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As the range of techniques for microwave heating has expanded, so have the areas in which it can have a

profound impact. Two emerging areas are the application of microwave heating for the synthesis of
peptides, peptoids, oligopeptides and carbohydrates and in the field of proteomics.

Introduction

Microwave heating is a valuable tool for synthetic chemists. It
is capable of improving product yields and enhancing the rate
of reactions as well as being a safe and convenient method for
heating reaction mixtures to elevated temperatures.’? The field
has developed significantly since the first reports of microwave-
promoted synthesis in 1986.>* Domestic microwave ovens are
increasingly being replaced by scientific microwave apparatus for
use in synthesis. As well as being safer, these new instruments allow
for accurate control of key parameters such as initial microwave
power, reaction temperature and, in the case of sealed vessel
reactions, internal pressure.

Microwave heating occurs on a molecular level as opposed to
relying on convection currents and thermal conductivity when
using conventional heating methods. This offers an explanation as
to why microwave reactions are so much faster. With microwave
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irradiation, since the energy is interacting with the molecules at
a very fast rate, the molecules do not have time to relax and
the heat generated can be, for short times, much greater than
the overall recorded temperature of the bulk reaction mixture. In
essence, there will be sites of instantaneous localized superheating
where reactions will take place much faster than in the bulk. This
localized superheating can be especially marked when the reaction
mixture contains highly polar reagents or catalysts.

Chemists often would use microwave irradiation as a last resort,
heating reaction mixtures to high temperatures in sealed tubes
in an attempt to make their reactions go. However, microwave
heating has a much more valuable role in the preparative chemist’s
portfolio. It is possible to perform reactions at modest reaction
temperatures and still see great improvements in rate and yield.
While sealed reaction vessels are one option, standard reflux and
open vessel chemistry can also benefit from microwave irradiation.
When performing synthesis using microwave heating, the usual
protocol is to heat the reaction mixture to a desired temperature
and then hold it there for a period of time. This is known as
temperature control. During the initial heating stage a significant
amount of microwave power is directed at the sample, but once
at temperature, the power drops such as to hold the reaction
mixture at the desired temperature. By irradiating a reaction
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mixture with microwaves while simultaneously cooling the outer
vessel walls with compressed air or cryogenic fluid, it is possible
to irradiate the sample with significant microwave power during
the whole period of the reaction. As well as potentially opening
up avenues for new chemistry, it is possible to perform chemistry
at lower bulk temperatures.>” As an example of this, in the Pd/C
catalyzed Suzuki reaction of aryl chlorides with boronic acids in
water as a solvent, significant decomposition of the aryl chloride
substrates occurs at the elevated temperatures required to effect
the coupling. By using microwave heating in conjunction with
simultaneous cooling it is possible to perform the coupling at
a lower bulk temperature but in good yield.® Another way to
introduce significant energy into a reaction mixture is to simply
irradiate the sample with a constant microwave power, allowing the
temperature to rise continually during the course of the reaction.
This is known as power control.

As the range of techniques for microwave heating has expanded,
so have the areas in which it can have a profound impact. One
of the emerging areas is the application of microwave heating
to biologically relevant processes. Examples of this are in the
synthesis of peptides, peptoids, oligopeptides and carbohydrates
and in the field of proteomics. Here, we offer a perspective of these
two categories. Rather than provide an exhaustive survey, we have
chosen to highlight the advantages of microwave heating in these
areas as well as discuss the potential of the technique to impact
and transform the field in the future.

Microwave-promoted synthesis of peptides

Peptides are highly involved in many biochemical processes
including cell-cell communication, metabolism, immune response,
and reproduction. Additionally, peptides act as hormones and
neurotransmitters in receptor-mediated signal transduction. As
the role of peptides in many physiological and biochemical
processes has become more understood, so has interest in their
value as potential drug candidates. Peptides, when compared to
small molecule drugs, have the advantage of higher potency and
specificity with fewer toxicological problems.” A recent article
reported that there are more than 40 marketed peptides worldwide,
around 270 peptides in clinical phase testing, and about 400 in
advanced preclinical phases.!®!

Obtaining peptides from natural sources can often be a very
difficult task. In tissue samples, desired peptides are often at
very low concentrations requiring highly sensitive assay methods.
The availability and storage of natural tissue samples can also
limit availability. While recombinant genetics has been the major
production tool for synthesis of proteins, this can be difficult, time
consuming and laborious. Chemical synthesis of peptides allows
for site-specific control of backbone and side chain modifications
with a specificity unavailable through recombinant strategies.
Additionally, chemical synthesis allows for peptide sequences to
be synthesized not only rapidly, but also free from DNA impurities
or endotoxins that may be present during recombinant synthesis.
The combination of different chemical synthesis strategies has
been successful in producing small proteins of up to 200 amino
acids. Although chemical synthesis of peptides and proteins has
developed greatly in the last several decades, it can be very time
consuming and frequently requires the use of significant quantities
of expensive reagents. In addition, in many cases synthesis can

suffer from incomplete reactions that significantly reduce final
product purity. Chemical synthesis can be performed either by
solution phase, solid phase, or a combination of both. Solid-phase
methods predominate however, due to ease of purification at each
step.1213

The first example of microwave irradiation as a tool for
peptide synthesis came in 1992. In their solid-phase synthesis of
three test peptides, Yu and co-workers reported that microwave
heating offered a 2-4 fold reduction in amino acid coupling
time, especially when using side-chain hindered amino acids. In
addition, no racemisation was observed." The reactions were
performed using an un-modified domestic microwave apparatus
and thus accurate temperature measurement was not possible
and also reproducibility from microwave to microwave proved
an issue. While the results appeared promising, lack of proper
instrumentation and concerns regarding acceleration of potential
side-reactions delayed further exploration. It was not until almost
a decade later that the field began to develop in earnest. As modern
microwave systems that generated a homogeneous microwave field
and offered temperature control became available, new interest was
generated in peptide synthesis applications. o-Aminoisobutyric
acid (Aib), was coupled with sterically hindered natural or non-
coded amino acids, using conventional and microwave heating
methods with either PyBOP/HOBt or HBTU/HOBt as coupling
agents.” In the microwave heating experiments, the reaction
mixture was heated to 55 °C for 15 min followed by a further
15 min at 60 °C. Common activators such as HBTU and PyBOP
have been shown to be effective with microwave heating up to
110 °C. In the synthesis of a tripeptide (Fmoc-Thr-Val-Ile-NH,)
and two dipeptides (Fmoc-Ala-Ile-NH, and Fmoc-Thr-Ile-NH,)
(Scheme 1)."* The couplings were performed on a polystyrene
resin using the Rink amide linker. Couplings of Fmoc-protected
amino acids were performed using microwave heating while the
Fmoc deprotection steps were conducted at room temperature.
The microwave steps were performed in sealed vessels. The reaction
mixtures were heated using a temperature control protocol to
110 °C and held at this temperature for 20 min. Significant
pressure was generated during the course of the reactions due
to the volatile nature of the coupling agents used. The efficiency of
the solid-phase methodology was however limited by the need
to transfer between different reaction vessels to perform the
coupling and washing steps. The application of microwave heating
can be expanded to both deprotection and coupling reactions.
The ®7ACP peptide, a standard peptide used to test synthetic
methods, was prepared reproducibly and in high purity using 2 min
deprotection and 3 min coupling steps and ending with a 10 min
cleavage step."”

Scheme 1
tripeptide.

