): 324.05796; found: 324.05780.


Methyl 5- (2 -chloroethyl) -4 -ethyl -2 -hydroxy-3-methyl -6 - (2-
thienyl)-benzoate (9b). Starting with 8a (0.312 g, 1.2 mmol), 5b
(0.452 g, 1.7 mmol) and TiCl4 (0.570 mL, 3.0 mmol), 9b was
isolated as a colourless viscous oil (0.200 g, 40%). 1H NMR
(250 MHz, CDCl3): d = 1.13 (t, 3J = 7.4 Hz, 3 H, CH2CH3), 1.88 (s,
3 H, CH3), 2.86 (q, 3J = 7.5 Hz, 2 H, CH2CH3), 2.89 (t, 3J = 7.3 Hz,
2 H, CH2CH2Cl), 3.42 (t, 3J = 6.5 Hz, 2 H, CH2CH2Cl), 3.92 (s, 3
H, OCH3), 6.74–6.76 (m, 1 H, CHHetar), 7.05 (dd, 3J = 5.2 Hz, 4J =
1.7 Hz, 1 H, CHHetar), 7.36 (d, 3J = 6.2 Hz, 1 H, CHHetar), 10.71 (s,
1 H, OH). 13C NMR (62 MHz, CDCl3): d = 12.7 (CH2CH3), 15.7
(CH3), 23.3 (CH2CH3), 32.8 (CH2CH2Cl), 42.8 (CH2CH2Cl), 51.5
(OCH3), 112.0 (CCOOCH3Ar), 124.8, 125.7, 126.1 (CHHetar), 126.7,
139.1, 139.9, 140.8 (CAr), 140.8 (CHetar), 157.1 (COHAr), 170.9 (CO).
IR (neat, cm−1): m̃ = 2953 (w), 1642 (s), 1567 (w), 1434 (m), 1325
(m), 1236 (s), 1209 (s), 1122 (s), 1035 (m), 814 (s), 716 (s), 666 (m),
554 (m). MS (EI, 70 eV): m/z (%) = 340 ([M+], 37Cl, 17), 338 ([M+],
35Cl, 36), 308 (37Cl, 33), 306 (35Cl, 100), 289 (7), 271 (7), 257 (68),
243 (51), 229 (7), 214 (5), 177 (10), 161 (7), 135 (6), 111 (8), 97
(12), 83 (13), 69 (21), 57 (24). HRMS (EI): calcd for C17H19ClO3S
([M]+, 35Cl): 338.07361; found: 338.07354.


Ethyl 5-(2-chloroethyl)-3,4-diethyl-2-hydroxy-6-(2-thienyl)-
benzoate (9c). Starting with 8a (0.312 g, 1.2 mmol), 5c (0.499 g,
1.6 mmol) and TiCl4 (0.570 mL, 3.0 mmol), 9c was isolated as a
colourless oil (0.194 g, 34%).1H NMR (250 MHz, CDCl3): d =
0.95 (t, 3J = 7.4 Hz, 3 H, CH2CH3), 1.15 (t, 3J = 7.2 Hz, 3 H,
CH2CH3), 1.38 (t, 3J = 7.1 Hz, 3 H, OCH2CH3), 2.32 (q, 3J =
7.5 Hz, 2 H, CH2CH3), 2.67 (t, 3J = 7.5 Hz, 2 H, CH2CH2Cl),
2.88 (q, 3J = 7.4 Hz, 2 H, CH2CH3), 3.34 (t, 3J = 5.0 Hz, 2
H, CH2CH2Cl), 4.40 (q, 3J = 7.1 Hz, 2 H, OCH2CH3), 6.77 (d,
3J = 4.6 Hz, 1 H, CHHetar), 7.04 (dd, 3J = 5.1 Hz, 4J = 1.7 Hz,
1 H, CHHetar), 7.33 (d, 3J = 6.2 Hz, 1 H, CHHetar), 10.75 (s, 1 H,
OH). 13C NMR (62 MHz, CDCl3): d = 13.0, 13.3, (CH2CH3), 15.1
(OCH2CH3), 18.3 (CH2CH3), 23.3 (CH2CH2Cl), 32.9 (CH2CH3),
42.9 (CH2CH2Cl), 60.9 (OCH2CH3), 112.5 (CCOOC2H5Ar), 124.6
(CHHetar), 125.3 (CAr), 125.9, 126.8 (CHHetar), 130.9, 138.8, 139.1


(CAr), 140.8 (CHetar), 157.1 (COHAr), 170.5 (CO). IR (neat, cm−1):
m̃ = 2963 (w), 1651 (s), 1589 (w), 1446 (w), 1396 (m), 1371 (s),
1277 (s), 1194 (s), 1121 (m), 1018 (m), 814 (w), 693 (s). MS (EI,
70 eV): m/z (%) = 368 ([M+], 37Cl, 18), 366 ([M+], 35Cl, 55), 341
(15), 344 (56), 322 (37Cl, 38), 320 (35Cl, 100), 287 (34), 271 (23), 257
(61), 243 (19), 228 (10), 213 (5), 177 (94), 161 (60), 149 (40), 129
(22). HRMS (EI): calcd for C19H23ClO3S ([M]+, 35Cl): 366.10509;
found: 366.10404.


Methyl 5 - (2 - chloroethyl) - 4 - ethyl - 3 - hexyl - 2 - hydroxy - 6 - (2-
thienyl)-benzoate (9d). Starting with 8a (0.312 g, 1.2 mmol), 5d
(0.587 g, 1.6 mmol) and TiCl4 (0.570 mL, 3.0 mmol), 9d was
isolated as a colourless oil (0.186 g, 32%). 1H NMR (250 MHz,
CDCl3): d = 0.75 (t (br), 3J = 7.0 Hz, 3 H, CH2(CH2)4CH3), 1.10 (t,
3J = 7.3 Hz, 3 H, CH2CH3), 1.14–1.16 (m, 8 H, CH2(CH2)4CH3),
1.29–1.32 (m, 2 H, CH2(CH2)4CH3), 2.27 (q, 3J = 6.1 Hz, 2 H,
CH2CH3), 2.85 (t, 3J = 6.2 Hz, 2 H, CH2CH2Cl), 3.34 (t, 3J =
5.5 Hz, 2 H, CH2CH2Cl), 3.91 (s, 3 H, OCH3), 6.75–6.77 (m, 1
H, CHHetar), 7.03 (dd, 3J = 5.2 Hz, 4J = 1.7 Hz, 1 H, CHHetar),
7.33 (d, 3J = 6.3 Hz, 1 H, CHHetar), 10.61 (s, 1 H, OH). 13C NMR
(62 MHz, CDCl3): d = 14.0 (CH2)5CH3), 16.0, (CH2CH3), 22.4,
23.1, 28.3, 29.8, 29.9, 31.3, 33.9, 43.9 (8 CH2), 52.4 (OCH3), 112.3
(CCOOC2H5Ar), 122.7 (CAr), 125.3, 125.8, 126.0 (CHHetar), 130.2,
138.7, 139.4 (CAr), 140.8 (CHetar), 157.0 (COHAr), 170.9 (CO). IR
(neat, cm−1): m̃ = 2925 (w), 16582 (m), 1590 (w), 1432 (m), 1316
(m), 1202 (m), 1124 (m), 1070 (w), 833 (w), 817 (w), 693 (m). GC–
MS (EI, 70 eV): m/z (%) = 410 ([M+], 37Cl, 27), 408 ([M+], 35Cl,
74), 378 (37Cl, 36), 376 (35Cl, 100), 359 (27), 313 (42), 285 (12), 243
(48), 227 (8), 184 (7), 112 (4). HRMS (EI): calcd for C22H29ClO3S
([M]+, 35Cl): 408.15204; found: 408.15396.


General procedure for the synthesis of salicylates 10. To a
CH2Cl2 solution (2 mL per 1 mmol of 4) of 4 (1.0 mmol) was added
5 (1.1 mmol) and, subsequently, TiCl4 (1.1 mmol) at −78 ◦C. The
temperature of the solution was allowed to warm to 20 ◦C
over 14 h with stirring. To the solution was added hydrochloric
acid (10%, 20 mL) and the organic and the aqueous layer were
separated. The latter was extracted with CH2Cl2 (3 × 20 mL).
The combined organic layers were dried (Na2SO4), filtered and
the filtrate was concentrated in vacuo. The residue was purified by
chromatography (silica gel, n-heptane–EtOAc) to give 10.


Methyl 2-hydroxy-4- (2- thienyl) -6 - (trifluoromethyl) -benzoate
(10a). Starting with 4e (0.442 g, 1.5 mmol), 5a (0.430 g, 1.6 mmol)
and TiCl4 (0.18 mL, 1.6 mmol), 10a was isolated as a colourless
solid (0.160 g, 35%), mp = 126–128 ◦C.1H NMR (250 MHz,
CDCl3): d = 3.92 (s, 3 H, OCH3), 7.05 (dd, 3J = 5.1 Hz, 4J =
1.4 Hz, 1 H, CHHeter), 7.33–7.35 (m, 2 H, CHHeter), 7.37–7.39 (m,
1 H, CHAr), 7.47 (m, 1 H, CHAr), 10.86 (s, 1 H, OH). 13C NMR
(62 MHz, CDCl3): d = 52.8 (OCH3), 109.2 (CCOOCH3Ar), 116.6
(d, 3JF, C = 6.8 Hz, CHAr), 117.8 (CHAr), 123.1 (d, 1JF, C = 269.7 Hz,
CF3), 125.7, 127.5, 128.5 (CHHeter), 130.5 (d, 2JF, C = 31.6 Hz,
CCF3Ar), 139.7 (CHeter), 141.2 (CAr), 162.4 (COHAr), 169.3 (CO).
19F NMR (235 MHz, CDCl3): d = −59.0 (CF3). IR (neat, cm−1):
m̃ = 2964 (w), 2857 (w), 1672 (m), 1614 (w), 1440 (m), 1422 (m),
1326 (m), 1228 (w), 1127 (m), 1030 (m), 923 (m), 869 (m), 717 (m).
GC-MS (EI, 70 eV): m/z (%) = 302 ([M+], 81), 270 (100), 242 (41),
223 (9), 214 (40), 194 (4), 169 (4), 145 (16), 121 (13). HRMS (EI):
calcd for C13H9O3F3S: 302.02190; found: 302.02202.
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Methyl 2-hydroxy-3-methyl-4-(2-thienyl)-6-(trifluoromethyl)-
benzoate (10b). Starting with 4e (0.442 g, 1.5 mmol), 5b (0.452 g,
1.6 mmol) and TiCl4 (0.18 mL, 1.6 mmol), 10b was isolated as
a colourless solid (0.215 g, 45%), mp = 72–74 ◦C. 1H NMR
(250 MHz, CDCl3): d = 2.30 (s, 3 H, CH3), 3.92 (s, 3 H, OCH3),
7.04 (d, 4J H, F = 2.2 Hz, 1 H, CHAr), 7.07 (m, 1 H, CHHeter),
7.30 (m, 1 H, CHHeter), 7.36 (m, 1 H, CHHeter), 11.16 (s, 1 H,
OH). 13C NMR (62 MHz, CDCl3): d = 12.8 (CH3), 51.8 (OCH3),
107.7 (CCOOCH3Ar), 119.8 (d, 3JF, C = 6.8 Hz, CHAr), 122.3 (d,
1JF, C = 271.5 Hz, CF3), 125.8 (CHHeter), 126.0 (d, 2JF, C = 31.5 Hz,
CCF3Ar), 126.3, 126.9 (CHHeter), 128.8, 138.3 (CAr), 139.6 (CHeter),
159.7 (COHAr), 169.0 (CO). 19F NMR (235 MHz, CDCl3): d =
−58.6 (CF3). IR (neat, cm−1): m̃ = 2962 (w), 2853 (w), 1683 (m),
1606 (w), 1436 (m), 1315 (m), 1275 (s), 1112 (s), 1013 (m), 937 (m),
882 (m), 687 (s). GC-MS (EI, 70 eV): m/z (%) = 316 ([M+], 66),
284 (29), 256 (100), 237 (5), 207 (11), 187 (10), 159 (8), 134 (4),
115 (6). HRMS (EI): calcd for C14H11O3F3S: 316.03755; found:
316.03784.


Ethyl 3-ethyl-2-hydroxy-4-(2-thienyl)-6-(trifluoromethyl)-ben-
zoate (10c). Starting with 4e (0.442 g, 1.5 mmol), 5c (0.499 g,
1.6 mmol) and TiCl4 (0.18 mL, 1.6 mmol), 10c was isolated as a
yellow oil (0.230 g, 44%). 1H NMR (250 MHz, CDCl3): d = 1.12 (t,
3J = 7.4 Hz, 3 H, CH2CH3), 1.34 (t, 3J = 7.1 Hz, 3 H, OCH2CH3),
2.74 (q, 3J = 7.4 Hz, 2 H, CH2CH3), 4.38 (q, 3J = 7.1 Hz, 3 H,
OCH2CH3), 7.03 (m, 1 H, CHHeter), 7.04 (d, 4J H, F = 1.4 Hz, 1 H,
CHAr), 7.26 (m, 1 H, CHHeter), 7.33–7.35 (m, 1 H, CHHeter), 11.19 (s,
1 H, OH). 13C NMR (75 MHz, CDCl3): d = 14.1, 14.2 (CH3), 21.0
(CH2CH3), 62.5 (OCH2CH3), 109.5 (CCOOCH2CH3Ar), 121.2 (d,
3JF, C = 7.5 Hz, CHAr), 123.3 (d, 1JF, C = 271.5 Hz, CF3), 126.6
(CHHeter), 127.0 (d, 2JF, C = 31.5 Hz, CCF3Ar), 127.3, 127.4 (CHHeter),
136.0, 138.8 (CAr), 140.5 (CHeter), 160.6 (COHAr), 169.6 (CO). IR
(neat, cm−1): m̃ = 2930 (w), 2874 (w), 1666 (m), 1608 (w), 1463 (w),
1372 (m), 1288 (s), 1231 (m), 1137 (s), 1013 (m), 932 (m), 883 (w),
696 (s). GC-MS (EI, 70 eV): m/z (%) = 344 ([M+], 45), 298 (15),
270 (100), 255 (4), 222 (4), 207 (6), 171 (5).


Methyl 3-hexyl-2-hydroxy-4-(2-thienyl)-6-(trifluoromethyl)-ben-
zoate (10d). Starting with 4e (0.442 g, 1.5 mmol), 5d (0.568 g,
1.6 mmol) and TiCl4 (0.18 mL, 1.6 mmol), 10d was isolated as a
colourless viscous oil (0.196 g, 34%). 1H NMR (250 MHz, CDCl3):
d = 0.79 (t(br), 3J = 6.6 Hz, 3 H, CH2(CH2)4CH3), 1.18–1.51 (m,
8 H, CH2(CH2)4CH3), 2.69 (t, 3J = 8.2 Hz, 2 H, CH2(CH2)4CH3),
3.92 (s, 3 H, OCH3), 7.02 (m, 1 H, CHAr), 7.04–7.06 (m, 1 H,
CHHeter), 7.26 (m, 1 H, CHHeter), 7.35 (dd, 3J = 4.8 Hz, 4J = 1.3 Hz,
1 H, CHHeter), 11.05 (s, 1 H, OH). 13C NMR (62 MHz, CDCl3):
d = 13.0 (CH3), 21.5, 26.6, 28.3, 28.4, 30.4 (CH2), 51.8 (OCH3),
108.2 (CCOOCH3Ar), 120.2 (q, 3JF, C = 8.2 Hz, CHAr), 122.4 (d,
1JF, C = 250.4 Hz, CF3), 125.7(CAr), 125.6, 126.2, 126.4 (CHHeter),
134.0, 138.1 (CAr), 139.5 (CHeter), 159.5 (COHAr), 169.1 (CO). 19F
NMR (235 MHz, CDCl3): d = −58.7 (CF3). IR (neat, cm−1): m̃ =
2928 (w), 2849 (w), 1672 (m), 1601 (w), 1439 (m), 1356 (m), 1298
(s), 1198 (m), 1124 (s), 1047 (w), 940 (m), 810 (m), 701 (s). GC-MS
(EI, 70 eV): m/z (%) = 386 ([M+], 100), 354 (25), 337 (11), 326
(94), 315 (8), 297 (14), 283 (59), 256 (54), 235 (7), 207 (28), 187 (7),
158 (14). HRMS (EI): calcd for C19H21O3F3S: 386.11580; found:
386.11536.


Methyl 2-hydroxy-3-octyl-4-(2-thienyl)-6-(trifluoromethyl)-ben-
zoate (10e). Starting with 4e (0.442 g, 1.5 mmol), 5e (0.614 g,


1.6 mmol) and TiCl4 (0.18 mL, 1.6 mmol), 10e was isolated
as a colourless viscous oil (0.231 g, 37%), mp = 49–50 ◦C. 1H
NMR (250 MHz, CDCl3): d = 0.58 (t(br), 3J = 6.9 Hz, 3 H,
CH2(CH2)6CH3), 0.95–1.26 (m, 12 H, CH2(CH2)6CH3), 2.47 (t,
3J = 8.1 Hz, 2 H, CH2(CH2)6CH3), 3.70 (s, 3 H, OCH3), 6.80 (m,
1 H, CHAr), 6.83 (m, 1 H, CHHeter), 7.04 (m, 1 H, CHHeter), 7.13 (dd,
3J = 6.3 Hz, 4J = 1.3 Hz, 1 H, CHHeter), 10.82 (s, 1 H, OH). 13C
NMR (75 MHz, CDCl3): d = 14.0 (CH3), 22.6, 27.6, 29.1, 29.2,
29.4, 29.7, 31.8 (CH2), 52.8 (OCH3), 109.2 (CCOOCH3Ar), 121.3
(q, 3JF, C = 6.7 Hz, CHAr), 123.3 (d, 1JF, C = 271.5 Hz, CF3), 126.5
(d, 2JF, C = 31.5 Hz, CCF3Ar), 126.6, 127.2, 127.4 (CHHeter), 135.0,
139.1 (CAr), 140.5 (CHeter), 160.5 (COHAr), 170.1 (CO). 19F NMR
(235 MHz, CDCl3): d = −58.7 (CF3). IR (neat, cm−1): m̃ = 2915
(w), 2848 (w), 1669 (m), 1604 (w), 1440 (m), 1338 (m), 1286 (m),
1197 (m), 1125 (s), 1048 (w), 946 (m), 852 (w), 698 (s). GC-MS (EI,
70 eV): m/z (%) = 414 ([M+], 100), 382 (30), 365 (12), 297 (16),
284 (33), 283 (63), 269 (74), 256 (48), 235 (7), 207 (24), 158 (12).
HRMS (EI): calcd for C21H25O3F3S: 414.14710; found: 414.14684.


Methyl 2-hydroxy-4-(2-furanyl)-6-(trifluoromethyl)-benzoate
(10f). Starting with 4f (0.556 g, 2.0 mmol), 5a (0.567 g, 2.2 mmol)
and TiCl4 (0.24 mL, 2.2 mmol), 10f was isolated as a colourless
solid (0.231 g, 40%), mp = 116–118 ◦C. 1H NMR (250 MHz,
CDCl3): d = 3.91 (s, 3 H, OCH3), 6.45 (q, 4JH, F = 1.7 Hz, 1 H,
CHAr), 6.78 (dd, 3J = 4.1 Hz, 4J = 0.6 Hz, 1 H, CHHeter), 7.37 (m,
1 H, CHHeter), 7.47 (m, 1 H, CHAr), 7.52 (m, 1 H, CHHeter), 10.84 (s,
1 H, OH). 13C NMR (75 MHz, CDCl3): d = 52.8 (OCH3), 108.9,
112.2 (CHHeter), 114.7 (q, 3JF, C = 6.7 Hz, CHAr), 115.6 (CHAr), 117.7
(CCOOCH3Ar), 123.1 (d, 1JF, C = 271.5 Hz, CF3), 131.0 (d, 2JF, C =
32.2 Hz, CCF3Ar), 135.6 (CAr), 144.0 (CHHeter), 151.2 (CHeter), 162.4
(COHAr), 169.4 (CO). 19F NMR (235 MHz, CDCl3): d = −59.0
(CF3). IR (neat, cm−1): m̃ = 2921 (w), 2852 (w), 1660 (m), 1621 (w),
1440 (m), 1335 (m), 1290 (m), 1212 (m), 1126 (m), 1016 (m), 904
(m), 802 (m), 760 (m). GC-MS (EI, 70 eV): m/z (%) = 286 ([M+],
81), 254 (100), 226 (69), 207 (10), 198 (23), 169 (16), 151 (21), 129
(4), 113 (8), 75 (5). HRMS (EI): calcd for C13H9O4F3: 286.04474;
found: 286.04447.


Methyl 4-(2-furanyl)-2-hydroxy-3-methyl-6-(trifluoromethyl)-
benzoate (10g). Starting with 4f (0.4176 g, 1.5 mmol), 5b (0.452 g,
1.6 mmol) and TiCl4 (0.18 mL, 2.2 mmol), 10g was isolated as a
red solid (0.186 g, 41%), mp = 79–82 ◦C. 1H NMR (300 MHz,
CDCl3): d = 2.38 (s, 3 H, CH3), 3.91 (s, 3 H, OCH3), 6.48 (dd, 3J =
5.2 Hz, 4J = 1.8 Hz, 1 H, CHHeter), 6.65–6.67 (m, 1 H, CHHeter),
7.50 (m, 1 H, CHAr), 7.60 (m, 1 H, CHHeter), 11.21 (s, 1 H, OH).
13C NMR (62 MHz, CDCl3): d = 12.5 (CH3), 51.8 (OCH3), 107.1
(CCOOCH3Ar), 110.8, 110.9 (CHHeter), 116.4 (q, 3JF, C = 6.8 Hz,
CHAr), 122.4 (d, 1JF, C = 271.5 Hz, CF3), 124.6 (CAr), 126.4 (d,
2JF, C = 32.2 Hz, CCF3Ar), 133.6 (CAr), 142.1 (CHHeter), 150.3 (CHeter),
159.8 (COHAr), 169.1 (CO). 19F NMR (235 MHz, CDCl3): d =
−58.8 (CF3). IR (neat, cm−1): m̃ = 2921 (w), 2850 (w), 1798 (m),
1658 (m), 1438 (m), 1338 (m), 1282 (s), 1120 (s), 1018 (m), 936 (m),
804 (m), 754 (m). GC-MS (EI, 70 eV): m/z (%) = 300 ([M+], 100),
268 (78), 248 (80), 219 (9), 192 (10), 164 (26), 133 (11), 115 (21).
HRMS (EI): calcd for C14H11O4F3: 300.06039; found: 300.05967.


Ethyl 3-ethyl-4-(2-furanyl)-2-hydroxy-6-(trifluoromethyl)-ben-
zoate (10h). Starting with 4f (0.556 g, 2.0 mmol), 5c (0.652 g,
2.2 mmol) and TiCl4 (0.24 mL, 2.2 mmol), 10h was isolated as
a red viscous oil (0.226 g, 35%). 1H NMR (300 MHz, CDCl3):
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d = 1.18 (t, 3J = 7.4 Hz, 3 H, CH2CH3), 1.34 (t, 3J = 7.2 Hz,
3 H, OCH2CH3), 2.87 (q, 3J = 7.2 Hz, 2 H, CH2CH3), 4.38 (q,
3J = 7.2 Hz, 2 H, OCH2CH3), 6.47 (q, 3JH, F = 5.1 Hz, 1 H,
CHAr), 6.63 (m, 1 H, CHHeter), 7.50 (m, 1 H, CHHeter), 7.54 (m, 1 H,
CHHeter), 11.27 (s, 1 H, OH). 13C NMR (62 MHz, CDCl3): d = 12.0
(CH2CH3), 12.5 (OCH2CH3), 19.6 (CH2CH3), 61.5 (OCH2CH3),
107.8 (CCOOCH2CH3Ar), 109.9, 110.8 (CHHeter), 117.0 (q, 3JF, C =
6.8 Hz, CHAr), 122.4 (d, 1JF, C = 269.1 Hz, CF3), 126.4 (d, 2JF, C =
32.2 Hz, CCF3Ar), 132.7, 133.0 (CAr), 142.2 (CHHeter), 150.3 (CHeter),
159.9 (COHAr), 168.7 (CO). 19F NMR (235 MHz, CDCl3): d =
−58.1 (CF3). IR (neat, cm−1): m̃ = 2924 (w), 2853 (w), 1671 (m),
1439 (m), 1336 (m), 1282 (s), 1200 (m), 1131 (s), 1047 (m), 954
(w), 886 (w), 770 (w), 701 (s). GC-MS (EI, 70 eV): m/z (%) =
328 ([M+], 61), 282 (29), 254 (100), 234 (7), 207 (7), 177 (7),
128 (7). HRMS (EI): calcd for C16H15O4F3: 328.09170; found:
328.09162.


Methyl 4-(2-furanyl) -3-hexyl-2-hydroxy-6-(trifluoromethyl)-
benzoate (10i). Starting with 4f (0.556 g, 2.0 mmol), 5d (0.751 g,
2.2 mmol) and TiCl4 (0.24 mL, 2.2 mmol), 10i was isolated as
a viscous oil (0.222 g, 30%). 1H NMR (250 MHz, CDCl3): d =
0.84 (t, 3J = 6.8 Hz, 3 H, CH2(CH2)4CH3), 1.23–1.54 (m, 8 H,
CH2(CH2)4CH3), 2.80 (t, 3J = 7.6 Hz, 2 H, CH2(CH2)4CH3), 3.89
(s, 3 H, OCH3), 6.46 (q, 4JH, F = 1.8 Hz, 1 H, CHAr), 6.58 (m, 1 H,
CHHeter), 7.48 (m, 1 H, CHHeter), 7.53 (m, 1 H, CHHeter), 11.14 (s, 1
H, OH). 13C NMR (62 MHz, CDCl3): d = 13.0 (CH3), 21.6, 26.2,
27.5, 28.6, 30.5 (CH2), 51.7 (OCH3), 107.4 (CCOOCH3Ar), 109.9,
110.8 (CHHeter), 177.0 (q, 3JF, C = 6.8 Hz, CHAr), 122.4 (d, 1JF, C =
269.1 Hz, CF3), 126.3 (d, 2JF, C = 31.6 Hz, CCF3Ar), 131.7, 133.3
(CAr), 142.1 (CHHeter), 150.3 (CHeter), 159.8 (COHAr), 169.1 (CO).
19F NMR (235 MHz, CDCl3): d = −59.0 (CF3). IR (neat, cm−1):
m̃ = 2917 (w), 2849 (w), 1672 (m), 1439 (m), 1336 (m), 1282 (s),
1202 (m), 1133 (s), 948 (w), 880 (w), 739 (w). GC-MS (EI, 70
eV): m/z (%) = 370 ([M+], 100), 338 (24), 321 (11), 310 (42), 281
(32), 267 (68), 240 (28), 219 (31), 211 (6), 183 (14), 164 (11), 133
(15), 115 (8). HRMS (EI): calcd for C19H21O4F3: 370.13865; found:
370.13811.


Methyl 4-(2-furanyl)-3-octyl-2-hydroxy-6-(trifluoromethyl)-ben-
zoate (10j). Starting with 4f (0.556 g, 2.0 mmol), 5e (0.812 g,
2.2 mmol) and TiCl4 (0.24 mL, 2.2 mmol), 10j was isolated as a
colourless viscous oil (0.280 g, 35%). 1H NMR (300 MHz, CDCl3):
d = 0.79 (t, 3J = 6.8 Hz, 3 H, CH2(CH2)6CH3), 1.46–1.54 (m, 12
H, CH2(CH2)6CH3), 2.80 (t, 3J = 7.6 Hz, 2 H, CH2(CH2)6CH3),
3.89 (s, 3 H, OCH3), 6.44 (q,4JH, F = 4.1 Hz, 1 H, CHAr), 6.57 (dd,
3J = 4.1 Hz, 4J = 0.8 Hz, 1 H, CHHeter), 7.47 (m, 1 H, CHHeter), 7.52
(m, 1 H, CHHeter), 11.12 (s, 1 H, OH). 13C NMR (62 MHz, CDCl3):
d = 14.0 (CH3), 22.6, 27.2, 28.6, 29.2, 29.3, 29.9, 31.8 (CH2), 52.7
(OCH3), 108.4 (CCOOCH3Ar), 110.9, 111.8 (CHHeter), 118.1 (q,
3JF, C = 6.8 Hz, CHAr), 123.4 (d, 1JF, C = 269.0 Hz, CF3), 127.4 (q,
2JF, C = 31.0 Hz, CCF3Ar), 132.8, 134.3 (CAr), 143.1 (CHHeter), 151.4
(CHeter), 160.9 (COHAr), 170.1 (CO). 19F NMR (235 MHz, CDCl3):
d = −58.8 (CF3). IR (neat, cm−1): m̃ = 2917 (w), 2849 (w), 1672
(m), 1439 (m), 1336 (m), 1282 (s), 1202 (m), 1133 (s), 948 (w), 880


(w), 739 (w). GC-MS (EI, 70 eV): m/z (%) = 398 ([M+], 100), 366
(42), 338 (8), 267 (76), 219 (37), 183 (12), 133 (11).
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Fluorinated DNA containing stable fluorine substituents in the “purine” base were synthesized
for the first time. For this, the phosphoramidites of 7-fluoro-7-deaza-2′-deoxyadenosine and
7-fluoro-7-deaza-2′-deoxyguanosine were prepared and oligonucleotides were synthesized. The 7-fluoro
substitution leads to increased duplex stability and more selective base pairing compared to the
non-functionalized 7-deazapurine oligonucleotides. 19F NMR spectra of fluorinated nucleosides, single
stranded oligonucleotides and DNA duplex show only a single signal for one fluorine modification. The
NMR sensitive 19F spin or the positron emitting 18F isotope make these compounds applicable for
DNA detection or imaging in vitro and in vivo.


Introduction


Fluorinated nucleosides develop extraordinary pharmacologi-
cal activities as chemotherapeutic agents for the treatment of
cancer or as antiviral drugs.1 Fluorinated oligonucleotides are
stabilized against enzymatic degradation and polyfluorinated
oligonucleotides are employed in fluorous affinity purification.2


The fluorine isotopes are used for molecular imaging or as
molecular tags. The positron emitting isotope [18F] (s = 109.8 min)
finds clinical application in in vivo imaging by positron emission
tomography (PET) using [18F] labelled molecules. By this means,
the hypermetabolic activity of proliferating cells can be followed
in tissues. On the other hand, the NMR sensitive 19F isotope
is a valuable tool to study DNA or RNA secondary structure3


by NMR spectroscopy or to investigate the binding of nucleic
acids to proteins or other cellular components. Sugar fluori-
nated nucleosides,4 in particular the 2′-deoxy-2′-fluoroarabino
nucleosides have been used as nucleoside mimics in DNA and
RNA chemistry, and molecular biology.5–8 However, a fluorine
atom in the 2′-position of the sugar moiety of nucleosides and
oligonucleotides induces conformational changes depending on
the antipodal position of incorporation (2′-ribo or 2′-arabino).8–12


This effect can be circumvented when the fluorine atom is
introduced into the nucleobase.


From a steric point of view, the fluorine atom introduced into
a nucleobase is expected to lead only to minor perturbation of
the molecule shape. This results from the small van der Waals
radius of fluorine (1.47 Å) compared to other halogens and
being similar to that of hydrogen (1.20 Å). As 5-fluorinated
pyrimidine nucleosides are readily accessible and reasonably
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stable, 5-fluorinated uracil/thymine and cytosine nucleosides have
been incorporated in DNA or RNA either chemically by solid-
phase synthesis or enzymatically employing polymerases.13 Single
crystal X-ray analyses showed that a fluorine atom present in the
5-position of a pyrimidine moiety is well accommodated in the
duplex structures.14,15 It was also reported that a 5-fluorouridine
residue at a single site of RNA stabilizes the duplex due to more
favorable stacking interactions.16


Compared to the easier access to fluorinated pyrimidine nucle-
osides, the introduction of fluorine atoms into purine nucleosides
encounters difficulties, as fluorine substituents in the 2- or 8-
position are labile and subject to nucleophilic displacement reac-
tions (purine numbering is used throughout the general section).
A fluorine in the 2-position of adenosine or 2′-deoxyadenosine17


is easily displaced by nucleophiles such as amines.18 2-Fluoro-
7-deaza-2′-deoxyadenosine is more stable and oligonucleotides
with this modification were prepared recently.19 Nevertheless, the
replacement of a hydrogen atom by fluorine in the 2-position
has an unfavorable effect on the dA–dT base pair stability.19


By changing the fluorination side of a purine base from the
2- to the 8-position, the situation becomes even more complex
already on the nucleoside level.20 The preparation encounters
synthetic difficulties and defluorination reactions are occurring
in basic and acidic media.21 Thus, there has been no report on the
incorporation of a purine nucleobase fluorinated in the 8-position
of the adenine or the guanine moiety, neither in DNA, RNA or in
short oligonucleotides.


Our laboratory and others have selected the 7-position of 7-
deazapurines as the target site for fluorination reactions. Recently,
the syntheses of 7-deaza-7-fluoro-2′-deoxyadenosine (1b) and 7-
deaza-7-fluoro-2′-deoxyguanosine (2b) have been reported22 and
the X-ray analysis of 1b was performed.23 Now, we are studying
the behavior of oligonucleotides incorporating the fluorinated
7-deazapurine nucleosides 1b and 2b. The non-functionalized
nucleosides 1a and 2a, as well as other halogenated derivatives
including 1c and 2c, were already introduced into the DNA
molecule (Scheme 1).19,24–26 This manuscript describes for the
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Scheme 1 Structure of nucleosides and the corresponding phosphoramidites.


first time the solid-phase synthesis of stable fluorinated oligonu-
cleotides with fluorine atoms in the “purine” moiety employing
the phoshoramidites 3 and 4. It reports on the thermal and
chemical stability of base pairs formed by the 7-fluorinated
nucleosides 1b or 2b. It demonstrates that the 19F NMR signal
can be used to detect fluorinated “purine” bases in oligonucleotide
single strands and duplexes by 19F-NMR spectroscopy. Thus the
modification has the potential to be employed in DNA detection or
imaging.


Results and discussion


1. Synthesis and properties of the monomers


The synthesis of 7-fluoro-7-deaza-2′-deoxyadenosine (1b) and 7-
fluoro-7-deaza-2′-deoxyguanosine (2b) has been already reported
by our laboratory.22 The phosphoramidites 3 and 4 were prepared
from 1b and 2b in a three-step route (Scheme 2). As amino
protecting groups, the benzoyl residue (Bz) was chosen for
compound 1a27 and the isobutyryl residue (i-Bu) for 2a.28,29 These
protecting groups were also employed here for the 7-fluorinated
nucleosides using the protocol of transient protection30 (1b, 2b


→ 5b, 7b, Scheme 2). The amino-protected intermediates 5b and
7b were converted into the 5′-O-DMT derivatives 6 and 8 under
standard conditions with DMT-Cl in pyridine. Phosphitylation
with 2-cyanoethyl-N,N-diisopropylphosphoramidochloridite in
anhydrous CH2Cl2 (i-Pr2EtN) furnished the phosphoramidites 3
and 4 (Scheme 2).


The structures of all new compounds were established by
1H-, 13C-, 19F- and 31P-NMR spectroscopy, as well as by mass
spectrometry and elemental analyses (Table 1 and experimental
part). Assignment of the 13C-NMR resonance was made on the
basis of gated-decoupled 1H-13C-NMR spectra and by using JCF


coupling constants as described in earlier publications.22,31 Table 1
summarizes the 13C NMR chemical shifts and Table 2 the 19F
chemical shifts and the JCF coupling constants. The observed C-
7 chemical shifts of the 7-fluorinated 7-deazapurine nucleosides
1b and 2b22(d ≈ 140 ppm) are found downfield compared to
the non-functionalized nucleosides 1a and 2a (d ≈ 100 ppm).24,25


The other 7-halogen substitutions lead either to a small down-
field shift (D = 1–2 ppm upon 7-chlorination)24,25 or an up-field
shift (D ≈ −15 ppm upon bromination and D ≈ −50 ppm upon
iodination).24,25,32,33 The 7-fluoro atom causes 1JC7,F, 2JC8,F, and
2JC5,F couplings, as was observed for the sugar modified nucleosides


Scheme 2 Reagents and conditions: (i) TMSCl, BzCl, pyridine; (ii) 4,4′-dimethoxytriphenylmethyl chloride, anhydrous pyridine; (iii) 2-cya-
noethyl-N,N-diisopropylphosphoramidochloridite, N,N-diisopropylethylamine, dichloromethane; (iv) TMSCl, isobutyric anhydride, pyridine.
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Table 1 13C NMR chemical shifts (d) of nucleosidesa


C(2)b C(4) C(4a) C(5) C(6) C(7a) C(1′) C(2′) C(3′) C(4′) C(5′) CO OMe


C(2)c C(6) C(5) C(7) C(8) C(4)


1a 151.6 157.5 102.9 99.6 121.6 149.7 83.3 d 71.2 87.3 62.2 —
1b22 152.7 155.8 92.3 142.6 103.9 145.8 82.4 d 70.9 87.2 61.9 —
5a24 150.0 151.0 109.4 103.1 124.3 152.0 82.9 d 70.9 87.3 61.9 165.7
5b 150.1 151.2 101.9 141.6 108.9 147.3 82.5 d 70.9 87.4 61.8 166.5
6 150.1 151.2 102.0 141.6 108.8 147.3 82.5 d 70.6 85.5 64.2 166.6 55.0
2a25 152.5 158.5 100.0 102.1 116.7 150.5 82.2 d 70.8 86.9 61.9 —
2b22 153.0e 156.9e 89.9 145.6 99.5 147.6e 82.6 d 70.8 87.4 61.8 —
7a25 152.5 158.5 100.0 102.1 116.7 150.5 82.2 d 70.8 86.9 61.9
7b 147.4 154.9 93.6 145.4 102.2 143.5 82.3 34.8 70.9 87.3 61.8 180.2
8 147.4 154.9 93.8 145.3 102.2 143.5 82.3 34.8 70.5 85.4 64.2 180.2 54.9


a Measured in d6-DMSO at 298 K. b Systematic numbering. c Purine numbering. d Superimposed by DMSO. e Tentative.


Table 2 19F NMR chemical shifts (d)a ,b and JFC
c coupling constants of


nucleosides


Compound d (F-7)b 1JC7,F7
2JC8,F7


2JC5,F7
3JC4,F7


3JC6,F7


1b −167.95 248.1 28.4 15.8 d d


9 −168.30 245.3 30.2 15.7 d d


10 −168.00 244.8 26.8 15.7 d d


5 −163.79 248.1 28.4 15.8 d d


6 −163.60 247.8 27.9 15.3 d d


2b −167.89 247.8 27.1 12.4 d d


7b −165.93 247.8 26.8 13.8 3.2 2.6
8 −165.94 247.9 26.5 13.8 3.1 2.8


a Measurements were performed in d6-DMSO at 25 ◦C. b Data are taken
from 19F NMR spectra with CFCl3 as reference. c Data are taken from 13C
NMR spectra. d Smaller than 1 Hz.


922 and 10.34 The protected 7-fluoro-7-deaza-2′-deoxyguanosine
derivatives show long range couplings (3JC4,F and 3JC6,F) (Table 2).


Next, the stability of compounds 5b and 7b was studied.
The half life values of both compounds were determined UV-
spectrophotometrically in 25% aqueous NH3 at 40 ◦C in a sealed
vessel. In the “dG” series, the half life is 94 min for 7b, which is
similar to that of 7a (109 min).28 The corresponding values for
the “dA” derivatives are significantly longer with 530 min for 5b,
compared to 320 min for 5a28 (Scheme 3). Both 5b and 5a were
fully deprotected at 60 ◦C in 25% aqueous NH3. However, in
the case of 7-fluoro-7-deaza-2′-deoxyguanosine, the deprotection
of 7b was accompanied by partial decomposition (see HPLC
profile of Fig. 1a compared to 1b). This decomposition was not


observed in the case of the non-halogenated derivative 7a or the
corresponding 7-iodo derivative 7c (Fig. 1c). Consequently, mild
deprotection conditions were chosen for 7b and deprotection was
complete after 24 hours’ treatment in 25% ammonia, as monitored
by HPLC, without significant decomposition (Fig. 1d). Thus,
for the synthesis of oligonucleotides containing 2b, canonical
phosphoramidites with tert-butylphenoxyacetyl (tac) protecting
groups were employed, which can be deprotected in aqueous
ammonia at room temperature.


2. Synthesis and duplex stability of oligonucleotides containing
the fluorinated nucleosides 1b and 2b


Oligonucleotide synthesis was carried out on a solid phase with
an ABI 392-08 synthesizer at a 1 lmol scale employing the
phosphoramidites 3 and 4, as well as standard building blocks. The
coupling yields were always higher than 95%. For oligonucleotides
without modification, or those containing 1b, the synthesis of
oligonucleotides was performed by employing the DMT-on mode.
After cleavage from the solid support, the oligonucleotides were
deprotected in 25% aq. NH3 for 16 h at 60 ◦C. The synthesis
of oligonucleotides incorporating 2b used tert-butylphenoxyacetyl
(tac) protected canonical phosphoramidites employing the DMT-
off mode and mild deprotection conditions (25% aq. NH3,
room temperature, 24 h). The oligonucleotides were purified by
reversed-phase HPLC. The detailed procedure for oligonucleotide
purification is reported in the experimental part. The molecular
masses of all synthesized oligonucleotides were determined by


Scheme 3 Structure of nucleosides.
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Fig. 1 Reversed-phase HPLC (RP-18) profiles of deprotection of 7b with 25% aqueous ammonia at 60 ◦C for 16 h (a); an artificial mixture of compounds
2a–c (b); deprotection of 7c with 25% aqueous ammonia at 60 ◦C for 16 h (c) and deprotection of 7b with 25% aqueous ammonia at room temperature
(d). The mixtures were analyzed by reversed-phase HPLC at 260 nm on a RP-18 column (250 × 4 mm). Gradient: 4% MeCN, 96% buffer [buffer: 0.1M
(Et3NH)OAc (pH 7.0)–MeCN, 95 : 5]. Flow rate = 0.7 cm3 min−1.


MALDI-TOF mass spectra (Table 6, experimental part). They
were in agreement with the calculated values.


The base pair stabilities of halogenated 7-deazapurine nu-
cleosides with Cl, Br, I in the 7-position of 7-deaza-2′-
deoxyadenosines and 7-deaza-2′-deoxyguanosines have already
been reported.19,24–26,33 However, due to synthetic problems, noth-
ing is known about fluorinated derivatives. Therefore, the effect
of 7-fluorine substitution in 7-deazapurines has now been studied
for the first time by comparing the duplex stabilities and mismatch
discrimination of the 7-fluorinated nucleosides (1b, 2b) with the
parent compounds (1a, 2a) and the 7-iodo derivatives (1c, 2c).
The hybridization experiments were performed using the duplexes
5′-d(TAGGTCAATACT) (11) and 3′-d(ATCCAGTTATGA) (12)
as references. The modified duplexes contain single or multiple
incorporations of fluorine-modified molecules at various posi-
tions. The base pairing of the oligonucleotides with the four
canonical nucleosides opposite to the modification sites was also
investigated.


Table 3 summarizes the Tm values of duplex oligonucleotides
containing 1a–c, 2a–c with one to twelve modifications. According
to the Table, the replacement of one or two dA-residues by 2′-
deoxytubercidin (1a) has a slight destabilizing effect on the non-
self complementary duplex stability (Tm = 50 ◦C for duplex
13·12 and 11·14). For comparison, compound 1b introduced at
the same positions stabilizes the duplexes (Tm = 51 ◦C, 53 ◦C
for 15·12 and 11·16) as well as compound 1c. Also, the 7-
deaza-2′-deoxyguanosine (2a) has a destabilizing effect on the
duplex in place of dG (Tm = 50 or 49 ◦C with one or more
modifications). Like in the “2′-deoxyadenosine” series, the 7-
fluorination of the 2′-deoxyguanosine analogue (→2b) led to the
stabilization of the duplexes (Tm = 51–53 ◦C with one or more
modifications). This stabilizing effect is comparable to that of the


7-iodo derivative 2c (Table 3), which also stabilizes the duplexes
under the same conditions. The step-wise stability increase by the
various halogen substituents is most clearly seen in the case of
the self-complementary dodecamers 29–32. Both the fluorinated
and the iodinated residues have a positive effect on the base pair
stability. The duplex stability increases with the increasing van der
Waals radii of the 7-halogens (Table 3).


Fig. 2 shows the space-filling molecular models of adenine, 7-
deazaadenine and the halogenated 7-deazapurines. It is apparent
that the fluorine substituent is less space demanding than the
other halogens. So, in enzymatic reactions within the limited space
in a catalytic active center of an enzyme, the fluoro compounds
are expected to be excellent substrates with favorable properties
over the other halogenated derivatives. As the non-functionalized
7-deazapurine nucleosides (1a and 2a) in the form of their
triphosphates are already excellent substrates for the polymerase
chain reaction35 or sequencing protocols36, it is expected that the
7-fluoro compounds 1b and 2b are also excellent mimics of the
canonical DNA constituents.


Apart from Watson–Crick base pairing, we wanted to investi-
gate the mismatch discrimination of the fluorinated nucleosides 1b
and 2b. Therefore, the base pairing of compounds 1b, 2b against
the four canonical nucleosides was studied. For this investigation,
the Tm values of 12-mer duplexes containing the modified
nucleosides located opposite the four canonical constituents were
prepared and Tm values were measured (Table 4 and Table 5). From
earlier investigations19 and the data shown in Table 5, it is apparent
that 7-deaza-2′-deoxyadenosine (1a) generates a strong base pair
not only with dT (Tm = 50 ◦C) but also with dG (Tm = 47 ◦C) and
dC (Tm = 44 ◦C), while a significant discrimination occurs against
dA (Tm = 33 ◦C). Although the 7-fluoro derivative 1b strengthens
the base pairs with dT (Tm = 53 ◦C), dG (Tm = 51 ◦C) and dA
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Table 3 Tm values and thermodynamic data of oligonucleotide duplexes containing 1a–c, 2a–ca


Duplexes Tm/◦C DGb Tm/◦C DGb


5′-d(TAGGTCAATACT) 11 51 −13.0 5′-d(TAGGTCAATACT) 11 50 −12.0
3′-d(ATCCAGTTATGA) 12 3′-d(ATCCA2aTTATGA) 21


5′-d(TAGGTC1aATACT) 1319 50 −12.7 5′-d(TAGGTCAATACT) 11 50 −11.8
3′-d(ATCCAGTTATGA) 12 3′-d(ATCCA2aTTAT2aA) 2226


5′-d(TAGGTCAATACT) 11 50 −11.3 5′-d(TA2a2aTCAATACT) 2326 49 −12.0
3′-d(ATCC1aGTT1aTGA) 1419 3′-d(ATCCAGTTATGA) 12


5′-d(TAGGTC1aATACT) 13 48 −11.0 5′-d(TA2a2aTCAATACT) 23 49 −11.5
3′-d(ATCC1aGTT1aTGA) 14 3′-d(ATCCA2aTTAT2aA) 22


5′-d(TAGGTC1bATACT) 15 51 −10.7 5′-d(TAGGTCAATACT) 11 51 −10.7
3′-d(ATCCAGTTATGA) 12 3′-d(ATCCA2bTTATGA) 24


5′-d(TAGGTCAATACT) 11 53 −13.0 5′-d(TAGGTCAATACT) 11 52 −11.5
3′-d(ATCC1bGTT1bTGA) 16 3′-d(ATCCA2bTTAT2bA) 25


5′-d(TAGGTC1bATACT) 15 52 −11.8 5′-d(TA2b2bTCAATACT) 26 52 −11.6
3′-d(ATCC1bGTT1bTGA) 16 3′-d(ATCCAGTTATGA) 12


5′-d(TAGGTC1b1bTACT) 17 53 −12.4 5′-d(TA2b2bTCAATACT) 26 53 −12.2
3′-d(ATCCAGTTATGA) 12 3′-d(ATCCA2bTTAT2bA) 25


5′-d(T1bGGTC1b1bT1bCT) 18 52 −12.0
3′-d(ATCCAGTTATGA) 12


5′-d(T1bGGTC1b1bT1bCT) 18 53 −11.7
3′-d(ATCC1bGTT1bTGA) 16


5′-d(TAGGTC1cATACT) 1919 51 −11.9 5′-d(TAGGTCAATACT) 11 52 −11.9
3′-d(ATCCAGTTATGA) 12 3′-d(ATCCA2cTTAT2cA) 2728


5′-d(TAGGTCAATACT) 11 54 −13.2 5′-d(TA2c2cTCAATACT) 2828 51 −11.6
3′-d(ATCC1cGTT1cTGA) 2019 3′-d(ATCCAGTTATGA) 12


5′-d(TAGGTC1cATACT) 19 54 −12.2 5′-d(TA2c2cTCAATACT) 28 53 −12.1
3′-d(ATCC1cGTT1cTGA) 20 3′-d(ATCCA2cTTAT2cA) 27


5′-d(ATATATATATAT)c 2924 33 0.22 5′-d(1bT1bT1bT1bT1bT1bT)c 31 48 −1.9
3′-d(TATATATATATA) 29 3′-d(T1bT1bT1bT1bT1bT1b) 31


5′-d(1aT1aT1aT1aT1aT1aT)c 3024 36 0.0 5′-d(1cT1cT1cT1cT1cT1cT) 3233 59 −11.4
3′-d(T1aT1aT1aT1aT1aT1a) 30 3′-d(T1cT1cT1cT1cT1cT1c) 32


a Measured at 260 nm in 1 M NaCl, 0.1 M MgCl2, 60 mM Na-cacodylate, pH 7, at 5 lM + 5 lM of single strand concentration. b DG values are given in
Kcal mol−1 and within 10% errors. c 15 lM of single strands.