Microwave-promoted solid-phase synthesis of a small

As attractive as the increased deprotection and coupling
rates appeared, there was concern over possible enhancement
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of sequence dependent side reactions that are well-documented
conventionally. Aspartimide formation can occur during Fmoc
removal with piperidine and can be a serious problem during
chain assembly. Nucleophilic attack by the nitrogen atom on the
o-carboxy group of aspartic acid or aspargine on the side chain
ester or amide group, respectively results in generation of a 5-
membered ring. This potential side reaction will accumulate dur-
ing each successive deprotection step and can lead to substantially
reduced purity. During the coupling reaction, formation of an
activated ester and concomitant increased acidity of the o-carbon
proton can lead to racemisation. Conventionally this has been
problematic for cysteine and histidine derivatives. Racemisation
can be difficult to detect because of difficulties with separation and
identical mass identification. While microwave peptide synthesis
had shown no evidence of racemisation by HPLC analysis
with smaller peptides, there had not been a focus on cysteine
and histidine containing peptides until recently when a group
attempted to prepare a 20 amino acid peptide containing His and
Cys residues using microwave heating.’® The first synthesis in the
microwave at 70 °C showed significant racemisation (3-5%)." This
was suppressed by cooling the contents of the reaction vessel in an
ice bath before microwaving for a short period and then repeating
this whole procedure a number of times. This allows for significant
input of microwave power while at the same time maintaining a
low bulk temperature. The optimized conditions for making the
20-mer involved deprotection steps of 3 pulses of 30 sat 100 W with
cooling in between (7.« = 40 °C) and coupling steps of 5 pulses
of 30 s at 50 W, again with cooling in between (7., = 40 °C).

A nonapeptide has also been prepared using a similar “cooling
before microwave irradiation” approach.?” The deprotection and
coupling reactions were performed in standard glass vials and
the washing steps in polypropylene syringes equipped with a frit
and PTFE valve. Using a power control protocol, the maximum
temperature reached in the steps depended on whether the contents
of the reaction mixture were cooled to room temperature or to
0 °C prior to microwave irradiation as did the purity of the final
product. As with the previous synthesis of the 20- and 25-mers,
cooling in ice prior to microwave irradiation proved optimal.

While performing pre-cooling of reaction mixtures prior to
microwave irradiation leads to peptides in high purity with little
racemisation, it is inconvenient and not practical either in an
automated reactor or when considering performing couplings in
parallel or on a large scale. Addressing this problem has been the
focus of a recently published report.? A model 20-mer peptide
was synthesized both at room temperature and using microwave
heating. The model peptide chosen for the study contained each of
the natural 20 amino acids, but with a selectively placed C-terminal
Asp-Gly segment to encourage maximum potential aspartimide
formation (VYWTSPFMKLIHEQCNRADG-NH,). At room
temperature, although the racemisation levels were low, the crude
product purity was only 68% due to a number of deletions. An
initial microwave-promoted synthesis of the 20-mer indicated that
the sequence is susceptible to racemisation. Using deprotection
steps of 30 s at 50 W followed by 180 s at 50 W (7',,,, = 80 °C)
and a coupling step of 300 s at 40 W (7., = 80 °C) led to
significant racemisation at His, Cys and Asp. Simply ensuring that
the reaction mixture does not exceed 50 °C when using a power
control microwave heating protocol proved effective in reducing
racemisation of His and Cys residues and it is not necessary

to pre-cool the reaction mixtures. A coupling protocol of 120 s
at 0 W followed by 240 s at 40 W (T, = 50 °C) was used.
Additionally, once Cys or His are incorporated into the peptide
they do not show any further increase in racemisation during
subsequent chain extension steps, even when the reactions are
performed using the original conditions of heating to a maximum
of 80 °C. Asan additional approach, couplings could be performed
using microwave heating with the exception of those involving
Cys and His which instead are done at room temperature. This
combines the time savings of microwave irradiation for coupling
of the majority of amino acids with the low racemisation possible
by coupling Cys and His conventionally. To limit aspartimide
formation both incorporation of HOBt and using piperazine
rather than the traditional piperidine as a reagent in deprotection
steps proved effective.

Solid-phase peptide synthesisers for use with conventional
heating have been around for many years and it was clear
that if microwave technology was to have a major impact on
peptide synthesis, an analogous automated synthesiser would be
required. This is because although the deprotection and coupling
steps could be accelerated using microwave heating, if manual
transfer between vessels for washing was required, any time
savings would be lost. While dedicated microwave synthesisers for
organic synthesis have been around for a few years, it was in 2003
that the first automated equipment for peptide synthesis using
microwave heating became available.”> The apparatus can perform
all steps necessary for the completely automated synthesis of a
peptide including all deprotection, coupling, wash and peptide—
resin cleavage steps. As an example, a 41 amino acid peptide has
been prepared using the apparatus in a total time of 31 h.

The question arises as to why the microwave heating has such
a profound effect on the deprotection and coupling reactions to
make peptides, even at the relatively low microwave powers and
bulk temperatures used. Optimal coupling conditions require a
fully solvated peptide—polymer matrix that allows for efficient
reagent penetration. During the synthesis of difficult peptides
the reaction matrix becomes partially inaccessible, typically 6-12
residues into chain assembly.?** This could be attributed to the
formation of secondary structures that result in poor solvation
of the peptide—polymer matrix. As a peptide is built stepwise on
a resin bead, it can form aggregates with itself or neighbouring
chains as a result of hydrogen bonding between peptide backbones.
One hypothesis is that irradiation with microwave energy leads
to de-aggregation of the peptide backbones thus allowing for
reagents to reach the reaction sites at the end of growing chains
more easily (Fig. 1). The amide group of amino acids in a peptides
has two resonance forms (Scheme 2) thus leading to several
important properties, one of which is an unusually high dipole
moment of roughly 3.5 debye. When molecules that possess such a
dipole moment are exposed to microwave irradiation, the dipoles
try to align with the applied electric field. Since the electric field
is oscillating, the dipoles constantly try to realign to follow this.
At 2.45 GHz, molecules have time to align with the electric field

O /C~rW e /Cm
>—N\ - >:N\+
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Scheme 2 Resonance forms of an amide group in an amino acid.
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Fig. 1 A peptide backbone (a) before and (b) during microwave irradiation.

but not to follow the oscillating field exactly. This continual re-
orientation of the molecules is one of the accepted mechanisms by
which microwaves lead to localised heating of reaction mixtures.?
In a polypeptide, this movement could quite feasibly lead to
de-aggregation of the peptide backbone as well as to localised
superheating which can have an acceleratory effect on the reaction
rate for deprotection and coupling steps.

To show the effectiveness of microwave heating in the prepara-
tion of longer peptide sequences a -amyloid, the main constituent
of the fibrillar aggregate responsible for Alzheimer’s disease, has
been prepared.”” The 42 amino acid peptide could be prepared
in 69% purity in 19 h using the automated microwave peptide
synthesiser.

Microwave heating has been used to prepare 14-helical B-
peptides.?® Initial studies focused on the optimisation of the
conditions required to prepare single peptides.?? Hexamer 1 was
prepared manually both conventionally and also in a monomode
microwave apparatus. When using conventional methodology,
although the penta-B-peptide precursor was >95% pure, hexamer
1 was only 55% pure with significant quantities (33%) of the
unreacted pentamer as well as some of the Fmoc-protected
hexamer being present. Using controlled microwave heating, 1 was
obtained in 80% purity with only 5% of the unreacted pentamer
and none of the Fmoc-protected hexamer being observed. Studies
were extended to the deca-B-peptide 2. However this was obtained
in only 57% purity, indicating the challenge of coupling extra
residues to 1. A solution to the problem was to use a solution of

T
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LiCl in DMF in the coupling protocol. Salt additives are known
to alleviate, at least in part, the problems of aggregation and/or
folding of resin-bound a-peptides as they increase in length.*
Thus, in this case, the effects of microwave heating alone may
not be enough to disaggregate the B-peptide backbone. With the
modified reaction conditions, 2 could be prepared in 88% purity
and 81% yield. Returning to the synthesis of 1 and using the
modified conditions, the already high purity could be increased
even more (94%). As well as de-aggregating the peptide, the salt
additive could also enhance the ionic conduction mechanism for
conversion of microwave energy into heat in the reaction mixture.

Moving to a multimode microwave apparatus, the same group
have prepared a library of 14-helical B-peptides.®! First, conditions
for the preparation of 1 in the multimode microwave apparatus
were re-optimised. Then, to confirm the homogeneity of heating
and to optimise stirring in a 96-well plate, 1 was prepared in 26
different wells scattered across the plate. A library of peptides was
then prepared. Some variation in product purity was observed.
While this could be attributed to inhomogeneity of heating across
all the wells, since the differences in purity were no more than 10%,
it could be as much dependent on the amino acid sequence as the
location in the 96-well plate.

Peptoids can be prepared efficiently using microwave heating.
Peptoids differ from peptides in that the side chain is connected
to the amide nitrogen rather than the o carbon atom and are
known as oligo(N-alkyl) glycines. Peptoids exhibit enhanced
stability towards proteolysis relative to o-peptides.?> They also
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find applications as biological probes and in drug discovery.’**
In preparing peptoids, each building block is added in a two-step
strategy known as the “sub-monomer” route (Scheme 3).% Firstly
the amine function of the existing chain is acylated by the addition
of bromoacetic acid and N,N’-diisopropyl carbodiimide (DIC)
and then nucleophilic replacement of bromide with a primary
amine. The commercial availability of a wide range of structurally
diverse primary amines means that large, diverse peptoid libraries
can be made easily and cheaply, often without the need for
protecting groups. However, the procedure is slow. Starting from
Rink MBHA amine resin, the solid-phase synthesis of a 9-mer
could take 20-32 h. Using a domestic microwave oven, this has
been reduced to about 3 h.** The reactions were performed in
a 1000 W microwave oven with the power set at 10%. Solutions
were irradiated for 15 s, gently agitated and then irradiated for
a further 15 s. Under these conditions, the bulk temperature of
the reaction mixture was found not to exceed 35 °C as determined
using a thermometer after the second 15 sirradiation. This2 x 15s
irradiation protocol was used for both the acylation and bromide
substitution reactions. Yields and purities were comparable to
those obtained when performing the chemistry conventionally at
37 °C (45 min for acylation, 1 h for bromide substitution).

BrCH,CO,H
Q—NH;
DIC, dmf

0
o, e
H

RNH, l dmf
i H
N
o R
H
Scheme 3  Synthesis of peptoids using the sub-monomer route.

Following this work, a protocol has been developed for the
preparation of peptoids in a scientific microwave apparatus.’’
As well as offering a more reproducible methodology, some
interesting observations were made. In moving from domestic
to scientific microwave equipment, simply repeating the reactions
using the same conditions (100 W for 30 s) gave peptoids that
were some 10-50% lower in purity. In attempts to determine the
origins of this difference, it was discovered that in the case of
unhindered primary amines no microwave irradiation was required
in order to obtain the corresponding peptoids in high purity. Thus
neither microwave heating nor the lengthy conventional protocol
is necessary, the reactions being complete within approximately
1 min at room temperature. With electronically deactivated
benzylamines, microwave heating was found to have a positive
effect. The optimal conditions for the acylation step involved
irradiation for 30 s and heating to 35 °C using temperature control,
and for the bromide displacement, irradiation for 90 s and heating
to 95 °C again using temperature control.

More recently, microwave heating has been found to be useful for
generating a poly-cationic peptiod and its conjugation to a 13-mer
peptide. In an extension to the work, microwave heating has also
been used to label the peptides with a variety of fluorophores and
quenchers.®®

Since more than half of all proteins carry carbohydrate side-
chains, the synthesis and study of glycopeptides has become
an important area of research.®®* The chemical synthesis of
glycopeptides has particular advantages. Glycoprotein samples
traditionally obtained from biological sources are very complex
and, as a result, little is known about how the glycan chains
specifically modulate stability and activity. One synthetic route to
glycopeptides involves the use of B-glycosylamines as intermedi-
ates, these then being reacted with a suitably protected amino acid
or polypeptide side chain.*! The B-glycosylamines can be prepared
directly from a fully deprotected sugar by treatment with 40-50
equivalents of ammonium bicarbonate at room temperature for
6 days, this being known as the Kochetkov reaction.”* By using
microwave heating, this reaction can be performed in 90 min at
40 °C (Scheme 4).* Key to the success of the reaction is use of
DMSO as a solvent. It is also possible to reduce the quantity of
ammonium bicarbonate required to 5 equivalents. A microwave
power of 10 W is used and a temperature control protocol used.
If the reaction temperature is increased to 60 °C, significant
dimerisation is observed. The crude glycosylamines obtained were
subsequently used for the preparation of glycoamino acid building
blocks.

OH OH

R0 O (NH4),CO; (5 eq.) Rbﬁ/ NH,
HO > HO ~

R™OH MW (10 W)
DMSO, 40 °C, 90 min

Scheme 4 Microwave-promoted synthesis of -glycosylamines.

Microwave heating has also been used for the coupling of
sterically hindered, glycosylated amino acid building blocks on
solid supports.** Amino acid building blocks 3 and 4 were
used in the building of a 20 amino acid protein, 5, known
as MUCI. This five O-glycan containing glycopeptide has an
antigenic structure and is found on the surfaces of epithelial cells in
a variety of tissues.* The solid-phase synthesis was performed on
both Tentagel and poly(ethylene glycol) poly(dimethylacrylamide)
copolymer (PEGA) supports functionalised with Rink amide
linker. Reactions were performed at 50 °C in a monomode
microwave apparatus using a temperature control protocol as well
as conventionally at 50 °C and room temperature. Starting with
the Tentagel support, when coupling regular Fmoc-amino acids a
reaction time of 10 min was used whereas for couplings involving
3 and 4, the time was extended to 20 min. Deprotection steps were
performed in 3 min. The whole procedure for building the 20-mer
was undertaken manually, taking 7 h in the case of the microwave
reactions and the conventional control at 50 C. For the couplings
at room temperature, reaction times were significantly extended
(2 h for Fmoc amino acid couplings, 20 h in the case of 3 and 4
and 20 min for Fmoc deprotection steps). As a result, the whole
process took approximately 99 h. The overall yield of the desired
20-mer in the microwave protocol was significantly higher than
when using conventional heating but comparable to that obtained
at room temperature. Changing to the PEGA resin improved the
yield of the final glycopeptide. The PEGA resin may permit the
permeation both of reagents and steric building blocks 3 and 4
into the porous surfaces of the polymer particles. The 20-mer was
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elaborated further by enzymatic sugar elongation to give a range
of more complicated glycopeptides.

Microwave heating as a tool for proteomics

Proteomics is broadly defined as the large-scale study of proteins,
particularly their structures and functions.”*® To obtain detailed
structural information, proteins are selectively cleaved into smaller
polypeptide fragments by controlled chemical reactions or enzy-
matic digestion. The resulting mixtures can then be analysed by
various mass spectroscopic techniques and, from this, the structure
of the original protein determined.

Identification of the amino acid at the C-terminus of proteins
is possible using the Akabori reaction, devised over half a century
ago.* Tt involves heating the protein with anhydrous hydrazine
under reflux at 125 °C for several hours. The amino acid at the
C-terminus of the peptide is liberated and can be distinguished
from the remaining amino acid residues that have been converted
to hydrazides. In addition, hydrazinolysis provides quantitative
information for the presence of amino acid residues containing
guanidino, PB-mercapto, carboxy, or carboamido groups. The
reaction has been performed in a domestic microwave, the time
to reach completion being reduced to 3-5 min.*® The dipeptide
Trp-Phe, tripeptide Tyr-Gly-Gly, tetrapeptide Pro-Phe-Gly-Lys,
heptapeptide Ala-Pro-Arg-Leu-Arg-Phe-Tyr, and an N-terminal
blocked tripeptide (N-acetyl-Met-Leu-Phe) have all been used as
test substrates.

When using enzymic methodologies, digestion times depend on
the nature of the proteins and can vary from hours to days. It is

necessary to ensure that sufficient quantities of the peptides are
generated such that the detection limit of the analytical techniques
is surpassed. Trypsin is the most commonly used enzyme because
it specifically hydrolyses peptide bonds at the carboxyl side of
lysine and arginine residues, except when either is followed by
proline. Unmodified trypsin is subject to proteolysis, generating
fragments that can interfere with protein sequencing or peptide
analysis. As a result, trypsin modified by reductive methylation
is often used, this treatment rendering it resistant to proteolytic
digestion. The combination of trypsin digestion with controlled
microwave heating has attracted attention.