Fig. 2 Structure of nucleobases (left) and the corresponding space-filling models (right). Van der Waals radii (Å) are: H = 1.2; F = 1.47; Cl = 1.75; Br =
1.85; I = 1.98. Electronegativities are: H = 2.2; F = 3.98; Cl = 3.16; Br = 2.96; I = 2.66.


(Tm = 39 ◦C) when compared to the parent compound 1a, the
pairing discrimination against dC is significantly better in the case
of the fluorinated nucleoside 1b than 1a. The mispairing of 1b with
dG is not unexpected as stable dA–dG base pairs (Fig. 3, motif I)


have already been detected in many other cases including dA–dG
or c7Ad–dG pairs (Fig. 3, motif II).37–40 It was already reported that
the stability of this mispair is sequence dependent. Also, tandem
base pairs are better stabilized than single substitutions. Table 4
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Table 4 Tm values (◦C) of duplexes 5′-d(TAGGTXAATACT)-3′·3′-
d(ATCCAYTTATGA) with mismatches opposite to dG and 2a,ba ,b


X·Y Duplex Tm/◦C DTm/◦C DG/Kcal mol−1


C·G 11·12 51 −13.0
G·G 33·12 30 −21 −6.4
A·G 34·12 35 −16 −7.3
T·G 35·12 36 −15 −7.8
C·2a 11·21 50 −12.0
G·2a 33·21 30 −20 −5.9
A·2a 34·21 36 −14 −7.5
T·2a 35·21 38 −12 −8.3
C·2b 11·24 51 −10.7
G·2b 33·24 33 −18 −7.1
A·2b 34·24 31 −20 −6.5
T·2b 35·24 38 −13 −7.8


a Measured at 260 nm in 1 M NaCl, 0.1 M MgCl2, 60 mM Na-cacodylate
buffer, pH 7.0, with 5 lM single-strand concentration. b The data in
parentheses are DTm (Tm


base mismatch − Tm
base match).


Table 5 Tm values (◦C) of duplexes 5′-d(TAGGXCAATACT)·3′-
d(ATCCYGTTYTGA) with mismatches opposite to A and 1a–ca ,b


X·Y Duplex Tm/◦C DTm/◦C DG/Kcal mol−1


T·A 11·12 51 −13.0
A·A 36·12 40 −11 −8.7
G·A 37·12 47 −4 −10.1
C·A 38·12 37 −14 −7.9
T·1a 11·14 50 −11.3
A·1a 36·14 33 −16 −6.9
G·1a 37·14 47 −3 −10.6
C·1a 38·14 44 −6 −9.7
T·1b 11·16 53 −13.0
A·1b 36·16 39 −14 −8.4
G·1b 37·16 51 −2 −11.0
C·1b 38·16 43 −10 −9.8
T·1c 11·20 54 −13.2
A·1c 36·20 41 −13 −8.8
G·1c 37·20 53 −1 −12.1
C·1c 38·20 43 −11 −10.0


a Measured at 260 nm in 1 M NaCl, 0.1 M MgCl2, 60 mM Na-cacodylate
buffer, pH 7.0, with 5 lM single-strand concentration. b The data in
parentheses are DTm (Tm


base mismatch − Tm
base match).


Fig. 3 Base pair motifs of dA–dG, c7Ad–dG and dA–c7Gd.


shows the mispairing of dA–2a,b (Fig. 3, motif III). Obviously a
dA (or 1a–c)–dG (or 2a,b) pair between two dA–dT pairs (dA–dG,
Tm = 35 ◦C, Table 4) is less stable than that between two dG–dC
base pairs (dA–dG, Tm = 47 ◦C, Table 5).


The base pairing of protonated dA with dC41 or of the proto-
nated 7-deaza-2′-deoxyanosine with dC19 was already reported.


In the case of 1a, it was found that a decreasing pH value19


resulted in higher Tm values, which is in line with protonated
base pair formation (Fig. 4, motifs IV and V). As the pH value
of protonation of compound 1a is higher (pKa = 5.08) compared
to dA (pKa = 3.5), it is obvious that at neutral pH, compound
1a forms stronger mispairs with dC than dA. Table 5 shows the
base discrimination of oligonucleotides with 1a–c against dC. The
DTm values are calculated on the basis of the corresponding dA
(c7Ad)–dT base-pair Tm values to eliminate the effect of the second
modification. Compared to the 7-non functionalized compound
1a (DTm = −6 ◦C), the 7-fluorinated compound 1b (DTm =
−10 ◦C) shows a better mismatch discrimination being similar
to dA (DTm = −14 ◦C). Therefore, at pH 7.0, a higher proportion
of protonated species is formed in the case of compound 1a (pKa


5.1) compared to 1b (pKa 4.4).18 Thus, the 7-fluorinated 7-deaza-
2′-deoxyadenosine (1b) behaves more as a dA analogue than the
non-fluorinated 1a. The proposed base pair motifs are shown in
Fig. 4.


Fig. 4 Base pare motifs for dA and 1b with dC.


19F NMR spectroscopy is widely used for the structure elucida-
tion of monomeric nucleosides as well as for oligonucleotides.3,10,42


As the fluorine nucleus is surrounded on average by 9 electrons,
rather than by a single electron in the case of hydrogen, the range
of fluorine chemical shifts and the sensitivity to local environment
changes are used as sensitive reporters. At present, fluorinated
purine nucleosides cannot be used for this purpose due to stability
problems. The 19F spectra of the fluorinated nucleosides 2b and the
oligonucleotide 24 incorporating 2b can be used, and spectra were
measured in aqueous buffer solution. The data for the monomers
measured in DMSO-d6 are already summarized in Table 2. All
7-fluorinated 7-deazapurine nucleosides show only one 19F NMR
signal at approximately −165 ppm when measured in d6-DMSO
(see Table 2). This signal is not split when the proton-coupled
mode is used. As we wanted to confirm that the measurement
was correct, the corresponding spectrum of the bis-fluorinated
compound 9 (Scheme 3, see above) was undertaken. The latter
shows only one singlet for the 7-fluorine atom at −168.30 ppm
(Table 2) and a multiplet at −199.68 ppm for the 2′-fluoro
substituent with a 2JF,H2


′ coupling and two 3JF,H couplings.22 Thus,
it was confirmed that a possible coupling of the 7-fluorine atom
with any proton is smaller than 1 Hz, which is the detection limit
of our NMR machine.


In aqueous solutions (0.1 M NaCl, 10 mM MgCl2, and 10 mM
Na-cacodylate buffer), the chemical shift of 7-fluorine of 2b
is shifted downfield to −165.96 ppm compared to −166.67 in
d6-DMSO (Fig. 5). Next, the oligonucleotide 24 incorporating
one 2b residue was measured also showing only one signal at
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Fig. 5 19F NMR spectra (CFCl3 as external standard and measured at
298 K) of compound 2b (a); oligonucleotide 24 (b) and duplex 11·24 (c).
Samples were dissolved in 0.4 mM in 1 M NaCl, 100 mM MgCl2 and
60 mM Na-cacodylate buffer, pH 7.0.


−165.86 ppm with an almost identical chemical shift to that of
the monomeric 2b measured in the same solvent (Fig. 5). This
indicates that in the single-stranded chain, the microenvironment
and the solvation of the 7-fluoro substituent are rather similar to
that of the monomeric nucleoside. The situation changes when
compound 2b is part of a base pair stack as in the duplex 11·24.
Now, the fluorine signal is shifted upfield to −166.21 ppm.


3. Conclusion


7-Fluoro substituents were introduced in 7-deaza-2′-
deoxyadenosine (→1b) and 7-deaza-2′-deoxyguanosine (→2b)
and corresponding phosphoramidites (3, 4) were prepared
as well as oligonucleotides containing this modification. The
7-fluoro substituent introduced in the 7-position of 7-deaza-2′-
deoxydenosine (1b) stabilizes the base pair with dT and improves
mismatch discrimination. A stabilization of the base pair of
2b with dC is observed. While fluorine in the 2- or 8-position
of purine nucleosides is labile, the 7-fluorinated 7-deazapurine
nucleosides are stable enough to be detected by 19F NMR
spectroscopy in single stranded oligonucleotides or duplex
DNA. Thus, the fluorinated 7-deazapurines are applicable to
DNA detection and imaging in vitro as well as in living systems.


Experimental


General


All chemicals were purchased from Acros, Aldrich, Sigma, or
Fluka (Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany).
Solvents were of laboratory grade. Thin-layer chromatography
(TLC) was performed on a TLC aluminium sheet covered with
silica gel 60 F254 (0.2 mm, VWR International, Germany).
Column flash chromatography (FC): silica gel 60 (VWR In-
ternational, Darmstadt, Germany) at 0.4 bar; UV-spectra were
recorded on a U-3200 spectrophotometer (Hitachi, Japan), kmax


in nm, e in dm3 mol−1 cm−1. NMR spectra: Avance DPX 250
or DPX 300 spectrometers (Bruker Germany); d values in ppm
relative to Me4Si as internal standard, CFCl3 as external standard


for 19F, or 85% H3PO4 for 31P. The J-values are given in Hz.
Reversed-phase HPLC was carried out on a 4 × 250 mm RP-18
(10 lm) LiChroscorb column (VWR International) with a Merck-
Hitachi HPLC pump (Model 655 A-12) connected with a variable
wavelength monitor (model 655-A), a controller (model L-500)
and an integrator (model D-2000). Elemental analyses were per-
formed by the Mikroanalytisches Laboratorium Beller, Göttingen,
Germany. MALDI-TOF mass spectra were recorded on a Biflex-
III spectrometer (Bruker, Leipzig, Germany) in the reflector mode
and on an Applied Biosystems Voyager DE PRO spectrometer
in the linear mode. Half-life values (s) and the melting curves
were measured with a Cary-100 Bio UV/Vis spectrophotometer
(Varian, Australia) and all values were measured more than twice
and they were repeatable.


Synthesis and characterization of oligonucleotides


The oligonucleotide synthesis was performed on an ABI 392–
08 synthesizer, model 392–08 (Applied Biosystems, Weiterstadt,
Germany) at a 1 lmol scale (trityl on mode) employing phospho-
ramidites and following the synthesis protocol for 3′-cyanoethyl
phosphoramidites (User’s Manual of the DNA Synthesizer, Ap-
plied Biosystems, Weiterstadt, Germany). The average coupling
yield was always higher than 95%. After cleavage from the solid-
support, the oligonucleotides were deprotected in 25% aq. NH3


for 16 h at 60 ◦C or 24 h at r.t. for oligonucleotides containing 2b.
The DMT-containing oligonucleotides were purified by reversed-
phase HPLC (RP-18) with the following solvent gradient system
[A: 0.1 M (Et3NH)OAc (pH 7.0)–MeCN 95 : 5; B: MeCN;
gradient I : 0–3 min 10–15% B in A, 3–15 min 15–50% B in A,
15–20 min 50–10% B in A, flow rate 1.0 cm3 min−1]. Then, the
mixture was evaporated to dryness, and the residue was treated
with 2.5% Cl2CHCOOH–CH2Cl2 for 3 min at 0 ◦C to remove
the 4,4′-dimethoxytrityl residues. Oligonucleotides containing 2b
were synthesized in the DMT-off mode to avoid acidic conditions
after deprotection of the amino group. The detritylated oligomers
were purified by reversed-phase HPLC with the gradient II : 0–
25 min 0–20% B in A, 25–30 min 20% B in A, 30–35 min 20–0%
B in A, flow rate 1.0 cm3 min−1. The oligomers were desalted on
a short column (RP-18, silica gel) using H2O for elution of the
salt, while the oligomers were eluted with MeOH–H2O (3 : 2). The
oligonucleotides were lyophilized on a Speed Vac evaporator to
yield colourless solids which were stored frozen at −24 ◦C.


The molecular masses of the oligonucleotides were determined
in positive mode by MALDI-TOF Biflex-III mass spectrometry
(Bruker Saxonia, Leipzig, Germany) for compounds containing
1b or in negative mode by an Applied Biosystems Voyager DE
PRO spectrometer for compounds containing 2a or 2b with 3-
hydroxypicolinic acid (3-HPA) as a matrix. The detected masses
were identical with the calculated values (Table 6).


N4-(Benzoyl)-7-(2-deoxy-b-D-erythro-pentofuranosyl)-5-fluoro-
7H-pyrrolo[2,3-d]pyrimidin-4-amine (5b)


To a stirred suspension of 4-amino-7-(2-deoxy-b-D-erythro-
pentofuranosyl)-5-fluoro-7H-pyrrolo[2,3-d]pyrimidine (1b,22


220 mg, 0.82 mmol) in 4.1 cm3 of dry pyridine was added
trimethyl chlorosilane (TMSCl, 0.53 cm3, 4.1 mmol) at r.t. After
30 min, benzoyl chloride (0.49 cm3, 4.1 mmol) was added. Stirring
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Table 6 Molecular masses determined from MALDI-TOF mass spectra


Mass (calcd) Mass (found)


5′-d(TAGGTC1bATACT)-3′ (15) 3659.7 3659.0
5′-d(AGT1bTTG1bCCTA)-3′ (16) 3676.6 3677.4
5′-d(TAGGTC1b1bTACT)-3′ (17) 3676.6 3677.3
5′-d(T1bGGTC1b1bT1bCT)-3′ (18) 3711.6 3711.3
5′-d(1bT1bT1bT1bT1bT1bT)-3′ (31) 3742.6 3743.0
5′-d(AGTATT2aACCTA)-3′ (21) 3641.6 2642.0
5′-d(AGTATT2bACCTA)-3′ (24) 3659.7 3660.5
5′-d(A2bTATT2bACCTA)-3′ (25) 3676.6 3677.0
5′-d(TA2b2bTCAATACT)-3′ (26) 3676.6 3677.1


was continued for 2 h and the mixture was cooled in an ice bath.
Water (0.82 cm3) was added and after 5 min, aqueous ammonia
(1.64 cm3, 25%) was added and the mixture was kept stirring at r.t.
for 30 min. The reaction mixture was then evaporated to dryness,
dissolved in methanol, adsorbed on silica gel (1.5 g) and applied
to flash chromatography (FC) on the top of a silica gel column
(10 × 2 cm). Elution with CH2Cl2–CH3OH (30 : 1–20 : 1) yielded
5b as colourless solid (284 mg, 93%) (Found: C, 58.10; H, 4.70; N,
14.86%. C18H17FN4O4 requires C, 58.06; H, 4.60; N, 15.05%); TLC
(silica gel, CH2Cl2–CH3OH, 10 : 1): Rf 0.31; kmax(MeOH)/nm
312 (e/dm3 mol−1 cm−1 6100), 276 (6400) and 227 (25300); dH


(250 MHz; [d6]DMSO; Me4Si) 2.20–2.30 (1 H, m, 2′-Ha), 2.44–2.54
(1 H, m, 2′-Hb), 3.54 (2 H, m, 5′-H), 3.84 (1 H, m, 4′-H), 4.36 (1 H,
m, 3′-H), 4.98 (1 H, m, 5′-OH), 5.32 (1 H, s, 3′-OH), 6.73 (1 H, t, J
6.3, 1′-H), 7.48–7.68 (3 H, m, arom. H), 7.75 (1 H, d, J 1.9, 6-H),
8.66 (1 H, s, 2-H), 8.05 (2 H, m, arom. H) and 11.27 (1 H, br s, NH).


N4-(Benzoyl)-7-[2-deoxy-5-O-(4,4′-dimethoxytriphenylmethyl)-b-
D-erythro-pentofuranosyl]-5-fluoro-7H-pyrrolo[2,3-d]pyrimidin-4-
amine (6)


Compound 5b (564 mg, 1.51 mmol) was dried by repeated co-
evaporation with anhydrous pyridine (3 × 3 cm3) and dissolved
in anhydrous pyridine (3 cm3). This solution was treated with
4,4′-dimethoxytriphenylmethyl chloride ((MeO)2TrCl; 623 mg,
1.84 mmol) at r.t. while stirring (3 h). The mixture was coevapo-
rated with toluene to remove pyridine and the oily residue was
applied to FC (silica gel, column 2.5 × 10 cm). Elution with
CH2Cl2–CH3OH (100 : 1) furnished 6 as slight yellow foam
(744 mg, 73%) (Found: C, 69.29; H, 5.36; N, 8.15%. C39H35FN4O6


requires C, 69.42; H, 5.23; N 8.30%); TLC (silica gel, CH2Cl2–
CH3OH, 20 : 1): Rf 0.19; kmax(MeOH)/nm 312 (e/dm3 mol−1 cm−1


6200), 275 (9900) and 229 (41 700); dH(250 MHz; [d6]DMSO;
Me4Si) 2.33 (1 H, m, 2′-Ha), 2.60 (1 H, m, 2′-Hb), 3.13–3.21 (2
H, m, 5′-H), 3.73 (6 H s, 2 × OCH3), 3.97 (1 H, m, 4′-H), 4.38 (1
H, m, 3′-H), 5.39 (1 H, d, J 4.4, 3′-OH), 6.75 (1 H, t, J 6.5, 1′-H),
6.84–6.87 (4 H, m, arom. H), 7.22–7.28 (7 H, m, arom. H), 7.38 (2
H, m, arom. H), 7.54–7.66 (4 H, m, arom. H and 6-H), 8.05 (2 H,
m, arom. H), 8.67 (1 H, s, 2-H) and 11.30 (1 H, br s, NH).


N4-(Benzoyl)-7-[2-deoxy-5-O-(4,4′-dimethoxytriphenylmethyl)-b-
D-erythro-pentofuranosyl]-5-fluoro-7H-pyrrolo[2,3-d]pyrimidin-4-
amine 3′-(2-cyanoethyl-N ,N-diisopropyl)phosphoramidite (3)


To a solution of compound 6 (337 mg, 0.5 mmol) in anhy-
drous CH2Cl2 (4.5 cm3) were added N,N-diisopropylethylamine


(0.26 cm3, 1.48 mmol) and 2-cyanoethyldiisopropylphosphora-
midochloride (167 ll, 0.75 mmol) while stirring at r.t. The stirring
was continued for 30 min and the reaction mixture diluted with
CH2Cl2 (15 cm3). The solution was washed with an aqueous
solution of 5% NaHCO3 (2 × 20 cm3). The organic layer was
separated and dried over Na2SO4, filtrated and evaporated to an
oil. The residue was applied to FC (silica gel, column 2.5 × 8 cm),
elution with CH2Cl2–acetone–Et3N 10 : 1 : 0.2) gave a colorless
foam (338 mg, 77%); TLC (silica gel, CH2Cl2–acetone 10 : 1): Rf


0.5; dP(101 MHz; CDCl3; H3PO4) 149.9 and 150.0.


7-(2-Deoxy-b-D-erythro-pentofuranosyl)-3,7-dihydro-2-
(isobutyrylamino)-5-fluoro-4H-pyrrolo[2,3-d]pyrimidin-4-one (7b)


Compound 2b22 (180 mg, 0.63 mmol) was dried by repeated co-
evaporation with pyridine (3 × 5 cm3). The residue was suspended
in pyridine (3.7 cm3) and Me3SiCl (0.53 cm3, 4.2 mmol) was added
at r.t. while stirring. After 30 min, the solution was treated with
isobutyric anhydride (0.53 cm3, 3.2 mmol) and the mixture was
kept stirring at r.t. for 3 h. The mixture was cooled in an ice
bath, H2O (0.6 cm3) was added, followed by the addition of 25%
aqueous ammonia (1.2 cm3) after 5 min. The solution was stirred
for another 15 min and evaporated. The residue was applied to FC
(silica gel, column 2.5 × 8 cm, eluted with CH2Cl2–CH3OH 30 :
1→15 : 1) to yield 7b as a colourless solid (186 mg, 83%) (Found: C,
50.74; H, 5.30%. C15H19FN4O5 requires C, 50.84; H 5.40%); TLC
(silica gel, CH2Cl2–CH3OH, 10 : 1): Rf 0.19; kmax(MeOH)/nm 294
(e/dm3 mol−1 cm−1 12 600); dH(250.13 MHz; [d6]DMSO; Me4Si)
1.08 (6 H, m, 2 × CH3), 2.13 (1 H, m, 2′-H), 2.35 (1 H, m, 2′-H),
2.73 (1 H, m, Me2CH), 3.50 (2 H, m, 5′-H), 3.77 (1 H, m, 4′-H),
4.30 (1 H, m, 3′-H), 4.94 (1 H, br s, 5′-OH), 5.26 (1 H, br s, 3′-OH),
6.43 (1 H, t, J 6.6, 1′-H), 7.19 (1 H, s, 6-H), 11.59 (1 H, br s, NH)
and 12.00 (1 H, br s, NH); m/z (ESI-TOF) 377.1248 (M + Na+.
C15H19FN4O5Na requires 377.1237).


7-[2-Deoxy-5-O-(4,4′-dimethoxytriphenylmethyl)-b-D-erythro-
pentofuranosyl]-3,7-dihydro-2-(isobutyrylamino)-5-fluoro-4H-
pyrrolo[2,3-d]pyrimidin-4-one (8)


Compound 7b (150 mg, 0.42 mmol) was dried by repeated co-
evaporation with anhydrous pyridine and dissolved in anhy-
drous pyridine (2.3 cm3). The solution was treated with 4,4′-
dimethoxytriphenylmethyl chloride (300 mg, 0.9 mmol) at r.t.
while stirring (3 h). The reaction mixture was evaporated and the
residue was applied to FC (silica gel, column 2.5 × 10 cm, eluted
with CH2Cl2–H3OH 50 : 1) to yield 8 as a slightly yellowish foam
(225 mg, 81%) (Found: C, 65.86; H, 5.60; N, 8.54%. C36H37FN4O7


requires C, 65.84; H, 5.68; N, 8.53%); TLC (silica gel, CH2Cl2–
CH3OH, 20 : 1): Rf 0.12; kmax(MeOH)/nm 276 (e/dm3 mol−1 cm−1


15 200), 283 (15 200) and 297 (14 200); dH (250 MHz; [d6]DMSO;
Me4Si) 1.12 (6 H, m, 2 × CH3), 2.22 (1 H, m, 2′-Ha), 2.46 (1 H, m,
2′-Hb), 2.75 (1 H, m, Me2CH), 3.13 (2 H, m, 5′-H), 3.73 (6 H, s, 2 ×
OCH3), 3.90 (1 H, m, 4′-H), 4.30 (1 H, m, 3′-H), 5.34 (1 H, d, J 2.4,
3′-OH), 6.43 (1 H, t, J 6.3 Hz, 1′-H), 6.83 (4 H, m, arom. H), 7.03
(1 H, s, 6-H), 7.21–7.38 (9 H, m, arom. H) and 11.59 (2 H, br s,
2 × NH); m/z (ESI-TOF) 679.2560 (M + Na+. C36H37FN4O7Na
requires 679.2544).
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7-[2-Deoxy-5-O-(4,4′-dimethoxytriphenylmethyl)-b-D-erythro-
pentofuranosyl]-3,7-dihydro-2-(isobutyrylamino)-5-fluoro-4H-
pyrrolo[2,3-d]pyrimidin-4-one 3′-(2-cyanoethyl-N ,N-
diisopropyl)phosphoramidite (4)


To a solution of compound 8 (200 mg, 0.30 mmol) in anhydrous
CH2Cl2 (3 cm3) were added N,N-diisopropylethylamine (0.18 cm3,
1.09 mmol) and 2-cyanoethyldiisopropylphosphoramidochloride
(192 ll, 0.85 mmol) while stirring at r.t. The stirring was continued
for 30 min and the reaction mixture diluted with CH2Cl2 (15 cm3).
The solution was washed with an aqueous solution of 5% NaHCO3


(2 × 20 cm3). The organic layer was separated, dried over Na2SO4,
and evaporated. The residue was applied to FC (silica gel, column,
2.5 × 8 cm, CH2Cl2–acetone–Et3N 10 : 1 : 0.2) to give a colourless
foam (200 mg, 77%); TLC (silica gel, CH2Cl2–acetone 10 : 1): Rf


0.5; dP(101 MHz; CDCl3; H3PO4) 148.6. and 149.1.
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Novel triazole-based pyrophosphate analogues of thiamine pyrophosphate (TPP) have been synthesised
and tested for inhibition of pyruvate decarboxylase (PDC) from Zymomonas mobilis. The thiazolium
ring of thiamine was replaced by a triazole in an efficient two-step procedure. Pyrophosphorylation
then gave extremely potent triazole inhibitors with K I values down to 20 pM, compared to a KD value
of 0.35 lM for TPP. This triazole scaffold was used for further investigation and six analogues
containing mimics of the pyrophosphate group were synthesised and tested for inhibition of
PDC. Several effective analogues were found with K I values down to around 1 nM.


Introduction


Thiamine pyrophosphate 2 (TPP) is an important coenzyme, made
in animals by pyrophosphorylation of thiamine 1 (vitamin B1).
TPP-dependent enzymes serve crucial roles in many metabolic
processes of carbohydrates and branched-chain amino acids.
Examples include a-keto acid decarboxylases, dehydrogenases and
oxidases, transketolase, acetohydroxyacid synthase and deoxyxy-
lulose 5-phosphate synthase.1 All TPP-dependent enzymes have
the common feature that they catalyse the cleavage and formation
of bonds adjacent to the carbon of a carbonyl group. The catalysis
occurs at the thiazolium ring of TPP. However, the pyrimidine
ring of TPP also plays an important role in the mechanism, as it
is involved in the initial activation step (as shown in Scheme 1).
The enzyme promotes the conversion of TPP 2 to its normally less
stable tautomer 2a, and it is this imino form of the amino group
of TPP that effects the deprotonation of C-2 of the thiazolium
ring to give ylid 3.2 In the case of pyruvate decarboxylase (PDC)
the ylid 3 attacks the substrate (pyruvate) to give 2-lactylTPP 4.
The next step is decarboxylation to give enamine 5, facilitated by
the positively charged thiazolium ring of TPP, which acts as an
electron sink. Similar bond cleavage and formation of enamine
(also called the “activated aldehyde”) intermediate, is seen in all
TPP catalysis, whatever the substrate. The fate of this enamine then
depends on the particular enzyme. In PDC 5 is protonated to give
hydroxyethylTPP 6, followed by release of acetaldehyde product
and regeneration of ylid 3. In other examples the electrophile could
be an aldehyde or a ketone of another substrate molecule, a lipoyl
group or an oxidant.1


There are crystal structures of many TPP-dependent enzymes
available. However, due to fast reaction of substrate bound to the
active site and instability of reaction intermediates, it has proven,
with a few exceptions,3 to be difficult to trap these natural inter-
mediates. Hence, much information regarding substrate binding
and important catalytic groups in the active site still remains to be
revealed. In light of this, we have recently synthesised deazaTPP 7
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Scheme 1 Mechanism of pyruvate decarboxylase.


(Fig. 1), which is an isoelectronic inactive analogue of TPP. This
analogue 7 has been studied in detail for inhibition of several TPP-
dependent enzymes, and it has been shown that 7 is an extremely
potent inhibitor, with K I <15 pM for Zymomonas mobilis PDC
(ZmPDC) compared to a KD value of approximately 0.35 lM for
TPP.4,5


Fig. 1 DeazaTPP 7 and the triazole analogues of TPP.


All TPP-dependent enzymes are either dimers or tetramers
(dimers of dimers), e.g. PDC is a homotetramer. The two active
sites in each dimer are located at the interface of the two subunits.
The TPP 2 is anchored by the pyrimidine moiety on one side and
by the pyrophosphate group of TPP on the other side. The most
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important binding interaction originates from the pyrophosphate
which is coordinated to a bivalent metal ion (usually Mg2+) in
the active site.1 However, the pyrophosphate is unsuitable for
whole cell studies or pharmaceutical development, since it is
highly charged and compounds possessing it will suffer from poor
bioavailability and cellular uptake. We therefore wanted to explore
whether the pyrophosphate group could be replaced by isosteres
without losing too much binding affinity for the enzyme. The
synthesis of deazaTPP 7 was quite difficult, however, involving 12
steps,5,6 so in this study we also sought to use a TPP analogue
which was easier to make.


In this paper we report the synthesis of eight novel triazole-
based analogues of TPP, 8–15, and inhibition studies with
ZmPDC. Preliminary results have recently been reported in a
communication7 but here we report full details of the syntheses
of all the TPP analogues and a more extensive evaluation of their
interaction with ZmPDC.


Results and discussion


Synthesis of analogues


Synthesis of triazole pyrophosphates 8 and 9. Triazole ana-
logues 8 and 9 were synthesised conveniently from thiamine 1
itself (Scheme 2). In the first step the thiazolium moiety of 1
was displaced by azide in a bisulfite-catalysed process8 to give
the azidomethylpyrimidine 16 in 83% yield. Cu(I)-catalysed 1,3-
dipolar cycloaddition9 of 16 with 1-butynol or its tosylate 17
then gave triazoles 18 and 19 respectively, in good to moderate
yields (56–81%) after recrystallisation. 5-Methyltriazole 22 was
synthesised by heating 16 with 3-pentynol at reflux in butanol
for 3 days to afford the isomeric mixture of 20 and 21 (approx.
1 : 1) in 80% total yield. This mixture was partially separated by
silica gel chromatography and then tosylated. The desired isomer


Scheme 2 Synthesis of pyrophosphates 8 and 9. Reagents and conditions:
(i) NaN3 (2.5 eq.), Na2SO3 (0.1 eq.), H2O, 60–65 ◦C, 6 h, 83%; (ii) sodium
ascorbate (0.1 eq.), CuSO4·5 H2O (0.01 eq.), tBuOH–H2O (2 : 1), 25 ◦C,
16–24 h, 81% for 18 and 56% for 19; (iii) (Bu4N)3HP2O7 (2.0 eq.), MeCN,
−5 to 25 ◦C, 16 h, 50–60%; (iv) 3-pentynol (1.0 eq.), nBuOH, reflux at
130 ◦C, 96 h, 80% (isomeric mixture); (v) TsCl (2.5 eq.), pyr, −5 to 25 ◦C,
3 h, 34% (desired isomer).


22 was identified by its NOE between the triazole methyl group
and the bridging CH2 group in a NOESY spectrum. The mixture
of isomeric tosylates was separated with difficulty to give a pure
sample of 22 (>95% isomeric purity).


Each tosylate (19 and 22) was converted to its corresponding
pyrophosphate (8 and 9) by nucleophilic displacement with
tris(tetrabutylammonium) pyrophosphate.5 Purification by anion
exchange and then cation exchange chromatography gave products
8 and 9 in moderate yields (50–60%). A cation exchange resin
was used to separate the product from the tosylate anion that
was formed in the reaction and co-eluted on the anion exchange
resin. Although successful in separating these two compounds,
the strongly acidic resin did cause a small amount (<10%) of
cleavage of the pyrophosphates, 8 and 9, to their corresponding
monophosphates.


Synthesis of methylenediphosphonate esters 10 and 11.
Difluoromethylene-diphosphonic acid 25 (Scheme 3) was syn-
thesised by a published method10 in which tetraisopropyl
methylenediphosphonate 23 was treated alternately with 10 por-
tions each of sodium hexamethyldisilazide (NaHMDS) and N-
fluorobenzenesulfonimide (NFSi). Acid 25 was then prepared
in approximately 90% yield by deprotection of the isopropyl
groups using bromotrimethylsilane and subsequent treatment with
methanol.10 Both commercially available methylenediphosphonic
acid 26 and its difluoro derivative 25 were treated with three
equivalents of tetrabutylammonium hydroxide to form the cor-
responding trianions, which were then reacted with tosylate 19 to
give pyrophosphate mimics 10 and 11. The purification and yields
were similar to those for pyrophosphates 8 and 9 described above.


Scheme 3 Synthesis of methylenediphosphonates 10 and 11. Reagents
and conditions: (i) sodium hexamethyldisilazide (NaHMDS) (3.0 eq.),
N-fluorobenzenesulfonimide (NFSI) (3.3 eq.), THF, 25 ◦C to reflux,
20 min, 48%; (ii) Me3SiBr (6.1 eq.), DCM, reflux (∼33 ◦C), 24 h, 90%;
(iii) (Bu4N)OH·30H2O (6.0 eq.), then 19 (1.0 eq.), MeCN, 0 to 25 ◦C, 12 h,
58% for 10 and 66% for 11.


Synthesis of N-(alkoxysulfonyl)phosphoramidic acid 12.
Bonnac et al. have recently described a method to synthesise
N-(alkoxysulfonyl)phosphoramidic acids as new mimics of py-
rophosphate esters.11 In their paper they report the cleavage of a
number of trimethyl phosphorimidate derivatives (as in 29) to give
trimethylsilyl esters using bromotrimethylsilane and subsequent
hydrolysis in water for seven days to give the corresponding
phosphoramidic acids. In our synthesis of phosphoramidic acid 12
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(Scheme 4), sulfamoyl chloride was prepared from chlorosulfonyl
isocyanate 27 and formic acid and then coupled in situ with 3-
butynol to give the sulfamate 28 in 67% yield (over two steps).12


Then reaction with di-tert-butyl azodicarboxylate and trimethyl
phosphite afforded trimethyl phosphorimidate 29 in 80% yield
after chromatography.


Scheme 4 Synthesis of N-(alkoxysulfonyl)phosphoramidic acid 12.
Reagents and conditions: (i) formic acid (1.0 eq.), then 3-butynol (0.67 eq.),
pyridine (1.0 eq.), DCM, 0 to 25 ◦C, 17 h, 67%; (ii) (MeO)3P (2.0 eq.),
di-tert-butyl azodicarboxylate (2.0 eq.), 25 ◦C, 2 h, 80%; (iii) Me3SiBr
(6.2 eq.), 25 ◦C, 3 h, 100%; (iv) MeOH, 25 ◦C, 5 min, 100%; (v) 16 (1.0 eq.),
CuI (0.6 eq.), DMF, 25 ◦C, 24 h, 57%.


Following the published procedure,11 29 was treated
with bromotrimethylsilane. However, rather than forming
the tris(trimethylsilyl) ester, as described in the paper, the
bis(trimethylsilyl) ester 30 was obtained quantitatively. Hydrolysis
of 30 in water (pH 7, for seven days) was monitored in situ by
31P NMR spectroscopy and peaks were observed at similar shifts
to those reported by Bonnac et al. (i.e. −25.5, −10.5, −4.8 and
+2.5 ppm, corresponding to the starting material, different hydrol-
ysis intermediates and the final product respectively). However
isolation of the organic product of this hydrolysis gave back the
undesired sulfamate 28, product of cleavage of the N–P bond. The
conclusion that the 31P NMR peak at +2.5 ppm must be due to
inorganic phosphoric acid, rather than the phosphoramidic acid
31, was confirmed by spiking the NMR sample with commercial
phosphoric acid. We suggest that the same is probably true of the
peak at +2.5 ppm observed by Bonnac et al.


Fortunately, it was found that bis(trimethylsilyl) ester 30 could
be cleaved to give phosphoramidic acid 31 by treatment with
methanol for 5 min at room temperature. The acid 31 gave
a single peak at −5.4 ppm in its 31P NMR spectrum. Our
experience suggests that the four chemical shifts described by
Bonnac et al. are more likely due to the bis(trimethylsilyl) ester,
the mono(trimethylsilyl) ester, the phosphoramidic acid, and
inorganic phosphate, respectively.


Application of ‘click’ chemistry – cycloaddition of 31 and azide
16 in DMF with Cu(I) as catalyst – gave the triazole 12 in 57%
yield after anion exchange chromatography.


Synthesis of N-(alkoxycarbonyl)sulfamic acid 13. Analogue 13
was synthesised in a facile one-pot reaction in which alcohol 18
was added to a slight excess of chlorosulfonyl isocyanate 27 to form
intermediate 32, which was subsequently hydrolysed with water to
give carbamate 13 (Scheme 5). The mixture was purified by ion
exchange chromatography, which gave a 9 : 1 mixture of desired
analogue 13 and double reaction product 33 in approximately 55%
total yield. Attempts to avoid dimer formation, e.g. by adding
more equivalents of isocyanate, or to improve the separation, e.g.
by varying the eluant gradient, were unsuccessful. Nevertheless,
the purity (by 1H NMR spectroscopic analysis) was considered
to be good enough for biological testing, especially as 33 was not
expected to bind to the enzyme.


Scheme 5 Synthesis of N-(alkoxycabonyl)sulfamic acid 13. Reagents and
conditions: (i) pyridine, then H2O, 0 to 25 ◦C, 2.5 h, 55% (9 : 1 molar ratio
of 13 and 33).


Synthesis of malonate ester 14. In our first approach, attempts
were made to simply couple malonic acid 34 with the triazole
alcohol 18 using DCC as a coupling reagent. Even though the
desired product 14 was identified, the purification of the reaction
mixture turned out to be very troublesome, since both starting
alcohol 18 and malonate 14 are highly water-soluble and 14 is
unstable on silica gel. Because of these difficulties, malonic acid 34
was first coupled with tert-butanol using DCC which gave mono-
tert-butyl malonate 35 in 66% yield (Scheme 6).13 Subsequent
coupling of 35 with alcohol 18 afforded the tert-butyl-protected
product 36 in 51% yield. Finally, deprotection of 36 using TFA
gave the malonate analogue 14 in 80% yield.


Scheme 6 Synthesis of the malonate ester 14. Reagents and conditions:
(i) tBuOH (2.0 eq.), DCC (2.2 eq.), MeCN, 25 ◦C, 30 min, 66%; (ii) 18
(1.0 eq.), DCC (1.0 eq.), THF–pyridine, 25 ◦C, 18 h, 51%; (iii) neat TFA,
25 ◦C, 3 h, 80%.
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Synthesis of iminodiacetic acid monoester 15. In our first
approach to monoester 15, iminodiacetic 37 was Boc-protected to
give 38 (Scheme 7) and then coupled with alcohol 18 via anhydride
40 using DCC.14 Unfortunately, as in the synthesis of malonate
14, it was extremely troublesome to purify the resulting mixture.
Consequently, attempts were made to couple the anhydride 40 with
tert-butanol instead to give the Boc-protected mono-tert-butyl
ester before coupling with the triazole alcohol 18. Unfortunately,
both tert-butanol and potassium tert-butoxide were completely
unreactive in this reaction. As a result, it was decided to use the
less hindered benzyl alcohol instead and, to avoid the need for two
separate deprotection steps later in the synthesis, the amine was
first protected with a Cbz-group to give 39 in 71% yield.15 In the
next step, the solid anhydride 41 was first formed (not isolated)
and then benzyl alcohol and dicyclohexylamine, as a base, were
added. The use of this base was very convenient, since it not only
deprotonated the alcohol but also formed a solid salt with the
carboxylic acid 42, which precipitated during the reaction.16 The
pure product, in its salt form, was collected and recrystallised and
the base was then removed by extraction into aqueous acid, giving
42 as an oil in 74% yield. Acid 42 was coupled with the alcohol 18
using DCC and DMAP (no reaction occurred without DMAP) to
give diester 43 in 70% yield. Final deprotection by hydrogenation
over palladium-on-carbon gave monoester 15 in 76% yield.


Scheme 7 Synthesis of iminodiacetic acid monoester 15. Reagents and
conditions: (i) BnOCOCl (2.0 eq.), aq. NaOH (2 M), 25 ◦C, 2 h, 71%;
(ii) DCC (1.0 eq.), THF, 25 ◦C, 12 h; (iii) BnOH (3.1 eq.), dicyclohexy-
lamine (1.1 eq.), Et2O, 0 to 25 ◦C, 12 h, 74%; (iv) 18 (1.0 eq.), DCC (1.1 eq.),
DMAP (1.1 eq.), 25 ◦C, 24 h, 70%; (v) Pd/C (10%), H2 (1 atm), 25 ◦C,
20 min, 76%.


Inhibition studies with pyruvate decarboxylase


Pyruvate decarboxylase (PDC) catalyses the conversion of pyru-
vate to acetaldehyde and carbon dioxide. Its activity is measured
by a coupled enzyme assay using the NADH-dependent reduction
of acetaldehyde by alcohol dehydrogenase (ADH) (Scheme 8).4,5


Because the TPP analogues can only bind to the holo-enzyme
once TPP has dissociated and the dissociation of TPP is known to
be very slow,4 we instead studied binding of the analogues to the
apo-enzyme, prepared as described previously.5


Scheme 8 Coupled assay of PDC.


In the binding experiments, the analogues (typically 2–10 lM)
were incubated with apo-PDC in a Mg2+-containing buffer and
small samples were taken out at timed intervals (1–15 min) and
added to the assay solution containing ADH, Mg2+, NADH and
an excess of TPP (100 lM). The assay was then started by the
addition of pyruvate. Under these conditions any apo-PDC that
does not already have the TPP analogue bound will bind TPP
when it is added and thus show activity. However, TPP analogues
that are only loosely bound may be displaced by the excess TPP
and so could also show activity.


Using this assay, the eight TPP analogues (8–15) were incubated
with apo-PDC and the decrease of activity was measured. All
analogues except for 13, 14 and 15 showed strong binding affinity
under these conditions and completely inactivated the enzyme
within 15–20 min. The iminodiacetic acid moiety of analogue 15
was intended to not only occupy the pyrophosphate binding site
but also replace the Mg2+ ion, with the protonated amine binding in
its place, and so for this analogue the binding was also performed
in the absence of Mg2+. However no inhibition was observed either
in the presence or absence of Mg2+.


In all cases of inhibition the data-points fitted poorly onto a
simple exponential curve, the initial decrease of activity being too
fast and the later decay too slow, but fitted reasonably well onto a
double exponential curve of equation:


y = (1 − x)exp(−k1t) + xexp(−k2t).


The value of x was fixed at 0.35, which gave a good fit in all
cases.


Fig. 2 shows the binding of analogue 9. The faster of the two
apparent first-order rate constants obtained from each curve was
plotted against concentration to give a straight line, which gave
the second order rate constant for the initial binding event, kon.
Similar curves were seen for the other analogues (i.e. 8 and 10–12),
and kon values are presented in Table 1.


The apparent two-stage inhibition has been seen in previous
studies,5,17 and two possible explanations are (i) normal slow-
binding inhibition, in which a more rapid initial binding is followed
by a slower irreversible step, presumably a conformational change
of the enzyme, or (ii) the two rates observed in our inhibition
experiments are for binding of the first molecule of inhibitor to
the enzyme dimer and for binding of the second molecule of
inhibitor. Many TPP-dependent enzymes show so-called half-of-
sites reactivity (see recently published review18), due to some form
of communication between the two active sites of each dimer, so
it is quite possible that the rate of binding of a TPP analogue to
one active site is dependent on whether or not the other active site
of the dimer is occupied. If this second explanation is correct, the
rate constant for the second slower step would also be dependent
on inhibitor concentration. Although the k2 values did appear
to increase with increasing inhibitor concentration, the errors in
these values were much larger than in the k1 values and, as a result,
we were not able to show a linear dependence.
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Fig. 2 Inactivation of ZmPDC by various concentrations of TPP
analogue 9, from top to bottom: ● 2 lM, � 4 lM, � 6 lM, � 8 lM,
� 10 lM; the residual activity is given as a fraction of the initial activity
of uninhibited enzyme. Inset: Apparent first-order rate constants plotted
versus inhibitor concentrations; the slope of the graph gives kon.


Table 1 Inhibition parameters for analogues 8–15 and 18


Analogue kon/lM−1 min−1 K I


8 0.05 ± 0.02 30 ± 3 pM
9 0.21 ± 0.03 20 ± 2 pM
10 0.09 ± 0.01 0.95 ± 0.1 nM
11 0.17 ± 0.03 1.2 ± 0.1 nM
12 0.02 ± 0.004 0.14 ± 0.02 lM
13 n.o.a 8 ± 2 lM
14 n.o.a 0.4 ± 0.1 mM
15 n.o.a 0.4 ± 0.1 mM
18 n.o.a 0.3 ± 0.1 mM


a Not observable.


By adding a large excess of TPP (100 lM to 10 mM) to
inactivated PDC (generally <1% activity) the reversiblity of the
binding of each analogue was investigated. The recovery of activity
was followed over a period of 7–8 days and in each case some
activity was regained to reach a plateau within ca. 2 days (e.g. Fig. 3
depicts the reactivation of PDC pre-inhibited by analogue 9). As
full activity was retained in a control experiment with uninhibited
enzyme, even after 7–8 days, the plateau of activity reached with
inhibitor present can be regarded as due to establishment of the
equilibrium between binding of TPP and binding of the inhibitor.
Using the relative concentrations of TPP and inhibitor and the
previously reported KD value for TPP (0.35 lM),4 the K I values
for the analogues were calculated and are listed in Table 1.


Not surprisingly, the two analogues possessing the important
pyrophosphate group (8 and 9) were the most potent inhibitors:
only 8.0% and 5.5% respectively of the original activity was
recovered when enzyme inhibited with 10 lM of inhibitor was
reactivated with 10 mM TPP. This corresponds to K I values of
30 pM and 20 pM. The 5-methyl group of 9 slightly improves
the strength of binding compared with 8, as might be expected
because TPP also possesses a methyl group in this position, but


Fig. 3 Recovery of activity for ZmPDC fully inhibited by TPP analogue
9 (10 lM) and then incubated with TPP (10 mM). The activity is given as
a fraction of the initial activity of uninhibited enzyme.


interestingly it also speeds up the rate of binding quite markedly,
perhaps because of the greater hydrophobicity.


Previously we reported that we were unable to observe any
reactivation of enzyme inhibited with deazaTPP 7.5 However, in
this work, by using higher concentrations of TPP and longer time
periods, we were able to observe some reactivation in a similar way
as for 8 and 9 (3.5% activity in the presence of 10 lM of 7 and
10 mM of TPP). The K I value obtained from this experiment was
13 (±3) pM.


The reason why analogues such as 7, 8 and 9, bind so much
more tightly than TPP itself is thought to be because the enzyme
stabilises neutral rings at this position better than the positively
charged thiazolium ring.5,19 In this way the enzyme promotes both
the formation of the ylide and the decarboxylation reaction.


Some of the analogues containing pyrophosphate mimics also
show strong inhibitory activity. In 10 and 11, the bridging
oxygen in the pyrophosphate has been replaced by a CH2 or
CF2 group. These have recently been reported to be effective
non-hydrolysable mimics of pyrophosphate, used in e.g. antivi-
ral nucleoside analogues.10 We expected these to be effective
replacements for the pyrophosphate because the crystal structures
of PDC complexed with TPP show no hydrogen bonds to the
bridging oxygen of the pyrophosphate group.20 However, in our
case, it appears that the bridging oxygen is actually of some
importance for the binding. Although they bind faster than the
corresponding pyrophosphate 8, the K I values for both these
analogues (10 and 11) were estimated to be more than 10-fold
higher. Methylenediphosphonate esters such as 11 are known
to have higher pKa values than pyrophosphates,21 which might
explain why 11 binds faster, being less hydrophilic, but less
tightly than 8. Difluoromethylene-diphosphonate esters such as
10, however, have a similar pKa to pyrophosphates.22 Presumably
the greater size of the CF2 group compared to O reduces the
binding affinity in this instance.


The assay described above is only useful for TPP analogues
which bind very tightly. This is because analogues that bind
weakly will be displaced by TPP when the enzyme activity assay
is started (TPP is added in a large excess) and consequently,
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any binding that might have occurred will not be seen. Hence,
analogues 13–15 required a different type of experiment in order
to measure their binding. In this second type of experiment, the
same coupled assay shown in Scheme 8 was used, but instead
of studying the binding of the TPP analogue to apo-PDC, the
effect of analogues 13–15 on the binding of TPP to apo-PDC was
studied. Accordingly, TPP 2 (4 lM) and analogue (13–15; various
concentrations) were incubated with apo-PDC (ca. 0.4 lM active
sites) and the activity was measured at timed intervals. As expected,
the increase of activity followed a saturation-like curve and under
these conditions the activity reached a maximum after ca. 45 min
of incubation when no analogue was present (see Fig. 4). For
comparison, alcohol 18 was also included in this study. In all cases
the presence of analogue did not have much effect on the initial
rate of activation but it did affect the maximum activity reached.
By analogy with the reactivation experiment with analogues 8–
12, it was believed that this lower level of activity was due to an
equilibrium between TPP binding and analogue binding. Hence
the corresponding K I values could be calculated. The K I values
listed in Table 1 for 13–15 and 18 are the average values obtained
from all concentrations tested for each analogue.


Fig. 4 Inhibition of binding of TPP (4 lM) to PDC by carbamate 13,
from top to bottom: ● no inhibitor, � 20 lM, � 40 lM, � 80 lM, �
100 lM, � 160 lM; the activity is given in arbitrary units.


As the carbamate 13 had shown some activity in the first assay
for strong inhibitors, it was not surprising that 13 was most potent
among these weak binders. In fact, the K I value of 8 lM for 13
is only about 23-fold greater than the KD for TPP. Analogues 14
and 15, however, showed almost the same affinity as alcohol 18,
and thus it is likely that their interaction with the active site comes
mostly from the pyrimidine part. The iminodiacetic acid moiety
of 15 is presumably too large to fit into the pyrophosphate pocket
in the active site.