Trypsin digestion of bovine cytochrome ¢, bovine ubiquitin,
horse heart myoglobin, modified chicken egg lysozyme and
recombinant human interferon o-2b (rh-IFN o-2b) has been
performed in a scientific monomode microwave apparatus.®® The
reactions were performed on a 100-350 pL scale. The digestion
was optimised at 60 °C for 10 min. Additionally, no non-
specific cleavage was detected using the microwave approach.
A comparison of conventional and microwave heating in the
digestion of cytochrome ¢ showed that microwave irradiation for
10 min produced similar results to the classic method of 6 h of
digestion at 37 °C. The beneficial effect of microwave irradiation
was confirmed by performing the digestion of cytochrome c in
12 min under microwave and conventional heating. In the case of
microwave irradiation, after this time approximately 90% sequence
coverage was possible whereas there were no hydrolysis products
in the conventional experiment. In the absence of the protease,
cytochrome ¢ remains intact after 20 min irradiation, showing that
the microwave energy only enhances the enzymatic digestion of the

1146 | Org. Biomol. Chem., 2007, 5, 1141-1150

This journal is © The Royal Society of Chemistry 2007





protein and does not itself induce degradation. Similar shortening
of the digestion time has been found when using a domestic
microwave and bovine serum albumin and human urinary protein
as substrates.”

The digestion of rh-IFN o-2b was repeated at different tem-
peratures and rapid elevation of the solution to above 60 °C was
found to enhance the process.” In both cases the percentage of
digestion increased rapidly over the first 5 min before levelling
off at approximately 70% at 10 min. In an attempt to mimic
conventionally the temperature profile seen in the microwave
experiments, the same digestion was performed using a metal block
pre-heated to 60 °C. The rate of enzymic cleavage was found to
be essentially identical suggesting that, at least in part, the rapid
increase in temperature is responsible for the rate of acceleration
seen upon microwave irradiation.

Using more accurate temperature measurements and con-
trol, the microwave-mediated digestion of glycated haemoglobin
(HbAc¢) has been studied.>® Using trypsin modified by reductive
methylation as the proteolytic enzyme for digestion, the optimum
conditions involved controlled microwave heating to 50 °C and
holding at this temperature until a total time of 20 min had elapsed
with an enzyme-to-protein ratio of 1 : 100. Under these conditions,
the digestion efficiency is about 20% greater than that observed
using conventional conditions for 18 h. Changing the enzyme from
trypsin to Glu-C has a significantly negative effect on digestion
efficiency. The optimum temperature for Glu-C was found to be
40 °C but, even at this zenith, the efficiency was significantly lower
than under conventional conditions at room temperature. The
difference in enzyme activity could be attributed to several factors.
Firstly, Glu-C was used at temperatures significantly higher than
the manufacturer’s recommendation of 25 °C. Also, while it is
possible to modify trypsin to make it less susceptible to proteolytic
digestion, the same is not true of Glu-C. However, since analysis of
the Glu-C digest showed no evidence for proteins originating from
the enzyme, it is more likely that thermal deactivation is the major
cause of the loss of activity as opposed to autolysis of the enzyme.

Digestions are traditionally performed in standard buffer
solutions. The effect of solvent on the efficiency of microwave-
promoted trypsin digestion has been studied using myoglobin,
cytochrome c, lysozyme and ubiquitin as substrates.”* The effi-
ciencies and sequence coverages increased when acetonitrile was
added to the reaction mixture. If methanol is used as an additive, as
the quantity increases so the enzyme activity decreases indicating
that it is being deactivated. This is not surprising given the fact
that methanol inhibits many enzyme-catalysed processes.

It is also possible to use microwave heating to perform digests
on substrates separated on gels and results suggest that this
significantly improves peptide recovery compared to standard in-
gel digestion protocols.”*>5* The ability to be able to perform
in-gel digests means that the technology can be in conjunction
with separation techniques for analysis of protein mixtures.
Five proteins, including lysozyme, chicken egg albumin, bovine
albumin, conalbumin, and ribonuclease have been separated by gel
electrophoresis, stained, cut out and digested with trypsin solution
either in a microwave for 5 min or incubated for 5 min or 16 h
at 37 °C. Using microwave irradiation resulted in more matched
fragments than either of the traditional methods for all the proteins
except conalbumin; in this case the number of matched fragments
is slightly lower but close to the 16 h traditional method. Other

Table 1 Comparative dipole moments®

Molecule Dipole moment (debye)
Water 1.8

Peptide bond 3.5

Myoglobin 170

Horse serum albumin 380

Horse carboxy haemoglobin 480

studies show similar results. For example, with both bovine serum
albumin and yeast lysate the number of proteins identified with an
in-gel microwave methodology was either the same or better than
that from conventional studies.®

Again the question arises as to why the microwave heating has
such a profound effect on the rate of enzymatic digestion. Together,
o-helixes and B-conformations compose a major portion of the sec-
ondary structure of large proteins. In the a-helix, the polypeptide
backbone is tightly wound around the molecule axis with each
amino acid side-chain pointing outwards and downwards from
the backbone. The a-helix shows highly optimised use of internal
hydrogen bonding and creates a stacking of peptide bond dipoles
that are added across the hydrogen bonds in the helix, this leading
to a large net dipole from one end of the helix to the other. The
magnitude of these dipoles is illustrated in Table 1. The presence
of a large net dipole moment across o-helices may be responsible,
at least in part, for increased digestion rates of certain proteins
upon microwave irradiation. If the microwave energy interacts with
the dipole of the o-helix, perturbation of the three-dimensional
structure of the protein may result (Fig. 2). This could facilitate
digestion of previously enclosed areas of the protein.

Fig. 2 Dipole moment across an o-helix and interaction with microwave
radiation.

Microwave heating can also be used for determination of amino
acid content (but not structural information) by means of vapour-
phase protein hydrolysis using 6 M HCI in a sealed tube.’® A
particular advantage of the microwave-promoted hydrolysis is that
it reduces the time required for cleavage of difficult to hydrolyse
hydrophobic peptide linkages without excessive degradation of the
labile amino acids, serine and threonine. In a recent development,
apparatus specifically designed for microwave-promoted hydroly-
sis has become available. The 45 mL vapour-phase hydrolysis vessel
allows processing of up to ten 100-300 uL. HPLC autosampler
vials at one time and is connected to vacuum and nitrogen sources.
The sealed hydrolysis vessel is alternately evacuated and purged

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 1141-1150 | 1147





with nitrogen. The hydrolysis is then performed under inert,
anaerobic conditions to prevent oxidative degradation of amino
acids. Using this, hydrolyses on the picomole to nanomole scale
are possible.

Microwave heating can be used as a tool for deglycosylation
of antibodies.”” Many biotechnological products consist of an-
tibodies raised against an oncological, auto-immunological or
other antigen of interest. Characterisation of these antibodies
is important, but the fact that they are heavily glycosylated
means that the task of measuring the molecular weight of the
intact protein is complicated. By deglycosylation, it is possible
to facilitate accurate molecular weight verification. A common
method for achieving this is to use an enzymic cleavage. Peptide-N-
glycosidase F (PNGase F) is one of the most widely used enzymes
for the deglycosylation of glycoproteins. The enzyme releases
asparagine-linked (N-linked) oligosaccharides from glycoproteins
and glycopeptides. With controlled microwave heating it is possible
to perform deglycosylation reactions using PNGase F in between
10 min—-1 h depending on the substrate. This compares to a
time of up to 2 days when performing the same transformations
conventionally. The reactions were performed in a monomode
apparatus using just 1 W microwave power. The optimum reaction
temperature was 37-45 °C above which recovery of the protein at
the end of the cycle drops significantly.

Microwave heating as a tool for other biochemical
applications

Microwave heating has found uses in a number of other biochemi-
cal processes. To show the scope, we have selected some examples.

Microwave-promoted catalysis of organic transformations using
enzymes has been the subject of a number of studies, mainly using
domestic microwave ovens.*® While an apparent rate enhancement
has been reported, more control experiments are required before
a definite conclusion can be drawn. Controlled microwave irra-
diation has been used to accelerate by at least 15-fold metal-
catalyzed oxidation reactions that site-specifically oxidize the
amino acids bound to copper in Cu/Zn superoxide dismutase.”
When combined with mass spectrometry, these reactions provide
a sensitive method for determining Cu-protein binding sites. The
maximum microwave power suitable for maintaining the structural
integrity of the protein can be determined readily by measuring
the oxidation extent of different peptide fragments as a function
of power.

DNA amplification by polymerase chain reactions (PCR) is
a very powerful process, finding applications in medical and
biological research labs for a variety of tasks such as the detection
of hereditary diseases, the identification of genetic fingerprints, the
diagnosis of infectious diseases, the cloning of genes and DNA
computing.®*? The PCR process is conventionally carried out in
a thermal cycler using a DNA polymerase. The most common is
Taq polymerase. The application of microwave heating to PCR
has been studied both to see how the process can be facilitated
and also probe the effects of heating Taq polymerase in many
cycles.®*%* Using controlled microwave heating, it is possible to
reduce the cycle time by approximately half. This is due mainly
to the fact that it is possible to reach the target temperatures very
rapidly and then hold it there easily. As a result, incubation times

can be shortened over the conventional counterparts since, in
the case of the latter, time for equalisation of the temperature
is required. Also, because the heating is on a localized level when
using microwave irradiation, it is possible to perform PCR on the
mL scale. Conventionally, the slow distribution of heat together
with the importance of short process times and reproducibility
limits the volume for most reactions to 0.2 mL. Using microwave
heating, PCR on the 2.5 mL and 15 mL scales has been performed
rapidly with very high efficiency. The sequence to be amplified was
a 53 bp fragment from human chromosome 13. A total of 33 cycles
was performed.

By combining the use of metal-enhanced fluorescence (a near
field effect that can significantly enhance fluorescence signatures)
with low power microwave heating, the sensitivity of surface assays
in a model protein avidin—biotin assay could be greatly increased
as well as being essentially completed within a few seconds.®
A greater than 5-fold fluorescence enhancement coupled with
an approximate 90-fold increase in assay kinetics was observed.
This technology has the potential to impact high throughput
fluorescence-based processes, such as in biology, drug discovery
and general compound screening. In another enabling technology,
the power of combining cleavable isotope-coded affinity tags
(ICAT) and microwave heating can offer an efficient, high
throughput analysis of proteins.®

Summary

Application of microwave energy for peptide synthesis has
shown advantages in terms both of higher purity and shorter
synthesis time. With two separate chemical reactions required
for addition of each amino acid, the benefit of microwave is
accumulated at each cycle. Synthesis of other types of polymers
such as oligonucleotides and carbohydrates should offer similar
benefits. Phosphoramidite chemistry has become the preferred
synthesis technique of oligonucleotides. While DNA synthesis is
fast and efficient conventionally (30 s coupling), RNA synthesis is
more difficult. In comparison to deoxyribose phosphoramidities,
the ribose phosphoramidites associated with RNA contain an
extra 2'-hydroxyl group that requires additional protection during
synthesis. The commonly used protecting groups 2'-O-(tert-butyl)-
dimethylsilyl (TBDMS) and 2'-O-[(triisopropylsilyl)-oxy]-methyl
(TOM) can interfere with the coupling reaction requiring routine
12-15 minute reaction times with standard tetrazole activation.
Use of alternative activators such as 5-ethylthio-1H-tetrazole
(ETT) and 5-benzylthio-1H-tetrazole (BTT) has shown decreased
coupling times, but their increased acidity has been associated
with premature deprotection of trityl groups leading to unwanted
dimerisation. Microwave represents a strategy for potentially
decreasing RNA coupling times to less than a minute even while
using standard tetrazole activation. Removal of the 2'-protecting
group of TBDMS or TOM is a slow process that is critical for
high purity RNA. Conventionally, this process requires around
3 h and is a potential area where microwave synthesis could
provide benefits.

Carbohydrates have many biological roles including energy
storage, metabolism, and bioreceptors in cell-to-cell communi-
cation. However, research of carbohydrates has been limited due
to difficulty of synthesis. Development of solid phase synthesis
of oligosaccharides (SOS) represents an area of active research
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to overcome this problem. However, generation of synthetic
oligosaccharides represents a major challenge due to the fact that
they are branched rather than linear, monosaccharide units can
be connected by a or f linkages, and multiple selective protect-
ing strategies are required. Attempts at coupling monosaccha-
ride units are also difficult due to steric hindrance associated with
the monosaccharide units. While development of an orthogonal
protecting strategy for SOS represents a major current challenge,
microwave represents a valuable tool that can be applied to assist
the rapidly developing SOS methods.

A proteome is thought to be an order of magnitude more com-
plex than the genome itself due to post-translational mechanisms,
genes coding for multiple proteins, and proteins assuming multiple
forms. For this reason throughput is a major focus in proteomics
and enzymatic digestion is often conventionally performed in
96-well formats. While enzymatic digestion has shown benefit with
microwave energy, its application has typically been limited to
single samples. A high throughput format is currently an issue
for microwave instrumentation as the individual wells do not heat
evenly in larger multimode cavities and do not fit into smaller single
mode cavities. Research focused on development of a new cavity
to heat a 96-well plate uniformly has proved challenging due to
the small sample sizes used and the need for accurate temperature
monitoring. Development of a 96-well plate microwave system
should make a significant impact in improving throughput and
sequence coverage for proteomics.

In conclusion, microwave chemistry has shown its scope is not
limited only to synthetic organic chemistry, but also includes many
biological applications. In many cases, comparison of conven-
tional and microwave methodologies has shown that peptides
can be prepared in higher yield and purity using microwave
irradiation.***"3® Due to the large net dipole moment associated
with peptides, proteins, and other biomolecules, microwave energy
offers a unique tool in the bioscience field. Through dipole rotation
and ionic conduction, controlled microwave irradiation can be
used to transfer significant amounts of energy into biosystems
for enhancing a wide variety of processes. As the bioscience field
continues to expand so the application of microwave will grow in
parallel.
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The stereochemistry of palmitoyl-ACP A* desaturase-mediated dehydrogenation has been examined by
tracking the fate of deuterium atoms located on stereospecifically monodeuterated substrates-(4.5)- and
(4R)-[4-°H,]-palmitoyl-ACP and (55)- and (5R)-[5-*H,]-palmitoyl-ACP. It was found that the
introduction of the (Z)-double bond between C-4 and C-5 of a palmitoyl substrate occurs with pro-R
enantioselectivity—a result which matches that obtained for a closely related homolog-castor
stearoyl-ACP A’ desaturase. These data show that despite the difference in regioselectivity between the
two enzymes, the stereochemistry of hydrogen removal is conserved.

Introduction

Fatty acid desaturases catalyze the highly selective, O,-dependent,
1,2-dehydrogenation of lipidic substrates." The most common
example of this important biological reaction features the insertion
of a C9—C10 double bond into long-chain fatty acids as shown in
Scheme 1. Interestingly, a number of regiochemical variations of
A desaturation have been identified in a wide variety of aerobic
life forms (Scheme 1).2 The occurrence of fatty acids with various
double bond position or chain lengths is associated with cold
acclimation, protection from herbivory and biological signaling.?

Elucidation of the structural determinants that control desat-
urase regioselectivity is an intriguing research problem of intrinsic
interest in the area of protein engineering.* However, to date,
only soluble stearoyl-ACP A° desaturases (ACP = acyl carrier
protein) have been purified in sufficient amounts to permit analysis
by X-ray crystallography.’ Recently, a closely related homolog,
palmitoyl-ACP A* desaturase (74% sequence identity), found in
ivy (Hedera helix L.) with promising biophysical characteristics
has been overexpressed.® The availability of two stable, struc-
turally related desaturases with differing regioselectivities offers
a unique opportunity to compare active site topographies. A

“Department of Chemistry, Carleton University, 1125 Colonel By Drive,
Ottawa, Ontario, Canada K1S 5B6

*Brookhaven National Laboratory, Department of Biology, Upton, NY
11973, USA

Scheme 1

critical element of such an investigation involves determining the
enantioselectivity of desaturation for each enzyme in order to
validate crystallographic models of substrate—enzyme complexes.
In the case of the castor A’ desaturase-mediated dehydrogenation,
we have shown that it is the pro-R hydrogens at C-9 and C-10 of
substrate that are removed.” In this paper, we extend this approach
to the stereochemical analysis of the related A* desaturation.