Conclusion


In conclusion, we report here the synthesis and biological evalua-
tion of eight new triazole-based analogues of TPP. The analogues
were prepared in relatively few steps using ‘click’ chemistry.
The pyrophosphate esters 8 and 9 proved to be low picomolar
inhibitors of PDC, almost as potent as deazaTPP 7.


Using the most readily synthesised triazole 18, we set out to find
less charged and more stable mimics of the pyrophosphate group
that would still be potent inhibitors. Six pyrophosphate analogues
were synthesised and tested. The results provide a striking example
of the great importance of the pyrophosphate group, with ca.
1.0 × 107-fold higher affinity of pyrophosphate 8 for the active
site compared to its corresponding alcohol 18. However, it was
also shown that several of the analogues containing mimics of the
pyrophosphate group, particularly the methylene-diphosphonates
10 and 11 (with K I values just 30- to 40-fold greater than that of
8), still bind with high affinity.


Marked decreases of inhibition are seen in going from tri-
anionic analogues 8–11 to the dianionic phosphoramidic acid
12, to the monoanionic carbamate 13 and malonate 14. Hence,
with a magnesium ion in the binding site, the more negatively
charged analogues clearly bind tightest. With the iminodiacetic
acid analogue 15 the intention was that the protonated amino
group would replace the magnesium ion, but unfortunately this
compound did not turn out to be an effective inhibitor at all.


This study is relevant not only to TPP-dependent enzymes
but also a wide range of other enzymes and proteins that bind
pyrophosphate esters (e.g. ADP and GDP).


Experimental


General synthesis methods


Proton NMR spectra were recorded on a Bruker AM/DPX 400
(400 MHz) or a Bruker DPX 500 (500 MHz) spectrometer. The
chemical shifts (d) and coupling constants (J) are given in ppm
(downfield of TMS) and Hz, respectively. Carbon NMR spectra
were recorded on either a Bruker AC/DPX 400 (100 MHz) or
a Bruker DPX 500 (126 MHz) spectrometer. To assist in the
assignments, the numbers of attached protons were determined
using either APT (Attached Proton Test, J-resolved spin echo)
or DEPT (Distortionless Enhancement by Polarisation Transfer)
spectra. Phosphorus NMR spectra were recorded on a Bruker
DPX 400 (162 MHz) with broadband proton decoupling. IR
spectra were recorded on a Perkin-Elmer FTIR spectrometer
and only significant bands are reported. Melting points were
determined on a Reichert melting point apparatus. Mass spectra
were run on a Bruker BioApex II 4.7e FTICR or Waters LCT
Premier using electrospray ionisation (ESI). Analytical TLC
was performed using commercial Merck glass plates, coated to
thickness of 0.25 mm with Kieselgel 60 F254 silica and visualised
under UV light or by staining with vanillin, ninhydrin or KMnO4


dip solutions. Flash chromatography was performed using Merck
Kieselgel 60 (230–400 mesh) silica under a slight positive pressure
of air. Anion exchange was performed on a Pharmacia Acta Prime
chromatography system using a column packed with DEAE-
Sephacel and eluting with a gradient of 0 to 0.25 M aqueous
ammonium bicarbonate. Solvents and reagents for anhydrous
reactions were dried prior to use by conventional methods.23


5-Azidomethyl-2-methylpyrimidin-4-ylamine 16


To a solution of thiamine chloride (10.3 g, 30.6 mmol) and sodium
azide (4.9 g, 75.4 mmol) in water (100 ml) was added sodium sulfite
(0.38 g, 3.0 mmol) and the mixture was stirred at 65 ◦C for 5 h.
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Citric acid (21.0 g, 100 mmol, to pH ≈ 4) was added and the
aqueous solution was washed with dichloromethane. Potassium
carbonate (to pH ≈ 8) was added, upon which some precipitation
of the product occurred. The suspension was filtered and the
filtrate was extracted with ethyl acetate and the combined organic
layers were washed with brine, dried (MgSO4) and evaporated
under reduced pressure. The solid residue was pooled with the
precipitate and recrystallised from ethyl acetate–hexane to give the
azide 16 as fine needles (3.15 g, 63%), m.p. 150–153 ◦C [Found: C,
43.6; H, 4.9; N, 50.7; M + H+ (+ESI), 165.0881 C6H8N6 requires
C, 43.9; H, 4.9; N, 51.2; M + H 165.0889]; mmax/cm−1 3300 and
3094 (NH2), 2086 and 2107 (N3), 1668, 1587 and 1561 (pyrimidine
ring); dH (400 MHz, CDCl3) 2.50 (3 H, s, CH3), 4.19 (2 H, s, CH2),
5.47 (2 H, broad, NH2), 8.05 (1 H, s, CH); dC (100 MHz, DMSO-
d6) 24.5 (CH3), 46.7 (CH2), 106.9 (CCNH2), 155.1 (CH), 161.1
and 166.2 (CNCNH2).


But-3-ynyl toluene-4-sulfonate 17


To a stirred solution of 3-butynol (0.11 ml, 1.46 mmol) in
anhydrous pyridine (15 ml) at-5 ◦C was added in portions p-
toluenesulfonyl chloride (697 mg, 3.65 mmol). The reaction
mixture was stirred at room temperature for 3 h, then quenched
with hydrochloric acid (1 M) and extracted with ethyl acetate.
The combined organic layers were washed with aqueous sodium
bicarbonate, aqueous CuSO4 and then with brine, dried (MgSO4)
and evaporated under reduced pressure to yield the tosylate 1724


as an oil (261 mg, 80%) [Found: M + Na+ (+ESI), 247.0406
C11H12O3S requires M + Na, 247.0399]; mmax/cm−1 3287 (H–CC),
1357 and 1173 (SO2O), 978 (aromatic C–H); dH (400 MHz, CDCl3)
1.95 (1 H, t, J 2.7, CH), 2.42 (3 H, s, CH3), 2.53 (2 H, dt, J 2.7 and
7.0, CH2CH2O), 4.08 (2 H, t, J 7.0, CH2CH2O), 7.33 (2 H, d, J 8.2,
2 × ArCH), 7.77 (2 H, d, J 8.2, 2 × ArCH); dC (100 MHz, CDCl3)
17.9 (CH2CH2O), 20.1 (CH3), 66.0 (CH2CH2O), 69.3 (C≡CH),
76.9 (C≡C–C), 126.5 and 128.4 (4 × ArCH), 131.3 and 143.6
(2 × ArC).


2-[1-(4-Amino-2-methylpyrimidin-5-ylmethyl)-1H-[1,2,3]triazol-4-
yl]ethanol 18


To a stirred solution of 3-butynol (907 ll, 12.0 mmol)
and aminopyrimidine azide 16 (1.968 g, 12.0 mmol) in tert-
butanol/water (12 ml; 2 : 1) were added sodium ascorbate (238 mg,
1.2 mmol) and CuSO4·5H2O (30 mg, 0.12 mmol). The reaction
mixture was stirred at room temperature for 16 h. The crude
mixture was evaporated under reduced pressure and the solid
residue was dissolved in 1-butanol. The organic layer was washed
with aqueous potassium carbonate (0.1 M) and then with brine,
dried (MgSO4) and evaporated under reduced pressure to give
a white solid. Recrystallisation from 2-propanol/hexane gave
the triazole 18 as fine needles (2.27 g, 81%), m.p. 164–165 ◦C
[Found: M + H+ (+ESI), 235.1305 C10H14N6O requires M +
H, 235.1307]; mmax/cm−1 3500–3000 (broad OH), 3340 and 3140
(NH2), 1657 and 1566 (pyrimidine ring) and 1043 (CO); dH


(400 MHz, DMSO-d6) 2.28 (3 H, s, CH3), 2.74 (2 H, t, J 6.8,
CH2CH2O), 3.58 (2 H, t, J 6.8, CH2CH2O), 4.65 (1 H, s, OH),
5.35 (2 H, s, CH2 bridge), 6.85 (2 H, s, NH2), 7.83 (1 H, s, triazole
CH), 7.93 (1 H, s, pyrimidineCH); dC (100 MHz, DMSO-d6) 26.0
(CH3), 29.9 (CH2CH2O), 47.3 (CH2 bridge), 61.0 (CH2CH2O),


109.3 (CCNH2), 123.3 (triazole CH), 145.4 (triazole C), 158.8
(CH), 162.2 and 167.6 (CNCNH2).


2-[1-(4-Amino-2-methylpyrimidin-5-ylmethyl)-1H-[1,2,3]triazol-4-
yl]ethyl toluene-4-sulfonate 19


To a stirred solution of tosylate 17 (297 mg, 1.32 mmol) and azide
16 (217 mg, 1.32 mmol) in tert-butanol–water (6 ml, 2 : 1) were
added sodium ascorbate (26 mg, 0.13 mmol) and CuSO4·5H2O
(3 mg, 0.12 mmol). The reaction mixture was stirred at room
temperature for 16 h and then evaporated under reduced pressure.
The oily residue was dissolved in 1-butanol and washed with
aqueous potassium carbonate (0.1 M) and then with brine, dried
(MgSO4) and evaporated under reduced pressure to give a white
solid. Recrystallisation from 2-propanol–petroleum ether (b.p. 60–
80 ◦C) gave the triazole 19 as fine yellow crystals (289 mg, 56%),
m.p. 85–88 ◦C [Found: M + H+ (+ESI), 389.1400 C17H20N6O3S
requires M + H, 389.1396]; mmax/cm−1 3335 and 3130 (NH2), 1661
and 1568 (pyrimidine ring), 1348 and 1174 (SO2O), 905 (aromatic
C–H); dH (400 MHz, DMSO-d6) 2.28 (3 H, s, CH3), 2.38 (3
H, s, CH3), 2.92 (2 H, t, J 6.4, CH2CH2O), 4.18 (2 H, t, J 6.4,
CH2CH2O), 5.35 (2 H, s, CH2 bridge), 6.86 (2 H, br s, NH2), 7.40
(2 H, d, J 8.1, 2 × Ar-H), 7.67 (2 H, d, J 8.1, 2 × Ar-H) 7.83
(1 H, s, triazole CH), 7.93 (1 H, s, pyrimidineCH); dC (126 MHz,
DMSO-d6) 21.2 (CH3), 25.3 (CH3), 25.6 (CH2CH2O), 46.6 (CH2


bridge), 69.6 (CH2CH2O), 108.5 (CCNH2), 123.0 (triazole CH),
127.6 and 130.2 (4 × ArCH), 132.2 and 142.2 (2 × ArC), 145.0
(triazole C), 156.0 (pyrimidine CH), 161.6 and 166.9 (CNCNH2).


2-[1-(4-Amino-2-methylpyrimidin-5-ylmethyl)-5-methyl-1H-
[1,2,3]triazol-4-yl]ethanol 21 and 2-[1-(4-amino-2-methyl-
pyrimidin-5-ylmethyl)-4-methyl-1H-
[1,2,3]triazol-5-yl]ethanol 20


A solution of azide 16 (328 mg, 2.0 mmol) and 3-pentynol (185 ll,
2.0 mmol) in 1-butanol (2 ml) was heated at reflux (120 ◦C) for
72 h. The crude mixture was concentrated under reduced pressure
and purified by silica gel chromatography eluting with DCM–
MeOH (3 : 1) to give an approximately 1 : 1 mixture of 20 and
21 (399 mg, 80%) as a light yellow solid. The two regioisomers
were partially separated by further chromatography (as above)
to give a mixture of 20 and 21 (1 : 3; 250 mg) [Found: M + H+


(+ESI), 249.1460 C11H16N6O requires M + H, 249.1464]; mmax/cm−1


3000–3450 (broad), 3395 and 3112 (NH2), 1649, 1595 and 1559
(pyrimidine ring) and 1045 (CO); dH for 21 (500 MHz, DMSO-
d6) 2.19 (3 H, s, CH3), 2.29 (3 H, s, CH3), 2.68 (2 H, t, J 7.0,
CH2CH2OH), 3.57 (2 H, q, J 5.2 and 7.0, CH2CH2OH) 4.69 (1
H, t, J 5.2, CH2CH2OH), 5.31 (2 H, s, CH2 bridge), 6.82 (2 H,
broad, NH2), 7.73 (1 H, s, pyrimidine CH); dC for 21 (126 MHz,
DMSO-d6) 10.6 (triazole CH3), 25.6 (CH3), 29.0 (CH2CH2O), 45.3
(CH2 bridge), 61.0 (CH2CH2O), 108.5 (CCNH2), 131.5 and 142.5
(triazole C), 155.2 (pyrimidine CH), 161.9 and 167.0 (CNCNH2);
dH for 20 (500 MHz, DMSO-d6) 2.17 (3 H, s, CH3), 2.29 (3
H, s, CH3), 2.79 (2 H, t, J 6.4, CH2CH2OH), 3.48 (2 H, q, J
6.4, CH2CH2OH), 5.0 (1 H, b, CH2CH2OH), 5.34 (2 H, s, CH2


bridge), 6.82 (2 H, br s, NH2), 7.73 (1 H, s, pyrimidine CH);
dC for 20 (126 MHz, DMSO-d6) 18.6 (CH3), 25.6 (CH3), 26.0
(CH2CH2O), 45.6 (CH2 bridge) 59.8 (CH2CH2O),108.8 (CCNH2),
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132.5 and 141.0 (triazole C), 155.2 (pyrimidine CH), 161.8 and
166.9 (CNCNH2).


2-[1-(4-Amino-2-methylpyrimidin-5-ylmethyl)-5-methyl-1H-
[1,2,3]triazol-4-yl]ethyl toluene-4-sulfonate 22


To a stirred solution of the mixture of alcohols 20 and 21 (230 mg,
0.93 mmol, 1 : 3 mixture) in anhydrous pyridine (10 ml) at 0 ◦C was
added in portions p-toluenesulfonyl chloride (886 mg, 4.64 mmol).
The reaction mixture was stirred at room temperature for 3 h,
then quenched with hydrochloric acid (0.1 M) and extracted with
ethyl acetate. The combined organic layers were washed with
brine, dried (MgSO4) and evaporated under reduced pressure to
yield a mixture (340 mg, 91%) of the two tosylates. This mixture
was partially separated by silica gel chromatography eluting with
DCM–MeOH (9 : 1) to give tosylate 22 (>95% isomeric purity)
as an oil (95 mg, 34%). [Found: M + H+ (+ESI), 403.1544
C18H22N6O3S requires M + H, 403.1547]; mmax/cm−1 3361 and 3139
(NH2), 1669 and 1571 (pyrimidine ring) 1358 and 1185 (SO2O),
902 (aromatic C–H); dH (400 MHz, CDCl3) 2.15 (3 H, s, CH3), 2.37
(3 H, s, CH3), 2.42 (3 H, s, CH3), 2.90 (2 H, t, J 6.7, CH2CH2O),
4.19 (2 H, t, J 6.7, CH2CH2O), 5.15 (2 H, s, CH2 bridge), 5.70 (2
H, br s, NH2), 7.23 (2 H, d, J 8, 2 × Ar-H), 7.63 (2 H, d, J 8,
2 × Ar-H), 8.08 (1 H, s, pyrimidine CH); dC (100 MHz, CDCl3)
6.7 (triazole CH3), 21.2 (CH3), 25.5 (CH3), 27.1 (CH2CH2O), 46.9
(CH2 bridge), 69.2 (CH2CH2O), 107.9 (CCNH2), 127.2 and 130.6
(4 × ArCH), 131.2 (triazole C) 132.8 and 142.7 (2 × ArC), 145.4
(triazole C), 155.6 (pyrimidine CH), 161.7 and 167.1 (CNCNH2).


2-[1-(4-Amino-2-methylpyrimidin-5-ylmethyl)-1H-[1,2,3]triazol-4-
yl]ethyl pyrophosphate 8


To a stirred solution of tosylate 19 (20 mg, 0.05 mmol) in
anhydrous acetonitrile (150 ll) at −10 ◦C under an atmosphere
of argon was added in portions tris(tetra-n-butylammonium)
hydrogen pyrophosphate (93 mg, 0.10 mmol). The reaction
mixture was allowed to warm to room temperature, stirred for
16 h under argon, then diluted with water (1 ml) and purified
first by anion-exchange chromatography and then by absorption
onto Dowex 50 H+-form and elution with aqueous NH3 (1 M).
Lyophilisation gave the pyrophosphate 8 as a white ammonium salt
(12 mg, 60%), m.p. 209–211 ◦C [Found: M + H+ (+ESI), 395.0645
C10H16N6O7 requires M + H, 395.0628]; mmax/cm−1 3130 and 3048
(broad NH2), 1654 and 1547 (pyrimidine ring), 1194 (P=O), 1057
(P–OR), 905 (P–O–P); dH (400 MHz, D2O) 2.31 (3 H, s, CH3),
2.94 (2 H, t, J 6.6, CH2CH2O), 4.02 (2 H, dt, J 6.7 and J 6.6,
CH2CH2OP), 5.37 (2 H, s, CH2 bridge), 7.85 (1 H, s, triazole CH),
7.97 (1 H, s, pyrimidine CH); dC (126 MHz, D2O) 23.5 (CH3),
26.3 (CH2CH2O, d, J 7.6), 47.5 (CH2 bridge), 64.3 (CH2CH2O,
d, J 5.5), 108.4 (CCNH2), 124.2 (triazole CH), 145.3 (triazole C),
154.6 (pyrimidine CH), 161.8 and 167.3 (CNCNH2); dP (162 MHz,
D2O) −6.54 and −9.95 (each 1 P, br s, OPOPO).


2-[1-(4-Amino-2-methylpyrimidin-5-ylmethyl)-5-methyl-1H-
[1,2,3]triazol-4-yl]ethyl pyrophosphate 9


To a stirred solution of tosylate 22 (60 mg, 0.15 mmol) in
acetonitrile (anhydrous, 350 ll) at −10 ◦C under argon was added
in portions tris(tetra-n-butylammonium) hydrogen pyrophosphate
(271 mg, 0.30 mmol). The reaction mixture was allowed to warm


to room temperature, stirred for 16 h under an atmosphere of
argon, then diluted with water (1 ml) and purified first by anion-
exchange chromatography and then by absorption onto Dowex
50 H+-form and elution with aqueous NH3 (1 M). Lyophilisation
gave the pyrophosphate 9 as a white ammonium salt (30 mg, 49%).
[Found: M + H+ (+ESI), 409.0794 C10H16N6O7 requires M +
H, 409.0785]; dH (400 MHz, D2O) 2.22 (3 H, s, CH3), 2.34 (3
H, s, CH3), 2.92 (2 H, t, J 6.5, CH2CH2O), 4.03 (2 H, dt,
J 6.9 and J 6.5, CH2CH2OP), 5.30 (2H, s, CH2 bridge), 7.78
(1H, s, pyrimidine CH); dC (100 MHz, D2O) 6.5 (triazole-CH3),
21.5 (pyrimidine-CH3), 25.1 (CH2CH2O, d, J 7.6), 44.5 (CH2-
bridge), 64.4 (CH2CH2O, d, J 5.7), 108.5 (CCNH2), 133.0 and
142.0 (triazole C), 146.9 (pyrimidine CH), and 161.6 and 164.1
(CNCNH2); dP (162 MHz, D2O) −8.8 (1P, d, J 20.4) and −9.7
(1P, d, J 20.4).


Tetraisopropyl difluoromethylenediphosphonate 2410


To stirred neat tetraisopropyl methylenediphosphonate 23 (359 ll,
1.12 mmol) at room temperature were added, alternately in
10 portions each, a solution of sodium hexamethyldisilazide
(NaHMDS) in THF (1.67 M; 2 ml, 3.35 mmol) and a solution of
N-fluorobenzenesulfonimide (NFSi) (1.16 g, 3.68 mmol) in THF
(2 ml). The sequence of additions was started with NaHMDS,
and as the reaction was exothermic the temperature rose to
near reflux after each addition. After the additions, the reaction
mixture was allowed to cool to room temperature, then cooled to
−78 ◦C, quenched with saturated aqueous ammonium chloride
and diluted with diethyl ether. The mixture was warmed to room
temperature, the organic layer was separated and the aqueous
layer was extracted with diethyl ether. The combined organic
layers were washed with 5% aqueous citric acid, then saturated
aqueous sodium bicarbonate, and then brine, dried (MgSO4) and
concentrated under reduced pressure. The residual syrup was
purified by silica gel chromatography eluting with diethyl ether
to give difluoromethylenediphosphonate 24 as an oil (203 mg,
48%) dH (400 MHz, CDCl3) 1.38 (12 H, d, J 4.5, 4 × CH3), 1.40
(12 H, d, J 4.5, 4 × CH3), 4.91 (4 H, m, 4 × CH); dF (376 MHz,
CDCl3) −122.3 (2 F, t, J 87.1); all analytical data are consistent
with those previously reported.10


({2-[1-(4-Amino-2-methylpyrimidin-5-ylmethyl)-1H-[1,2,3]triazol-
4-yl]ethoxy}hydroxyphosphoryldifluoromethyl)phosphonic acid 10


To a stirred solution of 24 (66 mg, 0.17 mmol) in anhydrous
CH2Cl2 (2 ml) under an atmosphere of argon was added dropwise
bromotrimethylsilane (137 ll, 1.04 mmol). The reaction mixture
was stirred and heated at gentle reflux (∼33 ◦C) for 24 h and
then evaporated under reduced pressure. CH2Cl2 (5 ml) was twice
added and evaporated again. The residual oil was cooled on ice and
methanol (5 ml) was added and then evaporated under reduced
pressure. Methanol (5 ml) was twice more added and evaporated
again. The residual oil was dissolved in water (8 ml) and the
aqueous solution was washed with ethyl acetate. Lyophilisation
gave acid 25 as a thick oil (33 mg, 90%); 1H NMR spectroscopy
showed no peaks, consistent with the desired product. The product
was used in the next step without further purification.


A solution of tetrabutylammonium hydroxide·30H2O (376 mg,
0.47 mmol) and difluoromethylenediphosphonic acid 25 (33 mg,
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0.154 mmol) in water (5 ml) was stirred at room temperature for
15 min and then lyophilised to give the tris(tetrabutylammonium)
salt. The salt was dissolved in anhydrous acetonitrile (300 ll),
and tosylate 19 (31 mg, 0.08 mmol) was added at 0 ◦C under
an atmosphere of argon. The reaction mixture was allowed to
warm to room temperature and stirred for 12 h. The mixture was
evaporated under reduced pressure, dissolved in water (1 ml) and
purified by anion-exchange chromatography. Lyophilisation gave
a mixture of 10 and tosylate anion. This mixture was dissolved in
water (0.5 ml), separated by absorption onto Dowex 50 H+-form
and elution with aqueous NH3 (1 M), and then lyophilised to
give phosphonic acid 10 as a white ammonium salt (20 mg, 58%)
[Found: M + H+ (+ESI), 429.0645; C11H18N6O6P2 requires M + H,
429.0647]; dH (400 MHz, D2O) 2.34 (3 H, s, CH3), 2.96 (2 H, t, J 6.5,
CH2CH2O), 4.14 (2 H, dt, J 7 and 6.5, CH2CH2OP), 5.40 (2 H, s,
CH2 bridge), 7.90 (1 H, s, triazole CH), 8.02 (1 H, s, pyrimidine
CH); dC (126 MHz, D2O) 22.8 (CH3), 27.5 (CH2CH2O, d, J 6.0),
49.8 (CH2-bridge), 66.1 (CH2CH2O, d, J 5.3), 110.1 (CCNH2),
128.4 (triazole CH), 141.3 (triazole C), 145.2 (pyrimidine CH),
164.7 and 165.2 (CNCNH2); dP (162 MHz, D2O) 5.0 (1 P, dt, J
51.5 and J 73.0) and 7.9 (1 P, dt, J 51.5 and J 87.0); dF (376 MHz,
D2O) −117.3 (2 F, dd, J 87.0 and 73.0).


({2-[1-(4-Amino-2-methylpyrimidin-5-ylmethyl)-1H-[1,2,3]triazol-
4-yl]ethoxy}hydroxyphosphorylmethyl) phosphonic acid 11


A solution of tetrabutylammonium hydroxide·30H2O (370 mg,
0.463 mmol) and methylenediphosphonic acid 26 (27 mg,
0.154 mmol) in anhydrous acetonitrile (5 ml) was stirred at room
temperature for 1 h. The mixture was concentrated under high
vacuum to give the tris(tetrabutylammonium) salt. The salt was
dissolved in anhydrous acetonitrile (300 ll) and tosylate 19 (30 mg,
0.077 mmol) was added at 0 ◦C under an atmosphere of argon.
The reaction mixture was allowed to warm to room temperature
and stirred for 12 h. The mixture was evaporated under reduced
pressure, dissolved in water (1 ml) and purified by anion-exchange
chromatography and then by absorption onto Dowex 50 H+-form
and elution with aqueous NH3 (1 M) to give phosphonic acid
11 as a white ammonium salt (20 mg, 66%), m.p. 160–162 ◦C;
[Found: M − H+ (−ESI), 391.0685; C11H18N6O6P2 requires M −
H, 391.0685]; mmax/cm−1 3044 (broad NH2), 1652, 1601 and 1563
(pyrimidine ring), 1167 (P=O), 1020 (P–OR); dH (400 MHz, D2O)
2.00 (2 H, t, J 19.8, PCH2P), 2.36 (3 H, s, CH3), 2.95 (2 H, t,
J 6.4, CH2CH2O), 4.00 (2 H, dt, J 6.5 and J 6.7, CH2CH2OP),
5.41 (2 H, s, CH2 bridge), 7.88 (1 H, s, triazole CH), 8.01 (1 H, s,
pyrimidine CH); dC (126 MHz, D2O) 23.4 (CH3), 26.6 (CH2CH2O,
d, J 6.8), 27.3 (PCH2P, dd, J 123 and 125), 47.4 (CH2 bridge), 63.1
(CH2CH2O, d, J 5.5), 108.5 (CCNH2), 124.1 (triazole CH), 145.3
(triazole C), 153.9 (pyrimidine CH), 161.8 and 167.0 (CNCNH2);
dP (162 MHz, D2O) 14.8 (1 P, d, J 9.3) and 18.4 (1 P, d, J 9.3).


O-But-3-ynyl sulfamate 28


Formic acid (180 ll, 4.6 mmol) was added dropwise to neat
chlorosulfonyl isocyanate 27 (400 ll, 4.6 mmol) at 0 ◦C, whereupon
vigorous gas evolution was observed. The resulting viscous
suspension was stirred at 0 ◦C for 5 min. Dichloromethane (5 ml)
was added and the solution was stirred at 0 ◦C for 1 h and then
at 25 ◦C for 4 h. To the stirred solution was added slowly a


mixture of 3-butynol (227 ll, 3.0 mmol) and pyridine (371 ll,
4.6 mmol) at 0 ◦C. The reaction mixture was allowed to warm
to room temperature, stirred for 12 h and then was evaporated
under reduced pressure. The residue was dissolved in ethyl acetate,
washed with hydrochloric acid (1 M) and then with brine, dried
(MgSO4) and concentrated under reduced pressure to give the
sulfamate 28 as an oil (300 mg, 67% over two steps) [Found: M +
Na+ (+ESI), 172.0042; C4H7NO3S requires M + Na, 172.0039];
mmax/cm−1 3287 (H–C≡C), 1357 and 1173 (SO2O); dH (400 MHz,
CDCl3) 2.06 (1 H, t, J 2.7, C≡CH), 2.66 (2 H, dt, J 2.7 and 6.8,
CH2CH2O), 4.29 (2 H, t, J 6.8, CH2CH2O), 4.80 (2 H, s, NH2);
dC (100 MHz, CDCl3) 19.5 (CH2CH2O), 68.5 (CH2CH2O), 71.1
(C≡CH), 79.0 (C≡CH); all analytical data are consistent with
those previously reported.25


N-(But-3-ynyloxysulfonyl)trimethoxyphosphazene 29


To a stirred solution of sulfamate 28 (300 mg, 2.01 mmol) and
trimethyl phosphite (475 ll, 4.03 mmol) in anhydrous THF (2 ml)
was added in portions di-tert-butyl azodicarboxylate (928 mg,
4.03 mmol). The reaction mixture was stirred at room temperature
for 2 h and then concentrated under reduced pressure. The
residue was purified by silica gel chromatography eluting with
dichloromethane–methanol (98 : 2) to give the phosphazene 29
as an oil (436 mg, 80%). [Found: M + H+ (+ESI), 272.0362;
C7H14NO6PS requires M + H, 272.0358]; mmax/cm−1 3287 (H–
C≡C), 1379 and 1183 (SO2O), 1033 (P–O–C); dH (400 MHz,
CDCl3) 1.99 (1 H, t, J 2.7, C≡CH), 2.64 (2 H, dt, J 2.7 and
7.1, CH2CH2O), 3.93 (9 H, d, J 11.9, 3 × POCH3), 4.24 (2 H, t,
J 7.1, CH2CH2O); dC (100 MHz, CDCl3) 18.0 (CH2CH2O), 55.0
(POCH3, d, J 6.0), 69.7 (CH2CH2O), 71.3 (C≡CH), 77.2 (C≡CH);
dP (162 MHz, CDCl3) 3.7 (s).


O,O-Bis(trimethylsilyl) N-(but-3-
ynyloxysulfonyl)phosphoramidate 30


Bromotrimethylsilane (950 ll, 7.2 mmol) was added to 29 (314 mg,
1.16 mmol) at room temperature with stirring under an argon
atmosphere. The reaction mixture was stirred at room temperature
for 3 h and then concentrated under reduced pressure to give the
phosphoramidate ester 30 as a thick oil (432 mg, 100%). mmax/cm−1


3287 (H–C≡C), 1358 and 1173 (SO2O); dH (400 MHz, CDCl3)
0.35 (18 H, s, 2 × OSiMe3), 2.03 (1 H, t, J 2.7, C≡CH), 2.65
(2 H, dt, J 2.7 and J 7.1, CH2CH2O), 4.30 (2 H, t, J 7.1,
CH2CH2O); dC (100 MHz, CDCl3) 1.4 (SiMe3), 18.9 (CH2CH2O),
67.9 (CH2CH2O), 70.4 (C≡CH), 78.4 (C≡CH); dP (162 MHz,
CDCl3) −23.5 (s).


N-(But-3-ynyloxysulfonyl)phosphoramidic acid 31


A mixture of anhydrous methanol (1 ml) and phosphoramidate
ester 30 (163 mg, 0.44 mmol) was stirred at room temperature
for 5 min and then evaporated under reduced pressure to give
the acid 31 as an oil (101 mg, 100%) [Found: M − H+ (−ESI),
227.9737 C6H8NO6PS requires M − H, 227.9732]; mmax/cm−1 3290
(H–C≡C), 2587 (PO–H), 1358 and 1173 (SO2O); dH (400 MHz,
MeOD) 2.35 (1 H, t, J 2.7, C≡CH), 2.64 (2 H, dt, J 2.7 and J
6.9, CH2CH2O), 4.28 (2H, t, J 6.9, CH2CH2O); dC (100 MHz,
CD3OD) 20.2 (CH2CH2O), 68.7 (CH2CH2O), 71.8 (C≡CH), 80.5
(C≡CH); dP (162 MHz, CDCl3) −5.4 (s).
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N-({2-[1-(4-Amino-2-methylpyrimidin-5-ylmethyl)-1H-
[1,2,3]triazol-4-yl]ethoxy}sulfonyl)phosphoramidic acid 12


To a stirred solution of phoshoramidic acid 31 (46 mg, 0.20 mmol)
and azide 16 (33 mg, 0.20 mmol) in anhydrous DMF (0.5 ml) was
added CuI (6 mg, 0.12 mmol). The reaction mixture was stirred
at room temperature for 24 h and then evaporated under reduced
pressure, dissolved in water (1 ml), filtered and purified by anion-
exchange chromatography. Lyophilisation gave the triazole 12 as a
white ammonium salt (45 mg, 57%) m.p. 138–140 ◦C [Found: M +
H+ (+ESI), 394.0702 C10H16N7O6PS requires M + H, 394.0699];
mmax/cm−1 3055 (NH2), 1651 and 1566 (pyrimidine ring), 1347 and
1170 (SO2O); dH (400 MHz, D2O) 2.32 (3 H, s, CH3), 3.04 (2 H,
t, J 6.2, CH2CH2O), 4.28 (2 H, t, J 6.2, CH2CH2O), 5.38 (2 H, s,
CH2 bridge), 7.85 (1 H, s, triazole CH), 7.98 (1 H, s, pyrimidine
CH); dC (126 MHz, D2O) 23.3 (CH3), 24.4 (CH2CH2O), 47.1
(CH2 bridge), 67.7 (CH2CH2O), 107.9 (CCNH2), 123.7 (triazole
CH), 144.1 (triazole C), 155.0 (pyrimidine CH), 161.2 and 167.3
(CNCNH2); dP (162 MHz, D2O) −3.5 (s).


O-2-[1-(4-Amino-2-methylpyrimidin-5-ylmethyl)-1H-
[1,2,3]triazol-4-yl]ethyl sulfamate 13


To a solution of chlorosulfonyl isocyanate 27 (32.7 ll, 0.38 mmol)
in anhydrous dioxane (4 ml) at 0 ◦C was added dropwise a solution
of alcohol 18 (58 mg, 0.25 mmol) in anhydrous pyridine (1 ml).
The reaction mixture was stirred at 0 ◦C for 30 min. Water (1 ml)
was added slowly at 0 ◦C and the mixture was stirred at room
temperature for 2 h and then evaporated under reduced pressure.
The residue was diluted with water (to 1 ml) and purified by anion-
exchange chromatography. Lyophilisation gave a mixture of the
carbamate 13 and the dimer 33 (9 : 1 molecular ratio) as their white
ammonium salts (50 mg, 55%), m.p. 178–180 ◦C [Found: M +
H+ (+ESI), 358.0920 C11H15N7O5S requires M + H, 358.0934];
mmax/cm−1 3137 (NH2), 1714 (C=O), 1651 and 1601 (pyrimidine
ring); dH for 13 (400 MHz, D2O) 2.34 (3 H, s, CH3), 2.98 (2 H, t,
J 6.1, CH2CH2O), 4.27 (2 H, t, J 6.1, CH2CH2O), 5.39 (2 H, s,
CH2 bridge), 7.79 (1 H, s, triazole CH), 8.00 (1 H, s, pyrimidine
CH); dC (100 MHz, D2O) 22.3 (CH3), 23.8 (CH2CH2O), 46.4
(CH2 bridge), 63.5 (CH2CH2O), 107.6 (CCNH2), 123.1 (triazole
CH), 143.8 (triazole C), 152.2 (pyrimidine CH), 160.9 and 165.8
(CNCNH2).


Mono-tert-butyl malonate 3513


To a stirred solution of malonic acid 34 (208 mg, 2.0 mmol)
and tert-butanol (296 mg, 4.0 mmol) in anhydrous acetonitrile
(10 ml) was added a solution of DCC (454 mg, 2.2 mmol) in
anhydrous acetonitrile (2 ml). The reaction mixture was stirred
at room temperature for 30 min, then filtered and evaporated
under reduced pressure. The residue was dissolved in diethyl
ether and extracted with saturated aqueous sodium bicarbonate.
The aqueous phase was acidified to pH ≈ 1 by addition of
hydrochloric acid (1 M) and extracted with ethyl acetate. The
combined organic layers were dried (MgSO4) and concentrated
under reduced pressure to give the malonate 35 as an oil (219 mg,
66%). [Found: M − H+ (−ESI), 159.0651 C7H12O4 requires M–
H, 159.0657]; mmax/cm−1 1713 (C=O), 1142 (C–O); dH (400 MHz,
CDCl3) 1.50 (9 H, s, 3 × CH3), 3.34 (2 H, s, CH2); dC (100 MHz,
CDCl3) 28.3 (3 × CH3), 42.1 (CH2) 83.4 (C), 167.0 and 171.4


(2 × C=O); all analytical data are identical to those previously
reported.13


2-[1-(4-Amino-2-methylpyrimidin-5-ylmethyl)-1H-[1,2,3]triazol-4-
yl]ethyl tert-butyl malonate 36


To a stirred solution of tert-butyl malonate 35 (150 mg, 0.94 mmol)
and DCC (194 mg, 0.94 mmol) in anhydrous THF (6 ml) was added
a solution of alcohol 18 (136 mg, 0.94 mmol) in anhydrous pyridine
(2 ml). The reaction mixture was stirred at room temperature
for 18 h, then filtered and evaporated under reduced pressure.
The residue was dissolved in ethyl acetate, washed with saturated
aqueous sodium bicarbonate, dried (MgSO4) and evaporated
under reduced pressure to give the diester 36 as an oil (180 mg,
51%) [Found: M + H+ (+ESI), 377.1936 C17H24N6O4 requires M +
H, 377.1937]; mmax/cm−1 3329 and 3120 (NH2), 1723 (C=O), 1661,
1596 and 1568 (pyrimidine ring), 1141 (C–O); dH (400 MHz,
DMSO-d6) 1.34 (9 H, s, tBu), 2.27 (3 H, s, CH3), 2.92 (2 H, t, J 6.8
CH2CH2O), 3.33 (2 H, s, CH2), 4.26 (2 H, t, J 6.8, CH2CH2O),
5.36 (2 H, s, CH2 bridge), 6.84 (2 H, s, NH2), 7.90 (1 H, s, triazole
CH), 7.92 (1 H, s, pyrimidine CH); dC (100 MHz, CD3OD) 24.5
(CH3), 25.5 (CH2CH2O), 27.7 (CMe3), 34.2 (CH2), 49.0 (CH2


bridge), 64.4 (CH2CH2O), 82.5 (CMe3), 109.4 (CCNH2), 123.6
(triazole CH), 145.0 (triazole C), 155.9 (pyrimidine CH), 163.0,
167.1, 167.9 and 168.4 (2 × C=O and CNCNH2).


Mono{2-[1-(4-amino-2-methylpyrimidin-5-ylmethyl)-1H-
[1,2,3]triazol-4-yl]ethyl} malonate 14


A mixture of trifluoroacetic acid (4 ml) and diester 36 (173 mg,
0.46 mmol) was stirred at room temperature for 3 h, then evapo-
rated under high vacuum, dissolved in water (5 ml) and washed
with dichloromethane. One equivalent of sodium bicarbonate
(39 mg, 0.46 mmol) was added and the aqueous solution was
lyophilised to give the malonate 14 as its sodium salt as an oil
(126 mg, 80%) [Found: M + H+ (+ESI), 321.1297 C13H16N6O4


requires M + H, 321.1311]; mmax/cm−1 3342 and 3143 (NH2), 1723
and 1651 (C=O), 1543 (pyrimidine ring), 1183 and 1132 (C–O);
dH (400 MHz, CD3OD) 2.54 (3 H, s, CH3), 3.07 (2 H, t, J 6.4,
CH2CH2O), 3.35 (2 H, s, CH2), 4.38 (2 H, t, J 6.4, CH2CH2O),
5.53 (2 H, s, CH2 bridge), 7.92 (1 H, s, triazole CH), 8.01 (1
H, s, pyrimidine CH); dC (100 MHz, CD3OD) 24.4 (CH3), 28.8
(CH2CH2O), 32.5 (CH2), 50.2 (CH2 bridge), 67.6 (CH2CH2O),
113.8 (CCNH2), 127.6 (triazole CH), 147.4 (pyrimidine CH),
148.6 (triazole C), 166.1, 167.8, 171.2 and 172.9 (2 × C=O and
CNCNH2).


N-Benzyloxycarbonyliminodiacetic acid 3915


To a stirred solution of iminodiacetic acid 37 (878 mg, 6.6 mmol)
in aqueous sodium hydroxide (2 M; 15 ml) was added dropwise at
5 ◦C benzyl chloroformate (2.25 g, 13.2 mmol). A further volume
of aqueous sodium hydroxide (2 M; 8 ml) was added and the
mixture was stirred at room temperature for 2 h. The reaction
mixture was washed with diethyl ether and acidified to pH ≈ 2
with hydrochloric acid (1 M). The aqueous layer was extracted
with diethyl ether and the combined organic layers were dried
(MgSO4) and concentrated under reduced pressure to give the Cbz-
protected amine 39 as an oil (1.25 g, 71%) [Found: M − H+ (−ESI),
266.0675 C12H13NO6 requires M − H, 266.0665]; mmax/cm−1 3035
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(C–H), 1689 (C=O); dH (400 MHz, CDCl3) 4.12 (2 H, s, CH2), 4.19
(2 H, s, CH2), 5.17 (2 H, s, OCH2), 7.30–7.37 (5 H, m, ArH); dC


(100 MHz, CDCl3) 48.4 and 48.5 (2 × CH2), 66.8 (OCH2), 126.0
(ArCH), 126.2 (2 × ArCH), 126.9 (2 × ArCH), 135.4 (ArC), 154.4,
171.4 and 172.9 (3 × C=O); all analytical data are consistent with
those previously reported.15


Monobenzyl N-benzyloxycarbonyliminodiacetate 42


A solution of 39 (1.25 g, 4.68 mmol) and DCC (964 mg,
4.68 mmol) in anhydrous THF (10 ml) was stirred at room
temperature for 12 h. The mixture was filtered and evaporated
under reduced pressure to give the solid anhydride 41, which
was used in the next step without further purification. To a
stirred suspension of 41 (944 mg, 3.79 mmol) and benzyl alcohol
(1.2 ml, 11.6 mmol) in anhydrous diethyl ether (8 ml) was added
at 0 ◦C dicyclohexylamine (829 ll, 4.17 mmol) and the reaction
mixture was allowed to warm to room temperature and stirred
for 12 h. The solid was collected, washed several times with
diethyl ether and recrystallised from ethyl acetate–hexane to yield
the dicyclohexylammonium salt. The solid was dissolved in ethyl
acetate, washed with hydrochloric acid (1 M) and concentrated
under reduced pressure to give the ester 4216 as an oil (1.24 g,
74%). [Found: M − H+ (−ESI), 356.1146; C19H19NO6 requires M −
H, 356.1134]; mmax/cm−1 3034 (C–H), 1706 (C=O); dH (400 MHz,
CDCl3; many of the protons show two sets of signals due to slowly
interconverting rotamers about the N–C=O bond) 4.12 (2 H, 2 × s
due to rotamers, CH2), 4.20 (2 H, 2 × s due to rotamers, CH2), 5.12
(2H, s, OCH2), 5.19 (2 H, 2 × s due to rotamers, OCH2), 7.26–7.37
(10 H, m, ArH); dC (100 MHz, CDCl3, many carbons show two
peaks due to the rotamers) 49.9, 50.13, 50.29 and 50.32 (2 × CH2),
67.61, 67.96, 68.48 and 68.57 (2 × OCH2), 128.09, 128.47, 128.59,
128.67, 128.76, 128.83 and 128.88 (ArCH), 135.00, 135.14, 135.86
and 135.92 (2 × ArC), 155.98, 156.16, 169.93, 170.92, 172.91 and
173.48 (3 × C=O).


2-[1-(4-Amino-2-methylpyrimidin-5-ylmethyl)-1H-[1,2,3]triazol-4-
yl]ethyl benzyl N-(benzyloxycarbonyl)iminodiacetate 43


To a suspension of 42 (715 mg, 2.0 mmol), alcohol 18 (468 mg,
2.0 mmol) and DCC (453 mg, 2.2 mmol) in anhydrous THF (15 ml)
was added DMAP (269 mg, 2.2 mmol). The reaction mixture was
stirred at room temperature for 24 h, then filtered and evaporated
under reduced pressure. The residual oil was purified by silica
gel chromatography eluting with DCM–MeOH (9 : 1) to give
the diester 43 as an oil (800 mg, 70%) [Found: M + H+ (+ESI),
574.2390 C29H31N7O6 requires M + H, 574.2414]; mmax/cm−1 3341
and 3200 (NH2), 1744 and 1703 (C=O), 1631, 1594 and 1561
(pyrimidine ring); dH (400 MHz, CDCl3, many of the protons
show two sets of signals due to slowly interconverting rotamers
about the N–C=O bond) 2.47 (3 H, s, CH3), 2.93 and 3.04 (2
H, 2 × t, J 6.3 and 6.5, CH2CH2O), 4.07, 4.11, 4.12 and 4.14
(4 H, 4 × s, 2 × CH2), 4.31 and 4.38 (2 H, t, J 6.3 and 6.5,
CH2CH2O), 5.09, 5.16, 5.23 and 5.26 (4 H, 4 × s, 2 × OCH2),
5.52 and 5.54 (2 H, 2 × s, CH2 bridge), 7.22 and 7.35 (1 H, s,
triazole CH), 7.26–7.34 (10 H, m, ArH), 8.16 and 8.18 (1 H, 2 × s,
pyrimidine CH); dC (100 MHz, CDCl3, many carbons show two
peaks due to the rotamers) 26.46 and 26.59 (CH2CH2O), 26.70
(CH3), 49.70 (CH2 bridge), 50.70, 50.81 and 50.90 (2 × CH2),


64.90 (CH2CH2O), 68.29, 68.35, 69.17 and 69.23 (2 × OCH2),
109.19 and 109.28 (CCNH2), 123.05 and 123.33 (triazole CH),
128.85, 129.02, 129.38, 129.45, 129.50, 129.54, 129.73 and 129.85
(ArCH), 136.35, 136.37, 137.10 and 137.13 (ArC), 145.90 and
145.94 (triazole C), 157.19 and 157.23 (pyrimidine CH), 163.19,
169.91 and 170.00 (CNCNH2), 170.21, 170.37 and 170.46 (2 ×
C=O).


Mono({2-[1-(4-Amino-2-methylpyrimidin-5-ylmethyl)-1H-
[1,2,3]triazol-4-yl]ethyl) iminodiacetate 15


A mixture of 43 (150 mg, 0.26 mmol) and palladium-on-carbon
(10%; 40 mg) in methanol (10 ml) was stirred under hydrogen
(1 atm) at room temperature for 20 min. The suspension was
filtered through Celite and the residue was washed several times
with methanol. The filtrate was evaporated under reduced pressure
to give the acid 15 as a white solid (69 mg, 76%), m.p. 195–200 ◦C;
[Found: M + H+ (+ESI), 350.1582; C14H19N7O4 requires M + H,
350.1571]; mmax/cm−1 3134 (NH2), 1749 (C=O), 1681 and 1577
(pyrimidine ring); dH (400 MHz, D2O) 2.33 (3 H, s, CH3), 3.00 (2
H, t, J 6.2, CH2CH2O), 3.49 (2 H, s, CH2), 3.83 (2 H, s, CH2),
4.40 (2 H, t, J 6.2, CH2CH2O), 5.39 (2 H, s, CH2 bridge), 7.78 (1
H, s, triazole CH), 7.95 (1 H, s, pyrimidine CH); dC (100 MHz,
D2O) 23.9 (CH3), 24.7 (CH2CH2O), 47.6 and 47.9 (2 × CH2), 49.7
(CH2 bridge), 65.5 (CH2CH2O), 108.9 (CCNH2), 124.2 (triazole
CH), 145.0 (triazole C), 154.8 (pyrimidine CH), 162.2 and 167.8
(CNCNH2), 168.2 and 172.0 (2 × C=O).


General methods for enzymic assays


All assays were performed on a Cary 100 Bio UV-visible spec-
trophotometer, using disposable plastic cuvettes (Fisherbrand R©


semi-micro polystyrene). Buffer and assay solutions were prepared
on the day of use. Pyruvate decarboxylase from Zymomonas
mobilis was overexpressed in E. coli and purified as described
previously.26 Protein concentrations were determined by the
Bradford assay.27


Assay for PDC activity4,5


The assay solution used in all experiments contained alcohol
dehydrogenase (ADH; 10 units per ml), NADH (0.15 mM), TPP
(0.1 mM) and MgCl2 (5 mM) in MES–KOH buffer (50 mM;
pH 6.5). Pyruvate decarboxylase (ca. 8 nM of active sites) was
incubated in the assay solution for 3 min at 25 ◦C and the assay
was then started by addition of the substrate pyruvate to give
5 mM. The consumption of NADH was followed spectrophoto-
metrically at 340 nm (e340 = 5700 M−1 cm−1).


Preparation of apoPDC5


The holoPDC was dissolved in HEPES-KOH buffer (50 mM;
pH 8.2) containing dipicolinic acid (1 mM). After incubation at
5 ◦C for 30 min the apoPDC was separated from cofactors by
repeated ultrafiltration. The buffer was finally replaced by MES–
KOH buffer (50 mM; pH 6.5). The preparation of the apoenzyme
was confirmed by assays of activity with and without TPP
present.
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Time-dependent inactivation and reactivation of PDC


ApoPDC (ca. 0.3 lM of active sites) was incubated at 25 ◦C with
MgCl2 (5 mM) and inhibitor (various concentrations, e.g. from
2 lM to 10 lM) in MES–KOH buffer (50 mM; pH 6.5). At timed
intervals, aliquots (20 ll) were added to the assay solution (778 ll)
and after a further incubation at 25 ◦C for 3 min a solution of
sodium pyruvate (2 M; 2 ll, to give 5 mM) in water was added and
the decrease of A340 with time was followed.


In order to ensure the stability of the enzyme, control experi-
ments were carried out without inhibitor present. In every case
the percentage activity is expressed as the ratio of the activity with
inhibitor to the corresponding activity obtained without inhibitor.