Results and discussion

The enantioselectivity of A* desaturase-mediated oxidation was
determined by mass spectrometric examination of products de-
rived from C-4,5-dehydrogenation of stereospecifically mono-
deuterated palmitoyl-ACP derivatives. The methodology for
enzymatic preparation of palmitoyl-ACP derivatives from the
corresponding carboxylic acid has been developed previously.?
The synthesis of the required labeled palmitates (4R)-[4-*H,]-
1, (49)-[4-°H,]-1, (5R)-[5-*H,]-1 and (5S5)-[5-*H,]-1 is shown
in Scheme 2A,B. It should be noted that de novo synthesis
of these compounds was required because naturally occurring
palmitates bearing appropriately situated chiral functionality such
as the mid-chain hydroxyl group are not available from natural
sources. A number of routes to stereospecifically labelled fatty
acids have been reported;® we decided to take advantage of
the convenient Jacobson epoxide resolution methodology! to
prepare the four required compounds (Scheme 2A,B). Thus chiral

Some naturally occurring variations on the prototypical A’ desaturation of hexadecanoate.
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epoxides of appropriate chain length were opened with either
allyl or 4-but-1-enyl Grignard to give two pairs of regioisomeric,
hydroxyheptadec-1-enyl enantiomers. The enantiomeric purity of
these intermediates was estimated to be >98% in each case as
determined by examination of the "H NMR spectrum of the
corresponding (S)-(+)-O-acetylmandelate derivatives" (AJ*S =
0.21 ppm for the "H NMR resonances assigned to the C-2 vinyl
hydrogen). Stereospecific introduction of the monodeuterium
label was achieved by a standard tosylation/LiAlD, displacement
sequence. Mass spectrometric evaluation of the resultant mon-
odeuterated terminal alkenes indicated that the isotopic purity of

these compounds was very high (>98% d, species, Table 1). The
desired monodeuterated palmitates were obtained by oxidative
cleavage™ of the corresponding heptadec-1-enes and purified by
flash chromatography as the methyl esters. The analytical data for
these compounds was in accord with the assigned structures; the
location of the deuterium label in each case was confirmed by
comparison of the *C NMR spectral data with that of unlabeled
methyl palmitate (See Experimental section).

The ACP derivative of each enantiomer was prepared as
previously described and incubated with ivy palmitoyl-ACP A*
desaturase under conditions that maximized olefin production.

A M
(5.8)-(salen)Co™ / \ (R,R)~(salen)-Co"
-0 o
1 BrMg~_~ l BrMg—~_~
QH OH

l 1. TsCl 2. LAID,
D

\/\/\/\/\/\)\/\/
l 1. KMnO, 2. BFy/MeOH

D

\/\/\/\/\/\/;\/\[( OMe

(4R)-[4-2H,]-1 0

l 1. TsCl 2. LAID,
D
NN NN NN NN F

l 1. KMnO, 2. BFy/MeOH

(5R)-[5-2H]-1

D
\/\A/\/\/\/;\/\n/ OMe
0
(48)-[4-2H,]-1
\/\/\/\/\/\9/
l BngM

(55)-[5-2Hy]-1

Scheme 2 Synthesis of stereospecifically monodeuterated palmitates.

Table 1 Isotopic content” of stereospecifically monodeuterated palmitates and A* desaturated-products

Substrates Products

%d, %d, %d, %d, %Retention of label®
(4R)-[4-H,]-1 0.9+0.2 99.1 £0.2 99.4 + 0.4 0.6+ 0.4 0.6+ 0.4
(4S)-[4-H,]-1 1.1+£02 98.9 +0.2 24406 97.6+0.5 98.7+0.5
(5R)-[5-"H,]-1 1.0£0.2 99.0 £ 0.2 98.9+0.5 1.1 +£0.5 1.1£0.5
(58)-[5-*H,]-1 1.34+0.2 98.74+0.2 3.54+0.2 96.54+0.2 97.84+0.3

“Each incubation was repeated two times and the deuterium content is given as an average value + standard deviation of three independent GC-MS

analyses. ® % Retention of label = [%d; (product)/(%d; (substrate) x 100].
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In each case, the enzymatic ACP product was isolated as the
corresponding methyl ester after treatment of the quenched
reaction with sodium methoxide solution. GC-MS analysis of the
organic extracts allowed determination of the deuterium content
of the products. The mass spectrometric data is shown in Table 1
and clearly demonstrate that A* desaturation involves removal
of the pro-R hydrogens at C-4 and C-5. That is, essentially
complete loss of deuterium was observed upon desaturation of
(R)-deuterated substrates while the olefinic product derived from
(S)-labelled palmitates retained deuterium label to a very high
degree.

The enantioselectivity displayed by the ivy A* enzyme is identical
to that elucidated for the homologous castor A’ desaturase.” Given
the high degree of sequence homology, it is tempting to account
for the observed conservation of stereochemical preference in
terms of a common active site architecture in the region of the
putative non-heme diiron dioxo oxidant' (Scheme 3). In silico
analysis of the X-ray structure for castor A’ desaturase® has shown
that the diiron centre is proximal to the pro-R hydrogens of a
docked stearoyl substrate residing in a bent hydrophobic binding
pocket. Mechanistic studies using oxygen, sulfur-"* and fluorine-
substituted substrate analogues’ have suggested that the C-10 pro-
R hydrogen of stearoyl-ACP may be removed first in the castor A’
desaturase-catalyzed reaction.' If the location of oxidant relative
to bound substrate is strictly conserved as implied in Scheme 3,
then one would predict that the site of initial oxidation would be C-
5 for the A* desaturase-catalyzed reaction. Experiments designed
to test this prediction are planned. It is hoped that the results of
these efforts, together with X-ray crystallographic data of enzyme—
substrate complexes can be used to gain more insight into this
fascinating set of ultra selective reactions.
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Scheme 3 Enantioselectivity of desaturation catalyzed by two structurally
related, soluble desaturase homologs.

Conclusions

1. Stereospecifically monodeuterated palmitates can be prepared
in high isotopic and enantiomeric purity from readily available chi-
ral epoxides. This synthetic route constitutes a general approach
to compounds of this type.

2. The stereochemistry of dehydrogenation mediated by two
structurally related, soluble plant desaturases with differing
regioselectivity has been compared for the first time. The A*
palmitoyl desaturase isolated from English ivy (Hedera helix L.)
removes the vicinal pro-R hydrogens from substrate to generate a
(4Z)-palmitoyl product. Despite the difference in regioselectivity

(A* versus A°) between the ivy and castor desaturases, the observed
enantioselectivity is strictly conserved.

Experimental
General methods

'"H and “C NMR spectra were obtained at 300 and 75.5 MHz
respectively on a Briiker Avance 300 spectrometer with the use of
dilute CDCl; solutions. Chemical shifts are expressed in ppm ()
and are referenced to tetramethylsilane. J-values are reported in
Hertz (Hz).

Mass spectra of synthetic intermediates were obtained by
GC/MS using a Kratos 1H mass spectrometer coupled to a HP
5980 Series 2 gas chromatograph equipped with a J. & W. DB-5
capillary column (30 m x 0.21 mm), temperature programmed
from 120 °C to 320 °C at 10 °C min~'. GC-MS analysis
of enzymatic products was carried out using a HP5973 mass
spectrometer coupled to a HP6890 GC equipped with a SP2340
capillary column (60 m x 0.25 mm), temperature programmed
from 100 °C to 160 °C at 25 °C min~' and 160 °C to 240 °C at
10 °C min~'. The isotopic content of analytes was estimated by
scanning several times per GC peak; the integrated intensities of
the individual ions in the pertinent ion cluster were analyzed with
the use of HP-ChemStation software and have been corrected for
natural isotopic abundances. Care was taken to include the entire
GC peak in the integration procedure in order to prevent errors
due to fractionation of isotopic species during chromatography.

Flash chromatography with silica gel (230-400 mesh) was used
to purify all intermediates and substrates. Visualization of UV-
inactive materials on silica gel TLC was accomplished by a
combination of water spray or I, vapor as appropriate.

All reagents and starting materials for organic synthesis were
purchased from Sigma-Aldrich and used without purification.
Tetrahydrofuran (THF) and diethyl ether (Et,O) were freshly
distilled from Na-benzophenone ketyl. All air- and moisture-
sensitive reactions were performed under N,. Organic extracts
were typically dried by gravity filtration through anhyd. Na,SO,
and solvents were evaporated in vacuo on a Buchi RE 111
Rotavapor.

All buffers and salts, NADH, BSA and other biochemicals were
purchased from Sigma-Aldrich. Protein concentrations were mea-
sured by the method of Bradford"™ with the use of bovine serum
albumin as standard protein. The purification of ivy palmitoyl-
ACP A" desaturase and required cofactors and the synthesis of
substrate ACP derivatives has been previously described.®®

Synthesis of substrates
Preparation of chiral epoxides

1,2-Epoxytetradecane. To I-tetradecene (3.92 g, 20 mmol)
in dichloromethane (15 ml) in a RBF at 0 °C was added m-
chloroperbenzoic acid (7.92 g, 55%, 45.4 mmol) dissolved in
dichloromethane (300 mL). The solution was left to react for
18 h at 4 °C and then washed with sat. NaHCO; (3 x 75 mL),
10% NaOH (1 x 75 mL) and sat. NaCl (3 x 75 mL), dried and
evaporated to give the title compound (4.06 g, 96%) as a colourless
oil at room temperature. The analytical data for this compound
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is similar to that reported previously.’® R; 0.34 (5% EtOAc in
hexanes); '"H NMR 6 2.90 (m, 1H), 2.74 (dd, J 5.0 Hz, 4.1 Hz,
1H), 2.46 (dd, J 5.1 Hz, 3.0 Hz, 1H), 1.26-1.54 (m, 22H), 0.88 (t,
J 6.8 Hz, 3H). "C NMR ¢ 52.41,47.13, 32.51, 31.93, 29.68, 29.64,
29.64, 29.56, 29.56, 29.46, 29.36, 26.02, 22.69, 14.11; EI MS (rel.
intensity) m/z 169 (1), 137 (2), 123 (4), 109 (12), 95 (31), 82 (56),
71 (100), 55 (88), 43 (89).

1,2-Epoxytridecane. From 1-tridecene and MCPBA. A
colourless oil at room temperature.”” Analytical data similar to
that of 1,2-epoxytetradecane except for *C NMR ¢ 52.43, 47.11,
32.47,31.89,29.61, 29.60, 29.53, 29.53, 29.42, 29.32, 25.94, 22.66,
14.07; EI MS (rel intensity) m/z 155 (1), 137 (2), 123 (8), 109 (13),
95 (33), 82 (52), 71 (100), 55 (80), 43 (75).

(8)-(—)-1,2-Epoxytetradecane. Glacial acetic acid was added
(62.5 uL, 1.10 mmol) to a solution of [(S,S)-N,N’-bis(3,5-di-
tert-butylsalicylidene)-1,2-cyclohexanediaminato(2—)] cobalt(1r)
(63 mg, 0.10 mmol) in dichloromethane (2 mL) and the solution
was stirred 30 minutes and then concentrated in vacuo to give a
crude brown solid. This residue was cooled to 0 °C and a solution
of 1,2-epoxytetradecane (4.40 g, 20.7 mmol) in isopropanol (1 mL)
was added. H,O (375 pL, 21 mmol) was added dropwise with
stirring. The reaction mixture was allowed to warm to room
temperature; the reaction was allowed to proceed for 48 h. Hexanes
(40 mL) were added to the product mixture and the turbid solution
filtered to remove a solid precipitate. The filtrate was concentrated
and purified by flash chromatography (2.5% EtOAc in hexanes) to
yield the title compound (1.09 g, 5.15 mmol, 25%), a colourless oil
at room temperature. R; 0.34 (5% EtOAc in hexanes). All spectral
data were similar to that of (R,S)-1,2-epoxytetradecane. [a]} =
—5.9° (¢ 1.36, CHCL).

(R)-(+)-1,2-Epoxytetradecane. From [(R,R)-N,N’-bis(3,5-di-
tert-butylsalicylidene)-1,2-cyclohexanediaminato(2—)] cobalt(1r)
and 1,2-epoxytetradecane. Colourless oil at room temperature.
R; 0.34 (5% EtOAc in hexanes); All spectral data were similar to
that of (R,S)-1,2-epoxytetradecane. [a] = + 5.8 (¢ 1.48, CHCl,)
lit." + 4.31° (¢ 1.42, CHCL,).

(SH—)1,2-Epoxytridecane. From [(S,S)-N,N-bis(3,5-di-tert-
butylsalicylidene)-1,2-cyclohexanediaminato(2—)] cobalt(i) and
1,2-epoxytridecane. Colourless oil at room temperature. R; 0.34
(EtOAc/hexanes 1 : 20). All spectral data were similar to that of
(R.,S)-1,2-epoxytridecane. [a]; = —6.7 (¢ 1.16, CHCL;).

(RH(+)1,2-Epoxytridecane. From [(R,R)-N,N-bis(3,5-di-tert-
butylsalicylidene)-1,2-cyclohexanediaminato(2—)] cobalt(i) and
1,2-epoxytridecane. Colourless oil at rt. R; 0.34 (5% EtOAc in
hexanes). All spectral data were similar to that of (R,S)-1,2-
epoxytridecane. [a]] = + 6.5 (¢ 1.65, CHCL,).

Preparation of chiral alcohols

(S)-5-Hydroxy-1-heptadecene. To allyl magnesium bromide
(1 M in THF, 6.6 mL, 6.6 mmol) at 0 °C was added, slowly with
stirring, (S)-(—)-1,2-epoxytetradecane (906 mg, 4.27 mmol) dis-
solved in THF (1.5 mL), followed by dilithium tetrachlorocuprate
solution (0.3 mL, 24 mg LiCl and 34 mg CuCl, in 2.5 mL THF).
The mixture was allowed to warm to rt and stirred for 2 h. The
reaction was quenched by the addition of crushed ice (5 g). The
mixture was transferred to a separatory funnel, and the reaction

vessel rinsed with Et,O (10 mL) and 3 M HCI (3 mL). The aqueous
layer was extracted with Et,0 (3 x 6 mL) and the combined
organic layers were washed with 10% NH,OH (3 x 6 mL), 10%
Na,S,0; (1 x 4mL), H,O (2 x 4 mL) and sat. NaCl (1 x 5 mL).
The solution was dried and concentrated in vacuo to yield the
title compound (1.05 g, 4.14 mmol, 97%) as a low melting solid.
Analytical data similar to that reported for corresponding racemic
compound.” R;0.08 (5% EtOAcin hexanes); '"HNMR 6 5.85 (ddt,
J 17.1,10.2, 6.8 Hz 1H), 5.05 (dm, J 17.1 Hz, 1H), 4.99 (dm, J
10.2 Hz, 1H,), 3.62 (m, 1H), 2.06-2.27 (m, 2H), 1.18-1.64 (m,
24H), 0.88 (t, J 6.6 Hz, 3H). "C NMR ¢ 138.68, 14.71, 71.53,
37.51, 36.48, 31.93, 31.10, 29.69, 29.69, 29.67, 29.66, 29.63, 29.63,
29.37, 25.64, 22.70, 14.22; EI MS (rel. intensity) TMS derivative
m/z 311 (6, [M — 15]*), 271 (54, [TMSOCH—(CH,),CH;]*), 157
(100, [ TMSOCH-CH,-CH,~CH=CH,]*); >98% ec ("H NMR of
(S)-(+)-0-acetylmandelate derivative').