In order to study the rate of unbinding, apoenzyme was first
incubated with inhibitor (10–20 lM) until low (or no) activity
was observed. An excess of TPP (to give 100 lM to 10 mM) was
then added and the recovery of activity was followed for several
(7–8) days.


Time-dependent reactivation/inactivation of PDC


ApoPDC (ca. 0.4 lM of active sites) was incubated at 25 ◦C
with TPP (4 lM), MgCl2 (10 mM) and analogue (concentrations
ranging from 20 lM to 6 mM) in MES–KOH buffer (50 mM;
pH 6.5). At timed intervals, aliquots (20 ll) were added to the assay
solution containing NADH (0.15 mM), ADH (10 units ml−1) and
pyruvate (5 mM) in MES–KOH buffer (50 mM; pH 6.5) and the
decrease of A340 with time was followed.
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The first total synthesis of (R,R,R)-bejarol and its (3R,5S,9R)-isomer has been accomplished which
confirms the absolute configuration of the natural products. The key step is the gold-catalyzed
cycloisomerization of the enantiomerically pure b-hydroxyallenes 12/13 to the corresponding
dihydropyrans 14/15.


Introduction


The bejarols 1 are sesquiterpenoid components of the essential
oil which was first isolated from Santolina oblongifolia in 1983.
The initial structural assignment consisted of a 2,5-dihydrofuran
core1a that was later corrected in favor of a chiral dihydropyran
bearing two unsaturated side chains (Fig. 1).2 Whereas the relative
configuration was assigned by NMR spectroscopy, the absolute
configuration has not been determined so far. Due to the presence
of a stereogenic center in the allylic alcohol side chain, four chiral
diastereomers are possible. To the best of our knowledge, no total
synthesis of 1 has been reported so far.


Fig. 1 Structure of diastereomeric bejarols 1.


Based on our continued interest in the stereoselective synthesis
and transformation of functionalized allenes,3 we have recently
developed the gold-catalyzed4 cycloisomerization of allenes bear-
ing a hydroxy, amino, or thiol group in the a-position, to the
corresponding five-membered heterocycles,5 a method that com-
bines high reactivity and excellent axis-to-center chirality transfer
with a tolerance towards many functional groups (Scheme 1).
Moreover, b-hydroxyallenes were also found to undergo a regio-
and stereoselective 6-endo-cycloisomerization to the correspond-
ing 5,6-dihydro-2H-pyrans in the presence of a gold(I) or gold(III)
precatalyst.6 Our methods have already proven to be highly useful
in target-oriented synthesis,7 and we now disclose the first total


Organic Chemistry II, Dortmund University of Technology, D-44227,
Dortmund, Germany. E-mail: norbert.krause@tu-dortmund.de; Fax: +49
231 7553884; Tel: +49 231 7553882


Scheme 1 Gold-catalyzed cycloisomerization of a- or b-hetero-
substituted allenes to 5- and 6-membered heterocycles.


synthesis of two bejarol stereoisomers which also confirms the
absolute configuration of the natural products.


Results and discussion


Since the absolute configuration of the bejarols is unknown, we
randomly selected (R,R,R)-1 as target molecule. The key step was
envisaged to be the formation of the dihydropyran ring by gold-
catalyzed cycloisomerization of a b-hydroxyallene which should
be accessible by copper-mediated SN2′-substitution of a suitable
propargyl electrophile.5–7 Our approach started with the formation
of the stereogenic center at C3 by Sharpless dihydroxylation of the
protected homoallylic alcohol 28 with AD-mix-b which afforded
diol 3 with high yield and enantiomeric excess (Scheme 2). A
single recrystallization gave enantiomerically pure material that
was converted into alcohol 4 by ketalization with cyclohexanone
and oxidative cleavage of the PMP group. Oxidation of 4 with
Dess–Martin periodinane9 afforded the C2–C5 fragment 5 with
high yield.


Scheme 2 Synthesis of the C2–C5 fragment 5.
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Next, the C6–C12 section of the target molecule was assem-
bled by reaction of propargylzinc bromide with 3-methylbut-
2-enal which gave the secondary alcohol rac-6 with 82% yield
(Scheme 3).10 The kinetic resolution of rac-6 was efficiently
achieved using Novozyme lipase A from Candida antarctica (NZL-
101-LYO)11 which afforded enantiomerically pure alcohol (R)-612


with 44% yield. Protection with TBSCl was followed by addition of
the lithium acetylide to aldehyde 5 which gave the diastereomeric
alcohols 7 and 8 with 59% and 28% yield, respectively.13 The
assignment of the relative configuration at C3 and C5 is based
on the conversion of 7 into 1, and it is also in line with the
preferred formation of the 1,3-anti product that is often observed
in alkynylations of chiral 3-alkoxyaldehydes.14 The diastereomers


Scheme 3 Synthesis of the C6–C12 fragment 6 and coupling with
aldehyde 5.


7 and 8 are easily separable by column chromatography on silica
gel, and each of them was converted with good yield into the
propargyl acetate 9 by acetylation with Ac2O, or under Mitsunobu
conditions.15


Allene formation by treatment of 9 with the magnesium cuprate
obtained from MeMgCl, CuI and LiBr in THF3d,16 gave allenes 10
and 11 with a good chemical yield of 78% (22% of 9 was recovered),
but the diastereoselectivity (anti : syn = 3 : 2) was low, which
indicates considerable epimerization of the allene by the copper
species (Table 1, entry 1). The addition of phosphorus ligands,
which has been used previously to prevent copper-promoted
epimerizations of allenes,3d,16 or using CuBr·Me2S instead of CuI,
increased the diastereoselectivity up to 9 : 1, but only at the cost
of unacceptable chemical yields (entries 2–5). A fast reaction was
observed with the Gilman cuprate Me2CuLi·LiI, but it provided
a 1 : 1-mixture of allenes 10–11 and the corresponding reduced
allene bearing a hydrogen atom instead of the methyl group at
C7 (entry 6).3d This undesired reduction was suppressed with n-
Bu3P or (EtO)3P (entries 7, 8), but the reactivity of these modified
cuprate reagents was again insufficient. The same is true for the
cyano-Gilman reagent Me2CuLi·LiCN (entry 9), as well as the
copper reagent formed from MeLi, CuI, and LiBr (entry 10).
Variation of the solvent (Et2O instead of THF) or the leaving group
(t-BuOCO or Ts instead of Ac) did not improve this situation.


Therefore, we continued our synthesis with the 3 : 2-mixture
of allenes 10–11 obtained (Table 1, entry 1). Neither these silyl
ethers nor the b-hydroxyallenes 12–13 obtained after deprotection
could be separated chromatographically (Scheme 4). The gold-
catalyzed cycloisomerization of the 3 : 2-mixture of 12–13 was
carried out in the presence of 5 mol% of the cationic catalyst
formed in situ from Ph3PAuCl and AgBF4.6 In toluene, the reaction
proceeded smoothly within 10 min at room temperature to afford
the desired dihydropyrans 14 and 15 with high yield; however,
the diastereomeric heterocycles 16–17, which are a result of an
epimerization of the allylic alcohol side chain, were obtained as
byproducts with 16% total yield. This undesired side reaction
could be prevented by decreasing the reaction temperature, or
by using THF as the solvent;5c the latter conditions afforded 14
and 15 with 50% and 35% yield, respectively. These isomers could
be easily separated by silica gel column chromatography. Since


Table 1 Copper-mediated SN2′-substitution of propargyl acetate 9


Entry Cuprate Additive Temp. Time Yield (%) 10 : 11


1 MeMgCl–CuI–LiBr — 0 ◦C–rt 5 h 78 60 : 40
2 MeMgCl–CuI–LiBr n-Bu3P 0 ◦C–rt 21 h 30 65 : 35
3 MeMgCl–CuI–LiBr (EtO)3P 0 ◦C–rt 5 h 13 90 : 10
4 MeMgCl–CuI–LiBr (PhO)3P 0 ◦C–rt 21 h 20 70 : 30
5 MeMgCl–CuBr Me2S–LiBr — 0 ◦C–rt 5 h 12 90 : 10
6 Me2CuLi·LiI — −40 ◦C 10 min 40a —
7 Me2CuLi·LiI n-Bu3P −40 ◦C–rt 20 h 10 85 : 15
8 Me2CuLi·LiI (EtO)3P −40 ◦C–rt 5 h 26 60 : 40
9 Me2CuLi·LiCN — 0 ◦C–rt 5 h 9 80 : 20


10 MeLi–CuI–LiBr — 0 ◦C–rt 2 h 13 70 : 30


a 40% of the reduced allene was obtained as byproduct.
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Scheme 4 Gold-catalyzed cycloisomerization of b-hydroxyallenes 12–13


the product ratio is very similar to the ratio of the allenes 12–13,
it seems reasonable to assume that the cycloisomerization takes
place with complete axis-to-center chirality transfer.6


Finally, either isomer was transformed into the corresponding
diastereo- and enantiomerically pure bejarol 1 by acetal cleavage,
oxidation of the primary alcohol to the aldehyde with Dess–
Martin periodinane,9 and Wittig olefination (Scheme 5). The
spectroscopic data of synthetic (R,R,R)-1 and (3R,5S,9R)-1 are in
excellent agreement with those reported for the natural products.1,2


Comparison of the optical rotation of our product (R,R,R)-1
([a]20


D = +53.2, c = 0.68, CHCl3) with that reported for naturally
occurring threo-cis-bejarol ([a]20


D = −41.4, c = 0.756, CHCl3)1a


confirms that the absolute configuration of the natural product is
(S,S,S). For the (3R,5S,9R)-isomer, we have determined a rotation
of [a]20


D = +65.1 (c = 0.53, CHCl3) whereas the literature value for
natural erythro-trans-bejarol is [a]20


D = −9.5 (c = 1.1, CHCl3).1a


Scheme 5 Final steps towards (R,R,R)- and (3R,5S,9R)-bejarol.


The discrepancy may indicate that the natural product was not
isolated in pure form.


Conclusion


We have achieved the first diastereo- and enantioselective total
synthesis of (R,R,R)- and (3R,5S,9R)-bejarol, which is also
the first application of the gold-catalyzed cycloisomerization of
b-hydroxyallenes to 5,6-dihydro-2H-pyrans in natural product
synthesis. The absolute configuration of naturally occurring threo-
cis-bejarol was confirmed to be (S,S,S), whereas natural erythro-
trans-1 has the (3S,5R,9S)-configuration. Our modular approach
can be easily adapted to the synthesis of any stereoisomeric bejarol.
Due to the mildness and carbophilicity of the gold catalyst, labile
functionalities such as acetals are tolerated, clearly demonstrating
the utility of homogeneous gold catalysis for the synthesis of
complex target molecules. Further applications of our methods
will be reported in due course.


Experimental


General information


All reactions were performed in oven-dried glassware under argon.
Diethyl ether and THF were distilled from sodium–benzophenone.
Column chromatography was carried out with Merck silica gel
F 60 (70–230 mesh). 1H and 13C NMR spectra were recorded
with Bruker DRX 400 and DRX 500 spectrometers at room
temperature in CDCl3 as solvent and internal standard (1H NMR:
d = 7.27; 13C NMR: d = 77.0). Carbon atoms were assigned with
APT experiments. IR spectra were measured with a Nicolet Avatar
320 FT-IR as a liquid film between NaCl plates or in the case of
solids as KBr pellet. FAB mass spectra (HRMS) were measured
with a Jeol SX102A spectrometer.


Synthetic procedures


(R)-4-(4-Methoxyphenyl)-2-methylbutane-1,2-diol (3). To a
solution of homoallylic alcohol derivative 2 (5.48 g, 28.5 mmol)
in a 1 : 1-mixture of t-butanol and H2O (285 mL) was added
AD-mix-b (39.9 g) at 4 ◦C under air. After being stirred at
4 ◦C for 16 h, the reaction mixture was quenched with Na2SO3


and stirred for 30 min at 4 ◦C. After extraction with CH2Cl2,
the organic layer was washed with brine, dried with Na2SO4,
and concentrated under vacuum. The residue was purified by
column chromatography using cyclohexane–AcOEt (1 : 3) to give
3 (6.29 g, 27.6 mmol, 97%, 96% ee). After recrystallization from
cyclohexane–AcOEt, enantiomerically pure 3 (5.78 g, 24.8 mmol,
90%, >99% ee) was obtained. The ee was determined by chiral
HPLC: chiralcel AD; i-PrOH : n-heptane = 10 : 90; flow rate,
1.2 mL min−1; room temperature; retention time, (R)-3 14.0 min,
(S)-3 12.9 min. Colorless solid; [a]20


D = −8.0 (c = 2.00, CHCl3). IR
(neat) cm−1: 3252, 2919, 1511, 1469, 1243; 1H NMR (400 MHz,
CDCl3) d: 6.84 (4H, s), 4.02–4.22 (2H, m), 3.76 (3H, s), 3.53 (1H,
d, J = 11.0 Hz), 3.46 (1H, d, J = 11.0 Hz), 2.75 (2H, brs), 2.08 (1H,
ddd, J = 14.8, 7.5, 4.8 Hz), 1.90 (1H, ddd, J = 14.8, 6.3, 4.8 Hz),
1.24 (3H, s); 13C NMR (100 MHz, CDCl3) d: 154.2, 152.4, 115.6,
114.8, 72.5, 70.1, 65.4, 55.8, 37.6, 21.2; EI-HRMS m/z: 226.1199
(M+); Calcd for C12H18O4: 226.1200.
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(R)-2-(2-Methyl-1,4-dioxaspiro[4.5]dec-2-yl)-ethanol (4). To a
solution of diol 3 (4.00 g, 17.7 mmol) in cyclohexanone (50 mL)
was added p-TsOH (673 mg, 3.54 mmol) at room temperature
under argon. After being stirred for 5 min, the reaction mixture
was quenched with satd. aq. NaHCO3 and extracted with AcOEt.
The organic layer was washed with brine, dried with Na2SO4,
and concentrated under vacuum to give the crude cyclohexylidene
ketal. This was dissolved in a 4 : 1-mixture of CH3CN and H2O
(175 mL) and CAN (19.4 g, 35.4 mmol) was added at 0 ◦C
under air. After being stirred for 5 min, the reaction mixture was
quenched with satd. aq. NaHCO3 and extracted with Et2O. The
organic layer was washed with brine, dried with Na2SO4, and
concentrated under vacuum. The residue was purified by column
chromatography using cyclohexane–Et2O (1 : 1) to give 4 (3.30 g,
16.5 mmol, 93%). Yellow oil; [a]20


D = +11.2 (c = 0.66, CHCl3).
IR (neat) cm−1: 3423, 2935, 2862, 1448, 1367, 1096; 1H NMR
(400 MHz, CDCl3) d: 3.90 (2H, ddd, J = 11.0, 8.8, 3.8 Hz), 3.83
(1H, d, J = 8.6 Hz), 3.76 (1H, d, J = 8.6 Hz), 3.79–3.70 (1H, m),
2.89 (1H, brs), 1.91 (1H, ddd, J = 14.3, 8.8, 4.5 Hz), 1.72 (1H, ddd,
J = 14.3, 5.5, 3.8 Hz), 1.68–1.50 (8H, m), 1.48–1.30 (2H, m), 1.33
(3H, s); 13C NMR (100 MHz, CDCl3) d: 110.4, 81.1, 74.4, 59.6,
41.0, 36.7, 36.4, 25.3, 25.1, 24.1, 23.9; EI-HRMS m/z: 200.1409
(M+); Calcd for C11H20O3: 200.1407.


(R)-(2-Methyl-1,4-dioxaspiro[4.5]dec-2-yl)-acetaldehyde (5).
To a solution of 4 (412 mg, 2.05 mmol) in CH2Cl2 (20 mL) was
added Dess–Martin periodinane (1.03 g, 2.42 mmol) at room
temperature under air, and the reaction mixture was heated up
to 40 ◦C for 1 h. After cooling to rt, the reaction mixture was
quenched with satd. aq. NaHCO3 and extracted with CH2Cl2.
The organic layer was washed with brine, dried with Na2SO4, and
concentrated under vacuum. The residue was purified by column
chromatography using cyclohexane–Et2O (2 : 3) to give 5 (389 mg,
1.95 mmol, 95%). Yellow oil; [a]20


D = +32.7 (c = 2.67, CHCl3);
IR (neat) cm−1: 2936, 2862, 1723, 1449, 1367, 1007; 1H NMR
(400 MHz, CDCl3) d: 9.79 (1H, s), 3.82 (1H, d, J = 8.8 Hz), 3.75
(1H, d, J = 8.8 Hz), 2.68 (1H, dd, J = 15.6, 1.8 Hz), 2.54 (1H,
dd, J = 15.6, 2.2 Hz), 1.70–1.42 (8H, m), 1.42–1.20 (2H, m), 1.34
(3H, s); 13C NMR (100 MHz, CDCl3) d: 201.4, 110.4, 78.3, 73.7,
53.5, 36.6, 36.3, 25.7, 25.0, 23.9, 23.8; EI-HRMS m/z: 198.1205
(M+); Calcd for C11H18O3: 198.1250.


6-Methylhept-5-en-1-yn-4-ol (rac-6). To a solution of zinc
powder (694 mg, 10.6 mmol, activated by treatment with 5% HCl17)
in dry THF (20 mL) was added propargyl bromide (80% in toluene;
0.93 mL, 8.36 mmol) at 0 ◦C under argon. After being stirred for
1 h, to reaction mixture was added a solution of 3-methylbut-2-
enal (370 mg, 4.40 mmol) in dry THF (10 mL) at 0 ◦C under argon.
After being stirred for 15 min, the reaction mixture was filtered
through Celite, the filtrate was quenched with satd. aq. NaHCO3


and extracted with Et2O. The organic layer was washed with brine,
dried with Na2SO4, and concentrated under vacuum. The residue
was purified by column chromatography using cyclohexane–Et2O
(3 : 1) to give rac-6 (448 mg, 3.60 mmol, 82%). Colorless oil; IR
(neat) cm−1: 3384, 3300, 2916, 2862, 2119, 1674, 1445, 1377, 1034;
1H NMR (400 MHz, CDCl3) d: 5.23 (1H, d, J = 8.6 Hz), 4.54–4.46
(1H, m), 2.43–2.33 (2H, m), 2.02 (1H, t, J = 2.5 Hz), 1.72 (3H, s),
1.69 (3H, s); 13C NMR (100 MHz, CDCl3) d: 136.8, 125.9, 80.9,
70.5, 66.8, 27.7, 25.8, 18.4.


(R)-6-Methylhept-5-en-1-yn-4-ol ((R)-6). To a solution of rac-
6 (1.39 g, 11.2 mmol) in vinyl acetate (12 mL) was added NZL-101-
LYO (485 mg) at room temperature under air. After being stirred
for 65 h, the reaction mixture was filtered and NZL-101-LYO
(417 mg, 86%) was recovered. The residue was concentrated under
vacuum and purified by column chromatography using n-pentane–
Et2O (4 : 1) to give (R)-6 (619 mg, 4.92 mmol, 44%, >99% ee).
The ee was determined by chiral GC: FS-LIPODEX E (octakis-
(2,6-di-O-pentyl-3-O-butyryl)-c-cyclodextrin); start temperature,
50 ◦C; flow rate, 1.0 ◦C min−1; retention time, (R)-6 30.0 min,
(S)-6 28.6 min. Colorless oil; [a]20


D = +38.6 (c = 1.05, CHCl3).


(R)-4-(tert-Butyldimethylsiloxy)-6-methylhept-5-en-1-yne. To
a solution of (R)-6 (350 mg, 2.81 mmol) in CH2Cl2 (9 mL) were
added TBSCl (820 mg, 5.45 mmol), Et3N (0.82 mL, 5.88 mmol)
and DMAP (144 mg, 1.18 mmol) at room temperature under
argon. After being stirred for 21 h, the reaction mixture
was quenched with H2O and extracted with CH2Cl2. The
organic layer was washed with brine, dried with Na2SO4, and
concentrated under vacuum. The residue was purified by column
chromatography using n-pentane–Et2O (50 : 1) to give the silyl
ether (630 mg, 2.64 mmol, 94%). Colorless oil; [a]20


D = +3.5 (c =
1.15, CHCl3); IR (neat) cm−1: 3307, 2956, 2856, 1472, 1376,
1254; 1H NMR (400 MHz, CDCl3) d: 5.14 (1H, d, J = 8.5 Hz),
4.54–4.47 (1H, m), 2.38 (1H, ddd, J = 16.5, 6.4, 2.5 Hz), 2.26
(1H, ddd, J = 16.5, 6.4, 2.5 Hz), 1.94 (1H, t, J = 2.5 Hz), 1.70
(3H, s), 1.66 (3H, s), 0.87 (9H, s), 0.05 (3H, s), 0.02 (3H, s); 13C
NMR (100 MHz, CDCl3) d: 133.1, 128.0, 81.9, 69.3, 68.5, 28.7,
25.9, 25.8, 18.5, 18.3, −4.2, −4.6; EI-HRMS m/z: 238.1741 (M+);
Calcd for C14H26OSi: 238.1747.


(2R ,6R)- and (2S ,6R)-6-(tert-Butyldimethylsiloxy)-8-methyl-
1-[(2R)-2-methyl-1,4-dioxaspiro[4.5]-dec-2-yl]-non-7-en-3-yn-2-ol
(7–8). To a solution of (R)-4-(tert-butyldimethylsiloxy)-6-
methylhept-5-en-1-yne (360 mg, 1.37 mmol) in dry THF (8 mL)
was added n-BuLi (2.5 M in hexane; 0.77 mL, 0.77 mmol) at
−80 ◦C under argon. After being stirred for 30 min at −80 ◦C, to
reaction mixture was added the solution of 5 (272 mg, 1.51 mmol)
in dry THF (6 mL) at −80 ◦C under argon. After warming up to
−40 ◦C for 1 h, the reaction mixture was quenched with H2O
and extracted with Et2O. The organic layer was washed with
brine, dried with Na2SO4, and concentrated under vacuum. The
residue was purified by column chromatography using CH2Cl2–
Et2O (50 : 1) to give 7 (354 mg, 0.80 mmol, 59%) and 8 (170 mg,
0.38 mmol, 28%). 7: colorless oil; [a]20


D = +10.2 (c = 1.02, CHCl3);
IR (neat) cm−1: 3444, 2932, 2856, 1471, 1462, 1384; 1H NMR
(400 MHz, CDCl3) d: 5.10 (1H, d, J = 8.8 Hz), 4.61–4.35 (1H, m),
4.45 (1H, dd, J = 15.2, 6.5 Hz), 3.87 (1H, d, J = 8.3 Hz), 3.71 (1H,
d, J = 8.3 Hz), 2.83 (1H, brs), 2.39 (1H, ddd, J = 16.5, 6.5, 1.7
Hz), 2.27 (1H, ddd, J = 16.5, 6.5, 1.7 Hz), 2.01 (1H, dd, J = 14.8,
8.8 Hz), 1.95 (1H, dd, J = 14.8, 3.4 Hz), 1.69 (3H, s), 1.66–1.53
(8H, m), 1.64 (3H, s), 1.45–1.33 (2H, m), 1.34 (3H, s), 0.86 (9H, s),
0.04 (3H, s), 0.01 (3H, s); 13C NMR (100 MHz, CDCl3) d: 132.9,
128.1, 110.0, 82.6, 82.0, 80.3, 73.8, 68.6, 59.8, 46.6, 37.0, 36.4, 28.9,
26.3, 25.9, 25.8, 25.1, 24.1, 24.0, 18.6, 18.3, −4.2, −4.6; EI-HRMS
m/z: 436.3008 (M+); Calcd for C25H44O4Si: 436.3003. 8: colorless
oil; [a]20


D = −18.5 (c = 1.00, CHCl3); IR (neat) cm−1: 3450, 2932,
2856, 1471, 1461, 1384; 1H NMR (400 MHz, CDCl3) d: 5.09 (1H,
d, J = 8.8 Hz), 4.74–4.69 (1H, m), 4.47 (1H, dd, J = 15.0, 6.5 Hz),
3.83 (1H, d, J = 8.5 Hz), 3.76 (1H, d, J = 8.5 Hz), 3.75 (1H, brs),
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2.39 (1H, ddd, J = 16.6, 6.5, 1.8 Hz), 2.27 (1H, ddd, J = 16.6, 6.5,
1.3 Hz), 2.04 (1H, dd, J = 14.2, 10.0 Hz), 1.80 (1H, dd, J = 14.2,
2.6 Hz), 1.68 (3H, s), 1.68–1.49 (8H, m), 1.64 (3H, s), 1.42–1.34
(2H, m), 1.33 (3H, s), 0.85 (9H, s), 0.04 (3H, s), 0.01 (3H, s); 13C
NMR (100 MHz, CDCl3) d: 132.8, 128.2, 110.8, 82.3, 81.8, 80.5,
74.9, 68.0, 60.7, 46.9, 36.4, 28.9, 25.9, 25.8, 25.1, 24.5, 24.0, 23.9,
18.6, 18.3, −4.2, −4.6; EI-HRMS m/z: 436.2996 (M+); Calcd for
C25H44O4Si: 436.3003.


(2R ,6R ) -6- ( tert -Butyldimethylsiloxy)-8-methyl -1- [ (2R ) -2-
methyl-1,4-dioxaspiro[4.5]-dec-2-yl]-non-7-en-3-yn-2-yl acetate
(9). To a solution of 7 (167 mg, 0.38 mmol) in CH2Cl2 (2 mL)
were added Ac2O (44 ll, 0.46 mmol), Et3N (70 ll, 0.50 mmol)
and DMAP (3 mg, 0.02 mmol) at 0 ◦C under air. After being
stirred for 30 min, the reaction mixture was quenched with satd.
aq. NH4Cl and extracted with CH2Cl2. The organic layer was
washed with brine, dried with Na2SO4, and concentrated under
vacuum. The residue was purified by column chromatography
using cyclohexane–AcOEt (15 : 1) to give 9 (162 mg, 0.340 mmol,
89%). Alternatively, to a solution of 8 (177 mg, 0.41 mmol)
in dry toluene (4 mL) were added Ph3P (127 mg, 0.49 mmol),
AcOH (28 ll, 0.49 mmol) and DEAD (40% in toluene; 0.22 mL,
0.49 mmol) at −20 ◦C under argon. After being stirred for 1.5 h,
the reaction mixture was quenched with satd. aq. NaHCO3 and
extracted with AcOEt. The organic layer was washed with brine,
dried with Na2SO4, and concentrated under vacuum. The residue
was purified by column chromatography using cyclohexane–
AcOEt (20 : 1) to give 9 (160 mg, 0.336 mmol, 83%). Colorless
oil; [a]20


D = +51.9 (c = 1.00, CHCl3); IR (neat) cm−1: 3155, 2935,
2857, 1737, 1471, 1383; 1H NMR (400 MHz, CDCl3) d: 5.44 (1H,
dd, J = 6.9, 6.0 Hz), 5.08 (1H, d, J = 8.8 Hz), 4.43 (1H, dd, J =
15.1, 6.4 Hz), 3.87 (1H, d, J = 8.5 Hz), 3.63 (1H, d, J = 8.5 Hz),
2.37 (1H, ddd, J = 16.3, 6.4, 1.5 Hz), 2.25 (1H, ddd, J = 16.3,
6.4, 1.8 Hz), 2.15–2.07 (2H, m), 2.03 (3H, s), 1.68 (3H, s), 1.63
(3H, s), 1.65–1.51 (8H, m), 1.43–1.24 (2H, m), 1.25 (3H, s), 0.85
(9H, s), 0.03 (3H, s), 0.00 (3H, s); 13C NMR (100 MHz, CDCl3) d:
169.7, 132.9, 128.0, 109.7, 83.4, 79.0, 78.9, 74.1, 68.5, 61.5, 45.3,
36.8, 36.6, 28.9, 25.9, 25.7, 25.2, 25.0, 24.1, 24.0, 21.2, 18.5, 18.2,
−4.3, −4.7; EI-HRMS m/z: 463.2869 ( [M − CH3]+ ); Calcd for
C26H43O5Si: 463.2874.


(6R ) -6- ( tert -Butyldimethylsiloxy)-4 ,8-dimethyl -1- [ (2R ) -2-
methyl-1,4-dioxaspiro[4.5]dec-2-yl]-nona-2,3,7-triene (10–11).
To solution of CuI (4.90 g, 25.7 mmol) and LiBr (2.20 g,
25.7 mmol) in dry THF (15 mL) was added MeMgCl (8.6 mL,
25.7 mmol, 3 M in THF) at 0 ◦C under argon. After being stirred
for 30 min, to the reaction mixture was added a solution of 9
(1.23 g, 2.57 mmol) in dry THF (11 mL) at 0 ◦C under argon. After
being stirred for 5 h at room temperature, the reaction mixture
was quenched with satd. aq. NH4Cl and extracted with Et2O. The
organic layer was washed with brine, dried with Na2SO4, and
concentrated under vacuum. The residue was purified by column
chromatography using cyclohexane–AcOEt (50 : 1) to give a 3 :
2-mixture of 10 and 11 (868 mg, 2.00 mmol, 78%) as well as
recovered starting material 9 (0.57 mmol, 22%). Colorless oil; IR
(neat) cm−1: 2932, 2856, 1965, 1448, 1366; 1H NMR (400 MHz,
CDCl3) d: 5.13–5.04 (1H, m), 4.96–4.92 (1H, m), 4.47–4.38 (1H,
m), 3.83 (1H, d, J = 8.3 Hz), 3.65 (1H, d, J = 8.3 Hz), 2.19 (2H,
d, 7.5 Hz), 2.19–2.09 (1H, m), 2.07–1.96 (1H, m), 1.67 (6H, s),
1.68–1.52 (8H, m), 1.61 (3H, s), 1.38–1.28 (2H, m), 1.28 (3H, s),


0.85 (9H, s), 0.01 (3H, s), −0.01 (3H, s); 13C NMR (100 MHz,
CDCl3) d: 205.0, 204.7, 131.7, 131.6, 129.3, 109.9, 95.7, 95.4, 84.7,
84.5, 80.7, 80.6, 73.0, 72.9, 69.0, 68.9, 43.7, 43.3, 40.5, 40.4, 36.9,
36.8, 36.7, 26.0, 26.0, 25.8, 25.2, 25.1, 25.1, 24.0, 19.8, 19.5, 18.4,
18.4, 18.3, −4.0, −4.6; EI-HRMS m/z: 434.3211 (M+); Calcd for
C26H46O3Si: 434.3210.


(4R)-2,6-Dimethyl-9-[(2R)-2-methyl-1,4-dioxaspiro[4.5]dec-2-
yl]-nona-2,6,7-trien-4-ol (12–13). To a solution of a 3 : 2-mixture
of 10–11 (204 mg, 0.469 mmol) in dry THF (2.4 mL) was
added TBAF (1 M in THF; 0.66 mL, 0.66 mmol) at room
temperature under air. After being stirred for 12 h, the reaction
mixture was quenched with H2O and extracted with Et2O. The
organic layer was washed with brine, dried with Na2SO4, and
concentrated under vacuum. The residue was purified by column
chromatography using cyclohexane–AcOEt (3 : 1) to give a 3 :
2-mixture of 12–13 (147 mg, 0.460 mmol, 98%). Colorless oil;
IR (neat) cm−1: 3434, 2932, 2860, 1965, 1447, 1383; 1H NMR
(400 MHz, CDCl3) d: 5.22–5.16 (1H, m), 5.11–5.01 (1H, m),
4.52–4.44 (1H, m), 3.85–3.80 (1H, m), 3.67 (1H, d, J = 8.2 Hz),
2.28–1.93 (4H, m), 1.73–1.66 (6H, m), 1.67 (3H, s), 1.65–1.51
(8H, m), 1.42–1.29 (2H, m), 1.29 (3H, s); 13C NMR (100 MHz,
CDCl3) d: 203.8, 203.7, 135.3, 135.0, 127.5, 127.4, 110.1, 110.0,
95.7, 95.7, 86.1, 86.0, 80.6, 80.4, 73.1, 73.1, 66.7, 66.6, 42.6, 42.5,
40.5, 40.3, 36.8, 36.7, 36.6, 36.6, 25.8, 25.2, 25.2, 25.1, 24.9, 24.0,
24.0, 23.9, 19.7, 19.4, 18.3; EI-HRMS m/z: 320.2334 (M+); Calcd
for C20H32O3: 320.2346.


(2R)-2-Methyl-2-[(2R,6R)-4-methyl-6-(2-methylpropenyl)-5,6-
dihydro-2H -pyran-2-ylmethyl]-1,4-dioxaspiro[4.5]decane (14) and
(2R)-2-methyl-2-[(2R,6S)-4-methyl-6-(2-methylpropenyl)-5,6-di-
hydro-2H-pyran-2-ylmethyl]-1,4-dioxaspiro[4.5]decane (15). To a
solution of a 3 : 2-mixture of 12–13 (52 mg, 0.162 mmol) in
dry THF (2.5 mL) was added Ph3PAuCl (4.0 mg, 0.008 mmol)
and AgBF4 (1.6 mg, 0.008 mmol) at room temperature under
argon. After being stirred for 2 h, the reaction mixture was
filtrated through Celite and the filtrate was concentrated under
vacuum The residue was purified by column chromatography
using cyclohexane–AcOEt (50 : 1) to give 14 (26 mg, 0.081 mmol,
50%) and 15 (18 mg, 0.057 mmol, 35%). 14: colorless oil; [a]20


D =
−10.5 (c = 1.05, CHCl3); IR (neat) cm−1: 2933, 2861, 1677, 1447,
1376; 1H NMR (400 MHz, CDCl3) d: 5.36 (1H, s), 5.18 (1H, d,
J = 7.5 Hz), 4.22–4.11 (2H, m), 3.87 (1H, d, J = 8.8 Hz), 3.70 (1H,
d, J = 8.8 Hz), 2.02–1.92 (1H, m), 1.83–1.70 (3H, m), 1.71 (3H,
s), 1.66 (3H, s), 1.64 (3H, s), 1.64–1.48 (8H, m), 1.42–1.30 (2H,
m), 1.31 (3H, s); 13C NMR (100 MHz, CDCl3) d: 135.4, 132.4,
126.3, 124.4, 108.9, 80.1, 74.1, 71.9, 71.9, 46.3, 37.2, 36.5, 36.0,
25.8, 25.3, 24.5, 24.1, 24.0, 23.0, 18.6; EI-HRMS m/z: 320.2339
(M+); Calcd for C20H32O3: 320.2346. 15: colorless oil; [a]20


D = +18.2
(c = 0.92, CHCl3); IR (neat) cm−1: 2932, 2860, 1678, 1448, 1367;
1H NMR (400 MHz, CDCl3) d: 5.34 (1H, s), 5.20 (1H, d, J = 8.3
Hz), 4.39–4.31 (2H, m), 4.09 (1H, d, J = 8.2 Hz), 3.64 (1H, d, J =
8.2 Hz), 1.95–1.86 (3H, m), 1.76 (1H, d, J = 3.2 Hz), 1.71 (3H, s),
1.68 (6H, s), 1.65–1.50 (8H, m), 1.42–1.31 (2H, m), 1.30 (3H, s);
13C NMR (100 MHz, CDCl3) d: 136.2, 131.5, 125.5, 124.2, 109.4,
80.1, 72.2, 68.8, 65.1, 43.1, 37.4, 36.2, 35.4, 27.5, 25.8, 25.2, 24.1,
24.0, 23.3, 18.5.


(R,R,R)-Bejarol ((R,R,R)-1). To a solution of 14 (37 mg,
0.115 mmol) in MeOH (3 mL) was added p-TsOH (22 mg,
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0.115 mmol) at room temperature under air. After being stirred for
24 h, the reaction mixture was quenched with satd. aq. NaHCO3


and extracted with Et2O. The organic layer was washed with brine,
dried with Na2SO4, and concentrated under vacuum. The residue
was purified by column chromatography using cyclohexane–Et2O
(1 : 5) to give the diol (23 mg, 0.098 mmol, 85%). Colorless oil;
[a]20


D = +9.8 (c = 1.02, CHCl3); IR (neat) cm−1: 3421, 2968, 2911,
1445, 1382; 1H NMR (400 MHz, CDCl3) d: 5.24 (1H, s), 5.16 (1H,
d, J = 8.0 Hz), 4.36 (1H, s), 4.23 (1H, ddd, J = 10.5, 8.0, 3.3 Hz),
3.57 (1H, d, J = 11.0 Hz), 3.40 (1H, d, J = 11.0 Hz), 2.08–1.98
(1H, m), 1.82–1.70 (3H, m), 1.71 (3H, s), 1.68 (3H, s), 1.66 (3H, s),
1.16 (3H, s); 13C NMR (100 MHz, CDCl3) d: 136.7, 132.8, 125.3,
123.5, 72.7, 72.6, 71.4, 69.6, 44.4, 35.8, 25.7, 25.1, 23.0, 18.5;
EI-HRMS m/z: 240.1716 (M+); Calcd for C14H24O3: 240.1720.


To a solution of the diol (23 mg, 0.096 mmol) in CH2Cl2 (1 mL)
was added Dess–Martin periodinane (53 mg, 0.125 mmol) at room
temperature under air. After being stirred for 2 h, the reaction
mixture was quenched with satd. aq. NaHCO3 and extracted with
CH2Cl2. The organic layer was washed with brine, dried with
Na2SO4, and concentrated under vacuum. The residue was puri-
fied by column chromatography using cyclohexane–Et2O (3 : 1) to
give the aldehyde (18 mg, 0.073 mmol, 79%). Colorless oil; [a]20


D =
+44.1 (c = 1.02, CHCl3); 1H NMR (400 MHz, CDCl3) d: 9.73 (1H,
s), 5.23 (1H, s), 5.16 (1H, d, J = 7.8 Hz), 4.36 (1H, s), 4.27 (1H, ddd,
J = 10.3, 8.0, 3.5 Hz), 2.06 (1H, dd, J = 14.6, 3.5 Hz), 2.02–1.95
(1H, m), 1.82–1.73 (2H, m), 1.71 (3H, s), 1.66 (3H, s), 1.64 (3H, s),
1.22 (3H, s); 13C NMR (100 MHz, CDCl3) d: 206.1, 136.7, 133.0,
125.2, 122.7, 78.0, 72.6, 71.4, 43.2, 35.7, 25.7, 23.9, 22.9, 18.5;
EI-HRMS m/z: 238.1559 (M+); Calcd for C14H22O3: 238.1563.


To solution of Ph3P+CH3Br− (54 mg, 0.151 mmol) in dry THF
(0.5 mL) was added t-BuOK (0.15 mL, 0.15 mmol, 1 M in
THF) at 0 ◦C under argon. After being stirred for 30 min, to
reaction mixture was added a solution of the aldehyde (18 mg,
0.076 mmol) in dry THF (0.5 mL) at 0 ◦C under argon. After
being stirred for 5 h at room temperature, the reaction mixture
was quenched with satd. aq. NH4Cl and extracted with Et2O. The
organic layer was washed with brine, dried with Na2SO4, and
concentrated under vacuum. The residue was purified by column
chromatography using cyclohexane–Et2O (10 : 1) to give (R,R,R)-
1 (17 mg, 0.072 mmol, 95%). Colorless oil; [a]20


D = +53.2 (c = 0.68,
CHCl3); IR (neat) cm−1: 3490, 2970, 2910, 1674, 1446, 1383; 1H
NMR (500 MHz, CDCl3) d: 5.88 (1H, dd, J = 17.1, 10.8 Hz),
5.33 (1H, d, J = 17.1 Hz), 5.17 (1H, brs), 5.09 (1H, dd, J = 10.8,
1.6 Hz), 4.43 (1H, brs), 4.31 (1H, d, J = 10.5 Hz), 4.15 (1H, ddd,
J = 10.5, 7.7, 3.3 Hz), 2.08–1.99 (1H, m), 1.81–1.74 (2H, m), 1.71
(3H, s), 1.66 (6H, s), 1.59 (1H, dd, J = 14.6, 2.2 Hz), 1.22 (3H, s);
13C NMR (100 MHz, CDCl3) d: 144.5, 137.2, 132.8, 125.5, 123.5,
112.5, 73.5, 73.4, 70.9, 46.1, 36.0, 29.6, 25.7, 23.0, 18.6; EI-HRMS
m/z: 259.1669 ([M + Na]+); Calcd for C15H24O2Na: 259.1668.


(3R,5S,9R)-Bejarol ((3R,5S,9R)-1). To a solution of 15
(31 mg, 0.097 mmol) in MeOH (3 mL) was added p-TsOH (19 mg,
0.097 mmol) at room temperature under air. After being stirred for
24 h, the reaction mixture was quenched with satd. aq. NaHCO3


and extracted with Et2O. The organic layer was washed with brine,
dried with Na2SO4, and concentrated under vacuum. The residue
was purified by column chromatography using cyclohexane–Et2O
(1 : 5) to give the diol (19 mg, 0.082 mmol, 85%). Colorless oil;
[a]20


D = +29.5 (c = 1.03, CHCl3); IR (neat) cm−1: 3425, 2967, 2913,


1445, 1383; 1H NMR (400 MHz, CDCl3) d: 5.27 (1H, s), 5.19 (1H,
d, J = 8.2 Hz), 4.55 (1H, d, J = 11.0 Hz), 4.50 (1H, ddd, J =
10.5, 8.2, 4.8 Hz), 3.99 (1H, s), 3.41–3.33 (2H, m), 3.22 (1H, t, J =
6.5 Hz), 2.01–1.89 (3H, m), 1.79–1.60 (1H, m), 1.73 (3H, s), 1.71
(6H, s), 1.19 (3H, s); 13C NMR (100 MHz, CDCl3) d: 137.4, 132.0,
124.3, 123.0, 71.9, 70.6, 69.0, 65.7, 41.7, 35.2, 25.9, 24.9, 23.3, 18.4;
EI-HRMS m/z: 240.1708 (M+); Calcd for C14H24O3: 240.1720.


To a solution of the diol (13 mg, 0.054 mmol) in CH2Cl2 (1 mL)
was added Dess–Martin periodinane (36 mg, 0.086 mmol) at room
temperature under air. After being stirred for 2 h, the reaction
mixture was quenched with sat. NaHCO3 aq. and extracted
with CH2Cl2. The organic layer was washed with brine, dried
with Na2SO4, and concentrated under vacuum. The residue was
purified by column chromatography using cyclohexane–Et2O (3 :
1) to give the aldehyde (9 mg, 0.038 mmol, 70%). Colorless oil;
[a]20


D = +7.8 (c = 0.55, CHCl3); IR (neat) cm−1: 3466, 2970, 2915,
1729, 1383; 1H NMR (400 MHz, CDCl3) d: 9.46 (1H, s), 5.26 (1H,
s), 5.13 (1H, d, J = 8.0 Hz), 4.42–4.35 (1H, m), 3.90 (1H, s), 2.09
(1H, dd, J = 14.8, 10.7 Hz), 1.97 (1H, dd, J = 16.7, 2.7 Hz),
1.83 (1H, dd, J = 16.7, 6.6 Hz), 1.78–1.73 (1H, m), 1.72 (3H, s),
1.68 (6H, s), 1.25 (3H, s); 13C NMR (100 MHz, CDCl3) d: 203.1,
136.5, 132.4, 124.6, 122.4, 76.7, 67.5, 66.0, 42.1, 35.2, 25.8, 23.7,
23.4, 18.4; EI-HRMS m/z: 238.1552 (M+); Calcd for C14H22O3:
238.1563.


To solution of Ph3P+MeBr− (24 mg, 0.067 mmol) in dry THF
(0.5 mL) was added t-BuOK (67 lL, 0.067 mmol, 1 M in THF) at
0 ◦C under argon. After being stirred for 30 min, to the reaction
mixture was added a solution of the aldehyde (8 mg, 0.034 mmol)
in dry THF (0.5 mL) at 0 ◦C under argon. After being stirred for
5 h at room temperature, the reaction mixture was quenched with
satd. aq. NH4Cl and extracted with Et2O. The organic layer was
washed with brine, dried with Na2SO4, and concentrated under
vacuum. The residue was purified by column chromatography
using cyclohexane–Et2O (10 : 1) to give (3R,5S,9R)-1 (7 mg,
0.030 mmol, 88%). Colorless oil; [a]20


D = +65.1 (c = 0.53, CHCl3);
IR (neat) cm−1: 3478, 2968, 2928, 2914, 1447, 1378; 1H NMR
(400 MHz, CDCl3) d: 5.89 (1H, dd, J = 17.4, 10.8 Hz), 5.28 (1H,
brs), 5.22 (1H, d, J = 17.4 Hz), 5.18 (1H, d, J = 8.2 Hz), 4.98 (1H,
d, J = 10.8 Hz), 4.54 (1H, d, J = 11.0 Hz), 4.50 (1H, ddd, J =
10.8, 8.2, 4.5 Hz), 4.12 (1H, brs), 2.01–1.93 (1H, m), 1.88 (1H, dd,
J = 14.5, 11.0 Hz), 1.75-1.68 (1H, m), 1.72 (6H, s), 1.70 (3H, s),
1.51 (1H, dd, J = 14.5, 2.3 Hz), 1.34 (3H, s); 13C NMR (100 MHz,
CDCl3) d: 145.8, 137.5, 131.9, 124.5, 122.9, 111.1, 72.6, 69.8, 65.5,
43.7, 35.2, 26.6, 25.9, 23.3, 18.5; EI-HRMS m/z: 236.1771 (M+);
Calcd for C14H22O2: 236.1770.
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Oligodeoxyribonucleotide multiphosphonate conjugates have been prepared by on-support oximation
of aminooxy-functionalized oligonucleotides with 2-(4-formylphenoxy)ethyl esters of
nitrilotris(methylenephosphonic acid) (NTP) and ethylenediaminetetrakis(methylenephosphonic acid)
(EDTP). These conjugates, along with the corresponding oligonucleotides bearing hydroxy or
monophosphate termini, were hybridized with a longer substrate DNA leaving a narrow
single-stranded gap site in the substrate between the two additive oligonucleotides. Gap sites flanked by
two of the multiphosphonate groups, in particular EDTP, were hydrolyzed by the Ce(IV)–EDTA
complex significantly faster than the corresponding gap sites flanked by only hydroxy or
monophosphate termini. Using the new oligonucleotide conjugates, efficient site-selective hydrolysis of
the substrate DNA can be achieved at Ce(IV) concentrations where other single-stranded regions
remain intact. At high Ce(IV) concentrations, the cleavage rate becomes independent on [Ce(IV)] and
little improvement by the new multiphosphonate conjugates over oligonucleotides with monophosphate
termini is observed, suggesting that the origin of the rate acceleration is the higher affinity of the NTP
or EDTP ligands to Ce(IV) compared to hydroxy or monophosphate ligands.


Introduction


Natural restriction enzymes recognize a sequence of only 4 or 6
nucleotides, making them unsuitable for precise manipulation of
large DNAs, i.e. longer than 46 = 4096 base-pairs. For example,
in human genome cleavage would occur at more than 700 000
sites. Artificial restriction enzymes capable of hydrolytic DNA
scission with an enhanced site-selectivity are, hence, needed.1 The
most obvious strategy to achieve this is to covalently tether a
catalytic group to an oligonucleotide which is complementary
to the sequence next to the desired site of cleavage. Because of
the great stability of DNA—the half-life for the hydrolysis of a
DNA phosphodiester bond under neutral conditions at ambient
temperature has been estimated to be 2 × 1014 years—this catalytic
group has to be remarkably active.2 Ce(IV) and its complexes
have been shown to offer great catalytic potential, promoting
DNA scission exclusively via a hydrolytic pathway.3 Furthermore,
the EDTA complex of Ce(IV) catalyzes the cleavage of single-
stranded DNA markedly more than the cleavage of double-
stranded DNA. This preference has been exploited to achieve
site-selective DNA hydrolysis by using complementary additive
oligonucleotides to introduce a single-stranded scissile gap site in
the target DNA (Scheme 1A). Monophosphate termini flanking
the gap site (Scheme 1B) have been reported to considerably
enhance both the rate and the selectivity of the cleavage.4


Aminomethylphosphonate-type ligands, such as nitrilotris-
(methylenephosphonic acid) (NTP) or ethylenediaminete-
trakis(methylenephosphonic acid) (EDTP), exhibit high affinity
towards lanthanide ions,5 so one might expect oligonucleotides
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Scheme 1 Gap sites flanked by A) hydroxy termini, B) monophosphate
termini, C) NTPs and D) EDTPs.


bearing this kind of terminal groups to be particularly efficient in
recruiting the catalytic Ce(IV) species to the gap site, resulting in
more facile cleavage at lower Ce(IV) concentrations (Scheme 1C
and D, respectively). Strong enough ligands should allow decrease
of the Ce(IV) concentration employed down to a level where single-
stranded DNA remains stable and only the gap site, where the local
Ce(IV) concentration is high, would be cleaved.


Results and discussion


Preparation of the multiphosphonate building blocks


For tethering to support bound oligonucleotides through an oxime
bond, nitrilotris(methylenephosphonic acid) (NTP) and ethylene-
diaminetetrakis(methylenephosphonic acid) (EDTP) were con-
verted to their 2-(4-formylphenoxy)ethyl esters (Scheme 2). First,
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Scheme 2 Preparation of the multiphosphonate building blocks 3 and 4. Reagents and conditions: a) acetic anhydride, DMF, b) 4-(2-hydroxyethoxy)-
benzaldehyde, DMSO, c) water, DMSO.


NTP and EDTP were refluxed in a mixture of DMF and acetic
anhydride to give the intramolecular phosphonic anhydride 1 and
the mixed phosphonic–acetic anhydride 2, respectively. Alcohol-
ysis by 4-(2-hydroxyethoxy)benzaldehyde, followed by hydrolysis,
then gave the desired building blocks 3 and 4. The crude products
were purified by semipreparative HPLC.


Preparation of the phthaloyl-protected aminooxy linkers


The phthaloyl-protected aminooxy group was introduced as
N-hydroxyphthalimide as previously described, i.e. either by
displacement of the bromides of 2-bromoethanol or 1,3-dibromo-
propan-2-ol to yield 2-phthalimidooxyethanol (5) or 1,3-diphtha-
limidooxypropan-2-ol (6), respectively, or under Mitsunobu
conditions to dimethoxytrityl-protected tetra(ethylene glycol)
(7) to yield N-[11-(4,4′-dimethoxytrityloxy)-3,6,9-trioxaundecany-
loxy]phthalimide (8) (Scheme 3).6 Conventional procedures
were used for the dimethoxytrityl deprotection to yield 11-
phthalimidooxy-3,6,9-trioxaundecanol (9) and the conversion of
5, 6 and 9 to the phosphoramidite building blocks 10, 11 and 12.


Preparation of the oligonucleotide multiphosphonate conjugates


On-support oxime coupling has been previously described.6 Com-
pared to a primary amino group, the aminooxy group is more
nucleophilic towards carbonyl compounds and the oxime product
is much more stable than the imine.7 Furthermore, oximation
can be carried out in aqueous solution, making it a particularly
attractive reaction for the coupling of oligonucleotides with the
highly hygroscopic NTP and EDTP ligands that are essentially
insoluble in organic solvents.


The oligodeoxyribonucleotides were assembled on a synthesizer
by the conventional phosphoramidite method, except that a
prolonged coupling time (600 s) was used for the protected
aminooxy building blocks 10, 11 and 12. Selective removal
of the phthaloyl protection was accomplished by treating the
support-bound oligonucleotides with 0.5 M hydrazine acetate
in pyridine, as previously described (Scheme 4).6 Coupling with
the phosphonate building blocks was carried out by shaking the
supports in a 0.1 M aq. solution of 3 or 4 for 16 h at room


temperature. The supports were then washed with water, after
which conventional ammonolysis was carried out to release the
oligonucleotide conjugates.


Cleavage of single-stranded DNA substrates


The substrate and additive oligonucleotides used in the study
are summarized in Fig. 1. The NTP and EDTP building blocks
3 and 4 were attached to either the 3′- or the 5′-end of the
additive oligonucleotides through either an ethylene glycol-, a
tetra(ethylene glycol)- or a glycerol-type linker (building blocks
10, 12 and 11, respectively), whereas no linker was used between
the monophosphate and the 3′- or 5′-terminal nucleotide. By using
these additives, 5-nucleotide gaps flanked by various combinations
of hydroxy, monophosphate, NTP and EDTP groups were formed
in the 5′-FAM-labelled substrate DNAs.


Various assemblies of the 45-mer target DNA45S were incu-
bated with 50 lM Ce(IV)–EDTA at pH 7.0 and 50 ◦C for 72 h
(Fig. 2A). Under these conditions, no cleavage can be detected
within the gaps flanked by hydroxy or monophosphate termini
(lanes 1 and 2, respectively). Gaps flanked by only a single NTP or
EDTP are hardly cleaved either (lanes 3, 4, 6 and 7), whereas
efficient hydrolysis is observed in the gaps flanked by two of
the new ligands (lanes 5 and 8). It should be pointed out that
the gap flanked by two monophosphates (lane 2) represents the
best system for cleavage of single-stranded DNA reported before
this study.4 Enlargement of the parts of lanes 8 (the EDTP–
EDTP system) and M corresponding to the gap site is presented
in Fig. 2B, together with a bar graphic showing the relative
scission efficiencies at each individual phosphodiester linkage. As
previously reported for the gaps flanked by monophosphates,4


the most facile hydrolysis is observed in the middle of the
gap.


The previously described system with two flanking monophos-
phates depends on hybridization of the whole target DNA,
except for the gap site, for selectivity—otherwise, the remaining
single-stranded portion is simultaneously hydrolyzed.8 To test
whether the present system could remove this limitation, i.e.
whether gap-selectivity could be retained in the presence of other
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Scheme 3 Preparation of the phthaloyl-protected aminooxy linkers. Reagents and conditions: a) N-hydroxyphthalimide, K2CO3, DMSO, b) 2-cyanoethyl
diisopropylchlorophosphoramidite, DIPEA, MeCN, c) N-hydroxyphthalimide, sodium acetate, DMF, d) DMTrCl, 1,4-dioxane, e) N-hydroxyphthalimide,
Ph3P, DEAD, THF, f) acetic acid, water, g) 2-cyanoethyl N,N,N ′,N ′-tetraisopropylphosphorodiamidite, 1H-tetrazole, MeCN.


Scheme 4 Coupling of the support-bound aminooxy-functionalized
oligonucleotides with the phosphonate building blocks 3 and 4. Reagents
and conditions: a) hydrazine, acetic acid, pyridine, b) 3 or 4, water.


single-stranded regions, a 5-base gap was formed in the middle
of the 85mer-target DNA85S (Fig. 3). In addition to the 5-base


gap site at T41–G45 and the 20-base double-stranded regions
resulting from hybridization with the additive oligonucleotides,
20-base single-stranded overhangs remain in both ends of the
target (G1–T20 and A66–A85). At pH 7.0 and 50 ◦C, phospho-
diester bonds within these overhang regions are stable against
hydrolysis by 50 lM Ce(IV)–EDTA (Fig. 3). In striking contrast,
efficient and selective scission takes place in the gap sites flanked
by two NTPs or EDTPs (lanes 5 and 8, 11% and 18% conversion,
respectively). With two monophosphates, only modest scission
is achieved (lane 2), whereas essentially no cleavage is observed
with the other assemblies under the conditions used. Comparison
with the markers (lane M) confirms that the scission is restricted
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Fig. 1 The substrate and additive oligonucleotides used in the present study. In the substrate sequences, the nucleotides forming the gap site are shaded.


to the gap site. It should be pointed out that with a completely
exposed substrate (lane P), no scission can be detected at the
desired site. Furthermore, the non-specific cleavage observed with
the exposed target is suppressed by the NTP- and EDTP-bearing
oligonucleotides. Clearly, these new conjugates play an active role
in the reaction, rather than merely preventing undesired cleavage
by hybridizing with the target.


Comparison between lane 2 and 3, 4, 6 or 7 in Fig. 3 suggests
that two ligands are needed for efficient scission—the gap flanked
by two monophosphates is cleaved faster than the gaps flanked
by only one of the superior NTP or EDTP ligands. To further
elaborate on this point, oligonucleotides bearing two terminal
NTPs or EDTPs were used to form gaps flanked from one or
both sides by two of the new ligands and the rates of hydrolysis
of these gaps and those flanked from both sides by only one
ligand were compared (Fig. 4). In all cases, the scission is strictly
restricted to the gap site. The gap flanked by four NTPs is cleaved
significantly faster than the one flanked by two NTPs (lanes 4
and 1, 18% and 6% conversion, respectively), whereas no such
acceleration can be observed with EDTP (lanes 8 and 5, 12% and
14% conversion, respectively). Furthermore, only modest cleavage
is observed in the gaps flanked from one side by two NTPs or
EDTPs (lanes 2, 3, 6 and 7), suggesting that for efficient hydrolysis,
the two ligands have to be located on opposing sides of the
gap.


Dependence of the extent of cleavage on Ce(IV) concentration


To shed light on the origin of the observed rate acceleration by
the flanking NTP and EDTP groups, dependence of the extent of
hydrolysis at the 5-base gap site in the 45mer target DNA45S on
Ce(IV) concentration was studied over a range from 0 to 500 lM.
Conversions of the target to the products of site-selective cleavage
by flanking monophosphates, NTPs and EDTPs after 20 h are
presented in Fig. 5. With the NTP and EDTP systems, saturation
of the conversion at high Ce(IV) concentrations is observed. In all
cases, dependence of the conversion on [Ce(IV)] may be expressed
by eqn (1).


(1)


Kd is the dissociation constant for the complex between the
catalytic Ce(IV) species, the substrate DNA and the EDTP, NTP
or monophosphate termini of the additive oligonucleotides. For
this reactive complex, n is the number of Ce(IV) ions and kmax


is the rate constant for the hydrolysis of the target DNA. The
reaction time t = 72 000 s. The results obtained by fitting the
experimental data to eqn (1) by a nonlinear least-squares method
are presented in Table 1. For NTP and EDTP, fitting to eqn (1)
suggests participation of two Ce(IV) ions in the catalysis. The need
for two ligands to achieve efficient scission may also be interpreted


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 3580–3587 | 3583







Fig. 2 (A) Polyacrylamide gel electrophoresis patterns for the hydrol-
ysis of the 5′-FAM-labelled DNA target DNA45S at a 5-base gap by
CeIV–EDTA complex. t = 72 h, pH = 7.0 (7.5 mM HEPES), T = 50 ◦C,
[NaCl] = 100 mM, [target] = 1 lM, [additives] = 2 lM. (B) Enlargement of
the parts of lanes 8 and M corresponding to the gap site. The bars represent
the relative scission efficiencies at each individual phosphodiester linkage.


as evidence for a two metal mechanism, previously reported for
various other metal ions.9 At high Ce(IV) concentration, little
difference in cleavage efficiency is observed between EDTP-, NTP-
and monophosphate-flanked gaps. However, NTP and EDTP ex-


hibit a greater affinity to Ce(IV) than monophosphate, making the
NTP– and, especially, EDTP–oligonucleotide conjugates superior
cleaving agents at low Ce(IV) concentration. Accordingly, site-
selective scission is achievable by these conjugates even when other
parts of the substrate remain single stranded.


Experimental


General


Nucleoside phosphoramidite monomers were purchased from
Glen Research Co. The oligonucleotide multiphosphonate con-
jugates were prepared on an automated synthesizer, purified by
the conventional methods, and characterized by MALDI-TOF
MS. The substrate and marker oligonucleotides were commercial
products of Sigma Genosys and were purified by the conventional
methods before use. Water was deionized by a Millipore water
purification system and sterilized by an autoclave immediately
before use. Commercially obtainable Ce(NH4)2(NO3)6 (from
NACALAI TESQUE) and EDTA4Na (from Tokyo Kasei Kogyo)
were used without further purification. Homogeneous Ce(IV)–
EDTA complex was prepared immediately before use by mixing
equimolar amounts of Ce(NH4)2(NO3)6 and EDTA (4Na salt) in
HEPES buffer, as previously described.10


The hydrolysis of the 5′-FAM-labeled DNA substrate was
initiated by adding a solution of Ce(IV)–EDTA complex to the
reaction mixtures and was carried out at pH 7.0 (5.0 mM Hepes
buffer) and 50 ◦C unless noted otherwise; [target DNA] =
1.0 lM, [additive oligonucleotides] = 2.0 lM and [NaCl] =
100 mM. After a predetermined time, the reactions were stopped
by adding EDTP to a final concentration of 1.5 mM. The reaction
mixtures were then analyzed by denaturing 20% polyacrylamide
gel electrophoresis, and the scission fragments were quantified with
a Fuji Film FLA-3000G imaging analyzer.


Fig. 3 Polyacrylamide gel electrophoresis patterns for the hydrolysis of the 5′-FAM-labelled DNA target DNA85S at a 5-base gap by CeIV–EDTA
complex. t = 114 h, pH = 7.0 (7.5 mM HEPES), T = 50 ◦C, [NaCl] = 100 mM, [target] = 1 lM, [additives] = 2 lM.


3584 | Org. Biomol. Chem., 2008, 6, 3580–3587 This journal is © The Royal Society of Chemistry 2008







Fig. 4 Polyacrylamide gel electrophoresis patterns for the hydrolysis of the 5′-FAM-labelled DNA target DNA85S at a 5-base gap by CeIV–EDTA
complex. t = 72 h, pH = 7.0 (7.5 mM HEPES), T = 50 ◦C, [NaCl] = 100 mM, [target] = 1 lM, [additives] = 2 lM.


Fig. 5 Conversion of DNA45S to the products of hydrolysis at the 5-base
gap site as a function of Ce(IV) concentration. DNA20LP : DNA20RP (●),
DNA20LNTP : DNA20RNTP (�) and DNA20LEDTP : DNA20REDTP
(�), pH = 7.0 (7.5 mM HEPES), T = 50 ◦C, [NaCl] = 100 mM, [target] =
1 lM, [additives] = 2 lM.


Analytical TLC was conducted on silica gel 60 F254 plates
(Merck) using the following eluents: A, ethyl acetate; B, hexane–
dichloromethane–triethylamine (45 : 45 : 10, v/v).


2-Phthalimidooxyethanol (5)


The compound was prepared as previously described with the
exception that purification was carried out by recycling GPC
eluting with CHCl3 (tR = 59.5 min). 1H NMR (dH)(500 MHz,
CDCl3) 3.50 (brs, 1H), 3.78–3.83 (m, 2H), 4.30 (d, 2H, J = 4.4 Hz),
1.45 (d, 6H, J = 7 Hz), 7.77–7.79 (m, 2H), 7.85–7.87 (m, 2H).


Table 1 Kinetic parameters for the hydrolysis at the 5-base gap site in
DNA45S as a function of Ce(IV) concentrationa


Ligands Monophosphate NTP EDTP


kmax/10−6 s−1 3 ± 1 2.6 ± 0.1 2.48 ± 0.04
Kd/lM 200 ± 100 74 ± 7 31 ± 1
n 1.2 ± 0.4 1.9 ± 0.4 2.3 ± 0.3


a T = 50 ◦C, [NaCl] = 100 mM, [target] = 1 lM, [additives] = 2 lM.


13C NMR (dC)(126 MHz, CDCl3) 59.9, 80.3, 124.3 (2C), 129.2,
135.3 (2C), 164.9. ESI+-MS: m/z 207.18 [M + H]+. TLC: Rf(A) =
0.7.


1,3-Diphthalimidooxypropan-2-ol (6)


A two neck round bottom flask equipped with a magnetic stir bar
and 3-way inlet cock was charged with N-hydroxyphthalimide
(62.5 mmol, 10.1 g), sodium acetate (75 mmol, 6.15 g) and
DMF (400 mL). The resulting mixture was stirred under nitrogen
atmosphere at room temperature for 40 minutes. To this solution,
1,3-dibromopropan-2-ol (25 mmol, 2.56 mL) was added and the
resulting mixture was stirred at 60 ◦C for 12 hours. After removal
of solvents, the residue was dissolved in ethyl acetate (200 mL)
and washed with aq. sodium bicarbonate until the red colour
of the organic layer disappeared. The organic layer was dried
with sodium sulfate and evaporated to dryness. To the residue,
hot ethanol (250 mL) was slowly added to give a homogenous
solution, from which recrystallization gave 2.05 g (22%) of 9 as a
white powder. 1H NMR (dH)(500 MHz, CDCl3) 4.11 (d, 1H, J =
4 Hz), 4.28–4.31 (m, 1H), 4.35 (dd, 2H, J1 = 4 Hz, J2 = 11 Hz),
4.43 (dd, 2H, J1 = 4 Hz, J2 = 11 Hz), 7.75–7.78 (m, 4H), 7.81–7.84
(m, 4H); 13C NMR (dC)(126 MHz, CDCl3) 67.2, 79.3, 124.2, 129.2,
135.1, 164.2; ESI+-MS: m/z 382.85 [M + H]+, 421.05 [M + Na]+.
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O-2-(4-Formylphenoxy)ethylnitrilotris(methylenephosphonic acid)
(3)


Nitrilotris(methylenephosphonic acid) (16.7 mmol, 5.0 g) was
suspended in a mixture of acetic anhydride (20 mL) and DMF
(20 mL). The resulting mixture was stirred under reflux for 3 h,
after which it was evaporated to dryness. The residue (12.2 mmol,
3.0 g) and 4-(2-hydroxyethoxy)benzaldehyde (12.0 mmol, 2.0 g)
were suspended in anhydrous DMSO (20 mL) and the resulting
mixture was stirred under nitrogen atmosphere at 90 ◦C for 3 h.
Water (10 mL) was added and the stirring at 90 ◦C continued for
1 h, after which the reaction mixture was evaporated to dryness.
The residue was dissolved in water (100 mL) and washed with ethyl
acetate (100 mL). The aqueous layer was evaporated to dryness
and the residue purified by semipreparative HPLC. Overall yield
starting from nitrilotris(methylenephosphonic acid) was 31%. 1H
NMR (dH)(500 MHz, D2O) 3.68 (d, 4H, J = 11 Hz), 3.79 (d, 2H,
J = 11 Hz), 4.33–4.36 (m, 4H), 7.18 (d, 2H, J = 7 Hz), 7.93
(d, 2H, J = 7 Hz), 9.77 (s, 1H). 31P NMR (dP)(202 MHz, D2O)
8.42 (2P), 10.68 (1P). ESI−-MS: m/z 445.85 [M − H]−.


O-2-(4-Formylphenoxy)ethylethyl-
enediaminetetrakis(methylenephosphonic acid) (4)


Ethylenediaminetetrakis(methylenephosphonic acid) (11.5 mmol,
5.0 g) was suspended in a mixture of acetic anhydride (20 mL)
and DMF (20 mL). The resulting mixture was stirred under reflux
for 3 h, after which it was evaporated to dryness. The residue
(8.8 mmol, 5.0 g), 4-(2-hydroxyethoxy)benzaldehyde (48.0 mmol,
8.0 g) and a catalytic amount of DMAP were suspended in anhy-
drous DMSO (15 mL) and the resulting mixture was stirred under
nitrogen atmosphere at 100 ◦C for 2 h. Water (10 mL) was added
and the stirring at 100 ◦C continued for 2 h, after which the reaction
mixture was evaporated to dryness. The residue was dissolved in
water (150 mL) and washed with ethyl acetate (2 × 100 mL).
The aqueous layer was evaporated to dryness and the residue
purified by semipreparative HPLC. Overall yield starting from
ethylenediaminetetrakis(methylenephosphonic acid) was 26%. 1H
NMR (dH)(500 MHz, D2O) 3.11 (d, 2H, J = 10 Hz), 3.25 (d, 2H,
J = 10 Hz), 3.32 (m, 2H), 3.34 (d, 4H, J = 10 Hz), 3.50 (m, 2H),
4.29 (m, 2H), 4.35 (m, 2H), 7.19 (d, 2H, J = 9 Hz), 7.93 (d, 2H,
J = 9 Hz), 9.77 (s, 1H). 31P NMR (dP)(202 MHz, D2O) 11.14 (2P),
17.07 (1P), 19.62 (1P). ESI−-MS: m/z 583.05 [M − H]−.


Preparation of the oligonucleotide multiphosphonate conjugates
DNA20LNTP, DNA20RNTP, DNA20LEDTP, DNA20REDTP,
DNA20LNTP2, DNA20RNTP2, DNA20LEDTP2 and
DNA20REDTP2


The oligodeoxyribonucleotides were assembled on a synthesizer
by the conventional phosphoramidite method, except that a
prolonged coupling time (600 s) was used for the protected
aminooxy building blocks 10, 11 and 12. The support-bound
oligonucleotides were treated with a mixture of hydrazine, pyridine
and acetic acid (1 : 32 : 8, v/v) for 30 minutes, after which
they were washed with pyridine, methanol and acetonitrile
and dried under vacuum. The supports were transferred to
microcentrifuge tubes, a solution of either 3 or 4 (20 lmol)
in water (200 lL) was added and the resulting heterogeneous
mixture was shaken at room temperature for 12 h. The solution


phases were then removed and the supports were washed with
water and treated with a mixture of saturated aq. ammonia and
ethanol (3 : 1, v/v) at 55 ◦C for 8 h, after which the solution
phases were collected and evaporated to dryness. The residues
were purified by denaturing polyacrylamide gel electrophore-
sis (20% acrylamide) and RP HPLC. MALDI-TOF-MS: m/z
DNA20LNTP: 6753.3 (calcd 6754.5); DNA20RNTP: 6663.4 (calcd
6657.4); DNA20LEDTP: 6762.8 (calcd 6759.4); DNA20REDTP:
6798.5 (calcd 6794.5); DNA20LNTP2: 7092.2 (calcd 7096.8);
DNA20RNTP2: 7124.0 (calcd 7131.8); DNA20LEDTP2: 7367.9
(calcd 7370.2); DNA20REDTP2: 7396.1 (calcd 7405.2).


Conclusions


Synthesis of oligonucleotide conjugates bearing one or two ter-
minal nitrilotris(methylenephosphonic acid) (NTP) or ethylene-
diaminetetrakis(methylenephosphonic acid) (EDTP) ligands has
been achieved using on-support oximation of aminooxy-
functionalized oligonucleotides with 2-(4-formylphenoxy)ethyl
esters of NTP and EDTP. Single-stranded gap sites formed
by hybridizing a DNA substrate with two of these conjugates
are efficiently hydrolyzed under conditions where other single-
stranded regions of the substrate remain intact. In other words, the
system described allows site-selective hydrolysis of single-stranded
DNA targets of arbitrary length using short (e.g. 20mer) additive
oligonucleotide conjugates.
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Several approaches towards asymmetrically derivatized peptide-decorated cyclens that yield lanthanide
metal chelators, in which three of the nitrogen atoms of cyclen share a common substituent and the
fourth nitrogen atom is differentially substituted, have been evaluated. The most effective route
consisted of selective monoalkylation followed by peralkylation with a second different electrophile.
The unique substituent also possessed a masked sulfanyl group that was suitable for subsequent
chemoselective conjugation chemistry.


Introduction


Over the last two decades there have been dramatic developments
in the use of lanthanide(III) complexes as responsive MRI contrast
agents.1 A wide variety of MRI contrast agents have been
designed and used for the detection of various primary metabolites
(e.g. proteins, nucleic acids), enzymatic activities (e.g. caspase-
3, peroxidase, glucuronidase), and metal ions as well as other
important physiological parameters such as pH and temperature.1


Paramagnetic lanthanide(III) ions are known to induce a large
hyperfine shift of coordinated water protons and other exchange-
able protons present in the ligand framework.2 If the exchange
rate of these spin systems with bulk water is appropriately slow,
a separate MR signal may be observed for each state. Selective
saturation of these spins results in a method for the generation of
MRI contrast.2 A new class of MRI contrast agents employing
this technique is referred to as paramagnetic chemical exchange
saturation transfer (PARACEST). The structures of these agents
are often derived from DOTA (1) or DOTAM (2), Fig. 1.


We have recently designed, synthesized and evaluated the
PARACEST properties of a variety of DOTAM-based dipep-
tide decorated lanthanide(III) complexes.3 Among them, Eu3+


DOTAM-Gly-Phe-OH (3, Fig. 1) was found to be an MRI contrast
agent suitable for the molecular imaging of temperature.4 Tissue
temperature is an important physiological parameter, which often
varies between healthy and disease affected tissues.1 We are, in
particular, interested in using the agent 3 as a molecular probe
for the molecular imaging of brain tumors. A major obstacle
associated with the intended use of Eu3+ DOTAM-Gly-Phe-OH
(3) is its inability to cross various biological barriers (e.g. the blood
brain barrier). To overcome this problem, we decided to conjugate
Eu3+ DOTAM-Gly-Phe-OH (3) to a cell penetrating peptide5 via
disulfide bond formation. It is expected that the disulfide bridge
will be cleaved within the reductive intracellular environment thus
leaving the MRI contrast agent trapped inside. To achieve this
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Canada, N6A 5B7. E-mail: robert.hudson@uwo.ca
bCentre for Functional and Metabolic Mapping, Robarts Research Institute,
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Fig. 1 Structures of DOTA (1), DOTAM (2), Eu3+ DOTAM-G-
ly-Phe-OH (3) and cystamine modified derivatives 4 and 5.


goal, we required a derivative of 3 bearing a primary sulfanyl (SH)
group. Cystamine-modified Eu3+ complexes 4a,b (Fig. 1) have been
identified as suitable synthetic targets and are derived from the
corresponding free ligands 5a,b (Fig. 1). Selective introduction of
the cystamine modified side chain present in the structure of 4
and 5 represents the major synthetic challenge associated with the
synthesis of desired ligands.
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The synthesis of asymmetrically substituted ligands 5a,b and
their Eu3+ complexes 4a,b has been achieved and moreover, the
PARACEST properties associated with complex 4b have been
determined and compared with those of Eu3+ DOTAM-Gly-Phe-
OH (3). In this paper we describe a detailed synthetic approach
leading to the synthesis of the sophisticated ligands 5a,b and
the Eu3+ complexes 4a,b and the evaluation of the PARACEST
properties of 4b.


Results and discussion


Retrosynthetic analysis


To assemble the desired ligands 5 and their Eu3+ complexes 4,
synthetic approaches based on the selective alkylation of com-
mercially available cyclen or alkylation of some simple, easily
accessible derivatives of cyclen have been evaluated. The various
retrosynthetic disconnections that we explored are depicted in
Scheme 1.


The first approach we attempted was thought to be the most
straightforward at the outset and was based on the selective
trialkylation of cyclen (6) with N-iodoacetyl-Gly-Phe-OEt (7)3


followed by the alkylation of the remaining secondary amine with
N-iodoacetylGly-Phe-cystamine(Boc) (8), Scheme 1. However, we
were not able to achieve satisfactory results, which necessitated
considering alternative routes. The next possibility investigated
was the assembly of ligand 5 via N-formylcyclen (9), which can
be obtained from cyclen (6) in two steps.6 Subsequent sequential
alkylation of 9 with N-iodoacetyl-Gly-Phe-OEt (7); removal of
the formyl group; and alkylation with N-iodoacetyl-Gly-Phe-
cystamine(Boc) (8, Scheme 1) would yield the desired ligand.
Unfortunately, this route had to be abandoned after the N-formyl
group was found to resist removal.


Another easily accessible cyclen-derived precursor investi-
gated for the synthesis of ligand 5 was N-cyclenacetic acid


(10).7 Our approach was to trialkylate 10 (Scheme 1) with N-
iodoacetyl-Gly-Phe-OEt (7), followed by coupling with Fmoc-
Phe-cystamine(Boc) (11, Scheme 1). As described later, the tri-
alkylation of 10 failed to produce the desired result and we turned
our attention to the final synthetic approach, which eventually
led us to the desired target 5. The key step in the retrosynthesis
of 5 then became the selective monoalkylation of cyclen (6) with
N-haloacetyl-Gly-Phe-OtBu (12, Scheme 1). This was followed
by peralkylation with N-iodoacetyl-Gly-Phe-OEt (7), selective
removal of the tBu ester group and coupling with mono-Boc-
cystamine (16), prepared according to a literature procedure.8


Synthesis of alkylation agents 7, 8 and 12


N-Iodoacetyl-Gly-Phe-OEt (7) was prepared from N-chloro-
acetylglycine (13) and H-Phe-OEt·HCl according to a recently
established literature procedure.3a A similar approach was used
to prepare electrophiles 12 via the reaction of 13 with H-Phe-
OtBu·HCl (14, Scheme 2). N-Chloroacetyl-Gly-Phe-OtBu (12a)
was obtained in excellent yield (98%), followed by the Finkelstein
reaction (NaI, acetone) to furnish N-iodoacetyl-Gly-Phe-OtBu
(12b) in 56% yield (Scheme 2).


N-Chloroacetylglycine (13) was subjected to NHS–DCC-
mediated coupling with H-Phe-OH (15) followed by coupling with
mono-Boc-cystamine8 (16, Scheme 3). The crude N-chloroacetyl-
Gly-Phe-cystamine(Boc) was obtained, containing ca. 20% of
N,N-dicyclohexylurea (as determined by 1H NMR). This material
was treated with NaI in acetone to afford N-iodoacetyl-Gly-Phe-
cystamine(Boc) (8, Scheme 3) in an acceptable yield of 33% (over
three steps, based on 13).


Synthesis of Fmoc-Phe-cystamine(Boc) (11)


The EDC·HCl–NHS mediated coupling of Fmoc-Phe-OH
(17) with mono-Boc-cystamine8 (16) was used to prepare


Scheme 1 Comprehensive retrosynthetic analysis of cystamine modified ligands 5.
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Scheme 2 Synthesis of N-haloacetyl-Gly-Phe-OtBu (12).


Scheme 3 Synthesis of N-iodoacetyl-Gly-Phe-cystamine(Boc) (8).


Fmoc-Phe-cystamine(Boc) (11) dipeptide in moderate yield (51%),
Scheme 4.


Scheme 4 Synthesis of Fmoc-Phe-cystamine(Boc) (11).


Alkylation of N-formylcyclen (9) and N-cyclenacetic acid (10)


N-Formylcyclen (9) can be obtained from cyclen (6) first by
reacting 6 with dimethylformamide dimethylacetal, followed by
hydrolysis of unstable tricyclic amine.6 With N-formylcyclen in
hand, we turned our attention to the peralkylation of 9 with
N-iodoacetyl-Gly-Phe-OEt (7). The reaction proceeded smoothly
and peralkylated cyclen 18 was isolated in 92% yield (Scheme 5).
The intermediate triester 18 was expected to undergo the removal


Scheme 5 Alkylation of N-formylcyclen (9) with N-iodoacetyl-Gly-
Phe-OEt (7) and subsequent saponification of 18 to yield 19.


of the formyl group, followed by alkylation with N-iodoacetyl-
Gly-Phe-cystamine(Boc) (8, Scheme 1).


The formyl group is a well known nitrogen atom protective
group and several methods for its removal have appeared in the
literature. For this work, we attempted to remove the formyl group
from intermediate 18 employing oxidative,9 reductive,10 acidic,11


or basic12 conditions. All of these conditions have proved to be
unsuitable for the reasons given below.


Attempts to remove the formyl group under oxidative con-
ditions (m-CPBA in THF, or H2O2 in EtOH–H2O9) led only
to intractable mixtures while catalytic hydrogenation10 led to
complete recovery of starting material. Hydrolysis of the formyl
group was tried under acidic conditions (HCl in EtOH–H2O,
SOCl2 in EtOH or p-TSA in EtOH),11 but we were plagued by
partial hydrolysis of the ester groups present in 18. When 18 was
treated with HCl in EtOH–H2O, a modest amount of impure
product was obtained that showed removal of the formyl group;
however, this result could neither be reliably reproduced nor scaled
up despite many attempts. It was also found that the reaction of
this impure material with N-iodoacetyl-Gly-Phe-cystamine(Boc)
(8, Scheme 1) was rather sluggish and for both of these reasons,
this approach was abandoned. Finally, basic conditions were
investigated as a way to remove the protecting group. Treatment
of 18 with K2CO3 in aqueous EtOH even at elevated temperatures
(up to reflux) resulted in recovery of the starting material while
complete decomposition was observed when NaOEt was used as
a base. Classical saponification12 conditions (NaOH in EtOH–
H2O) led to the formation of macrocycle 19 (Scheme 5), in which
the hydrolysis of the ester functionalities took place, while the
formyl group remained. Attempts to promote the removal of
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the formyl group under identical conditions but using elevated
temperatures (up to 50 ◦C) led to massive decomposition (HPLC
inspection). The above mentioned experiments clearly indicated
that N-formylcyclen (9) is not a suitable precursor in the synthesis
of desired ligands 5a,b and their Eu3+ complexes (Fig. 1).


Finding that we were unable to remove the formyl group from 18
we turned our attention to N-cyclenacetic acid (10) as a starting
point. Acid 10 can be obtained by alkylation of cyclen (6) with
bromoacetic acid.7 We envisioned the peralkylation of 10 with
N-iodoacetyl-Gly-Phe-OEt (7), followed by coupling with Fmoc-
Phe-cystamine(Boc) (11, Scheme 1) to furnish the remaining
side chain. Somewhat unexpectedly, we observed alkylation of
the carboxylic functionality with N-iodoacetyl-Gly-Phe-OEt (7)
leading to the formation of a complex and inseparable mixture of
the desired N-alkylation product and O-alkylated side product,13


precluding the use of 10 for the synthesis of ligand 5.


Selective trialkylation and monoalkylation of naked cyclen


Selective trialkylation of unprotected cyclen (6) with N-iodoacetyl-
Gly-Phe-OEt (7) followed by the alkylation of the remaining
nitrogen atom with N-iodoacetyl-Gly-Phe-cystamine(Boc) (8,
Scheme 1) conceptually was the most straightforward route
towards assembling the ligand 5. In the recent literature,14 there are
several reports describing selective trialkylation of cyclen, followed
by the separation of the desired product by chromatography.
It is worth mentioning that the alkylation agents used to carry
out the above mentioned transformations usually possess simpler
structures as compared to N-iodoacetyl-Gly-Phe-OEt (7). We have
found that treatment of cyclen (6) with N-iodoacetyl-Gly-Phe-
OEt (7) using Et3N as a base leads to the formation of a complex
mixture. Analysis of the reaction mixture by HPLC (Microsorb-
CN column) indicated the presence of the desired trialkylated
cyclen (75%) accompanied with the products of peralkylation
(20%, this material was compared with an authentic sample3a


available in our laboratory) and dialkylation (5%). Under these
conditions, the products of the reaction were well resolved and
we therefore attempted scale up the reaction and to carry out
gravity chromatography, using nitrile bonded phase silica gel.
Unfortunately, the chromatographic separation could not be
reproduced on a larger scale and in fact we observed the desired
product to be essentially irreversibly adsorbed onto the stationary
phase.


The synthesis of the ligand 5 was eventually accomplished, when
selective monoalkylation15 of cyclen was used as a key step in the
synthesis. Cyclen (6) was monoalkylated with N-haloacetyl-Gly-
Phe-OtBu in chloroform (12, Scheme 6). The reaction proceeded
in moderate yields (12a, 48%; 12b, 23%), affording the monoalky-
lated cyclen 20 (Scheme 6). The product of monoalkylation
was isolated by normal phase column chromatography without
difficulty. Peralkylation of 20 with N-iodoacetyl-Gly-Phe-OEt (7)
afforded the orthogonally protected ester 21 in excellent yield
(99%, Scheme 6). As described below, compound 21 was later
on converted to the desired ligands 5a,b.


Having prepared the orthogonally protected derivative 21 in
reasonable quantities and purity, we focused our attention on
completing the synthesis of ligands 5. The tert-butyl ester group of
21 was removed by treatment with TFA in dichloromethane and
the crude monocarboxylic acid derivative obtained was subjected


Scheme 6 Preparation of orthogonally protected mono-t-butyl ester 21.


to HBTU-mediated coupling with mono-Boc-cystamine8 (16).
Protected ligand 22, bearing all the necessary substitution was
isolated in 78% yield (based on 21), Scheme 7.


Dithiotreitol (DTT) mediated reduction16 of 22 followed by
saponification of the ester functionalities afforded ligand 5a in
64% overall yield. Studies on the conjugation of compound 5a
as a modified DOTAM-Gly-Phe-OH subunit to cell penetrating
peptides and gold nanoparticles are currently in progress and the
results of these studies will be described in due course.


We were also interested in preparing the Eu3+ complexes of
ligands 5 (compounds 4) in order to compare the PARACEST
properties (see below) of these modified ligands with those of
parent compound Eu3+ DOTAM-Gly-Phe-OH (3). It was found
that the treatment of ligand 5a with EuCl3·6H2O did not afford the
desired complex 4a. The formation of the disulfide bridge between
the two molecules of ligand 5a was found to be an unwanted
side reaction and a complex mixture, containing ligand 5a, the
disulfide dimer as well as their Eu3+ complexes was obtained.
Although we were keenly interested in pursuing this compound,
frustratingly, the reaction did not proceed to completion even us-
ing a large excess (20 equivalents) of EuCl3·6H2O, thus precluding
the isolation of the disulfide dimer and its Eu3+ complex. The
problem of oxidative disulfide formation was solved by preparing
the ligand 5b via Boc-deprotection and subsequent saponification
of 22 (Scheme 7). Metalation of 5b proceeded smoothly affording
the complex 4b (purified by size exclusion chromatography as
described previously3) in 58% yield (Scheme 7). The absence of free
Eu3+ was confirmed by negative xylenol orange test.17 Complex
4b has been characterized by 1H NMR and MS (ESI-TOF)
spectroscopies. DTT-mediated reduction of 4b (Scheme 7) was
attempted, leading to the formation of Eu3+ complex 4a (confirmed
by MS (ESI-TOF) spectroscopy) accompanied with significant
amount of Eu3+ DOTAM-Gly-Phe-OH (3). This unwanted side
product apparently results from the hydrolysis of the amide
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Scheme 7 Synthesis of target molecules: ligands 5 and their Eu3+ complexes 4.


bond between H-Phe-OH and cystamine. Our experience with
molecules described above indicates that this amide bond is quite
prone to hydrolysis. Complex 4b indeed serves as a suitable
model compound for a subsequent PARACEST properties study,
whereas magnetic studies with impure complex 4a have not been
carried out. Although complexes 4a and 4b are shown as eight
coordinate (Scheme 7), in aqueous solution the europium centre
also coordinates a molecule of water. It is this bound water
which, under appropriate conditions of slow exchange, gives rise
a signal distinguishable from that of bulk water. These signals
are observed in the Z-spectrum in which bulk water appears at
d = 0 ppm. For complexes such as compound 4b, the bound
water signal appears at approximately 40–45 ppm, while the
signal for other exchangable protons such as the amide N–H
protons is much closer to and often obscured by the bound water
signal.3a


PARACEST properties of complex 4b


The magnetic resonance PARACEST properties of complex 4b
were investigated at physiological temperature (37 ◦C) using a
previously established experimental protocol.3a,4 The data ob-
tained were compared (Fig. 2) with the PARACEST properties of
Eu3+ DOTAM-Gly-Phe-OH (3), a new PARACEST MRI contrast
agent with the potential ability to perform temperature mapping.4


The observed PARACEST effect (35%, ca. 45 ppm, at 37 ◦C)
with cystamine modified complex 4b was found to compare
reasonably well with that associated with Eu3+ DOTAM-Gly-Phe-
OH (3, 44%, ca. 45 ppm). This finding implies that the cystamine
modified complex 4b, and likely close structural analogues such
as 4a and peptide conjugates, preserve the desirably strong
PARACEST properties that are the basis of generating MRI
contrast.


Conclusions


Various synthetic approaches have been investigated towards
the preparation of asymmetrically peptide-decorated cyclens that
possess suitable functionality for chemoselective conjugation to
other molecular entities. The challenge was to leave as much of the
ligand sphere as possible undisturbed to preserve the PARACEST
properties observed for the parent Eu3+ DOTAM-Gly-Phe-OH,
as previous model studies showed that this was necessary.3b The
inclusion of a sulfanyl group (−SH) was viewed as a useful
functional group that could be addressed chemoselectively. The
sulfanyl group adds to the versatility of the molecule as it is reactive
towards Michael acceptors, iodoacetyl compounds or can undergo
oxidative disulfide formation. It is this latter manifestation of
reactivity that we intend to exploit for the formation of peptide–
chelator complexes.
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Fig. 2 Z-spectrum of a 10 mM, pH 7.0 solution of Eu3+ DOTAM-Gly-Phe-OH (3, left) and cystamine modified complex 4b (right) acquired on a 9.4 T
NMR spectrometer using a 10 s, 14 lT saturation pulse at 37 ◦C.


Synthetic routes based on the peralkylation of easily accessible
cyclen derivatives [N-formylcyclen (9), N-cyclenacetic acid (10)]
permitted us to explore some new chemistry, yet did not lead
to a workable synthesis of ligands 5 and their Eu3+ complexes.
Selective trialkylation of cyclen (6) with N-iodoacetyl-Gly-Phe-
OEt (7) was also found to be problematic. Ultimately, the new
synthetic route to ligands 5a,b and their Eu3+ complexes rested on
a selective monoalkylation of cyclen (6) with N-haloacetyl-Gly-
Phe-OtBu (12) as a key step. This was followed by peralkylation
with 7, removal of the OtBu group and HBTU-mediated coupling
with mono-Boc-cystamine (16). After some protecting group
manipulations, intermediate 22 was converted into ligands 5a,b.
These were successfully loaded with metal by treatment with
EuCl3·6H2O resulting in the formation of complexes 4a,b. Among
them, complex 4b was obtained in pure form and its magnetic
properties have been investigated. The PARACEST properties as-
sociated with complex 4b compare favourably with Eu3+ DOTAM-
Gly-Phe-OH (3). It can be envisioned that conjugation of cell
penetrating peptide with ligand 5a, followed by introduction of
Eu3+ will provide a new advanced PARACEST MRI contrast
agent with the potential to cross various biological barriers (e.g. the
blood brain barrier) while retaining desirable magnetic properties.
The development of a cell penetrating peptide conjugate of
complex 5a and its Eu3+ complex is underway and will be described
later.


Experimental


General experimental procedures


All amino acids (naturally occurring L isomers) and reagents
were commercially available, unless otherwise stated. All solvents
were HPLC grade and used as such, except for CH2Cl2 and
THF (dried over Al2O3, in a solvent purification system) and
water (18.2 MX cm millipore water). Organic extracts were
dried with Na2SO4 and solvents were removed under reduced
pressure in a rotary evaporator. Flash column chromatography
(FCC) was carried out using silica gel, mesh size 230–400 Å.
Size exclusion chromatography was carried out on BIO-GEL
P2, 45–90 lm mesh resin (20 g, column size 15 × 2 cm per
0.1 mmol of compound). Ten fractions (10 ml each) were collected.
Fractions were identified by UV/I2 vapours (compounds 4a, 19)


or by 5% solution of ninhydrin in AcOH/EtOH (compound 4b).
Thin layer chromatography (TLC) was carried out on Al backed
silica gel plates, compounds were visualized by UV light or I2


vapors. Melting points were obtained on Fisher–Johns apparatus
and are uncorrected. Specific rotations [a]D were determined at
ambient temperature using a 5 mL, 10 cm path length cell; the
units are 10−1 deg cm2 g−1 and the concentrations are reported
in g 100 mL−1. HPLC analysis was carried out using a high
performance liquid chromatograph equipped with an automatic
injector, diode array detector (wavelength range 190–600 nm),
degasser and a Microsorb-CN column (particle size 5 lm; 4.6
id × 200 mm). Mobile phase: 75% H2/25% MeCN–25% H2O/75%
MeCN over 35 min, linear gradient, flow rate 1 mL min−1. NMR
spectra were recorded on a 400 MHz spectrometer; for 1H (400
MHz), d values were referenced as follows CDCl3 (7.26 ppm);
DMSO-D6 (2.49 ppm); D2O (4.75 ppm) for 13C (100 MHz) CDCl3


(77.0 ppm); DMSO-D6 (39.5 ppm). Mass spectra (MS) were
obtained using electron impact (EI) or electrospray ionization
(ESI) techniques.


NHS–DCC mediated coupling of N-chloroacetylglycine (13)
with H-Phe-OtBu·HCl (14). NHS (575 mg, 5 mmol) and DCC
(1.341 g, 6.5 mmol) were added (at 0 ◦C) to a solution of N-
chloroacetylglycine (13, 758 mg, 5 mmol) in dry CH2Cl2 (40 mL).
The mixture was stirred for 30 min at 0 ◦C, H-Phe-OtBu·HCl
(14, 1.289 g, 5 mmol) and Et3N (1.4 mL, 10 mmol) added and
the stirring continued for 18 h at rt. The mixture was cooled to
−20 ◦C, precipitate was filtered off, the filter was washed with
a small amount (ca. 15 mL) of cold (−20 ◦C) dichloromethane,
the combined filtrate was washed with 1 M HCl (30 mL) and the
aqueous phase was extracted with CH2Cl2 (20 mL). The organic
phase was dried, concentrated and the residue was subjected to
FCC on 50 g SiO2 (CH2Cl2–MeOH, 9 : 1). The residue obtained
after concentrating the eluate contained a small amount of N,N ′-
dicyclohexylurea (DCU), which was removed by re-dissolution in
a minimal amount of acetone (ca. 10 mL) and set aside for 18 h
at −20 ◦C. The precipitate that formed (DCU) was removed by
filtration through a cotton plug placed in a Pasteur pipette. The
solvent was removed to give N-chloroacetyl-Gly-Phe-OtBu (12a,
1.734 g, 98%). Slightly yellow oil; [a]25


D +44 (c 0.79, CH2Cl2). HPLC:
tR 13.7 min; 1H NMR (CDCl3) d 7.43 (t, D2O exch., J = 4.5 Hz,
1H); 7.23 (m, 3H); 7.12 (m, 2H); 6.85 (d, D2O exch., J = 8 Hz,
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1H); 4.73 (m, 1H); 4.00 (d, J = 2 Hz, 2H); 3.92 (ddd, J = 6.5, 5.5,
1.5 Hz, 2H); 3.07 (dd, J = 14, 4.5 Hz, 1H); 3.02 (dd, J = 14, 4.5 Hz,
1H); 1.38 (s, 9H); 13C NMR (CDCl3) d 170.3, 167.6, 166.5, 135.8,
129.3, 128.3, 126.9, 82.5, 53.6, 42.9, 42.2, 37.8, 27.8. HRMS (EI)
m/z: found 354.1341 (354.1346 calcd for C17H23ClN2O4). LRMS
(EI) m/z (rel abundance): 354 [M + H]+ (10), 298 (32), 224 (25),
148 (100), 120 (100), 99 (21).


N-Iodoacetyl-Gly-Phe-OtBu (12b). NaI (1.35 g, 9 mmol) was
added to a stirred solution of N-chloroacetyl Gly-Phe-OtBu (12a,
1.065 g, 3 mmol) in acetone (20 mL). The mixture was stirred
for 18 hours at rt, was concentrated to ca. one-third of its original
volume, diluted with EtOAc (50 mL) and washed with 10% Na2SO3


solution (50 mL). The aqueous phase was extracted with EtOAc
(30 mL), the organic phase was dried, concentrated, and the
residue was subjected to FCC on 30 g SiO2 (hexanes–acetone, 1 :
1) to afford 752 mg (56%) of N-iodoacetyl Gly-Phe-OtBu (12b).
Slightly yellow oil; [a]25


D +29 (c 0.69, CH2Cl2). HPLC: tR 13.8 min;
1H NMR (CDCl3) d 7.26 (m, 3H); 7.18 (m, D2O exch., 1H); 7.15
(m, 2H); 6.71 (d, D2O exch., J = 8 Hz, 1H); 4.74 (m, 1H); 3.93
(d, J = 5 Hz, 2H); 3.71 (s, 2H); 3.10 (dd, J = 14, 6.5, Hz, 1H);
3.05 (dd, J = 12, 6 Hz, 1H); 1.40 (s, 9H); 13C NMR (CDCl3) d
170.2, 167.9, 167.8, 135.9, 129.4, 128.4, 127.0, 82.6, 53.8, 43.6,
38.0, 27.9. HRMS (EI) m/z: found 446.0695 (446.0703 calcd for
C17H23IN2O4). LRMS (EI) m/z (rel abundance): 446 [M + H]+


(10), 390 (56), 224 (20), 198 (10), 120 (100), 99 (15).


N-Iodoacetyl-Gly-Phe-cystamine(Boc) (8). DCC (318 mg,
2.2 mmol) was added (at 0 ◦C) to a stirred suspension of N-
chloroacetylglycine (13, 212 mg, 1.4 mmol) and NHS (161 mg,
1.4 mmol) in dry CH2Cl2 (7 mL). The cooling bath was removed
and the mixture was stirred for 18 h at rt. The solvent was
evaporated, the residue was suspended in dry THF (6 mL), H-
Phe-OH (15, 231 mg, 1.4 mmol) and Et3N (390 lL, 2.8 mmol)
were added and the mixture was stirred for 2 h at rt. The reaction
mixture was then diluted with 1 M HCl (50 mL) and extracted
with EtOAc (40 + 3 × 20 mL). The combined organic extracts
were dried, concentrated and the residue was dissolved in dry
THF (14 mL). The solution obtained was cooled to 0 ◦C, NHS
(161 mg, 1.4 mmol) and DCC (347 mg, 1.7 mmol) were added
and the mixture was stirred for 30 min at 0 ◦C, followed by the
addition of mono-Boc-cystamine8 (16, 353 mg, 1.4 mmol) and
Et3N (390 lL, 2.8 mmol). The cooling bath was removed and the
mixture was stirred for 18 h at rt. The mixture was concentrated
to ca. one-third of its original volume, was diluted with brine
(50 mL) and was extracted with EtOAc (40 + 2 × 20 mL).
The combined organic extracts were dried, concentrated and the
residue obtained contained ca. 20% of N,N ′-dicyclohexylurea (by
1H NMR). The residue was dissolved in acetone (8 mL) and NaI
(341 mg, 2.3 mmol) was added and then the mixture was stirred
for 18 h at rt. Subsequently, the reaction mixture was concentrated
to ca. one-third of its original volume and was diluted with EtOAc
(30 mL), washed with 10% Na2SO3 solution (20 mL) and the
aqueous phase was extracted with EtOAc (20 mL). The organic
phase was dried and concentrated to give crude N-iodoacetyl
compound 8, which was purified by FCC on 50 g SiO2 (CH2Cl2–
MeOH, 19 : 1) and then recrystallized from dichloromethane–
hexanes solution.


N-Iodoacetyl-Gly-Phe-cystamine(Boc) [8, 288 mg, 33% based
on N-chloroacetylglycine (13)], colorless crystals; mp 130–131 ◦C;


[a]25
D +19 (c 0.78, CH2Cl2). HPLC: tR 13.3 min; 1H NMR (DMSO-


D6) d 8.41 (m, D2O exch., 1H); 8.18 (m, D2O exch., 2H); 7.21
(m, 5H); 6.98 (m, D2O exch., 1H); 4.42 (m, 1H); 3.73 (dd, J =
16.5, 6 Hz, 1H); 3.68 (s, 2H); 3.57 (dd, J = 16.5, 6 Hz, 1H); 3.26
(m, 4H); 2.97 (dd, J = 13, 5 Hz, 1H); 2.72 (m, 5H); 1.35 (s, 9H);
13C NMR (DMSO-D6) d 170.8, 168.1, 167.9, 155.5, 137.7, 129.1,
128.1, 126.3, 77.8, 54.1, 42.4, 39.4, 38.0, 37.8, 37.5, 36.9, 28.2.
HRMS (ESI) m/z: found 625.1000 [M + H]+ (625.1015 calcd for
C22H34IN4O5S2).


Fmoc-Phe-cystamine(Boc) (11). NHS (115 mg, 1 mmol) and
EDC·HCl (383 mg, 2 mmol) were added to a solution of Fmoc-
Phe-OH (17, 387 mg, 1 mmol) in dry THF (5 mL). The mixture was
stirred for 18 h at rt, was concentrated, the residue was dissolved
in water (40 mL) and was extracted with EtOAc (40 + 2 × 20 mL).
The organic extract was dried and the solvent was evaporated to
leave the corresponding NHS-ester. This material was dissolved in
dry THF (5 mL) followed by a dropwise addition (over a period of
10 min, at 0 ◦C) of a solution of mono-Boc-cystamine (16, 252 mg,
1 mmol) and Et3N (210 lL, 1.5 mmol) in dry THF (5 mL). The
stirring continued for 3 h at 0 ◦C, the mixture was diluted with brine
(60 mL), and was extracted with EtOAc (40 + 20 mL). The organic
extract was dried and then concentrated to leave crude compound
11, which was purified by FCC on 50 g SiO2 (CH2Cl2–MeOH,
19 : 1) followed by crystallization from dichloromethane–hexanes
solution.


Fmoc-Phe-cystamine(Boc) (11, 318 mg, 51%), colorless crystals;
mp 154–155 ◦C; [a]25


D +13 (c 0.80, DMSO). HPLC: tR 11.0 min; 1H
NMR (DMSO-D6) d 8.21 (m, D2O exch., 1H); 7.87 (m, 2H); 7.63
(m, 2H); 7.42 (m, 2H); 7.23 (m, 7H); 6.98 (m, D2O exch., 1H); 4.15
(m, 3H); 3.33 (m, 3H); 3.19 (m, 2H); 2.96 (dd, J = 13.5, 4.5 Hz,
1H); 2.75 (m, 5H); 1.35 (s, 9H); 13C NMR (DMSO-D6) d 171.5,
155.8, 155.5, 143.8, 143.7, 142.6, 140.7, 139.4, 138.1, 137.4, 129.3,
129.2, 128.9, 128.1, 128.0, 127.6, 127.3, 127.0, 126.2, 125.4, 125.3,
121.4, 120.0, 109.7, 77.8, 65.6, 56.2, 46.6, 39.4, 38.0, 37.7, 37.6,
37.1, 28.2. HRMS (EI) m/z: found 621.2296 (621.2331 calcd for
C33H39N3O5S2). LRMS (EI) m/z (rel abundance): 621 [M + H]+


(10), 308 (10), 223 (16), 178 (79), 120 (100), 91 (10).


Alkylation of N-formylcyclen (9) with N-iodoacetyl-Gly-Phe-
OEt (7). DIPEA (260 lL, 1.5 mmol) and N-iodoacetyl-Gly-
Phe-OEt3 (7, 628 mg, 1.5 mmol) were added to a solution of
N-formylcyclen6 (9, 100 mg, 0.5 mmol) in MeCN (10 mL). The
mixture was stirred for 18 h at 50 ◦C, cooled to rt and then diluted
with EtOAc (40 mL). The organic solution was washed with water
(40 mL) and the aqueous phase was extracted with EtOAc (20 mL).
The organic extract was dried and was concentrated and the
resulting oil was triturated (twice) with a small amount (ca. 15 mL)
of hexane to leave N-formyl-N-triacetyl-Gly-Phe-OEt cyclen (18,
494 mg, 92%). Colorless solid; [a]25


D +55 (c 0.55, CH2Cl2). HPLC:
tR 21.8 min; 1H NMR (DMSO-D6) d 8.26 (m, D2O exch., 2H); 7.87
(m, D2O exch., 2H); 7.09 (m, 15H); 4.35 (m, 3H); 3.89 (m, 6H);
3.62 (m, 6H); 3.26–2.38 (br m, 28H); 0.96 (m, 9H); 13C NMR
(DMSO-D6) d 171.9, 171.4, 170.9, 170.7, 170.5, 170.4, 169.6,
169.1, 168.9, 168.3, 163.3, 137.0, 136.9, 129.1, 128.3, 126.6, 60.6,
53.7, 52.5, 41.8, 41.7, 37.0, 36.9, 13.9. HRMS (ESI) m/z: found
1071.5514 [M + H]+ (1071.5515 calcd for C54H75N10O13).


Saponification of N-formyl-N-triacetyl-Gly-Phe-OEt cyclen
(18). NaOH (1 M, 980 lL) was added to a solution of
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N-formyl-N-triacetyl-Gly-Phe-OEt cyclen (18, 107 mg, 0.1 mmol)
in EtOH (3 mL). The mixture was stirred for 18 h at rt, EtOH
was evaporated, the aqueous residue was cooled to 0 ◦C and
the pH was adjusted to 6 (1 M HCl). The obtained solution
was subjected to size exclusion chromatography as described in
the general experimental procedures; fractions containing the
product were combined and were lyophilized to leave N-formyl-
N-triacetyl-Gly-Phe-OH cyclen (19, 76 mg, 78%). Colorless solid;
[a]25


D −7 (c 0.72, MeOH). HPLC: tR 9.4 min; 1H NMR (D2O) d
7.20 (m, 16H); 4.36 (m, 3H); 3.75 (m, 6H); 3.45–2.84 (br m, 28H);
13C NMR (DMSO-D6) d 178.1, 173.4, 170.5, 170.3, 166.5, 138.2,
138.0, 129.7, 128.9, 127.1, 56.5, 54.0, 53.3, 51.8, 50.5, 42.5, 42.0,
39.6, 37.8. HRMS (ESI) m/z: found 987.4575 [M + H]+ (987.4576
calcd for C48H63N10O13).


Selective monoalkylation of cyclen (6) with N-haloacetyl-
Gly-Phe-OtBu (12) to give N-monoacetyl-Gly-Phe-OtBu cyclen
(20). Separate solutions of N-chloroacetyl-Gly-Phe-OtBu (12a,
562 mg, 1.57 mmol) or N-iodoacetyl-Gly-Phe-OtBu (12b, 705 mg,
1.57 mmol) in CHCl3 (2 mL) were added dropwise (over a 10 min
period) to a stirred solution (at 0 ◦C) of cyclen (6, 541 mg,
3.14 mmol) in CHCl3 (4 mL). The slow addition of electrophile and
careful control of the temperature is needed to have reproducible
results. The mixtures were stirred for 2 h at 0 ◦C and 2 h at rt;
a clear solution was obtained with N-chloroacetyl-Gly-Phe-OtBu
(12a); it was concentrated and the residue was subjected to FCC
on 15 g SiO2 (CH2Cl2–MeOH–NH4OH, 80 : 20 : 1). Evaporation
of the eluate afforded N-monoacetyl-Gly-Phe-OtBu cyclen (20,
368 mg, 48%). A white precipitate formed when N-iodoacetyl-
Gly-Phe-OtBu (12b) was used, it was filtered off, the filtrate was
concentrated and the residue was subjected to FCC as described
above, leaving N-monoacetyl-Gly-Phe-OtBu cyclen (20, 176 mg,
23%). Colorless oil; [a]25


D +19 (c 0.52, MeOH). HPLC: tR 7.5 min;
1H NMR (DMSO-D6) d 8.48 (m, D2O exch., 1H); 7.23 (m, 5H);
4.34 (m, 1H); 3.76 (s, 2H); 3.48 (br m, D2O exch., 1H); 3.22 (s, 2H),
2.92 (m, 2H); 2.67 (m, 16H); 1.29 (s, 9H); 13C NMR (DMSO-D6)
d 171.1, 170.5, 169.2, 137.2, 129.2, 128.2, 126.5, 80.7, 58.0, 54.3,
51.4, 48.6, 46.7, 45.4, 44.8, 41.3, 37.0, 30.7, 27.5. HRMS (ESI)
m/z: found 491.3349 [M + H]+ (491.3346 calcd for C25H43N6O4).


Alkylation of N-monoacetyl-Gly-Phe-OtBu cyclen (20) with N-
iodoacetyl-Gly-Phe-OEt (7). DIPEA (385 lL, 2.2 mmol) and
N-iodoacetyl-Gly-Phe-OEt3 (7, 919 mg, 2.2 mmol) were added to
a solution of N-monoacetyl-Gly-Phe-OtBu cyclen (20, 359 mg,
0.73 mmol) in MeCN (8 mL). The mixture was stirred for 18 h
at 70 ◦C, was cooled to rt and was diluted with EtOAc (30 mL).
The organic solution was washed with water (30 mL), the aqueous
phase was extracted with EtOAc (20 mL) and the organic phase
was dried and concentrated. The resulting oil was triturated
(twice) in a small amount (ca. 15 mL) of hexanes to leave N-
monoacetyl-Gly-Phe-OtBu-N-triacetyl-Gly-Phe-OEt cyclen (21,
986 mg, 99%). Colorless solid; [a]25


D +28 (c 0.91, CH2Cl2). HPLC:
tR 23.0 min; 1H NMR (DMSO-D6) d 8.28 (m, D2O exch., 2H);
8.05 (m, D2O exch., 2H); 7.22 (m, 20H); 4.41 (m, 4H); 4.00 (m,
6H); 3.71 (m, 8H); 3.01–2.87 (br m, 16H); 2.60–2.53 (br m, 16H);
1.27 (s, 9H); 1.05 (m, 9H); 13C NMR (DMSO-D6) d 171.8, 171.3,
170.4, 168.8, 168.3, 166.2, 137.0, 136.8, 129.2, 129.1, 128.2, 128.1,
126.6, 126.5, 80.8, 60.5, 59.7, 54.0, 53.6, 41.5, 37.2, 37.0, 27.5, 13.9.
HRMS (ESI) m/z: found 1361.7184 [M + H]+ (1361.7186 calcd
for C70H97N12O16).


Removal of tBu group from 21, followed by HBTU-mediated
coupling with mono-Boc-cystamine (16). TFA (1 mL) was added
to a solution of N-monoacetyl-Gly-Phe-OtBu-N-triacetyl-Gly-
Phe-OEt cyclen (21, 408 mg, 0.3 mmol) in CH2Cl2 (2 mL). The
mixture was stirred for 18 h at rt, was concentrated, the residue
was dissolved in EtOAc (40 mL) and the solution obtained was
washed with saturated NaHCO3 solution (20 mL). The aqueous
phase was extracted with EtOAc (20 mL), and the organic phase
was separated, dried and concentrated to leave N-monoacetyl-
Gly-Phe-OH-N-triacetyl-Gly-Phe-OEt cyclen (342 mg, 87%) of
sufficient purity (HPLC inspection) for the next step. This material
was dissolved in dry CH2Cl2 (6 mL), the solution obtained was
cooled to 0 ◦C followed by the addition of DIPEA (91 lL,
0.52 mmol) and HBTU (99 mg, 0.26 mmol). The mixture was
stirred for 15 min at 0 ◦C, a solution of mono-Boc-cystamine8 (16,
66 mg, 0.26 mmol) in dry CH2Cl2 (2 mL) was added dropwise (over
the period of 1 min), the cooling bath was removed and the mixture
was stirred for 4 h at rt. The solvent was evaporated, the residue
was dissolved in EtOAc (50 mL) and the solution obtained was
consecutively washed with saturated NaHCO3 solution (30 mL),
1 M HCl (30 mL) and saturated NaHCO3 solution (20 mL).
The organic phase was dried and was concentrated to leave a
colorless solid, which was purified by trituration (twice) with a
small amount (ca. 15 mL) of hexane to leave N-monoacetyl-Gly-
Phe-cystamine(Boc)-N-triacetyl-Gly-Phe-OEt cyclen (22, 358 mg,
90%). Colorless solid; [a]25


D +30 (c 0.67, CH2Cl2). HPLC: tR


23.2 min; 1H NMR (DMSO-D6) d 8.44 (m, D2O exch., 2H); 8.21
(m, D2O exch., 3H); 7.22 (m, 20H); 4.45 (m, 4H); 3.99 (m, 6H);
3.71 (m, 8H); 3.20–2.31 (br m, 40H); 1.36 (s, 9H); 1.04 (m, 9H); 13C
NMR (DMSO-D6) d 171.8, 171.7, 171.3, 170.8, 170.3, 168.9, 168.8,
168.5, 168.3, 166.3, 155.5, 137.5, 137.0, 136.8, 129.2, 129.1, 128.2,
128.1, 126.6, 77.8, 60.5, 59.8, 57.0, 53.7, 47.6, 41.4, 38.2, 37.0, 33.4,
32.3, 28.2, 25.4, 25.3, 24.7, 24.5, 14.1, 13.9. HRMS (ESI) m/z:
found 1539.7303 [M + H]+ (1539.7380 calcd for C75H107N14O17S2).


DTT-mediated reduction and saponification of 22. DTT
(358 mg, 2.32 mmol) was added to a solution of N-monoacetyl-
Gly-Phe-cystamine(Boc)-N-triacetyl-Gly-Phe-OEt cyclen (22,
358 mg, 0.23 mmol) in EtOH (8 mL). The mixture was stirred
for 18 h at rt, was concentrated, the residue was dissolved in
EtOAc (40 mL), and the solution obtained was washed with
saturated NaHCO3 solution (20 mL). The aqueous phase was
extracted with EtOAc (20 mL), the organic phase was dried and
then concentrated to leave a solid residue (N-monoacetyl-Gly-
Phe-NH(CH2)2SH-N-triacetyl-Gly-Phe-OEt cyclen) that was used
in the next step without further purification. The solid residue
obtained was dissolved in THF (4.5 mL), NaOH solution (1M,
4.5 mL) was added and the mixture was stirred vigorously for
2 h at rt. THF was evaporated, the aqueous solution was cooled
to 0 ◦C, was acidified (1 M HCl, pH 5) and was set aside for
2 h at 0 ◦C. Water was decanted, the oily product deposited
on the flask walls was washed with water, was coevaporated
with toluene (ca. 20 mL) and was triturated (twice) in hexanes
(ca. 15 mL) to leave N-monoacetyl-Gly-Phe-NH(CH2)2SH-N-
triacetyl-Gly-Phe-OH cyclen (5a, 189 mg, 64% based on 22).
Colorless solid; [a]25


D −5 (c 0.94, MeOH). HPLC: tR 11.6 min;
1H NMR (DMSO-D6) d 8.27 (m, D2O exch., 6H); 7.20 (m, 20H);
4.40 (m, 4H); 3.71 (m, 8H); 3.51–2.15 (br m, 36H); 13C NMR
(DMSO-D6) d 173.1, 169.2, 168.3, 137.7, 137.6, 137.5, 129.3,
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129.2, 128.3, 128.2, 126.4, 126.3, 56.0, 55.9, 53.9, 51.1, 50.9, 50.4,
47.6, 45.4, 42.2, 41.7, 41.6, 41.5, 37.8, 36.9, 33.4, 32.3, 28.2, 27.0.
HRMS (ESI) m/z: found 1280.5720 [M + H]+ (1280.5774 calcd
for C62H82N13O15S).


Boc-deprotection and saponification of 22. TFA (1.5 mL) was
added to a solution of N-monoacetyl-Gly-Phe-cystamine(Boc)-
N-triacetyl-Gly-Phe-OEt cyclen (22, 328 mg, 0.21 mmol) in
CH2Cl2 (3 mL), the mixture was stirred for 30 min at rt and
was concentrated to leave N-monoacetyl-Gly-Phe-cystamine-N-
triacetyl-Gly-Phe-OEt cyclen that was used for the next step
without further purification. This material was dissolved in THF
(1.7 mL) and NaOH solution (2.5 M, 1.7 mL) was added. The
mixture was stirred vigorously for 2 h at rt. THF was evaporated,
the aqueous solution was cooled to 0 ◦C, was acidified (1 M HCl,
pH 5) and was set aside for 2 h at 0 ◦C. Water was decanted, an oily
product deposited on the flask walls was washed with water, was
coevaporated with toluene (ca. 20 mL) and was triturated (twice) in
hexanes (ca. 15 mL) to leave N-monoacetyl-Gly-Phe-cystamine-
N-triacetyl-Gly-Phe-OH cyclen (5b, 240 mg, 83% based on 22).
Colorless solid; [a]25


D +9 (c 0.59, MeOH). HPLC: tR 13.0 min; 1H
NMR (DMSO-D6) d 8.32 (m, D2O exch., 6H); 7.19 (m, 20H); 4.38
(m, 4H); 3.78–2.77 (br m, 48H); 13C NMR (DMSO-D6) d 172.9,
172.8, 171.8, 171.1, 168.8, 168.6, 137.6, 137.4, 129.2, 128.2, 128.1,
126.5, 126.4, 57.0, 53.8, 50.8, 41.6, 38.1, 36.9, 34.0, 33.4, 32.9, 32.4.
HRMS (ESI) m/z: found 1355.5850 [M + H]+ (1355.5917 calcd
for C64H87N14O15S2).


Metallation of N-monoacetyl-Gly-Phe-cystamine-N-triacetyl-
Gly-Phe-OH cyclen (5b). EuCl3·6H2O (32 mg, 0.089 mmol) was
added to a suspension of N-monoacetyl-Gly-Phe-cystamine-N-
triacetyl-Gly-Phe-OH cyclen (5b, 120 mg, 0.089 mmol) in MeOH
(2 mL) and water (4 mL). The pH of the reaction mixture was
adjusted to ca. 9 (2.5 M NaOH solution), the mixture was stirred
for 18 h at rt and was subjected to size exclusion chromatography
as described in the general experimental procedures; fractions
containing the product (the absence of free Eu3+ was confirmed by
negative xylenol orange test17) were combined and were lyophilized
to leave Eu3+ N-monoacetyl-Gly-Phe-cystamine-N-triacetyl-Gly-
Phe-OH cyclen (4b, 87 mg, 65%). Colorless solid; 1H NMR (D2O)
d 24.57 (s); 23.87 (s); 8.45 (s); 7.17–6.84 (m); 6.59 (s); 4.28–4.21 (m);
4.04 (s); 3.74–3.43 (m); 3.20–2.05 (m); 1.47 (s); −3.08 (s); −3.49 to
−3.83 (m); −5.09 (s); −8.92 to −9.19 (m); −9.98 (s); −12.24 (s);
−13.00 to −13.10 (m). HRMS (ESI) m/z: found 1503.4946 [M −
2H]+ (1503.4881 calcd for C64H84N14O15S2Eu).


DTT-mediated reduction of 4b. DTT (43 mg, 0.28 mmol) was
added to a solution of Eu3+ N-monoacetyl-Gly-Phe-cystamine-
N-triacetyl-Gly-Phe-OH cyclen (4b, 42 mg, 0.028 mmol) in
H2O (2 mL). The mixture was stirred for 18 h at rt and
was subjected to size exclusion chromatography as described in
the general experimental procedures; fractions containing the
product were combined and were lyophilized to leave impure
Eu3+ N-monoacetyl-Gly-Phe-NH(CH2)2SH-N-triacetyl-Gly-Phe-
OH cyclen (4a, 24 mg, 60%) containing a significant amount
of Eu3+ DOTAM-Gly-Phe-OH (3). The absence of free Eu3+


was confirmed by negative xylenol orange test.17 Colorless solid;
HRMS (ESI) m/z: found 1428.4727 [M − 2H]+ (1428.4738 calcd
for C62H79N13O15SEu).
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9 (a) G. Losse and W. Zönnchen, Liebigs Ann. Chem., 1960, 636,
140–143; (b) J. O. Thomas, Tetrahedron Lett., 1967, 8, 335–
336.


10 G. Losse and D. Nadolski, J. Prakt. Chem., 1964, 24, 118–124.
11 (a) J. Yoo, D. E. Reichert and M. J. Welch, J. Med. Chem., 2004,


47, 6625–6637; (b) A. C. Ferrand, D. Imbert, A. S. Chauvin, C. D.
B. Vandevyver and J. C. G. Bünzli, Chem.–Eur. J., 2007, 13, 8678–
8687.


12 V. Boldrini, G. B. Giovenzana, R. Pagliarin, G. Palmisano and M. Sisti,
Tetrahedron Lett., 2000, 41, 6527–6530.


13 Products of peralkylation at nitrogen including some O-alkylations
have not been isolated but their structures were inferred from the MS
(ESI-TOF) analysis.


14 For selected examples see: (a) A. Roigant, I. Gardinier, H. Bernard, J. J.
Yaounac and H. J. Handel, J. Chem. Soc., Chem. Commun., 1995, 1233–
1234; (b) J. I. Bruce, R. S. Dickins, L. J. Govenlock, T. Gunnlaugsson,
S. Lopinski, M. P. Lowe, D. Parker, R. D. Peacock, J. J. B. Perry, S.
Aime and M. Botta, J. Am. Chem. Soc., 2000, 122, 9674–9684; (c) T.
Gunnlaugsson, J. P. Leonard, S. Mulready and M. Nieuwenhuyzen,
Tetrahedron, 2004, 60, 105–113; (d) C. Li and W. T. Wong, Tetrahedron,
2004, 60, 5595–5601; (e) L. S. Karfeld, S. R. Bull, N. E. Davis, T.
J. Meade and A. E. Barron, Bioconjugate Chem., 2007, 18, 1697–
1700.


15 For selected examples see: (a) W. J. Kruper, P. R. Rudolf and C.
A. Langhoff, J. Org. Chem., 1993, 58, 3869–3876; (b) A. Heppler,
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Using mass spectrometry coupled with LC analysis we report evidence of diastereomer dependent
fragmentation and oligomerization reactions in the ionization of acyl-hydrazone-based libraries of
cyclic oligomers. These effects can significantly affect the accuracy of MS-based quantitations, but also
provide a venue for examining ionization effects in dynamic combinatorial libraries (DCLs).


Introduction


Dynamic combinatorial chemistry (DCC) is an efficient method
often used to search for new molecular receptors.1 Reversible
bonds between monomers are utilized to establish the dynamic
qualities of the libraries, which allow the library speciation to
respond to an added template.2 A qualitative interpretation of a
library’s binding profile is occasionally sufficient to understand the
recognition/amplification trends, but quantitative characteriza-
tion is necessary when the distribution or number of components is
significant. In dynamic combinatorial libraries (DCLs) containing
more than one monomer, amplified components can be difficult
to identify because of incomplete chromatographic resolution
or molecular weight degeneracies.3 Separation can become even
more challenging when there is stereochemical diversity in the
library.


As part of an effort to discover new receptors capable of enantio-
recognition, our group has been exploring the use of racemic
libraries as a means for testing stereochemically complex mixtures.
The guiding notion in these works was that one could discover
enantioselective receptors from racemic libraries if the analyte
was enantiomerically pure and methods were available to detect
the enantio-imbalances in the receptor that would result from an
enantioselective host–guest interaction and resultant enantiomeric
amplification. To measure these perturbations, a laser polarimeter
(LP) detector was used to detect the chiroptical changes in the
initially racemic library. Since this approach generates a signal
(optical enrichment) from an otherwise null background (racemic,
optically inactive), LP enables one to discriminate between simple
amplification and enantiomer-selective amplification.


Results


In one such application, LP was used to detect an enantio-
imbalance in a (−)-adenosine amplified dimer.4 The library
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was additionally characterized by UPLC-MS on a pseudo-
enantiomeric library wherein one enantiomer was deuterated to
provide a unique mass signature for each library member.5 As
shown in Scheme 1, this pseudo-racemic library system provided
a stereochemically complex library, wherein a slight change in
retention time of the library was noted for the H- and D-labelled
compounds (Fig. 1). The slight retention differential of the D-
labelled species was observable in both the UV and LP traces.


Scheme 1 The combined enantiomers of compound 1 ((R)-1, (S)-1-d6)
form a pseudo-racemic DCL composed of stereochemically diverse
dimers, trimers, and tetramers. All library members are in thermodynamic
equilibrium.


All the cyclic species were readily separable by the size of
the cyclomer, but the stereoisomers tended to overlap in HPLC,
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Fig. 1 HPLC chromatogram of the DCL derived from (R)-1 (dotted)
and (S)-1-d6 (solid) along with their respective LP traces. The deuterated
enantiomer elutes slightly before the protonated enantiomer.


Fig. 2 (a) UPLC-UV scan demonstrating the slightly shorter elu-
tion times of the deuterated stereoisomers. (b) The trace of the pseu-
do-racemic DCL is divided into regions to designate the species prevalent
under each peak: A (RS), B (RR, SS), C (RRS, SSR, SSS), D (RRR),
E (RRRS, SSSR, SSSS), F (RRRR), G (RRSS, RSRS).


though UPLC provided better separation. Fig. 2a compares the
UPLC-MS chromatograms of racemic and pseudo-racemic DCLs
to illustrate the improved resolution of d6-RS deuterated libraries.
The first peak (A) of Fig. 2b was pure hetero-dimer (d6-RS), while
B housed the RR and d12-SS homo-dimers. No diastereomeric
resolution was observed in the racemic trimer (C), but with
D-labelling, RRR was observable as a shoulder (D). Regions E,
F and G contained the tetramers, with d6-RRRS and d18-SSSR
being the principal constituents of E; d24-SSSS homo-tetramer
was also present and tailed into F. The meso-tetramers, d12-RRSS
and/or d12-RSRS, were separated from the chiral isomers (G).


When templated with (−)-cytidine, the speciation shifted in
response, and UPLC-MS was utilized to quantify the result-
ing diastereomer imbalances.6 Careful examination of the data,


however, indicated that the total ion chromatogram (TIC) incor-
rectly measures the absolute isomer ratios.


The UPLC-MS software enabled the extraction of an ion
chromatogram for a single mass range, which displayed where
the selected mass appeared in the chromatogram. Since each
isomer in the pseudo-racemic library had a unique mass signature
(except for RSRS and RRSS), this approach should have enabled
an isomer selected chromatogram. These “selected range” ion
chromatograms were obtained for each of the stereoisomers of
the dimer, trimer and tetramer. Under ideal conditions, one would
expect to only observe each species once.


Unexpectedly, however, several of the species were seemingly
eluting in multiple locations in the chromatogram. Fig. 3 and 4
outline for dimers and tetramers, respectively, how some stereoiso-
mer scans were complicated by more than the single expected peak.
This was especially true for the tetramers and to a lesser extent,
the dimers. Little trimer was observed in the other eluting species,
indicating that it was not a common reaction product (see ESI†
for a representative figure).


Fig. 3 Dimer selected chromatograms, selected for d12-SS, d6-SR, and
RR, followed by a total ion chromatogram. Small amounts of dimer appear
in both the trimer (C, D) and tetramer (E, F, G) regions.


Discussion


Observing a peak in the chromatogram at a location other than
its natural retention time indicated that it was generated as the
eluting species reacted in the ionization chamber. Examining
such “selected range” ion chromatograms for the DCL members
therefore provides insight into the reactions taking place between
the ionization process and detection.


The dimer selected ion chromatograms (Fig. 3) revealed that
trimers and tetramers were each able to fragment into dimers,
and not unexpectedly, it was more favorable for tetramers to do
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Fig. 4 Selected range ion chromatograms for the indicated ions. Peak
labels in the TIC correspond to the regions discussed in Fig. 2 and the text.


so. We rationalize this by noting that a trimer would need to
unimolecularly generate a stoichiometric quantity of monomer to
make a dimer. Tetramers on the other hand could simply fragment
into two dimers without generating a high energy product.7


Bimolecular reactions are also possible and this could be a source
of the dimer, for example trimer + trimer = dimer + tetramer, etc.


Rational selection rules for these fragmentations could be
generated by examining the stereochemical relationship between
the oligomer source and the resultant products (Scheme 2). For
example, in the d24-SSSS scan (Fig. 4), one notes that there is no
peak in the RS region, indicating that this dimer does not form the
homo-tetramer. This observation was explained by noting that the
primary products of a bimolecular RS dimerization could never
generate a homochiral oligomer. Similarly, little of the RRRS or
SSSR structures were generated in either of the dimer regions since
these products would require the cross reaction of a homo- and
hetero-chiral dimer. Since these dimers don’t co-elute they would
never be in the ionization chamber at the same instant, and thus
the cross product does not form.


The meso-tetramer scan, however, demonstrated that it could
be synthesized by a number of reaction pathways. It was highly
favored to form in the RS stream where dimerization could
yield either form of the meso compound depending on the
regioselectivity. It was also observed in the homochiral region,
where the cross product of RR and SS more likely generated
the SSRR stereoisomer. The meso-tetramer was also generated
in a narrow region of the trimer scan, specifically where the RRR
trimer eluted, and not elsewhere. We presume a cross reaction with
an SSS tail into this peak, and co-generation of a dimer.


Conclusions


The default mode of quantifying the results of an LC-MS is to
examine the relevant mass region from a total ion chromatogram


Scheme 2 Empirical selection rules extracted from the isomer-selected
ion chromatograms. Cases where cross-reactions do not occur result from
the non-overlapping elution times of the oligomers.


(TIC), which is a sum of every mass spectrum obtained during
the chromatography. When each eluent has a unique mass and no
chemistry occurs, this approach should be accurate. However, even
if each species has a unique mass but reaction chemistry is possible,
then erroneous quantitations may occur due to post-separation
cross-contamination. In other words, the ratio of diastereomers in
the dimer and tetramer quantified from the TIC, is distorted by
reactions in the ionization chamber that convert some tetramer to
dimer and some dimer to tetramer. Since the stereochemistry of
these reactions is controlled by the source ions (Scheme 2), and
their presence or absence is dictated by the elution (or co-elution)
profile of the LC, a broad variety of outcomes are possible! Vexing
is the notion that these effects will also depend on the resolution,
or lack thereof, in the LC component of the analysis.


Our experience with the above system has shown that the most
reliable method for accurately quantifying the diastereomer ratios
is to sum the mass spectra for only the chromatographic peak
in question. This ensures that no contributions to this ion are
made by the reaction chemistry of compounds eluting elsewhere,
which occurs if one utilizes the TIC for the measurement. Of
course, if incomplete resolution occurs in the peak in question,
then one must be cognizant of the potential for reaction chemistry
between the co-eluting compounds. We suspect that inter- and
intramolecular reactions between co-eluting species8 may be
widespread in hydrazone-based libraries.
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Gilvocarcin-type polyketide glycosides represent some of the most powerful antitumor therapeutics.
Bioactivity-guided fractionation of a culture extract of Streptomyces polyformus sp. nov. (YIM 33176)
yielded the known gilvocarcin V (2) and a novel related compound, polycarcin V (1). Structure
elucidation by NMR and chemical derivatization revealed that the congener (1) features a
C-glycosidically linked a-L-rhamnopyranosyl moiety in lieu of the D-fucofuranose. The concomitant
production of two distinct furanosyl and pyranosyl C-glycosides that share the same aglycone is
unprecedented in bacteria. A conversion of both isoforms via a quinone methide intermediate can be
ruled out, thus pointing to two individual C-glycosylation pathways. Cytotoxicity profiling of
polycarcin V in a panel of 37 tumor cell lines indicated significant antitumoral activity with a
pronounced selectivity for non-small-cell lung cancer, breast cancer and melanoma cells. As the
antiproliferative fingerprint is identical to that of actinomycin D, the known DNA interaction of
gilvocarcins was established as a general principle of antitumorigenic activity.


Introduction


Bacterial polyketide metabolites represent a major source for
novel chemotherapeutics. A particularly promising lead structure
is gilvocarcin V (2) (Fig. 1),1–6 the prototype of a family of
benzo[d]naphtha[1,2-b]pyran-6-one glycosides from Streptomyces
spp. Members of this family generally exhibit a high antitumoral
activity with a low overall toxicity. Structurally these compounds
differ in the nature of the sugar moiety and the C2 substituent at
C-8. Gilvocarcin V (2), the most intensively studied congener, is
active against murine tumors (e.g. sarcoma 180 and lymphocytic
leukemia P388 in mice).1,3,4 The antitumoral mode of action of
the gilvocarcin-type antibiotics seems to depend on several mech-
anisms. Most importantly, gilvocarcin V efficiently intercalates
into DNA, allowing a UV-induced DNA-cleavage by [2 + 2]-
cycloaddition of the vinyl moiety and a thymine residue.7–9 It
is also capable of cross-linking between DNA and histone H3,
a major component of the histone complex.10,11 Ravidomycin
(3) and deacetylravidomycin (4) are potent photosensitizers and
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thus DNA-damaging agents.12,13 Ravidomycin analogues FE35A
(5) and B (6) are cytotoxic against U937 histiocytic lymphoma
cells in the low nanomolar range and induce caspase-3-like
apopotosis above 200 nM.14 Deacetylravidomycin M (7) strongly
inhibits IL-4-induced signal transduction in U937 cells while
being only moderately cytotoxic.15,16 Likewise, analogues such as
gilvocarcins M (8) and E (9), and chrysomycin M (10), which
all carry an aliphatic residue instead of the vinyl group, are not
cytotoxic, thus pointing out the pivotal role of the vinyl group.3,17,18


On the other hand, the potent inhibition of topoisomerase II
by both chrysomycin V (11) and M, as well as gilvocarcin V
and ravidomycin M (12), seems to be independent of the vinyl
group.17,19 The O-glycosidic analogues, BE12406-A (13) and -B
(14), which both also carry a methyl group, are 1000-fold less
active than gilvocarcin V in in vitro cytotoxicity studies.20,21


The nature of the sugar moiety seems to significantly contribute
to cell-type specificity, potency, transport and pharmacokinetics.
Thus, the fucofuranose moiety of gilvocarcin V (2) is consid-
ered important in the interaction with histone H3. The N-
substituted 3,6-dideoxy-3-(N-amino)altropyranose sugar as in
the ravidomycins significantly enhances antitumor activity as
compared to other sugars,12,13 with even stronger potency in
deacetylravidomycin (4).12 Deacetylravidomycin N-oxide shows
significantly less acute toxicity in mice than its parent compound,
while retaining its strong antitumor properties.22 On the other
hand, defucogilvocarcin V, which lacks any sugar moiety, has
an antitumor activity comparable to that of gilvocarcin V, albeit
with a shifted antimicrobial pattern.23 Thus, the role of the sugar
moiety in the bioactivity of benzo[d]naphtha[1,2-b]pyran-6-one
needs further investigation.


The biosynthesis of the benzo[d]naphtha[1,2-b]pyran-6-one
pharmacophore was recently unraveled, when J. Rohr and
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Fig. 1 Chemical structures of gilvocarcin-type glycosides.


co-workers cloned, sequenced and characterised the entire gilvo-
carcin V biosynthesis gene cluster.24–28 Yet, little is known on the
biosynthetic mechanism of the C-glycoside formation, which is
a prerequisite for engineering new secondary metabolites with
altered sugar moieties. Here, we report the “natural” plasticity
of the glycoside biosynthesis as evidenced by polycarcin V (1)
(Fig. 2), a novel member of the gilvocarcin family, co-occurring
with gilvocarcin V (2). 1 carries a L-rhamnopyranose, instead
of the D-fucofuranose moiety that is present in 2. An in-
depth characterization of the cytotoxic potential of polycarcin V
highlights its therapeutic potential.


Fig. 2 Chemical structure of polycarcin V (1).


Results and discussion


Identification and structure elucidation of polycarcin V


In the search for novel chemotherapeutic agents from microbial
sources we have explored extreme and rare habitats in southeast
Asia.29–31 The screening programme comprised over 500 microbial
isolates including alkalophilic and halophilic actinomycetes, as
well as epi- and endophytes from plants related to traditional
Chinese medicine. Six tumor cell lines that differ in chemosensi-
tivity towards standard chemotherapeutic agents were applied to
identify cytotoxic activity in microbial extracts and for bioactivity-
guided fractionation. The extracts of Streptomyces polyformus sp.
nov. (YIM 33176),32 a strain isolated from a soil sample collected


in the north of Vietnam, showed strong cytotoxic activity against
all six tumor cell lines of the screening panel (T/C >70%). TLC
analysis on silica gel (CHCl3–MeOH = 9 : 1) revealed two intensely
yellow spots that were also UV-absorbing and fluorescent (Rf :
1 0.4, 2 0.5). HPLC/UV calibration curves of the initial crude
products indicated that the strain produced 7.2 mg L−1 of 1 and
11.5 mg L−1 of 2.


The identical molecular masses and UV spectra of the two
major products suggested that 1 and 2 are isomers. For a full
characterization of the metabolites, we scaled up the fermentation
(100 L) of the producing strain. Extracts of the harvested mycelium
were subjected to open column chromatography on silica gel,
yielding pure 1 and 2 as yellow amorphous powders. We found
that compound 2 was identical with gilvocarcin V on the basis of
1H and 13C NMR data, MS data, and optical rotation.2


The molecular formula of compound 1 was established as
C27H26O9 by HRESI-MS at m/z 493.1470 [M − H]− (calcd
493.1499). The IR spectrum indicated the presence of hydroxy
groups (3363 cm−1) and a carbonyl group (1727 cm−1). 1H NMR
data of 1 showed two pairs of coupled aromatic proton signals,
dH 6.96 (d, 8.3 Hz) and 7.78 (d, 8.4 Hz) and dH 7.97 (d, 1.5 Hz)
and 7.73 (d, 1.5 Hz), one singlet aromatic proton signal at dH 8.45
(s); three proton signals on a mono-substituted double bond at dH


5.50 (d, 11.0 Hz), 6.13 (d, 17.6 Hz) and 6.94 (dd, 17.6, 11.0 Hz)
(supplementary material†). In addition, two methoxy groups at dH


4.16 (3H, s) and 4.11 (3H, s), and one methyl group at dH 1.28 (3H,
d, 6.4 Hz) were detected. Finally, a sugar moiety was indicated by
signals at dH 3.36–5.84 (5H). Signals of the 13C NMR and DEPT
spectra of 1 showed all 15 carbon atoms corresponding to the 1H
NMR data and, additionally, 12 quaternary carbons. The aglycone
of 1 proved to be identical to that of gilvocarcin V (2) on the basis
of similar 1H and 13C NMR data.2


According to HMBC correlations of H-1′ with C-4, C-4a and
C-3, the sugar moiety is C-glycosidically attached to C-4 like the
fucofuranose in gilvocarcin V (2). As for the sugar moiety, the
absence of relevant 3J1′-H,2′ -H coupling of the anomeric proton, and
the coupling constants of 3J2′-H,3′-H= 3.2 Hz, 3J3′-H,4′ -H= 9.1 Hz and
3J4′-H,5′ -H= 9.1 Hz clearly indicated the substitution pattern of an
a-rhamnopyranoside; see Fig. 3.33 The presence of a pyranose was
further confirmed by an HMBC correlation between C-5′ and
H-1′.


The absolute stereochemistry of the rhamnose was elucidated
using the method reported by Tanaka et al.34 For chromato-
graphical comparison (HPLC–MS), L-rhamnose was derivatised
by D- and L-cysteine methyl ester followed by phenylisothiocyanate
(PITC) (Fig. 4). The liberated and derivatised sugar moiety of the
acid hydrolysate (MeOH/HCl) of polycarcin V (1)2,19 was detected
at the same retention time as the L-cysteine methyl ester derivative.


In summary, 1 is an analogue of gilvocarcin V with a novel C-
glycosidically tethered a-L-rhamnopyranoside sugar moiety, and
was named polycarcin V.


C-Glycoside plasticity is independent of chemical
furanosyl–pyranosyl interconversion


The concomitant production of two distinct C-glycosides that
share the same aglycone but feature different sugar moieties is to
the best of our knowledge unprecedented for bacterial metabolites.
The gross structures of 1 and 2 suggested that the p-hydroxy
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Fig. 3 NMR data in support of the rhamnopyranosyl moiety (1a)
in polycarcin V (1). Top: HMBC correlation between C-5 and H-1′


(DMSO-d6); bottom: 1H coupling pattern of H-5′ (dH 3.37) and H-4′ (dH


3.28; 2% MeOH-d4 in DMSO-d6).


Fig. 4 HPLC–MS profiles showing extracted single ion peaks of [M +
H]+ at m/z 417. (a) Rhamnose-L-cysteine methyl ester-PITC derivative
of polycarcin V (1) hydrolysate; (b) authentic L-rhamnose-L-cysteine
methyl ester-PITC derivative; (c) authentic L-rhamnose-D-cysteine methyl
ester-PITC derivative.


furanosyl and pyranosyl C-glycosides of the respective sugars
could be converted via a quinone methide isoform (Scheme 1). To
test this hypothesis we examined the stability of both compounds
under moderately acidic and basic conditions (r.t., DMSO with 0.1
N HCl and 0.1 N NaOH, respectively). HPLC–MS/UV analysis of


all four reaction mixtures did not show any sign of decomposition,
rearrangement or formation of a related intermediate for 1 and 2.


We thus concluded that 1 and 2 result from individual
biosynthetic assembly, during which the rhamnopyranosyl and
fucofuranosyl moieties are attached to the aglycone, most likely
by means of a single glycosyl transferase (GT) with a relaxed
substrate specificity. Despite the chemical stability, it is also
possible that rhamnose is initially introduced prior to an enzymatic
ring contraction. Such a rearrangement might be incomplete in
case of the present producer. As rhamnose is an ubiquitous sugar
moiety in microbial secondary metabolism, it might be a precursor
of the rare fucofuranose, possibly prior to attachment. A ring con-
traction from a pyranose to a furanose was discussed by Rohr and
co-workers for gilvocarcin V (2) assembly.24,28,35 In the biosynthesis
of 2, C-glycosylation is catalysed by GilGT, the only glycosyltrans-
ferase identified in the gilvocarcin V biosynthesis gene cluster in
Streptomyces griseoflavus.24–28 However, the enzymatic mechanism
of C-glycoside formation is still not fully understood and might
involve a Fries-type rearrangement or a transient O-glycoside. The
O-glycosidic analogues BE-12406A (12) and BE-12406B (13), and
derivatives thereof, may be intermediates or shunt products of
such a pathway.20,21,36


Antitumor efficacy of polycarcin V


We determined the antitumoral efficacy of polycarcin V in
monolayer cultures of 37 different human tumor cell lines repre-
senting 14 different solid tumor types.31,39 1 led to concentration-
dependent inhibition of tumor cell growth with a mean IC70-
value of 8.0 ng mL−1. IC70-values ranged from 0.3 ng mL−1 to
431.0 ng mL−1, indicating a pronounced antitumor specificity.
An above-average activity of 1 was observed towards 3 out of
4 breast cancer cell lines (MCF7, MDAMB231, MDAMB468:
IC70-values ranging from <0.3 ng mL−1 to 4.0 ng mL−1), 3 out of 5
melanoma cell lines (MEXF 462NL, MEXF 514 L, MEXF 520L:
IC70-values ranging from <0.3 ng mL−1 to 0.4 ng mL−1), 2 out of
6 cell lines of non-small-cell lung cancer (LXF 1211 L, LXFL 529
L: IC70-values of <0.3 ng mL−1 and 0.3 ng mL−1, respectively),
as well as individual cell lines of colon cancer (HT29: IC70 =
3.0 ng mL−1), gastric cancer (GXF 251 L: IC70 = 1.0 ng mL−1),
prostate cancer (DU145: IC70 <0.3 ng mL−1), renal cancer (RXF
1781 L: IC70 <0.3 ng mL−1), and uterine cancer (UXF 1138 L:
IC70 = 0.9 ng mL−1).


By comparison with more than 100 reference compounds in
the COMPARE algorithm, the antiproliferative fingerprint of 1
correlated specifically with that of actinomycin D (q = 0.6).37,38 As
actinomycin D intercalates into DNA, this finding is in agreement
with the known interaction of gilvocarcin V (2) with DNA.6,8


Conclusions


We have observed the unusual concomitant production of two
distinct bacterial C-glycosides that share the same aglycone but
feature sugar moieties of differing constitution and configuration.
Polycarcin V (1), a new member of the benzo[d]naphtha[1,2-
b]pyran-6-one glycoside metabolites, carries a C-glycosidially
linked a-L-rhamnopyranose. Together with the known gilvo-
carcin V (2), it is produced as major metabolite of Streptomyces
polyformus sp. nov. (YIM 33176). We have suggested possible
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Scheme 1 Possible routes for glycosyl attachment on putative aglycone precursor in polycarcin V (1) and gilvocarcin V (2) biosynthesis.


routes for the biosynthetic formation of the two metabolites
and can rule out an acid- or base-mediated interconversion of
furanosyl and pyranosyl isoforms via a quinone methide.


In cytotoxicity profiling on a panel of 37 tumor cell lines,
polycarcin V showed significant cytotoxicicity with a pronounced
selectivity for non-small-cell lung cancer, breast cancer and
melanoma cells. As the antiproliferative fingerprint in this broad
cell panel is identical to that of actinomycin D, this finding
provides proof for the DNA interaction of gilvocarcins as a general
principle of antitumorigenic activity.
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An efficient entry to phenanthrene and naphthalene derivatives through intermolecular sequential [4 +
2]-cycloaddition–aromatization reactions of aryl-substituted allenes with DMAD in the absence of any
catalyst was discovered. In this reaction the aromatic ring and the adjacent carbon–carbon double bond
of the allene unit acted as the 1,3-diene.


Introduction


Phenanthrene is a very important structural unit responsible for
various biological effects.1 Many naturally occurring compounds
of biological and therapeutic interest contain a phenanthrene or re-
duced phenanthrene nucleus.2–9 Thus, many synthetic routes have
been developed for the preparation of phenanthrene derivatives.10


On the one hand, Diels–Alder reactions involving allene units
are well documented.11–13 For example, electron-deficient allenes
participate in the Diels–Alder-type [4 + 2]-cycloaddition mostly
as a dienophile, in which the electron-deficient internal C=C bond
of the allene reacts highly selectively;12 [4 + 2]-cycloadditions of
alkynes with the 1,3-diene unit in conjugated allenenes are also
known processes.13 However, only scattered reports have appeared
in which an aryl group and the conjugated C=C bond of an allene
were incorporated as the 1,3-diene unit: Pasto and Yang reported
an intermolecular cycloaddition reaction between phenylpropadi-
ene and maleimide, affording [4 + 2]-cycloaddition–aromatization
products together with [2 + 2]-cycloaddition adducts as minor
products;14 Ollis and Laird discovered the intramolecular [4 +
2]-cycloaddition–aromatization of phenylallene activated by het-
eroatoms with an acetylene moiety.15 Recently, Brummond and
Chen,16a Ohno et al.,16b Mukai et al.,17 and ourselves18 observed
intramolecular [2 + 2]-cycloadditions involving alkynes and the
conjugated C=C bond of an aryl allene unit. In the studies
by Mukai et al.17 and us,18a it is interesting to observe the
formation of Diels–Alder products of the alkyne with the vinyl
arene unit in 1-aryl-1,2-allenes as the minor products. In trying to
obtain solely the Diels–Alder reaction between the alkyne and the
vinyl arene unit in 1-aryl-1,2-allenes, we observed intermolecular
[4 + 2]-cycloaddition reactions of 1-aryl-1,2-allenes with DMAD
(dimethyl acetylenedicarboxylate) affording phenanthrene and
naphthalene derivatives efficiently.


aState Key Laboratory of Organometallic Chemistry, Shanghai Institute of
Organic Chemistry, Chinese Academy of Sciences, 354 Fenglin Lu, Shanghai
200032, P. R. China. E-mail: masm@mail.sioc.ac.cn; Fax: 86-21-64167510
bLaboratory of Molecular Recognition and Synthesis, Department of
Chemistry, Zhejiang University, Hangzhou 310027, Zhejiang, P. R. China
† Electronic supplementary information (ESI) available: NMR (1H, 13C
and 31P) spectroscopic data for all the new compounds. CCDC reference
numbers 648596 and 648597. For ESI and crystallographic data in CIF or
other electronic format see DOI: 10.1039/b808767a


Results and discussion


We started our study by mixing a-allenyl naphthalenes 1a and 1b
with DMAD, however, no reaction occurred. When we introduced
an electron-withdrawing ethoxycarbonyl group to the allene
moiety, i.e., 1c, the corresponding reaction afforded phenanthrene
derivative 2c in 50% yield (Scheme 1).


Scheme 1


With these primary results in hand, we screened the reaction
conditions by changing the solvents. The results in Table 1
indicated that dioxane is the best solvent, affording 2c in 72%
yield (entry 12, Table 1). At a lower temperature, the yield of 2c
dropped dramatically (entries 13–15, Table 1). The structure of 2
was confirmed by an X-ray diffraction study of 2c19 (Fig. 1)†.


With the optimized reaction conditions, we investigated the
scope of the intermolecular [4 + 2]-cycloaddition–aromatization
reactions of a-naphthyl allenes. From the results presented in
Table 2, the following items should be noted: (1) the electron-
withdrawing group of the a-allenyl naphthalenes could be CO2Et
(entries 1–5, Table 2) and P(O)Ph2 (entries 6–10, Table 2); (2)
the stability of the 4-naphthyl-2,3-allenoate 1g is low under the
standard conditions, which may explain the low-yielding nature
of this reaction (entry 5, Table 2); (3) other alkynes, such as
diphenylalkyne, bis(trimethylsilyl)acetylene and dec-5-yne, are not
effective.


When we used an allene with a phenyl group and a P(O)Ph2


group on the same end, i.e., 3, the [4 + 2]-cycloaddition–
aromatization reaction could also proceed to afford naphthalene
derivative 4 (Scheme 2). An X-ray diffraction study confirmed the
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Table 1 Intermolecular [4 + 2]-cycloaddition–aromatization reactions of
ethyl 4-(a-naphthyl)-2-methylbutadienoate 1c with DMAD under different
conditionsa


Entry Solvent Temperature/◦C Time/h Isolated yield of 2c (%)


1 Toluene 150 14 54
2 DMF 150 3 39
3 i-C8H18 150 12 43
4 DME 150 12 30
5 THF 150 13 46
6 t-BuOMe 150 13 39
7 n-Bu2O 150 12 46
8 Anisole 150 12 45
9 CH3CN 150 15 60


10 CCl3CH3 150 10 66
11 Xylene 150 15 52
12 Dioxane 150 10 72
13 Dioxane 130 10 33
14 Dioxane 110 10 35
15 Dioxane 90 12 18


a The reaction was conducted using 1.5 equiv. of 1c and 1 equiv. of DMAD
in a reaction tube with a screw cap.


Fig. 1 ORTEP drawing of 2c.


structure of 420 (Fig. 2)†. This reaction could potentially be used
to establish a new library of phosphine ligands.21


Conclusions


In conclusion, we have developed an efficient entry to phenan-
threne and naphthalene derivatives through intermolecular [4 + 2]-
cycloaddition–aromatization reactions of aryl-substituted allenes


Table 2 Intermolecular [4 + 2]-cycloaddition–aromatization reactions of
electron-deficient a-naphthyl allenes 1 with DMADa


1


Entry R1 R2 Time/h 2 Isolated yield of 2 (%)


1 Me CO2Et 1c 10 2c 72
2 n-Pr CO2Et 1d 24 2d 64
3 n-Bu CO2Et 1e 24 2e 58
4 i-Bu CO2Et 1f 24 2f 40
5 Allyl CO2Et 1g 19 2g 40
6b n-Pr P(O)Ph2 1h 72 2h 76
7b n-Bu P(O)Ph2 1i 72 2i 80
8b n-C5H11 P(O)Ph2 1j 72 2j 70
9b n-C6H13 P(O)Ph2 1k 72 2k 73


10b PhCH2CH2 P(O)Ph2 1l 72 2l 65


a The reaction was conducted using 1.5 equiv. of 1 and 1 equiv. of DMAD
in a reaction tube with a screw cap. b The reaction was conducted using
1 equiv. of 1 and 2 equiv. of DMAD.


Scheme 2


Fig. 2 ORTEP drawing of 4.


with DMAD in the absence of any catalyst. Due to the potential
utility of these compounds, this method will be useful in organic
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synthesis and medicinal chemistry. Further studies in this area are
being pursued in our group.


Experimental section


Starting materials


2,3-Allenoic esters 1c–g were prepared according to the published
procedure by treatment of the acyl chlorides with ethyl 2-
(triphenylphosphoranylidene)alkanoates.22 1,2-Allenyl phosphine
oxides 1h–l and 3 were prepared according to the known method
by the reaction of chlorodiphenylphosphine with propargylic
alcohols in the presence of Et3N.23


31P NMR (121.5 MHz, CDCl3) spectra were recorded using 85%
H3PO4 as the external standard.


General procedure


To a solution of a-naphthyl allene 1 (0.375 mmol) in 1 mL
of 1,4-dioxane were added DMAD (34 mg, 0.25 mmol) and
1 mL of 1,4-dioxane. The mixture was heated to 150 ◦C in a
reaction tube with a screw cap. After complete conversion of the
starting material (monitored by TLC, eluent: petroleum ether–
ethyl acetate = 5 : 1), the reaction mixture was concentrated and
purified by flash chromatography on silica gel (eluent: petroleum
ether–ethyl ether = 10 : 1) to afford the product 2.


The following compounds were prepared according to the
General procedure:


(1) 1,2-Bis(methoxycarbonyl)-3-(1-ethoxycarbonyl-
ethyl)phenanthrene (2c)


A solution of 1c (187 mg, 0.74 mmol) and DMAD (69 mg,
0.49 mmol) in 3 mL of dry 1,4-dioxane was heated to 150 ◦C for
10 hours to afford 111 mg (72%) of 2c: Rf (petroleum ether–ethyl
acetate, 5 : 1) = 0.33; solid, mp 94–95 ◦C (petroleum ether–ethyl
acetate); 1H NMR (300 MHz, CDCl3) d 8.83 (s, 1 H), 8.67 (d, J =
8.1 Hz, 1 H), 7.92 (d, J = 9 Hz, 1 H), 7.87 (dd, J = 8.1, 1.5 Hz,
1 H), 7.79 (d, J = 9 Hz, 1 H), 7.72–7.60 (m, 2 H), 4.38 (q, J =
7.2 Hz, 1 H), 4.22–4.07 (m, 2 H), 4.02 (s, 3 H), 3.96 (s, 3 H), 1.71 (d,
J = 7.5 Hz, 3 H), 1.19 (t, J = 7.2 Hz, 3 H); 13C NMR (75.4 MHz,
CDCl3) d 174.0, 168.5, 168.1, 136.2, 132.1, 131.73, 131.67, 129.8,
129.1, 129.0, 128.6, 127.8, 127.4, 127.2, 124.0, 122.9, 122.8, 61.0,
52.8, 52.6, 42.2, 18.7, 14.0; MS (EI) m/z (%) 394 (M+, 2.53), 41
(100); IR (neat) m 2982, 2952, 2925, 1732, 1593, 1441, 1294, 1223,
1210, 1195, 1176, 1106 cm−1; anal. calcd for C23H22O6: C, 70.04;
H, 5.62. Found: C, 70.11; H, 5.91.


(2) 1,2-Bis(methoxycarbonyl)-3-(1-ethoxycarbonyl-
butyl)phenanthrene (2d)


A solution of 1d (105 mg, 0.375 mmol) and DMAD (34 mg,
0.25 mmol) in 2 mL of dry 1,4-dioxane was heated to 150 ◦C for
24 hours to afford 65 mg (64%) of 2d: Rf (petroleum ether–ethyl
acetate, 5 : 1) = 0.33; solid, mp 87–88 ◦C (petroleum ether–ethyl
acetate); 1H NMR (300 MHz, CDCl3) d 8.94 (s, 1 H), 8.71 (d,
J = 8.1 Hz, 1 H), 7.95 (d, J = 9.0 Hz, 1 H), 7.88 (d, J = 7.8 Hz,
1 H), 7.80 (d, J = 9.6 Hz, 1 H), 7.73–7.62 (m, 2 H), 4.25–4.02 (m,
3 H), 4.02 (s, 3 H), 3.97 (s, 3 H), 2.30–2.21 (m, 1 H), 2.00–1.91 (m,
1 H), 1.50–1.32 (m, 2 H), 1.20 (t, J = 7.5 Hz, 3 H), 0.96 (t, J =


7.5 Hz, 3 H); 13C NMR (75.4 MHz, CDCl3) d 173.7, 168.5, 168.3,
134.9, 132.1, 131.6, 131.3, 130.6, 129.2, 129.1, 128.6, 127.9, 127.5,
127.3, 124.3, 123.1, 122.9, 60.9, 52.8, 52.7, 47.3, 36.2, 20.9, 14.0,
13.8; MS (ESI) m/z (%) 440 (M + NH4


+, 100), 423 (M + H+, 14);
IR (neat) m 2955, 2873, 1732, 1592, 1440, 1349, 1292, 1224, 1176,
1116 cm−1; anal. calcd for C25H26O6: C, 71.07; H, 6.20. Found: C,
70.93; H, 6.17.


(3) 1,2-Bis(methoxycarbonyl)-3-(1-ethoxycarbonyl-
pentyl)phenanthrene (2e)


A solution of 1e (100 mg, 0.340 mmol) and DMAD (35 mg,
0.25 mmol) in 2 mL of dry 1,4-dioxane was heated to 150 ◦C for
24 hours to afford 62 mg (58%) of 2e: Rf (petroleum ether–ethyl
acetate, 5 : 1) = 0.33; liquid; 1H NMR (300 MHz, CDCl3) d 8.94
(s, 1 H), 8.71 (d, J = 8.1 Hz, 1 H), 7.94 (d, J = 9.3 Hz, 1 H), 7.88
(dd, J = 7.5, 0.9 Hz, 1 H), 7.80 (d, J = 9.3 Hz, 1 H), 7.73–7.62 (m,
2 H), 4.24–4.02 (m, 3 H), 4.02 (s, 3 H), 3.97 (s, 3 H), 2.32–2.20 (m,
1 H), 2.05–1.92 (m, 1 H), 1.50–1.27 (m, 4 H), 1.20 (t, J = 6.9 Hz,
3 H), 0.90 (t, J = 6.9 Hz, 3 H); 13C NMR (75.4 MHz, CDCl3) d
173.7, 168.5, 168.3, 134.9, 132.1, 131.6, 131.3, 130.6, 129.2, 129.0,
128.6, 127.9, 127.5, 127.3, 124.3, 123.1, 122.9, 60.9, 52.8, 52.6,
47.6, 33.8, 29.8, 22.4, 14.1, 13.8; MS (ESI) m/z (%) 475 (M + K+,
8), 459 (M + Na+, 15), 454 (M + NH4


+, 100), 437 (M + H+, 18),
405 (M+ − OMe, 35); IR (neat) m 2954, 2931, 2872, 1732, 1592,
1516, 1440, 1349, 1293, 1260, 1222, 1176, 1117, 1024, 1007 cm−1;
HRMS (EI) calcd for C26H28O6Na (M + Na+) 459.1778. Found
459.1778.


(4) 1,2-Bis(methoxycarbonyl)-3-(1-ethoxycarbonyl-3-
methylbutyl)phenanthrene (2f)


A solution of 1f (115 mg, 0.391 mmol) and DMAD (36 mg,
0.25 mmol) in 2 mL of dry 1,4-dioxane was heated to 150 ◦C
for 24 hours to afford 44 mg (40%) of 2f: Rf (petroleum ether–
ethyl acetate, 5 : 1) = 0.33; liquid; 1H NMR (300 MHz, CDCl3)
d 8.94 (s, 1 H), 8.71 (d, J = 7.8 Hz, 1 H), 7.94 (d, J = 9.3 Hz,
1 H), 7.89 (dd, J = 7.2, 0.9 Hz, 1 H), 7.81 (d, J = 9.0 Hz, 1 H),
7.74–7.65 (m, 2 H), 4.32 (dd, J = 8.7, 6.3 Hz, 1 H), 4.25–4.02 (m,
2 H), 4.02 (s, 3 H), 3.97 (s, 3 H), 2.25–2.13 (m, 1 H), 1.85–1.75 (m,
1 H), 1.68–1.57 (m, 1 H), 1.20 (q, J = 7.2 Hz, 3 H), 0.96 (d, J =
6.6 Hz, 6 H); 13C NMR (75.4 MHz, CDCl3) d 173.8, 168.5, 168.4,
135.0, 132.2, 131.7, 131.3, 130.6, 129.3, 129.1, 128.6, 127.9, 127.5,
127.3, 124.4, 123.2, 122.9, 61.0, 52.9, 52.7, 45.5, 43.2, 26.3, 22.6,
22.4, 14.1; MS (EI) m/z (%) 437 (M + H+, 12.95), 346 (100); IR
(neat) m 2954, 1732, 1463, 1455, 1435, 1292, 1222, 1176, 1005 cm−1;
HRMS (EI) calcd for C26H28O6 (M+) 436.1886. Found 436.1878.


(5) 1,2-Bis(methoxycarbonyl)-3-(1-ethoxycarbonylbut-3-
enyl)phenanthrene (2g)


A solution of 1g (106 mg, 0.375 mmol) and DMAD (37 mg,
0.25 mmol) in 2 mL of dry 1,4-dioxane was heated to 150 ◦C for
19 hours to afford 44 mg (40%) of 2g together with an unidentified
product (34 mg). 2g: Rf (petroleum ether–ethyl acetate, 5 : 1) =
0.33; liquid; 1H NMR (300 MHz, CDCl3) d 8.91 (s, 1 H), 8.69
(d, J = 8.1 Hz, 1 H), 7.94 (d, J = 9.0 Hz, 1 H), 7.89 (dd, J =
9.0, 1.2 Hz, 1 H), 7.81 (d, J = 9.3 Hz, 1 H), 7.74–7.62 (m, 2 H),
5.89–5.74 (m, 1 H), 5.15 (d, J = 17.1 Hz, 1 H), 5.05 (d, J =
10.5 Hz, 1 H), 4.33 (dd, J = 8.4, 6.9 Hz, 1 H), 4.24–4.06 (m,
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2 H), 4.02 (s, 3 H), 3.97 (s, 3 H), 3.08–2.96 (m, 1 H), 2.80–2.70
(m, 1 H), 1.20 (t, J = 6.9 Hz, 3 H); 13C NMR (75.4 MHz, CDCl3)
d 173.0, 168.5, 168.1, 134.9, 134.1, 132.2, 131.6, 130.3, 129.21,
129.16, 128.6, 127.9, 127.6, 127.3, 124.4, 123.1, 122.9, 117.4, 61.1,
52.8, 52.7, 47.5, 37.9, 14.1; MS (EI) m/z (%) 420 (M+, 16.51),
291 (100); IR (neat) m 2952, 1732, 1441, 1350, 1293, 1261, 1224,
1176 cm−1; HRMS (EI) calcd for C25H24O6Na (M + Na+) 443.1465.
Found 443.1473.


(6) 1,2-Bis(methoxycarbonyl)-3-(1-diphenylphosphino-
ylbutyl)phenanthrene (2h)


A solution of 1h (99 mg, 0.24 mmol) and DMAD (68 mg,
0.48 mmol) in 2 mL of dry 1,4-dioxane was heated to 150 ◦C
for 72 hours to afford 102 mg (76%) of 2h: Rf (petroleum ether–
ethyl acetate, 1 : 1) = 0.67; solid, mp 170–171 ◦C (petroleum
ether–ethyl acetate); 1H NMR (300 MHz, CDCl3) d 9.52 (d, J =
2.4 Hz, 1 H), 8.85 (d, J = 8.1 Hz, 1 H), 8.06–7.97 (m, 2 H), 7.86–
7.50 (m, 10 H), 7.17–7.08 (m, 3 H), 4.65–4.54 (m, 1 H), 3.96 (s,
3 H), 3.82 (s, 3 H), 2.32–2.20 (m, 1 H), 2.02–1.92 (m, 1 H), 1.26–
1.16 (m, 2 H), 0.76 (t, J = 7.5 Hz, 3 H); 31P NMR (121.5 MHz,
CDCl3) d 34.5; MS (ESI) m/z (%) 551 (M + H+, 100); IR (neat) m
2955, 1724, 1589, 1437, 1350, 1296, 1229, 1197, 1163, 1117 cm−1;
anal. calcd for C34H31O5P: C 74.17; H 5.68. Found: C 74.00; H
5.73.


(7) 1,2-Bis(methoxycarbonyl)-3-(1-diphenylphosphino-
ylpentyl)phenanthrene (2i)


A solution of 1i (107 mg, 0.25 mmol) and DMAD (72 mg,
0.51 mmol) in 2 mL of dry 1,4-dioxane was heated to 150 ◦C for
72 hours to afford 114 mg (80%) of 2i: Rf (petroleum ether–ethyl
acetate, 1 : 1) = 0.67; solid, mp 181–182 ◦C (petroleum ether–ethyl
acetate); 1H NMR (300 MHz, CDCl3) d 9.53 (s, 1 H), 8.85 (d, J =
8.4 Hz, 1 H), 8.05–7.96 (m, 2 H), 7.86–7.77 (m, 2 H), 7.75–7.66
(m, 2 H), 7.66–7.50 (m, 6 H), 7.17–7.05 (m, 3 H), 4.63–4.55 (m,
1 H), 3.93 (s, 3 H), 3.81 (s, 3 H), 2.45–2.20 (m, 1 H), 2.12–1.95
(m, 1 H), 1.25–1.02 (m, 4 H), 0.67 (t, J = 7.2 Hz, 3 H); 31P NMR
(121.5 MHz, CDCl3) d 34.6; MS (ESI) m/z (%) 565 (M + H+,
100); IR (neat) m 2953, 1727, 1590, 1514, 1438, 1294, 1226, 1210,
1187, 1172, 1117 cm−1; anal. calcd for C35H33O5P: C 74.45; H 5.89.
Found: C 74.57; H 6.00.


(8) 1,2-Bis(methoxycarbonyl)-3-(1-diphenylphosphino-
ylhexyl)phenanthrene (2j)


A solution of 1j (102 mg, 0.23 mmol) and DMAD (76 mg,
0.53 mmol) in 2 mL of dry 1,4-dioxane was heated to 150 ◦C for
72 hours to afford 94 mg (70%) of 2j: Rf (petroleum ether–ethyl
acetate, 1 : 1) = 0.67; solid, mp 138–140 ◦C (petroleum ether–ethyl
acetate); 1H NMR (300 MHz, CDCl3) d 9.51 (s, 1 H), 8.86 (d, J =
8.4 Hz, 1 H), 8.05–7.96 (m, 2 H), 7.88–7.50 (m, 10 H), 7.20–7.06
(m, 3 H), 4.64–4.54 (m, 1 H), 3.93 (s, 3 H), 3.81 (s, 3 H), 2.35–2.22
(m, 1 H), 2.06–1.90 (m, 1 H), 1.25–1.00 (m, 6 H), 0.70 (t, J =
5.7 Hz, 3 H); 31P NMR (121.5 MHz, CDCl3) d 34.8; MS (ESI)
m/z (%) 579 (M + H+, 100); IR (neat) m 3423, 3053, 2951, 2928,
2856, 1737, 1719, 1590, 1439, 1352, 1295, 1223, 1211, 1187, 1163,
1150, 1116, 1008 cm−1; HRMS (ESI) calcd for C36H35PO5Na (M +
Na+) 601.2114. Found 601.2093.


(9) 1,2-Bis(methoxycarbonyl)-3-(1-diphenylphosphino-
ylheptyl)phenanthrene (2k)


A solution of 1k (111 mg, 0.25 mmol) and DMAD (70 mg,
0.49 mmol) in 2 mL of dry 1,4-dioxane was heated to 150 ◦C for
72 hours to afford 107 mg (73%) of 2k: Rf (petroleum ether–ethyl
acetate, 1 : 1) = 0.67; solid, mp 99–101 ◦C (petroleum ether–ethyl
acetate); 1H NMR (300 MHz, CDCl3) d 9.49 (d, J = 2.1 Hz, 1 H),
8.85 (d, J = 8.4 Hz, 1 H), 8.05–7.95 (m, 2 H), 7.89–7.63 (m, 5 H),
7.63–7.45 (m, 5 H), 7.26–7.16 (m, 1 H), 7.16–7.08 (m, 2 H), 4.61–
4.50 (m, 1 H), 3.96 (s, 3 H), 3.81 (s, 3 H), 2.35–2.20 (m, 1 H),
2.15–1.90 (m, 1 H), 1.30–0.98 (m, 8 H), 0.74 (t, J = 7.2 Hz, 3 H);
31P NMR (121.5 MHz, CDCl3) d 34.8; MS (ESI) m/z (%) 615 (M +
Na+, 20), 593 (M + H+, 100); IR (neat) m 3610, 3405, 2951, 2930,
1729, 1712, 1658, 1588, 1437, 1294, 1224, 1178, 1163, 1116 cm−1;
HRMS (ESI) calcd for C37H37PO5Na (M + Na+) 615.2271. Found
615.2273.


(10) 1,2-Bis(methoxycarbonyl)-3-(3-phenyl-1-
diphenylphosphinoylpropyl)phenanthrene (2l)


A solution of 1l (120 mg, 0.26 mmol) and DMAD (70 mg,
0.49 mmol) in 2 mL of dry 1,4-dioxane was heated to 150 ◦C for
72 hours to afford 101 mg (65%) of 2l: Rf (petroleum ether–ethyl
acetate, 1 : 1) = 0.67; solid, mp 182–183 ◦C (petroleum ether–ethyl
acetate); 1H NMR (300 MHz, CDCl3) d 9.57 (s, 1 H), 8.88 (d, J =
8.4 Hz, 1 H), 8.02–7.92 (m, 2 H), 7.92–7.64 (m, 5 H), 7.64–7.45
(m, 5 H), 7.25–7.05 (m, 6 H), 6.93 (d, J = 7.8 Hz, 2 H), 4.70–4.62
(m, 1 H), 3.97 (s, 3 H), 3.76 (s, 3 H), 2.69–2.34 (m, 4 H); 31P NMR
(121.5 MHz, CDCl3) d 34.5; MS (ESI) m/z (%) 613 (M + H+, 100);
IR (neat) m 3058, 2945, 1734, 1718, 1589, 1454, 1437, 1296, 1224,
1190, 1170, 1116 cm−1; anal. calcd for C39H33O5P: C 76.46; H 5.43.
Found: C 76.35; H 5.41.


(11) 1,2-Bis(methoxycarbonyl)-4-(diphenylphosphino-yl)-3-
methylnaphthalene (4)


A solution of 3 (125 mg, 0.40 mmol) and DMAD (37 mg,
0.26 mmol) in 2 mL of dry 1,4-dioxane was heated to 150 ◦C
for 36 hours to afford 85 mg (71%) of 4: Rf (ethyl ether) = 0.25;
solid, mp 169–170 ◦C (petroleum ether–ethyl acetate); 1H NMR
(300 MHz, CDCl3) d 8.56 (d, J = 8.7 Hz, 1 H), 8.05 (d, J = 8.7 Hz,
1 H), 7.70–7.60 (m, 4 H), 7.55–7.38 (m, 7 H), 7.35–7.24 (m, 1 H),
4.01 (s, 3 H), 3.88 (s, 3 H), 2.29 (s, 3 H); 31P NMR (121.5 MHz,
CDCl3) d 31.9; MS (ESI) m/z (%) 458 (M + H+, 100); IR (neat) m
3058, 2945, 1734, 1437, 1339, 1301, 1251, 1183 cm−1; anal. calcd
for C27H23O5P: C 70.74; H 5.06. Found: C 70.54; H 5.20.
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With a view to their use in the kinetic resolution of racemic non-natural amino acids, five variants of
the enzyme L-phenylalanine dehydrogenase, the wild-type enzyme from Bacillus sphaericus and four
active-site mutants, have been tested with a range of amino acids. In each case, the rates of reaction with
0.2 mM L-amino acid and with the racemic mixture at 0.4 mM were compared, so that the starting
concentration of the active substrate was kept constant. Although the D-amino acids are not substrates,
they were inhibitory in all cases. The extent of inhibition, however, varied greatly from compound to
compound and among the mutants. With the N145L mutant and DL 4-O-Me-Phe, the equimolar
D-enantiomer gave 83.2% inhibition, and with the wild-type enzyme there was 86.7% inhibition with
racemic norleucine. By contrast, with these same substrates the N145V mutant showed less than 9%
and 24% inhibition respectively. The N145A mutant was selected for use with DL-4-Cl-Phe. The pH was
decreased from the enzyme’s optimum of 10.4 to 9.5 to minimise breakdown of the coenzyme NAD+,
and the coenzyme was recycled by molecular oxygen with the assistance of a commercial diaphorase.
Reaction on a 200 lmole scale in 20 ml ethanolamine HCl buffer, pH 9.5, with 25 lg N145A enzyme
and 100 lg diaphorase, was monitored by chiral HPLC. The L-isomer was removed to an extent of
>99% after 40 h, with the D-isomer peak undiminished. The pure D-isomer was isolated from the
reaction mixture in 85% overall yield after ion-exchange chromatography.


Introduction


The synthesis of amino acids in pure L- and D- forms is a major
interest in the pharmaceutical field. Amino acids can be used as
chiral synthons in multistep reactions, being easy to derivatise at
the carboxylic moiety as well as at the amino group. The chiral
amino acid can then induce chirality in a subsequent reaction with
a non-chiral substrate, conferring a specific spatial geometry on
the new molecule, and, where new stereocentres are introduced,
their configuration can be influenced.1 Natural L-amino acids
are easy to obtain from biological sources, but the production
of the corresponding D- forms is more challenging. Non-natural
amino acids (e.g. tert-leucine, phenylglycine) are in demand for the
synthesis of novel drugs,2,3 and, through combinatorial chemistry,
libraries of new compounds may be created. In this last context,
neither enantiomer is usually readily available, and the resolution
of racemic mixtures4 or asymmetric synthesis5 are the only options.


Enzymatic approaches are limited by the lack of enzymes that
would naturally accept non-natural amino acids as substrates.
However, a few industrial processes have optimised the biocatalytic
synthesis of optically pure non-natural amino acids, such as the
method for L- (or D-) tert-leucine using leucine dehydrogenase,6,7


which shows low but useable activity with the non-natural sub-
strate. A kinetic resolution method for preparing D-amino acids
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has been described,8 utilising the enantioselectivity of penicillin-G
acylase in the cleavage of N-phenacetyl amino acid derivatives.
Its application has so far been reported only for biological amino
acids, and apart from the requirement for prior derivatisation, it is
also relevant that very variable ee values were reported, depending
on the target amino acid chosen. An alternative enzymatic route to
D-amino acids is offered by the recently reported D-specific amino
acid dehydrogenase.9


Our strategy is focused on the creation of new biocatalysts
through site-directed mutagenesis to shift and broaden the
substrate specificity of natural enzymes. We have previously
reported the successful application of mutants of phenylalanine
dehydrogenase from Bacillus sphaericus in the synthesis of non-
natural L-amino acids starting from the corresponding 2-oxo-
acids.10,11 Given the stringent enantioselectivity of PheDHs, these
catalysts may also be used for the efficient kinetic resolution of the
D- and L- enantiomers. Without any requirement for derivatisation,
a single biocatalyst thus offers a route to both enantiomers at high
ee. In this paper, we report the selectivity of four PheDH mutants in
dealing with racemic mixtures of non-natural amino acids and an
example of kinetic resolution involving recycling of the cofactor.


Results and discussion


Tables 1 and 2 present data under standard assay conditions for
the oxidative deamination reaction of wild-type phenylalanine
dehydrogenase (WT PheDH) and mutated variants with a series of
derivatives of L-phenylalanine (Phe) substituted at position 4 (1–4
and the corresponding D-enantiomers (7–10), and aliphatic amino
acids (L-norleucine 5, L-cyclohexylalanine 6, and the racemate
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Table 1 Activity of WT PheDH and mutants with 0.2 mM amino acid substrate. Assays were performed at pH 10.4 in Gly–NaOH buffer by following
the production of NADH spectrophotometrically at 340 nm. The table shows specific activities (in brackets) with pure L-amino acids, and also relative
activities (first number) as a percentage of the activity with L-Phe in each case


Amino acids WT N145A N145L N145V N145I


L-Phe 100 (7.5 U mg−1) 100 (35 U mg−1) 100 (17.5 U mg−1) 100 (20 U mg−1) 100 (16.4 U mg−1)
4-F-L-Phe (1) 52 (3.9 U mg−1) 129 (45.2 U mg−1) 172 (30.1 U mg−1) 265 (53 U mg−1) 168 (27.6 U mg−1)
4-Cl-L-Phe (2) 11 (0.8 U mg−1) 123 (43.1 U mg−1) 204 (35.7 U mg−1) 112 (22.4 U mg−1) 130 (21.3 U mg−1)
4-Me-L-Phe (3) 5 (0.4 U mg−1) 82 (28.7 U mg−1) 124 (21.7 U mg−1) 67 (13.4 U mg−1) 69 (11.3 U mg−1)
4-OMe-L-Phe (4) 3 (0.2 U mg−1) 105 (36.8 U mg−1) 20 (3.5 U mg−1) 146 (29.2 U mg−1) 14 (2.3 U mg−1)
L-Norleucine (5) 5.9 (0.4 U mg−1) 9.4 (3.3 U mg−1) 20.6 (3.6 U mg−1) 25 (5 U mg−1) 14.6 (2.4 U mg−1)
L-Cyclohexyl-alanine (6) 9.8 (0.7 U mg−1) 17.3 (6.1 U mg−1) 13.7 (2.4 U mg−1) 32.5 (6.5 U mg−1) 12.2 (2 U mg−1)


Table 2 Activity of WT PheDH and mutants with racemic amino acids. Each amino acid was present at 0.4 mM concentration i.e. 0.2 mM of each
enantiomer. The first number in each case gives the activity as a percentage of that with the corresponding pure L-amino acid at 0.2 mM (Table 1).
Reactions were performed at pH 10.4 in Gly–NaOH buffer by following the production of NADH at 340 nm spectrophotometrically. The racemic form
of 6 could not be obtained and therefore it has not been included in the table


Amino acids WT N145A N145L N145V N145I


DL-Phe 77 (5.8 U mg−1) 41 (14.4 U mg−1) 52 (11.2 U mg−1) 64 (12.8 U mg−1) 39 (6.4 U mg−1)
4-F-DL-Phe (7) 77 (3 U mg−1) 60 (27.1 U mg−1) 54 (16.3 U mg−1) 52 (27.6 U mg−1) 52 (14.4 U mg−1)
4-Cl-DL-Phe (8) 83 (0.7 U mg−1) 50 (21.6 U mg−1) 29 (10.4 U mg−1) 43 (9.6 U mg−1) 26 (5.3 U mg−1)
4-Me-DL-Phe (9) 66 (0.3 U mg−1) 70 (21.1 U mg−1) 31 (6.7 U mg−1) 54 (7.2 U mg−1) 36 (4.1 U mg−1)
4-OMe-DL-Phe (10) 95 (0.2 U mg−1) 65 (23.9 U mg−1) 17 (0.6 U mg−1) 91 (26.6 U mg−1) 60 (1.4 U mg−1)
DL-Norleucine (11) 13.3 (0.1 U mg−1) 58 (1.9 U mg−1) 72.2 (2.6 U mg−1) 76.7 (3.8 U mg−1) 68.3 (1.6 U mg−1)


DL-norleucine 11). These reactions are exceptionally sensitive to
pH and the experiments are strictly performed at pH 10.4 and at
25 ◦C. For each of the amino acids, an activity of at least 5 U mg−1


(L-norleucine with N145V) was measured with one or more of
the mutated enzymes, and for several substrates activities up to
10-fold higher than this were obtained (e.g. 53 U mg−1 for 1 and
36.8 U mg−1 for 4). Owing to the low concentration of the sub-
strates (0.2 mM in case of pure L-amino acids and 0.4 mM for the
racemic mixtures), consistent through the tables and imposed by
the low water solubility of some of the amino acids, the measured
activities are certainly sub-optimal in some cases. For example, the
specific activity of WT PheDH with L-phenylalanine under these
conditions is only 7.5 U mg−1, much lower than that of the mutants,
but this is explained by the much higher Km of WT PheDH
for L-phenylalanine,11 and clearly, for this particular enzyme
protein, much higher activity would be achievable by increasing the
substrate concentrations. It interesting to note, however, that our
WT enzyme behaves as expected with L-norleucine, for example,
even at this low concentration of substrate; the retained activity
of 5.9%, compared to L-phenylalanine at the same concentration,
correlates quite well with that reported by Asano et al.12 whereby
the same enzyme shows a retention of activity of 3.9% at 10 mM
concentration.


The data in Table 2, reporting reaction rates measured with the
amino acids added at double the concentration but as racemic
mixtures (0.2 mM each enantiomer), clearly show that the D-
enantiomer is invariably inhibitory (all the relative activities are
referred to the figure for the corresponding pure L-amino acid),
in some cases quite potently so. Thus, for example, with 0.2 mM
L-4-OMe-Phe and N145L, the rate with an equal mixture of the
D-enantiomer is 6 times lower than the rate with the pure L-form,
and the unmutated enzyme (WT) shows over 7-fold inhibition by
the D-enantiomer of norleucine. This is an important factor to
consider in any kinetic resolution, since, as the reaction proceeds,
competitive inhibition inevitably becomes more severe. For each
compound tested, the range of inhibition seen with the five
different biocatalysts was considerable. Thus with 4-Cl-Phe, the
inhibition ranged from 17% (WT) to 74% (N145I) and for 4-
OMe-Phe from 4.8% (WT) to 83.2% (N145L). With Phe and
with nearly all the 4-substituted analogues tested, WT PheDH
stands out as showing the least inhibition by the D-enantiomer
(with the 4-Me analogue, both N145A (30.3%) and WT PheDH
(34%) show much less inhibition than the other mutants). Thus
the unmutated enzyme shows the least tendency to accept the D-
enantiomer, even as an unreactive inhibitory ligand. This pattern
is sharply reversed in the case of the aliphatic substrate, for which
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Scheme 1 The DL-4-Cl-phenylalanine is subjected to enzymatic deamination. The L-enantiomer is oxidised to the corresponding oxo-acid while the
D-enantiomer does not react. The NAD+ cofactor is reduced to NADH in this process and is reoxidised by molecular oxygen in a coupled reaction
catalysed by a commercial diaphorase (from Enzolve Technologies, Dublin).


WT PheDH shows much higher inhibition by the unreactive
enantiomer than any of the mutant enzymes. This contrasting
pattern of behaviour in WT PheDH presumably reflects the fact
that it has been evolutionarily perfected for a perfect fit to the
aromatic substrate. PheDH from B. sphaericus, either in its wild-
type form or generated mutants, has not been previously tested
either with racemic amino acids, or with pure D-enantiomers.
However, Asano et al. reported a study on PheDH from B. badius
(82% similarity with our enzyme),13 in which they tested the
enzyme with a series of substrates and compared activities with
L-Phe as a standard. B. badius PheDH retained 34% activity with
DL-4-F-phenylalanine (7), in very good agreement with our results
where the WT retains a 40% activity with 7 when compared with
L-Phe.


Synthesis of D-4-Cl-phenylalanine


To establish whether these biocatalysts could be used in the
racemic resolution of amino acids, one substrate among those
tested was selected as an example for further investigations
(compound 8). Using the mutant N145A PheDH, chosen both
for its higher activity with that substrate and relatively moderate
inhibition (activity of 21.4 U mg−1 even in the presence of the
equimolar D-enantiomer), we optimised conditions for a successful
preparation of D-4-Cl-phenylalanine starting from the cheaper DL-
4-Cl-phenylalanine. In view of the expense of the cofactor NAD+,
a coupled recycling system was introduced (Scheme 1), allowing
the use of catalytic amounts of this reactant.


Recycling systems reported in the literature mainly utilise
NADH oxidases (NOX) and molecular oxygen to re-oxidise the
cofactor,7 yielding H2O or H2O2. Unfortunately, the optimal pH
range for these enzymes in terms of both stability and optimal
activity is between pH 5 and 7, quite unsuitable for our experiment
in view of the high pH optimum of PheDH. The diaphorase used
here is much more stable at alkaline pH values.


To maximise the concentration of dissolved oxygen, necessary
for the reoxidation of NADH, the reaction was performed in a
large vessel with constant orbital shaking. To further facilitate
reaction with oxygen, 0.1 mg of 2,6-dichlorophenolindophenol
(DCPIP) was added to the mixture as a mediator. DCPIP is a
readily autoxidisable dye with an oxidoreduction characterised by


colour change (blue and colourless respectively for oxidised and
reduced) (Scheme 2).


Scheme 2 Oxidoreduction mechanism of 2,6-dichlorophenolindophenol.


A further aspect to consider was the instability of NAD+ at
high pH over extended periods. NAD+ was therefore incubated at
different pH values and periodically assayed spectrophotometri-
cally with alcohol dehydrogenase from Saccharomyces cerevisiae
(see Experimental). In view of the results (not shown), the pH
was lowered from 10.4, found to be optimal for activity in the
experiments reported above, to 9.5, thus considerably decreasing
cofactor breakdown. The overall kinetic resolution was followed
by chiral HPLC10,11 with the pure enantiomers and 2-oxo-acid
separately injected as standards. The reaction went to completion
(99%) after 40 hours (Fig. 1) without any decline in the peak for the
D-enantiomer, confirming that only the L-enantiomer is recognised
by the enzyme as a substrate.


The pure D-4-Cl-phenylalanine was recovered from the crude
reaction mixture by ion-exchange chromatography with a final
yield of 85%.


A second experiment was carried out under the same conditions
(substrate and enzyme concentrations) utilising WT PheDH as
biocatalyst. It can be noted that, while the mutant N145A PheDH
is certainly more active than the unmodified enzyme with the
substrate DL-4-Cl-Phe (21.6 U mg−1 and 0.7 U mg−1 respectively),
the WT PheDH is less inhibited by the D-amino acid (12.5%
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Fig. 1 Chromatogram of the crude reaction mixture after 40 hours. The oxoacid elutes after 3 min (arrow) and the peak at 8.1 min corresponds to
the D-enantiomer. The L-enantiomer would be expected at ∼6.7 min (arrow), as visible in the inset graph, which shows a close-up of the trace for the
DL-starting material.


inhibition versus 50% for the mutant). The reaction progressed
much more slowly, as expected, reaching only 35% conversion
after 40 hours.


Conclusion


PheDH mutants have proved to be versatile biocatalysts able to
accommodate non-natural substrates. The strict enantioselectivity
of the unmutated enzyme with the natural substrate, Phe, has been
fully retained, but even though the D-enantiomer is never a sub-
strate for the biocatalyst, it can nevertheless be a strong inhibitor.
The extent of inhibition (at a fixed substrate concentration) by the
D-enantiomer varies across the substrates and mutants, making the
optimal pairing of biocatalyst and substrate an important choice.
With other enzymatic systems such as lipases and hydrolases,
this phenomenon is less common: while product inhibition is
well investigated, no direct inhibition studies of the less reactive
enantiomer have been reported.14 D-Amino acid inhibition is, on
the other hand, a well exploited phenomenon with peptidases,
and novel drugs aimed at inhibition of proteases often do contain
D-amino acids.15,16 In our opinion, the inhibition observed with
PheDH mutants can be explained by the broadened substrate
selectivity introduced with the mutations: the side chain of an
amino acid and the a-carboxyl group are the key binding elements,
but even though both enantiomers can be accommodated in the
active pocket, correct orientation of the amino group and the
proton to be removed, and therefore catalysis, only occurs with the
L-isomer. The D-enantiomer effectively competes with the L- for the
active site in a reversible manner, and, since it is not removed by the
catalytic reaction, over time, the non-reactive molecule produces
a somewhat similar effect to the (inhibitory) accumulation of a
product. The results obtained here are generic, in the sense that
the system could readily be employed in the same way with any
suitable pairing of biocatalyst and racemic amino acid mixture
e.g. from the results in Tables 1 and 2. The biocatalyst efficiently
removes 100% of the L-enantiomer, leaving a pure peak of the D-
stereoisomer. Although WT PheDH could in principle be used to


catalyse the reaction with non-natural substrates, its much lower
activity requires a correspondingly much higher ratio of enzyme
to substrate for the reaction time to be comparable with that of the
mutant. The fact that the WT enzyme seems to be less inhibited
by the D-amino acids does not adequately compensate for the low
activity. Finally, it can be envisaged that the separated oxoacid
could be fed straight back into the reaction under the synthetic
conditions described by Paradisi et al.11 to regenerate the separate,
pure L-enantiomer, thus completing the resolution of the racemate.
The method described here appears to be both robust and versatile.


Experimental


All the amino acids were obtained from Bachem (Switzerland).
Laboratory chemicals were reagent-grade and used without
further purification. HPLC-grade solvents were used for HPLC
separations. NAD+ (grade II) was purchased from Roche. The
wild-type PheDH and the mutant enzymes N145A/V/L/I in
which the Asp residue in position 145 in the active pocket of
the biocatalyst had been replaced with Ala/Val/Leu/i-Leu were
over-expressed in E. coli TG1 cells and purified as described
elsewhere.17,18 The enzymes were stored as precipitates in 60%
ammonium sulfate at 4 ◦C and desalted before use on PD-10
desalting columns from Amersham Biosciences.


Evaluation of enzyme activity—UV assays


Each amino acid (0.2 mM or 0.4 mM) was dissolved to form a
component of a reaction mixture containing KCl (100 mM) and
Gly–NaOH buffer (50 mM). The pH was adjusted to 10.4 by
adding a suitable amount of NaOH. In view of the instability
of NAD+ at pH 10.4, the coenzyme was prepared as a stock
solution in water (125 mM) and 20 lL was added to the
reaction mixture immediately before starting each experiment
(final concentration of NAD+ 2.5 mM). A total volume of 1 mL
of reaction mixture was incubated at 25 ◦C. The reaction was
followed spectrophotometrically at 340 nm over 1 minute after
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adding an appropriate amount of enzyme to achieve an optimally
measurable reaction rate (between 0.01–0.03 Abs units per min).
Each reaction was carried out in duplicate and the average rate is
reported.


Resolution of 4-Cl-phenylalanine


The reaction was performed at pH 9.5 (ethanolamine–HCl, 20 mL,
50 mM) and at room temperature (15–20 ◦C) in a vessel with
a large surface area and shaking or stirring to maximise the
exchange with molecular oxygen. The reaction mixture was 5–
10 mM in DL-Cl-phenylalanine (9), 1 mM in NAD+, 100 mM in
KCl and contained 0.1 mg DCPIP (dichlorophenol indophenol).
25 lg of the biocatalyst (N145A PheDH or WT PheDH) and
0.1 mg diaphorase were added to initiate the reaction, which
was monitored by chiral HPLC (CHIROBIOTIC T column,
eluent 80 : 20 MeOH–H2O 1 mL min−1) as reported previously.10


Upon completion, the reaction mixture was adsorbed onto an
ion exchange resin, Dowex 50WX8-200. The resin was washed
with distilled water, and eluted with 25% NH4OH to give D-4-Cl-
phenylalanine (78% 15.6 mg). 1H NMR (500 MHz, D2O, NaOD)
d ppm 2.66 (dd J = 13.56, 7.28 Hz, 1H), 2.79 (dd J = 13.53,
5.50 Hz, 1H), 3.31 (t, J = 6.38 Hz 1H), 7.06 (d, J = 8.12 Hz,
2Ar-H), 7.19 (d, J = 8.14 Hz, 2Ar-H).
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A three-component reaction of b-nitrostyrene, arylmethylidenemalononitrile and malononitrile
catalyzed by imidazole produced the corresponding polysubstituted cyclohexene derivatives in
moderate to good yields under mild conditions. A further improvement of this three-component
reaction has also been achieved by starting from a commercially available aromatic aldehyde,
nitromethane and malononitrile to give the products in moderate yields.


Introduction


One-pot and multi-component reactions are particularly effective
at building functionalized, drug-like structures from different
families of compounds in a single step. Thus far, one-pot and
multi-component reactions have already come quite close to the
idea of an “ideal synthesis”.1 Among the employed reactants,
malononitrile (pKa = 11.2), activated by the strongly electron-
withdrawing cyano groups, is an extremely useful compound
in this context and is therefore used widely as a reactant or
reaction intermediate.2,3 Moreover, the unique reactive nature of
methylenemalononitrile [R1R2C=C(CN)2] in the presence of base
has also been known for some time.4 In particular, the tendency
of such compounds to undergo condensations and dimerizations
in the presence of base has been the subject of several interesting
investigations during the last several decades.5


In recent years, the condensation reactions of malononitrile
or methylenemalononitrile as one component have been reported
widely. For example, Adib et al. developed a one-pot, three-
component reaction between arylmethylidenemalononitriles, di-
alkylacetylenedicarboxylates, and malononitrile, affording highly
substituted benzene derivatives in good to excellent yields.6 Texier-
Boullet has reported a new route to functionalized cyclohexenes
under solvent-free conditions catalyzed by piperidine upon mi-
crowave irradiation from electrophilic alkenes activated by cyano
and methoxycarbonyl groups and nitromethane.7,8 Moreover,
Wang et al. also synthesized a series of 2-amino-1,3,3-tricyano-5-
nitro-4,6-diarylcyclohexenes 4 (their relative configurations have
been assigned as those of diastereoisomers 4-3 in this paper)
by reaction of arylmethylidenemalonontriles and nitromethane
catalyzed by KF-alumina.9 In this paper, we wish to report
our method to synthesize polysubstituted cyclohexene derivatives
4 in a three-component and one-pot manner in moderate to
good yields and moderate diastereoselectivities in the presence
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of imidazole (50 mol%) (products 4-1 have been assigned as the
major diastereoisomers). Moreover, the stereochemistry of these
diastereoisomers has been clarified in this paper.


Results and discussion


When a mixture of b-nitrostyrene 1a, benzylidenemalononitrile
2a, malononitrile 3 and a catalytic amount of imidazole was
stirred in dichloromethane (DCM) for several hours, polysubsti-
tuted cyclohexene derivative 4a was isolated as diastereoisomeric
mixtures by column chromatography on silica gel. A survey of
some reaction parameters was performed, and some representative
results are summarized in Tables 1 and 2, respectively. Upon
examination of a variety of nitrogen-containing Lewis bases
and phosphorus-containing Lewis bases, we found that nitrogen-
containing Lewis bases such as imidazole, 1-methylimidazole
and 1,4-diazabicyclo[2.2.2]octane (DABCO) (50 mol%) are more
efficient catalysts than others and phosphorus-containing Lewis
bases, providing 4a in 85%, 73%, and 81% yields, respectively after
24 h (Table 1, entries 2, 5 and 9), although during a short reaction
time, 4a was produced in lower yields (Table 1, entries 1 and 4).
Using 20 mol% of nitrogen-containing Lewis bases as the catalysts
afforded 4a in similar yields under identical conditions (Table 1,
entries 3 and 6). Pyridine and 2,6-lutidine could provide 4a in 41%
and 69% yields under the standard conditions, respectively (Table
1, entries 13 and 14). However, N,N-4-dimethylaminopyridine
(DMAP) could not efficiently catalyse this reaction, affording
only trace amount of 4a under otherwise identical conditions
(Table 1, entry 15). It should be also noted that different bases
produced 4a in different dr values. Using imidazole as the catalyst
afforded 4a-1 as the major diastereoisomer along with minor
diastereoisomers of 4a-1 and 4a-2. When 1-methylimidazole or
benzimidazole was used as the catalyst, 4a-2 was produced as the
major diastereoisomer (Table 1, entries 4–6 and 8). Moreover, we
found that phosphorus-containing Lewis bases such as PPh3, PBu3


and PPh2Me (50 mol%) could also catalyse the reaction under
similar conditions to afford 4a-3 as the major diastereoisomer in
some cases, although the total yields of 4a were low (Table 1,
entries 16–18). The control experiment revealed that no reaction
occurred in the absence of any base (Table 1, entry 19).


The relative configurations of 4a-1 and 4a-2 have been unam-
biguously determined by X-ray crystal diffraction (ESI†)10 and the
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Table 1 Survey of Lewis base for the three-component reaction of b-nitrostyrene 1a, benzylidenemalononitrile 2a and malononitrile 3


Yieldb(%) drc


Entrya Lewis base Time 4a 4a-1 : 4a-2 : 4a-3


1 Imidazole (50 mol%) 6 h 67 71 : 16 : 13
2 Imidazole (50 mol%) 24 h 85 71 : 16 : 13
3 Imidazole (20 mol%) 24 h 82 71 : 16 : 13
4 1-Methylimidazole (50 mol%) 6 h 62 40 : 46 : 14
5 1-Methylimidazole (50 mol%) 24 h 73 40 : 46 : 14
6 1-Methylimidazole (20 mol%) 24 h 81 40 : 46 : 14
7 Pyrazole (50 mol%) 24 h 30 75 : 16 : 9
8 Benzimidazole (50 mol%) 24 h 55 36 : 50 : 14
9 DABCO (50 mol%) 24 h 81 77 : 11 : 12


10 NEt3 (50 mol%) 10 min 47 80 : 12 : 8
11 DBU (50 mol%) 10 min 45 53 : 10 : 37
12d DBU (50 mol%) 10 min 32 53 : 10 : 37
13 Pyridine (50 mol%) 24 h 41 69 : 23 : 8
14 2,6-Lutidine (50 mol%) 24 h 69 74 : 20 : 6
15 DMAP (50 mol%) 24 h Trace —
16 PPh3 (50 mol%) 24 h 57 48 : 9 : 43
17 PBu3 (50mol%) 24 h 36 26 : 1 : 73
18 PPh2Me (50 mol%) 24 h 30 6 : 0 : 94
19 — 24 h NR —


a All reactions were carried out with 1a (0.2 mmol), 2a (0.2 mmol), 3 (0.2 mmol) and Lewis base in CH2CI2 (0.5 mL). b Isolated yields. c Determined by
1H NMR spectroscopic data. d This reaction was carried out at −10 ◦C.


Table 2 Survey of solvent effects for the three-component reaction of
b-nitrostyrene 1a, benzylidene-malononitrile 2a and malononitrile 3


Yieldb (%) drc


Entrya Solvent 4a 4a-1 : 4a-2 : 4a-3


1 CH3CN 68 52 : 12 : 36
2 THF 80 74 : 19 : 7
3 DCE 64 71 : 18 : 11
4 Toluene 46 70 : 12 : 18
5 Dioxane 64 50 : 39 : 11
6 Et2O 78 61 : 24 : 15
7 CH3OH 41 56 : 10 : 34
8 DMF 43 18 : 4 : 78


a All reactions were carried out with 1a (0.2 mmol), 2a (0.2 mmol), 3
(0.2 mmol) and imidazole (0.1 mmol) in solvents (0.5 mL). b Isolated yields.
c Determined by 1H NMR spectroscopic data.


relative configuration of 4a-3 was determined by comparing the
1H NMR spectroscopic data with those of literature data.9


The examination of solvent effects revealed that DCM, tetrahy-
drofuran (THF) and ether (Et2O) are the suitable solvents to give
4a in higher yields and 4a-1 as the major diastereoisomer in the


presence of 50 mol% of imidazole (Table 1, entry 2 and Table
2, entries 2 and 6). The employed solvent could also affect the
distribution of these diastereoisomers. For example, in DMF, 4a-3
was obtained as the major diastereoisomer using imidazole as the
catalyst (Table 2, entry 8).


Under these optimized reaction conditions, we then utilized 20
mol% of imidazole as the catalyst and DCM as the solvent to
examine the scope and limitations of this reaction with a variety
of 1 and 2 bearing different types of substituents on the benzene
rings and the results of these experiments are summarized in Table
3. As shown in Table 3, this three-component reaction displays a
broad scope. Whatever electron-withdrawing or electron-donating
substituent was introduced at the ortho, meta or para position of
the benzene rings of 1 and 2, the products 4 were obtained in good
yields with products 4-1 as the major diastereoisomers.


Under these optimized reaction conditions, we also examined
the three-component reaction in which the substituents on the
benzene rings of b-nitroalkene 1 and arylmethylidenemalononi-
trile 2 are different. Unfortunately, complex product mixtures were
formed on the basis of 1H NMR spectroscopic investigation under
identical conditions, suggesting that an aromatic group exchange
process exists between nitroalkene and arylmethylidenemalonon-
itrile (Scheme 1). The additional and detailed information on the
exchange of aromatic groups can be found in the ESI.†


A plausible reaction mechanism is shown in Scheme 2 on the
basis of previous literature. Two possible initiation processes exist.
In path A, the first step is the nucleophilic attack of nitrogen-
containing Lewis bases or phosphorus-containing Lewis bases
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Table 3 Scope of the three-component reaction of nitroalkene 1, aryl-
methylidenemalononitrile 2 and malononitrile 3


Yieldb (%) drc


Entrya Ar 4-1 4-1 : 4-2 : 4-3


1 p-CIC6H4 1b 4b, 69 70 : 20 : 10
2 p-MeC6H4 1c 4c, 69 72 : 24 : 4
3 p-MeOC6H 1d 4d, 63 70 : 19 : 11
4 p-FC6H 1e 4e, 64 65 : 21 : 14
5 m-MeC6H4 1f 4f, 78 70 : 27 : 3
6 m-BrC6H4 1g 4g, 60 66 : 24 : 10
7 m-FC6H 1h 4h, 72 86 : 9 : 5
8 o-BrC6H 1i 4i, 78 —d


9 o-CIC6H4 1j 4J, 61 —d


a All reactions were carried out with 1 (0.4 mmol), 2 (0.4 mmol), 3
(0.4 mmol) and imidazole (0.08 mmol) in CH2CI2 (1.0 mL). b Isolated
yields. c Determined by 1H NMR spectroscopic data. d Compounds 4i-1
and 4j-1 are the major diastereoisomers. It is hard to determine the dr
values of 4-2 and 4-3 because the proton signals overlap in their 1H NMR
spectra.


Scheme 1 The three-component reaction in which the substituents on
the benzene rings of nitroalkene and arylmethylidenemalononitrile are
different.


to b-nitrostyrene 1a to generate zwitterionic intermediate A,
which abstracts a proton from malononitrile 3 to give anionic
intermediate B. In path B, the nitrogen-containing Lewis bases
directly deprive malononitrile 3 of a proton to give anionic
intermediate B. The subsequent process in path A and B is the
same after producing B. The nucleophilic attack of intermediate
B to 1a produces intermediate C, which can give intermediate D
via another intermolecular nucleophilic attack with benzyliden-
emalononitrile 2a. The intramolecular nucleophilic addition of
the newly formed anion to one nitrile group produces the six-
membered intermediate E. The nitrogen anion in intermediate E
abstracts a proton from malononitrile 3 to provide intermediate F
and regenerates the anionic intermediate B. The tautomerization
of intermediate F furnishes the final product 4a (Scheme 2). The
generation of anionic intermediate B is the key step to initiate this
three-component tandem reaction.


In this three-component reaction, the substrates b-nitrostyrene
1a and benzylidenemalononitrile 2a were prepared from the
reaction of benzaldehyde with nitromethane and malononi-
trile, respectively. Therefore, we envisaged that this reaction
could also be conducted using benzaldehyde, nitromethane and
malononitrile since b-nitrostyrene 1a and benzylidenemalonon-
itrile 2a can be formed in situ under the optimized reaction
conditions. At first, the reaction was conducted with arylaldehyde,


Scheme 2 A plausible reaction mechanism.


Table 4 Three-component reaction of aromatic aldehyde 5, nitromethane
6 and malononitrile 3


Yieldc (%) drd


Entry Ar 4 4-1 : 4-2 : 4-3


1a C6H5 4a, 34 70 : 25 : 5
2a p-ClC6H4 4b, 37 70 : 15 : 15
3a m-MeC6H4 4f, 43 74 : 19 : 7
4b C6H5 4a, 70 70 : 23 : 7
5b p-ClC6H4 4b, 49 62 : 15 : 23
6b m-MeC6H4 4f, 74 71 : 20 : 9
7b p-FC6H4 4e, 65 68 : 19 : 13
8b o-ClC6H4 4j, 65 —e


a These reactions were carried out with 5 (0.8 mmol), 6 (0.4 mmol), 3
(0.8 mmol) and imidazole (0.2 mmol) in CH2Cl2 (1.0 mL). b These reactions
were carried out with 5 (0.8 mmol), 6 (1.2 mmol), 3 (0.8 mmol) and imida-
zole (0.2 mmol) in CH2Cl2 (1.0 mL). c Isolated yields. d Determined by 1H
NMR spectroscopic data. e Compound 4j-1 is the major diastereoisomer.
It is difficult to determine the dr values of 4j-2 and 4j-3 because the proton
signals overlap in the 1H NMR spectrum.


nitromethane and malononitrile in a ratio of 2 : 1 : 2 in DCM
in the presence of imidazole (50 mol%), but the corresponding
products 4 were obtained in low yields and the corresponding
arylmethylidenemalononitriles could be isolated as byproducts
(Table 4, entries 1, 2 and 3). A control experiment was performed
by using benzylidenemalononitrile (1.0 equiv) and nitromethane
(1.5 equiv), affording 4a in 50% yield. This result suggests that
the employed amount of nitromethane is crucial for the yield
of 4a. Increasing the amount of nitromethane with the ratio of
benzaldehyde, nitromethane and malononitrile as 2 : 3 : 2 afforded
the corresponding products 4 in good yields for a variety of
arylaldehydes (Table 4, entries 4–8).
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In conclusion, we have disclosed a convenient three-component
reaction of b-nitrostyrene, arylmethylidenemalononitrile and mal-
ononitrile catalyzed by imidazole leading to the synthesis of
polysubstituted cyclohexene derivatives in good yields with prod-
ucts 4-1 as the major diastereoisomers under mild conditions.
Moreover, this reaction can be conducted with commercially
available aromatic aldehyde, nitromethane and malononitrile to
produce the polysubstituted cyclohexene derivatives in moderate
yields. The employed Lewis bases and solvents can significantly
affect the configuration of the products. Efforts are in progress
to elucidate further mechanistic details of these reactions and to
understand their scope and limitations.


Experimental section


General remarks


All solvents were purified by distillation. Unless otherwise stated,
all reactions were carried out under an argon atmosphere. 1H
NMR spectra were recorded on a Bruker AM-300 spectrometer
as a solution in CDCl3 or CD3COCD3 with tetramethylsilane
(TMS) as an internal standard; J values are in Hz. Mass
spectra were recorded with a HP-5989 instrument and HRMS
was measured by a Finnigan MA+ mass spectrometer. Infrared
spectra were measured on a Perkin-Elmer 983 spectrometer. MPs
were obtained with a Yanagimoto micro melting point apparatus
and are uncorrected. Commercially obtained reagents were used
without further purification. All reactions were monitored by
TLC with Huanghai GF254 silica gel coated plates. Flash column
chromatography was carried out using 200–300 mesh silica gel at
increased pressure.


General procedure for the reaction of b-nitrostyrene 1a,
benzylidenemalononitrile 2a, and malononitrile 3


b-Nitrostyrene 1a (30 mg, 0.2 mmol), benzylidenemalononitrile
2a (31 mg, 0.2 mmol), malononitrile 3 (13 mg, 0.2 mmol) and
imidazole (7 mg, 0.1 mmol) were stirred in CH2Cl2 (0.5 mL) in a
10 mL Schlenk tube. After the reaction mixture was stirred at 20 ◦C
for 24 hours, the solvent was removed under reduced pressure and
the residue was purified by flash column chromatography (SiO2,
eluent: EtOAc–petroleum ether = 1 : 6) to yield the corresponding
product 4 as a white powder. After careful recrystallization in
EtOH, the major diastereoisomer 4a-1 was obtained.


General procedure for the reaction of benzaldehyde 5a,
nitromethane 6 and malononitrile 3


Benzaldehyde 5a (85 mg, 0.8 mmol), nitromethane 6 (73 mg,
1.2 mmol), malononitrile 3 (53 mg, 0.8 mmol) and imidazole
(14 mg, 0.2 mmol) were stirred in CH2Cl2 (1.0 mL) in a 10 mL
Schlenk tube. After the reaction mixture was stirred at 20 ◦C for
24 hours, the solvent was removed under reduced pressure and
the residue was purified by flash column chromatography (SiO2,
eluent: EtOAc–petroleum ether = 1 : 6) to yield the corresponding
product 4 as a white powder.


Compound 4a-1. A white solid, mp: 167–169 ◦C. 1H NMR
(CD3COCD3, 300 MHz, TMS) d 4.44 (d, 1H, J = 10.2 Hz, CH),
5.10 (d, 1H, J = 4.5 Hz, CH), 5.51 (dd, 1H, J1 = 10.2 Hz, J2 =


4.5 Hz, CH), 6.96 (s, 2H, NH2), 7.36–7.55 (m, 10H, Ar); 13C NMR
(CD3COCD3, 75 MHz, TMS) d 40.9, 41.4, 50.2, 81.5, 87.3, 111.1,
114.0, 116.3, 129.3, 129.5, 129.8, 130.2, 131.0, 131.1, 138.1, 144.9;
IR (CH2Cl2): m 3423, 3358, 3230, 2208, 1650, 1616, 1562, 1495,
1456, 1363, 781, 757, 736, 700 cm−1; MS (EI) m/z (%): 369 [M+]
(0.7), 322 (24.5), 321 (18.2), 245 (22.2), 207 (17.3), 206 (100), 25
(18.5), 91 (18.9), 77 (21.9); HRMS (EI) Calcd. for C21H15N5O2


(M+) requires 369.1226, Found: 369.1214.


Compound 4a-2. A white solid, mp: 162–164 ◦C. 1H NMR
(CD3COCD3, 300 MHz, TMS) d 4.40 (d, 1H, J = 12.9 Hz, CH),
4.77 (d, 1H, J = 6.3 Hz, CH), 6.24 (dd, 1H, J1 = 12.9 Hz, J2 =
6.3 Hz, CH), 6.94 (s, 2H, NH2), 7.34–7.51 (m, 8H, Ar), 7.60–7.63
(m, 2H, Ar); 13C NMR (CD3COCD3, 75 MHz, TMS) d 43.8, 44.3,
44.9, 79.4, 83.9, 111.8, 112.2, 117.0, 129.57, 129.6, 129.7, 130.4,
133.0, 135.5, 145.4; IR (CH2Cl2): m 3447, 3360, 3225, 3034, 2208,
1650, 1621, 1562, 1493, 1455, 1361, 754, 738, 703 cm−1; MS (EI)
m/z (%): 369 [M+] (14.3), 323 (17.8), 322 (21.2), 221 (21.6), 220
(100), 219 (20.6), 194 (29.6), 193 (32.9), 91 (31.5); HRMS (EI)
Calcd. for C21H15N5O2 (M+) requires 369.1226, Found: 369.1216.


Compound 4b-1. A white solid, mp: 166–168 ◦C. 1H NMR
(CDCl3, 300 MHz, TMS) d 3.91 (d, 1H, J = 12.6 Hz, CH), 4.53
(d, 1H, J = 6.3 Hz, CH), 5.26 (s, 2H, NH2), 5.61 (dd, 1H, J1 =
12.6 Hz, J2 = 6.3 Hz, CH), 7.06 (d, 2H, J = 8.4 Hz, Ar), 7.29 (d,
2H, J = 8.4 Hz, Ar), 7.39–7.44 (m, 4H, Ar); 13C NMR (CDCl3,
75 MHz, TMS) d 42.8, 43.2, 43.3, 80.3, 82.7, 110.3, 110.7, 115.4,
128.8, 129.0, 129.6, 129.9, 130.0, 131.2, 136.2, 136.9, 143.9; IR
(CH2Cl2): m 3453, 3359, 3226, 2924, 2853, 2209, 1649, 1619, 1563,
1493, 1414, 1359, 1095, 1014, 835, 740 cm−1; MS (EI) m/z (%):
437 [M+] (2.4), 256 (34.9), 255 (17.9), 254 (100), 240 (19.0), 228
(9.3), 219 (41.1), 127 (8.9), 125 (20.7); HRMS (EI) Calcd. for
C21H13Cl2N5O2 (M+) requires 437.0446, Found: 437.0446.


Compound 4c-1. A white solid, mp: 170–172 ◦C. 1H NMR
(CDCl3, 300 MHz, TMS) d 2.32 (s, 3H, CH3), 2.34 (s, 3H, CH3),
3.96 (d, 1H, J = 12.3 Hz, CH), 4.49 (d, 1H, J = 6.3 Hz, CH), 5.17
(s, 2H, NH2), 5.63 (dd, 1H, J1 = 12.3 Hz, J2 = 6.3 Hz, CH), 6.99
(d, 2H, J = 8.1 Hz, Ar), 7.20 (d, 4H, J = 8.7 Hz, Ar), 7.27 (d,
2H, J = 8.1 Hz, Ar); 13C NMR (CDCl3, 75 MHz, TMS) d 21.11,
21.14, 43.3, 43.5, 43.6, 81.3, 83.0, 110.7, 111.1, 115.7, 127.6, 128.2,
129.8, 130.2, 139.8, 140.5, 143.6; IR (CH2Cl2): m 3446, 3359, 3229,
2923, 2207, 1648, 1615, 1562, 1515, 1362, 826, 739, 720 cm−1; MS
(EI) m/z (%): 397 [M+] (4.3), 259 (13.6), 234 (100), 220 (29.3), 219
(46.0), 208 (19.7), 115 (13.4), 128 (24.0), 105 (23.3); HRMS (EI)
Calcd. for C23H19N5O2 (M+) requires 397.1539, Found: 397.1534.


Compound 4d-1. A white solid, mp: 150–152 ◦C. 1H NMR
(CDCl3, 300 MHz, TMS) d 3.78 (s, 3H, CH3), 3.80 (s, 3H, CH3),
3.93 (d, 1H, J = 12.6 Hz, CH), 4.48 (d, 1H, J = 6.0 Hz, CH), 5.16
(s, 2H, NH2), 5.59 (dd, 1H, J1 = 12.6 Hz, J2 = 6.0 Hz, CH), 6.92
(d, 4H, J = 8.4 Hz, Ar), 7.03 (d, 2H, J = 8.4 Hz, Ar), 7.32 (d, 2H,
J = 8.4 Hz, Ar); 13C NMR (CDCl3, 75 MHz, TMS) d 43.2, 43.37,
43.42, 55.3, 81.5, 83.2, 110.8, 111.2, 114.87, 114.92, 115.7, 122.4,
124.6, 129.6, 143.4, 160.6, 160.9; IR (CH2Cl2): m 3452, 3355, 3228,
3304, 2960, 2930, 2840, 2208, 2047, 1894, 1707, 1651, 1610, 1562,
1514, 1361, 1255, 1180, 1030, 837, 738 cm−1; MS (EI) m/z (%):
429 [M+] (13.4), 251 (17.6), 250 (100), 236 (21.5), 224 (31.5), 179
(47.4), 132 (27.1), 121 (27.0); HRMS (EI) Calcd. for C23H19N5O4


(M+) requires 429.1437, Found: 429.1436.
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Compound 4e-1. A white solid, mp: 215–217 ◦C. 1H NMR
(CDCl3, 300 MHz, TMS) d 3.94 (d, 1H, J = 12.9 Hz, CH), 4.54
(d, 1H, J = 6.0 Hz, CH), 5.31 (s, 2H, NH2), 5.61 (dd, 1H, J1 =
12.9 Hz, J2 = 6.0 Hz, CH), 7.10–7.16 (m, 6H, Ar), 7.38–7.42 (m,
2H, Ar); 13C NMR (CDCl3, 75 MHz, TMS) d 42.9, 43.0, 43.2,
80.7, 82.9, 110.4, 110.8, 115.5, 116.8 (d, J = 21.8 Hz), 116.9 (d,
J = 21.8 Hz), 126.2, 126.3, 128.5, 128.6, 130.1 (d, J = 8.6 Hz),
143.7, 163.5 (d, J = 249 Hz), 163.7 (d, J = 250.2 Hz); IR (CH2Cl2):
m 3452, 3359, 3229, 2917, 2208, 1651, 1606, 1563, 1511, 1361, 1233,
1164, 842, 808, 739, 526 cm−1; MS (EI) m/z (%): 405 [M+] (3.7),
239 (16.5), 238 (100), 237 (13.6), 224 (18.6), 212 (22.6), 211 (14.7),
133 (8.9), 109 (30.5); HRMS (EI) Calcd. for C21H13F2N5O2 (M+)
requires 405.1037, Found: 405.1049.


Compound 4f-1. A white solid, mp: 196–198 ◦C. 1H NMR
(CDCl3, 300 MHz, TMS) d 2.34 (s, 3H, CH3), 2.36 (s, 3H, CH3),
3.96 (d, 1H, J = 12.9 Hz, CH), 4.48 (d, 1H, J = 6.0 Hz, CH), 5.19
(s, 2H, NH2), 5.64 (dd, 1H, J1 = 12.9 Hz, J2 = 6.0 Hz, CH), 6.88
(s, 1H, Ar), 6.92 (d, 1H, J = 7.8 Hz, Ar), 7.19–7.24 (m, 4H, Ar),
7.27–7.32 (m, 2H, Ar); 13C NMR (CDCl3, 75 MHz, TMS) d 21.4,
21.5, 43.2, 43.7, 43.9, 81.3, 83.0, 110.6, 111.1, 115.7, 125.4, 129.1,
129.3, 129.4, 130.6, 130.7, 131.2, 132.7, 139.4, 139.5, 143.7; IR
(CH2Cl2): m 3453, 3359, 3230, 3026, 2922, 2208, 1650, 1563, 1358,
739, 709 cm−1; MS (EI) m/z (%): 397 [M+] (8.0), 351 (33.2), 350
(45.3), 259 (35.8), 234 (100), 220 (33.3), 219 (43.9), 208 (26.0), 105
(27.8); HRMS (EI) Calcd. for C23H19N5O2 (M+) requires 397.1539,
Found: 397.1539.


Compound 4g-1. A white solid, mp: 215–217 ◦C. 1H NMR
(CDCl3, 300 MHz, TMS) d 3.92 (d, 1H, J = 12.6 Hz, CH), 4.52
(d, 1H, J = 6.3 Hz, CH), 5.39 (s, 2H, NH2), 5.62 (dd, 1H, J1 =
12.6 Hz, J2 = 6.3 Hz, CH), 7.06 (d, 1H, J = 7.8 Hz, Ar), 7.26–
7.37 (m, 4H, Ar), 7.56–7.61 (m, 3H, Ar); 13C NMR (CDCl3, 75
MHz, TMS) d 42.7, 43.27, 43.33, 80.2, 82.5, 110.2, 110.5, 115.3,
123.6, 123.7, 127.1, 131.1, 131.15, 131.2, 132.5, 133.3, 133.9, 134.9,
143.8; IR (CH2Cl2): m 3451, 3359, 3225, 3061, 2973, 2208, 1650,
1562, 1477, 1431, 1358, 1076, 997, 780, 738, 708, 691 cm−1; MS
(EI) m/z (%): 525 [M+] (9.1), 481 (32.2), 300 (94.4), 298 (100),
286 (41.1), 284 (41.4), 271 (27.9), 219 (80.1), 102 (25.5); HRMS
(EI) Calcd. for C21H13Br2N5O2 (M+) requires 524.9436, Found:
524.9423.


Compound 4h-1. A white solid, mp: 275–277 ◦C. 1H NMR
(CD3COCD3, 300 MHz, TMS) d 4.62 (d, 1H, J = 12.3 Hz, CH),
4.86 (d, 1H, J = 6.6 Hz, CH), 6.29 (dd, 1H, J1 = 12.3 Hz, J2 =
6.6 Hz, CH), 7.01 (s, 2H, NH2), 7.15–7.30 (m, 4H, Ar), 7.41–7.59
(m, 4H, Ar); 13C NMR (CD3COCD3, 75 MHz, TMS) d 43.4, 43.5
(d, J = 1.7 Hz), 44.2 (d, J = 1.7 Hz), 78.8, 83.8, 111.6, 111.7,
116.5 (d, J = 28.6 Hz), 116.592 (d, J = 28.6 Hz), 116.597, 117.2,
117.5, 125.69, 125.72, 131.4 (d, J = 9.2 Hz), 131.7 (d, J = 8.0 Hz),
135.5 (d, J = 7.7 Hz), 138.2 (d, J = 6.8 Hz), 145.6, 163.1 (d, J =
245.0 Hz), 163.4 (d, J = 244.1 Hz); IR (CH2Cl2): m 3400, 3340,
3237, 2920, 2207, 1658, 1612, 1566, 1488, 1449, 1363, 1222, 1151,
782, 755, 704 cm−1; MS (EI) m/z (%): 405 [M+] (24.4), 359 (53.9),
358 (42.1), 357 (31.5), 263 (41.5), 239 (33.0), 238 (100), 224 (48.0),
211 (53.2); HRMS (EI) Calcd. for C21H13F2N5O2 (M+) requires
405.1037, Found: 405.1037.


Compound 4i-1. A white solid, mp: 322–324 ◦C. 1H NMR
(CD3COCD3, 300 MHz, TMS) d 5.28 (d, 1H, J = 12.3 Hz, CH),
5.53 (d, 1H, J = 6.3 Hz, CH), 6.25 (dd, 1H, J1 = 12.3 Hz, J2 =
6.3 Hz, CH), 7.04 (s, 2H, NH2), 7.33–7.44 (m, 2H, Ar), 7.53–7.82


(m, 6H, Ar); 13C NMR (CD3COCD3, 75 MHz, TMS) d 42.2, 42.4,
43.1, 79.3, 83.8, 111.3, 111.8, 116.9, 126.2, 127.8, 129.2, 131.3,
131.6, 131.8, 132.5, 134.3, 134.8, 135.1, 145.6; IR (CH2Cl2): m 3446,
3358, 3228, 2926, 2208, 1648, 1562, 1473, 1358, 1026, 749 cm−1;
MS (EI) m/z (%): 525 [M+] (3.3), 401 (13.4), 399 (13.0), 300 (9.4),
298 (10.2), 220 (16.9), 219 (100), 171 (8.4), 169 (8.3); HRMS
(EI) Calcd. for C21H13Br2N5O2 (M+) requires 524.9436, Found:
524.9448.


Compound 4j-1. A white solid, mp: 327–329 ◦C. 1H NMR
(CD3COCD3, 300 MHz, TMS) d 5.25 (d, 1H, J = 12.3 Hz, CH),
5.53 (d, 1H, J = 6.3 Hz, CH), 6.26 (dd, 1H, J1 = 12.3 Hz, J2 =
6.3 Hz, CH), 7.05 (s, 2H, NH2), 7.41–7.55 (m, 4H, Ar), 7.51–7.67
(m, 2H, Ar), 7.75–7.83 (m, 2H, Ar); 13C NMR (CD3COCD3, 75
MHz, TMS) d 39.8, 40.6, 42.2, 79.0, 83.7, 111.4, 111.8, 116.9,
128.5, 128.9, 129.8, 130.8, 131.3, 131.6, 132.2, 133.3, 135.7, 136.6,
145.7; IR (CH2Cl2): m 3452, 3357, 3226, 2925, 2209, 1649, 1563,
1477, 1440, 1359, 1040, 752 cm−1; MS (EI) m/z (%): 437 [M+] (6.2),
357 (8.8), 355 (23.5), 256 (7.3), 254 (19.6), 240 (7.1), 220 (20.6),
219 (100), 125 (13.1); HRMS (EI) Calcd. for C21H13Cl2N5O2 (M+)
requires 437.0446, Found: 437.0447.
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A new strategy for the fluorescent detection of multi-phosphates in aqueous solution is presented here.
ZnII–DPA(DPA = dipicolylamine)-appended phenylboronic acid 1·Zn forms an assembly with alizarin
dye in MeOH–10 mM HEPES (1 : 1 v/v) containing 10 mM NaCl at pH 7.4 at 25 ◦C, in which the dye
binds favorably to the coordinated zinc(II) in the ZnII–DPA moiety. Addition of pyrophosphate (PPi) as
a putative analyte causes reorganization of the complex to produce an alternative boronate ester
assembly, which causes an increase in fluorescence, detectable by the naked eye. It is interesting to note
that the system exhibited PPi-selectivity over other phosphates such as ATP (adenosine 5′-triphosphate),
ADP (adenosine 5′-diphosphate), AMP (adenosine 5′-monophosphate) and Pi (inorganic phosphate);
the competitive assay employed to determine the apparent association constants of 1·Zn with the anion
analytes allows us to estimate that the binding with PPi [(1.6 ± 0.04) × 106 M−1], is 10-fold and 84-fold
higher than with ATP and ADP, respectively. The sensing mechanism of 1·Zn in the presence of alizarin
dye is explored using pH titrations and structural information is obtained using NMR.


Introduction


Anions are ubiquitous in biological systems1 that play significant
roles in the wide areas of biology, pharmacy, and environmental
science. The design of receptor systems for anion recognition has
therefore developed into a key area of supramolecular chemistry,2


whereby, in particular, fluorescent chemosensors have received
considerable attention due to their analytical applications.3 One
route to prepare molecular sensor systems, avoiding extensive
synthetic chemistry, is through the development of self-organized
receptor–reporter systems, obtained by linking molecular units
through reversible interactions.4 For instance, the indicator dis-
placement assay, pioneered by Anslyn and Nguyen, is a valuable
means of analyte detection.5 The study presented here has
been driven by a new approach that involves an anion-induced
reorganization of the reporter–receptor assembly. The idea is
that the binding of an anion will induce a structural change
in the system, followed by a switch in the optical properties of
the reporter. Our system incorporates a catechol-containing dye
such as alizarin (reporter) and ZnII–DPA(DPA = dipicolylamine)-
appended phenylboronic acid 1·Zn, which serves as a receptor.
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The role of the phenylboronic acid segment is significant; it can
form a complex with the catechol-containing dye via boronate
esterification and induce a change in the optical properties.6 As
part of this investigation we discovered that pyrophosphate (PPi),
which binds strongly to the ZnII–DPA, causes the reporter dye to
be expelled from the ZnII–DPA, then the reporter forms a boronate
ester with the boronic acid segment of 1·Zn. This change in the
assembly mode causes the fluorescence intensity to increase. The
phenomenon allows us to design a new type of chemosensor for
multi-phosphates. Such detection of multi-phosphates is worthy
of investigation because there is a demand for their analytical
detection in clinical applications.7 In this regard, while fluorogenic
receptors capable of sensing PPi in aqueous media are fascinating
targets, their exploration is still in its infancy, presumably due to
the fact that it is not easy to detect PPi selectively in the presence of
other kinds of phosphate such as ATP (adenosine 5′-triphosphate)
and ADP (adenosine 5′-diphosphate) in aqueous solution.8


Results and discussions


Synthesis


We designed phenylboronic acid derivative 1·Zn as the receptor
moiety in our system; it is well-known that ZnII–DPA serves
as a suitable phosphate-binding site in aqueous solution for
developing not only artificial enzymes9 but also chemosensors.10
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The synthesis is straightforward as shown in Scheme 1. The
reductive amination of N,N-bis(2-pyridylmethyl)ethylenediaime
211 with 3-formylphenylboronic acid was carried out using
NaBH4, and the resulting DPA-appended phenylboronic acid
1 was allowed to react with Zn(NO3)2 to yield the tar-
get 1·Zn. The control 3·Zn was also synthesized from the
Boc-protected compound, N-tert-butoxycarbonyl-N ′,N ′-bis(2-
pyridylmethyl)ethylenediamine, 311 in a similar manner. The com-
pounds were characterized using spectroscopic methods, which
are found in the Experimental section. The 1H NMR spectrum
of the new compound was insightful as the methylene resonances
(3.87 ppm, s) of the DPA part of 1 were altered to AB double
doublets (4.25 ppm, d, J = 17.1 Hz; 4.38 ppm, d, J = 17.0 Hz)
upon metallation with ZnII, for example.


Scheme 1 Synthesis of 1·Zn. Reagents and conditions: (i) 3-formylphenyl-
boronic acid then NaBH4, EtOH, 12%; (ii) Zn(NO3)2·6H2O, MeOH, 89%.


Evaluation


Initially, to get an insight into the fluorescence behavior of ARS
(alizarin red S) as the reporter, stepwise titrations using the ZnII-
free ligand 1 were carried out in MeOH–10 mM HEPES (1 : 1 v/v)
containing 10 mM NaCl at pH 7.4 at 25 ◦C (Fig. 1) (HEPES = 2-
[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid). Although
ARS has almost no emission under these conditions, the flu-
orescence intensity ranging from 550 nm to 600 nm increased
upon the addition of incremental amounts of 1 (Fig. 1(a)).
This phenomenon can be explained on the basis of boronate
esterification between ARS and 1,6 the binding constant being
estimated as (3.8 ± 0.44) × 104 M−1. One can compute from the
binding constant that 91% of ARS can be converted to the ARS–1


Fig. 1 (a) Change in the fluorescence spectra of ARS (50 lM) upon
adding 1 in MeOH–10 mM HEPES (1 : 1 v/v) containing 10 mM NaCl at
pH 7.4 at 25 ◦C, kex = 501 nm; (b) Change in the fluorescence spectra of
ARS (50 lM) in the presence of 1 (250 lM) upon adding ZnII in MeOH–
10 mM HEPES (1 : 1 v/v) containing 10 mM NaCl at pH 7.4 at 25 ◦C,
kex = 480 nm. I 0 is fluorescence intensity under the ZnII-free conditions.


assembly in the presence of 5 equiv. of 1 under these conditions.
Next, the addition of ZnII to the solution involving ARS (50 lM)
and 1 (5 equiv.) under similar conditions induced a “turn-off”
in the fluorescence spectra (Fig. 1(b)). The quenched spectrum
with 5.3 equiv. of ZnII is almost consistent with that of ARS in
the presence of 5 equiv. of 1·Zn, suggesting that coordinated ZnII


in the ZnII–DPA species interacts with the ARS. Evidence for
the assembly formation came from ESI-MS spectroscopic data
using alizarin and 1·Zn in MeOH (m/z = 691.7635 (calcd for
[C36H34BN4O6Zn]+; 692.1894). The fluorescence properties of ARS
under several conditions in MeOH–H2O (1 : 1 v/v) were also
investigated by carrying out spectrofluorometry at varying pH
where a solution containing excess acid was titrated with standard
base (Fig. 2). ARS has almost no fluorescence over a large pH
range from 2 to 12 (Fig. 2; ●), whereas in the presence of 1·Zn
(5 equiv.) the fluorescence intensity at 586 nm increased up to pH 6,
followed by a decrease in the fluorescence intensity (Fig. 2; �).
We can ascribe the observed fluorescence enhancement to the
formation of an ARS–1·Zn ensemble via boronate esterification. In
contrast, the decrease in the fluorescence intensity at pH > 6 is due
to the more favorable interaction between the catechol segment of
ARS and the coordinated ZnII in the ZnII-DPA species. The change
in the assembly mode is probably controlled by the pKa value of
ARS which is 5.5.12 On another front, the presence of PPi as a
putative analyte in the solution involving ARS and 1·Zn produced
a different pH profile when compared to the PPi-free solution
(Fig. 2; �); the fluorescence intensity increases more effectively
and reaches a maximum between pH 6 to 8. This significant
fluorescence enhancement under neutral conditions motivated us
to set up the conditions for applying the ARS–1·Zn assembly to
PPi sensing. The fluorescence titration of ARS (50 lM) with PPi in
the presence of 1·Zn (5 equiv.) was carried out in MeOH–10 mM
HEPES (1 : 1 v/v) containing 10 mM NaCl at pH 7.4 at 25 ◦C;
as expected, the fluorescence intensity at 586 nm increases upon
addition of PPi, with factors of 2.75 (250 lM of PPi) (see ESI†),
the behavior being detected by the naked-eye. The presence of
the ZnII–DPA segment is significant for the response. Indeed, the
use of ZnII–DPA-free phenylboronic acid instead of 1·Zn induced
almost no fluorescence enhancement by adding PPi under similar
conditions (ESI†).


Fig. 2 Spectrofluorimetric pH-titrations of ARS (●), ARS plus 1·Zn (�)
and ARS plus 1·Zn with PPi (�) in MeOH–H2O (1 : 1 v/v) containing
10 mM NaCl at 25 ◦C; [ARS] = 50 lM, [1·Zn] = 250 lM, [PPi] = 250 lM,
kex = 480 nm; kem = 586 nm.


The binding profile was investigated based on 1H NMR data
whereby alizarin was employed in place of ARS because the H3


signal (∇) of alizarin is considered to be diagnostic for boronate
ester formation;6c Fig. 3 shows how the aromatic protons of each
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Fig. 3 1H NMR spectra in CD3OD–D2O (9 : 1 v/v) (400 MHz) at 23 ◦C.
[alizarin] = 2.4 mM, [1·Zn] = 2.4 mM; (a) alizarin, (b) 1·Zn, (c) alizarin
plus 1·Zn, (d) alizarin plus 1·Zn with PPi. The spectrum of (d) was obtained
after (solid (PPi)–liquid (2.4 mM of alizarin and 1·Zn in CD3OD–D2O (9 :
1 v/v))) two-phase extraction in view of the low solubility of PPi under
NMR detectable conditions.


component reflect the PPi-induced organization in the assembly.
No perturbation of the chemical shifts for alizarin and 1·Zn was
observed when they are mixed (Fig. 3(a) and (b) vs. Fig. 3(c)).
However, when PPi was added to the mixture the chemical shifts
changed dramatically and became complicated (Fig. 3(d)): an
additional 1H,1H COSY measurement (ESI†) helped us to assign
the signals; the resonances arising from alizarin were clearly
distinguishable signals in the presence of PPi. These observations
can be explained on the basis of boronate ester formation whereby
the PO–B (sp3) dative bond would be partially subject to solvolysis
in protic media.13 The entirely up-field shift of the resonances here
fully supports the formation of a boronate ester;6c for example, the
H∇ signal was significantly shifted from 7.22 (d, J = 8.3 Hz) to 6.75
(d, J = 8.0 Hz) and 6.81 ppm (brd). In contrast, we notice that the
a-protons of the pyridine ring (H8) were down-field shifted from
8.78 (d, J = 4.6 Hz) to 9.02 ppm and somewhat broadened upon
addition of PPi, indicating that PPi binds to the coordinated ZnII


in the ZnII-DPA species.8c These insights allow us to postulate that
the PPi is ditopically bound within the alizarin–1·Zn assembly,
both to the ZnII and the boronate ester segment. In 11B NMR
measurements, an upfield shift (Dd = 15.82 ppm) of the boron
signal was observed upon the addition of PPi in a MeOH–D2O (9 :
1 v/v) solution of 1·Zn (2.4 mM) and alizarin (2.4 mM). However,
we also detected in the spectra signals assignable to ZnII-free DPA;
8.15 (d, J = 4.8 Hz, H8′′ ), 7.52 (td, J = 7.7, 1.7 Hz, H6′′ ), 7.10 (d, J =
7.9 Hz, H5′′ ) and 7.06 ppm (dd, J = 7.5, 5.1 Hz, H7′′ ). The singlet
peak at 3.77 ppm is also assignable to the ZnII-free NCH2Pyr.
One can envisage that the PPi-associated alizarin–1·Zn assembly
is susceptible to solvolysis to afford solvent-inserted alizarin-1 and
Zn2P2O7. Buffer-free conditions during the NMR measurements
may facilitate decomposition of the ZnII–DPA segment. Taken


together, a plausible mechanism for the PPi-induced fluorescence
enhancement in the assembly is illustrated in Scheme 2. ARS
binds to 1·Zn efficiently to form the ARS–1·Zn assembly, which
is equilibrating between the boronate ester form (A) and the
catechol–ZnII form (B). Under neutral conditions, form (B) is more
favoured than form (A) and suppresses the fluorescence arising
from ARS. When PPi is added into the solution, PPi favorably
binds to the (A) form, producing a shift in the equilibrium towards
(A). The ditopic binding of PPi to (A) affords the ternary complex,
PPi–ARS–1·Zn, accompanied by a fluorescence enhancement.


Scheme 2 A plausible mechanism for the PPi-induced fluorescence
enhancement.


The anion selectivity of the ARS–1·Zn system was then exam-
ined using PPi, ATP, ADP, AMP (adenosine 5′-monophosphate),
Pi (HPO4


2− mainly equilibrates with H2PO4
− under the neutral


conditions) and other biologically as well as chemically important
anions, in MeOH–10 mM HEPES (1 : 1 v/v) containing 10 mM
NaCl at pH 7.4 at 25 ◦C. As shown in Fig. 4, when titrations with
PPi were performed a significant enhancement in the fluorescence
intensity was obtained. Almost similar but less effective responses
were obtained in the case of ATP and ADP addition, whereas
AMP as well as Pi induced no response in the fluorescence spectra.
Consequently, ARS–1·Zn shows a selective response towards
phosphates in the following order; PPi > ATP > ADP > AMP >


Pi. The addition of carboxylates as putative oxoanions other than
phosphates induced either no (for AcO−) or a low response (for


Fig. 4 Plots of fluorescence intensity at 586 nm of ARS (50 lM) and
5 equiv. of 1·Zn as a function of anion concentration.
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citrate). Also one can detect no fluorescence enhancement under
these conditions using monovalent (HCO3


−, F−, Br−, I−, NO3
−,


ClO4
− and N3


−) as well as divalent (SO4
2−) anions. Subsequently


we tried to determine the association constants from the titration
data. However, the titration curve obtained for the addition of PPi
(0–500 lM) displayed a somewhat sigmoidal progression because
of multiple equilibria as well as an excess amount of 1·Zn (also
capable of binding to the anion) making it impossible for simple
nonlinear curve fitting to reproduce the observed progression.
Thus, although the anion-triggered fluorescence enhancement is
not due to the regular indicator displacement assay, we decided
to determine the apparent binding constant of PPi to the receptor
1·Zn (Ka) in line with the assumption based on the equilibrium
from eqn (1)


ARS–1·Zn + G � G–1·Zn + ARS* (1)


where ARS–1·Zn is regarded as form B in Scheme 2, G is the
guest anion, and G–1·Zn and ARS* represent a G-coordinated
ZnII–DPA entity and a boronate esterified ARS, respectively. The
mass balance equation and the equilibrium constants (K I and Ka)
were used to define P and Q.14 For this approach, the binding
constant of ARS to ZnII–DPA in the form B could be estimated as
K I; we carried out the fluorescent titration of ARS upon adding
incremental amounts of phenylboronic acid-free ZnII-DPA, 3·Zn,
being estimated for K I as 5.4 × 104 M−1 (ESI†).


P = [1·Zn]t − 1/(QK I) − [ARS*]t/(Q + 1)
Q = [ARS*]/[ARS − 1·Zn]
Q = (I − I 0)/(I lim − I)
Q is termed the indicator ratio, and can be obtained using the


fluorescence intensity of ARS when coordinated to ZnII in the form
B (I 0) and when existing as the esterified boronate (I lim). Fig. 5
shows the relationship between Gt/P vs. Q, where in the case of
PPi it is hard to obtain a linear relationship between them. In
particular, at Q < 2.5 ([PPi]t = 167 lM, 3.34 equiv.), the deviation
became large. This result could be explained on the basis of an
excess amount of 1·Zn compared to that of ARS in the solution;
PPi could bind more efficiently to free 1·Zn than to ARS-bound
1·Zn. The linearity was consequently obtained ranging from 167
to 300 lM of [PPi]t, which allows us to elucidate the apparent
association constant Ka by dividing K I by the slope of the plot
(Fig. 5). Three individual measurements afforded (1.6 ± 0.04) ×
106 M−1 as the Ka value with PPi. Similar analyses were carried
out for other phosphates (ATP and ADP), as shown in Fig. 5, to
elucidate the Ka with ATP and ADP as (1.6 ± 0.28) × 105 M−1


and (1.9 ± 0.19) × 104 M−1, respectively. It is noteworthy that
1·Zn exhibited selective binding to PPi by a factor of 10 and


Fig. 5 A competitive titration algorithm to determine the association
constants of 1·Zn with the multi-phosphates; PPi (●), ATP (�), ADP (�).


84, compared to ATP and ADP, respectively. This selectivity is
presumably due to the total anionic density of the P–O involved
in the interaction between ARS-1·Zn and multi-phosphorylated
species.8e


Conclusions


We synthesized the ZnII–DPA-appended phenylboronic acid 1·Zn,
which interacts with ARS in aqueous solution to form an ARS–
1·Zn assembly with a low fluorescence intensity under neutral
conditions. The binding of PPi could induce a structural variation
in the assembly, followed by a switch in its optical properties.
Although the preliminary results represented here require an
improvement in the responsive ability toward target anions, our
proposed system has conceptual novelty with regard to the sensing
principle for the detection of multi-phosphates in aqueous media.
One merit of the system is that a judicious choice of catechol-
containing dye as the indicator, as well as a change in the metal
ion coordinated to the DPA, would allow us to tune not only
spectral but also selectivity features as required. Also, given the
rich chemistry of boronic acids, variation of the receptor moiety
is possible. Further elaborated systems based on this concept are
now underway.


Experimental


NMR spectra were taken on Bruker DRX-400 or DPX-400 (1H:
400 MHz; 13C: 100.7 MHz; 11B: 128 MHz) spectrometers. Chemical
shifts (d) are reported downfield from the initial standard Me4Si.
For 11B NMR 15% BF3–Et2O was employed as the external
standard. Electrospray ionization mass spectra were obtained on
a Mariner System 5231 spectrometer whereas a Jeffermine D2000
was employed for the calibration. Fast atom bombardment (FAB)
mass spectra were obtained on a JEOL JMS-DX 303 double
focusing spectrometer where m-nitrobenzyl alcohol was used as a
matrix. Elemental analyses were obtained on an EISON EA1108
or ThermoFinigan Flash EA1112. Fluorescence and absorption
spectra were measured using a JASCO FP-6300 and Shimadzu
UV-3100PC spectrophotometer, respectively. Reagents used for
the synthesis were commercially available and used as supplied.
ARS and alizarin were recrystallized from EtOH. Dry EtOH
was prepared according to standard procedures. The MeOH and
H2O for spectroscopic measurements were purchased as analytical
grade and used as received.


N-3-Dihydroxyborylbenzyl-N ′,N ′-bis(2-pyridylmethyl)
ethylenediamine 1


Under an Ar atmosphere, N,N-bis(2-pyridylmethyl)ethylene-
diamine (4.60 g, 19.0 mmol) and 3-formylphenylboronic acid
(2.85 g, 19.0 mmol) were dissolved in dry EtOH (300 mL) that had
been degassed by three freeze–pump–thaw cycles. The solution,
containing molecular sieves 3 Å (10 g), was stirred overnight at
room temperature. After checking the progress of the reaction by
TLC, a dry EtOH solution (80 mL) of NaBH4 (1.44 g, 38.1 mmol)
was added to the solution and the mixture was further stirred
at room temperature for 1 h. After filtration the solution was
evaporated in vacuo. The residue was partitioned between AcOEt
(300 mL) and H2O (300 mL) and the water phase was extracted
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with CH2Cl2 (50 mL × 10). The organic phase was dried with dry
Na2SO4 and filtered. The material obtained was chromatographed
on silica gel (Wakogel C-300) using a gradient of MeOH (0–100%
(v/v)) in CH2Cl2 as an eluent, and then washed with AcOEt and
Et2O. In this way, 843.9 mg of 1 was obtained in 12% yield.


1H NMR (400 MHz, CD3OD) d 8.25 (d, J = 4.5 Hz, 2H),
7.64 (td, J = 7.7, 1.7 Hz, 2H), 7.62 (d, J = 7.1 Hz, 1H), 7.58 (s,
1H), 7.28 (t, J = 7.4 Hz, 1H), 7.17–7.23 (m, 5H), 4.11 (s, 2H),
3.87 (s, 4H), 3.25 (t, J = 5.4 Hz, 2H), 3.04 (t, J = 5.5 Hz, 2H);
13C NMR (100.7 MHz, 50 mM in CD3OD) d 159.9, 149.8, 138.6,
135.3, 135.1, 131.4, 128.3, 127.2, 124.9, 123.8, 60.6, 53.0, 52.7,
46.4; ESI MS: m/z 377 ([M + H]+); elemental analysis: anal. calcd
for C21H25BN4O2·0.3 H2O: C 66.09; H 6.76; N 14.68%, found: C
65.96; H 6.64; N 14.28%.


N-3-Dihydroxyborylbenzyl-N ′,N ′-bis(2-pyridylmethyl)
ethylenediamine zinc (II) complex 1·Zn


Ligand 1 (514.4 mg, 1.37 mmol) and Zn(NO3)2·6H2O (407.6 mg,
1.37 mmol) were dissolved in MeOH (45 mL). The resulting
mixture was stirred for 1 h at room temperature. After removal
of the solvent in vacuo the resulting residue was recrystallized with
THF, washed with Et2O, and dried under heat at 40 ◦C. In this
way, 687.9 mg of 1·Zn was obtained in 89% yield.


1H NMR (400 MHz, CD3OD) d 8.74 (d, J = 4.6 Hz, 2H), 8.13
(app. t, J = 7.7 Hz, 2H), 7.66 (t, J = 6.4 Hz, 2H), 7.61 (d, J =
7.9 Hz, 2H), 7.54 (s, 1H), 7.50 (d, J = 6.7 Hz, 1H), 7.33 (d, J =
7.4 Hz, 1H), 7.29–7.22 (m, 1H), 4.38 (d, J = 17.0 Hz, 2H), 4.25
(d, J = 17.1 Hz, 2H), 4.11 (brs, 1H), 3.49 (brs, 1H), 2.94 (brs,
2H), 2.63 (s, 2H); 13C NMR (100.7 MHz, CD3OD) d 157.1, 149.7,
142.6, 136.3, 136.0, 135.6, 134.9, 134.4, 132.4, 131.8, 129.1, 126.2,
125.7, 59.1, 54.2, 53.4, 44.6; ESI MS: m/z 219 ([M − 2(NO3)]2+;
elemental analysis: anal. calcd for C21H25BN6O8Zn·0.5 H2O·0.5
MeOH: C 42.70; H 4.78; N 14.23%, found: C 42.50; H 4.42; N
14.11%.


N-tert-Butoxycarbonyl-N ′,N ′-bis(2-pyridylmethyl)
ethylenediamine zinc (II) complex 3·Zn


N -tert-Butoxycarbonyl-N ′ ,N ′ -bis(2-pyridylmethyl)ethylenedi-
amine (500 mg, 1.46 mmol) and Zn(NO3)2·6H2O (297.5 mg,
1.46 mmol) were dissolved in MeOH (50 mL). The resulting
mixture was stirred for 1 h at room temperature. After removal
of the solvent in vacuo the resulting residue was recrystallized with
MeOH. In this way, 6.26 g of 3·Zn was obtained in 44% yield.


1H NMR (400 MHz, CD3OD) d 8.71 (d, J = 4.8 Hz, 2H), 8.19
(td, J = 7.7, 1.6 Hz, 2H), 7.68–7.73 (m, 4H), 4.51 (d, J = 16.2 Hz,
2H), 4.19 (d, J = 16.2 Hz, 2H), (t, J = 6.7 Hz, 2H), 2.76 (t,
J = 6.6 Hz, 2H), 1.38 (s, 9H); 13C NMR (100.7 MHz, CD3OD) d
158.52, 156.42, 149.42, 142.94, 126.58, 126.36, 81.05, 58.11, 53.99,


36.60, 28.67; ESI MS: m/z 468 ([M − NO3]+); elemental analysis:
anal. calcd for C19H26N6O8Zn: C 42.91; H 4.93; N 15.80%, found:
C 43.00; H 4.85; N 15.65%.
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