(R)-5-Hydroxy-1-heptadecene. From (R)-(+)-1,2-epoxytetra-
decane and allyl magnesium bromide. Low melting solid at rt.
R; 0.08 (5% EtOAc in hexanes). Analytical data similar to that
reported for corresponding racemic compound.” >98% ee ('H
NMR of (S)-(+)-0O-acetylmandelate derivative').

(S)-6-Hydroxy-1-heptadecene. To a 3-necked RBF equipped
with magnetic stir bar, N, inlet and two rubber septa, was added
dry magnesium turnings (247 mg, 10.3 mmol). The vessel was
flushed with N, for 5 min and 4-bromo-1-butene (1.15 g, 8.5 mmol)
dissolved in THF (7 mL) was added. The mixture was refluxed
until all metal was consumed (1.5 h) after which the solution was
cooled to 0 °C. (S)-(—)-1,2-epoxytridecane (1.12 g, 5.63 mmol)
dissolved in THF (1 mL) was slowly added to the reaction vessel
via syringe, followed by dilithium tetrachlorocuprate solution
(0.3 mL, 24.2 mg LiCl and 34 mg CuCl, in 2.5 mL THF). The
mixture was allowed to warm to room temperature and stirred
for 2 h. The reaction was quenched with crushed ice (5 g) and
the resultant mixture transferred to a separatory funnel, rinsing
the reaction vessel with Et,O (7.5 mL) and 3 M HCI (3 mL).
The aqueous layer was extracted with Et,O (3 x 6 mL). The
combined organic layers were washed with 10% NH,OH (3 x
6 mL), 10% Na,S,0; (1 x 4 mL), H,O (2 x 4 mL) and sat. NaCl
(1 x 5mL). The solution was dried and concentrated in vacuo to
yield title compound (1.21 g, 85% yield) as a low melting solid.
Analytical data similar to that reported in the literature® for this
compound. R; 0.08 (5% EtOAc in hexanes); "H NMR ¢ 5.81 (ddt,
J 18, 10.5, 7.5 Hz 1H), 4.96-5.06 (dm, J 18 Hz, 1H), 4.92-4.99
(dm, J 9 Hz, 1H), 3.59 (m, 1H), 2.03-2.10 (m, 2H), 1.18-1.64 (m,
24H), 0.88 (t, J 6.6 Hz, 3H). "C NMR ¢ 138.77, 114.55, 71.84,
37.54, 36.88, 33.75, 31.92, 29.71, 29.67, 29.64, 29.64, 29.62, 29.35,
25.65, 24.93, 22.69, 14.11; EI MS (rel. intensity) TMS derivative
m/z 311 (6, [M — 15]*), 257 (93, [TMSOCH—(CH,);CH;]*), 171
(29, [TMSOCH—(CH,);—CH=CH,]"). >98% ee ("H NMR of (S)-
(+)-O-acetylmandelate derivative').

(R)-6-Hydroxy-1-heptadecene. From (R)-(+)-1,2-epoxytride-
cane and 4-bromo-1-butene. A low melting solid. R; 0.08 (5%
EtOAc in hexanes). Analytical data similar to that reported for
corresponding enantiomer.”’ >98% ee (‘"H NMR of (S)-(+)-O-
acetylmandelate derivative').
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Preparation of stereospecifically deuterated palmitates

Methyl (4R)-[4-*H,]-palmitate ((4R)-[4-*H,]-1). A solution of
(S)-5-hydroxy-1-heptadecene (906 mg, 3.57 mmol) in dry pyridine
(7.5 mL) was treated with TsCl (1.41 g, 7.14 mmol) at 0 °C. The
solution was stirred for 1 h at 0 °C and left at 4 °C (3 days).
The precipitated pyridinium hydrochloride salt was dissolved by
adding H,O (25 mL) to the reaction mixture and the aqueous
layer extracted with Et,O (3 x 30 mL). The combined organics
were washed with sat. CuSO, (4 x 15 mL), H,O (2 x 15 mL),
5% NaHCO; (2 x 15 mL), sat NaCl (1 x 15 mL), dried and
concentrated in vacuo to give the tosylate (1.29 g) as a viscous oil.
'HNMR ¢ 7.79 (d, J 9.0 Hz, 2H), 7.33 (d, J 9.0 Hz, 2H), 5.70
(m, 1H), 4.98 (dm, J 5.1 Hz, 1H), 4.92 (m, 1H), 4.57 (p, J 6.0 Hz,
1H), 2.44 (s, 3H), 1.94-2.06 (m, 2H), 1.61-1.73 (m, 2H), 1.15-
1.33 (m, 22H), 0.88 (t, J 6.6 Hz, 3H). The tosylate intermediate
(1.14 g, ca. 2.8 mmol) was dissolved in dry ether (5 mL) and
lithium aluminium deuteride (372 mg, 8.8 mmol) was added; the
reaction mixture was stirred for 5 h at rt under N,. The reaction
was quenched with H,O (12 mL) and 6 M HCI (21 mL) and
then extracted with Et,O (3 x 30 mL). The combined ethereal
layers were washed with H,O (1 x 15 mL), dried and concentrated
in vacuo to give the crude monodeuterated 1-heptadecene (686
mg) as a low melting solid: '"H NMR ¢ 5.81 (ddt, J 18, 10.5,
7.5 Hz, 1H), 4.99 (dm, J 18 Hz, 1H), 4.92 (dm, J 9 Hz, 1H),
2.04 (dt, J 9.0, 6.0 Hz, 2H), 1.26 (br s, 25 H), 0.88 (t, J 6.0, 3H);
MS (EI, 70 eV) m/z 239 (M*), 211 (M* — 28). A portion of the
monodeuteroheptadec-1-enyl intermediate so obtained (289 mg,
ca. 1.26 mmol) was oxidized with aqueous KMnO, (800 mg,
5 mmol in 19 mL) containing hexadecyltributyl phosphonium
bromide (11 mg) for 5 h at rt with vigorous stirring. The product
mixture was treated with sodium sulfite (1.5 g) in 15 mL 4 M HCI
and then extracted with hexanes (3 x 30 mL) followed by washing
with H,O, (I x 20 mL) and sat. NaCl (1 x 20 mL) to give the
crude carboxylic acid (319 mg) after drying and evaporation of the
organic layer. A portion of this material (232 mg) was subsequently
methylated by BF;/MeOH and purified by flash chromatography
(2.5% EtOAc/hexanes) to give the title compound as a white solid
(125 mg, 0.46 mmole, 44% overall yield from (S)-5-hydroxy-1-
heptadecene). R; 0.18 (2.5% EtOAc in hexanes). '"H NMR ¢ 3.66
(s, 3H), 2.30 (t, J 7.4, 2H), 1.61 (m, 2H,), 1.26 (br s, 23H), 0.88
(t, J 6.7, 3H); "C NMR ¢ 174.37, 51.44, 34.11, 31.94, 29.71,
29.71, 29.71, 29.67, 29.67, 29.62, 29.45, 29.38, 28.77 (C4, t, Jcp
19 Hz, upfield a-deuterium isotope shift*' (0.41 ppm)), 29.18 (C5,
upfield B-deuterium isotope shift (0.1 ppm)) 24.88 (C-3, upfield
B-deuterium isotope shift (0.1 ppm)), 22.71, 14.14; MS (EL, 70 eV)
m/z 271 (M"), 240 (M* — CH;0).

Methyl (45)-[4-H;]-palmitate ((4S)-[4-*H,]-1). From (R)-5-
hydroxy-1-heptadecene. Obtained as a white solid. The spectral
data of the title compound was identical to that of corresponding
(R)-enantiomer.

Methyl (5R)-[5-*H,]-palmitate ((5R)-[5-*H,]-1). From (S)-6-
hydroxy-1-heptadecene. Obtained as a white solid. The spectral
data of the title compound were similar to those reported for the
isotopomer above except for: *C NMR ¢ 174.36, 51.44 34.13,
31.94, 29.70, 29.70, 29.70, 29.69, 29.67, 29.67, 29.38 ((C6, upfield
B-deuterium isotope shift (0.1 ppm)) 29.38 (C13), 28.86 (CS5, t,

Jeo 19 Hz, upfield a-deuterium isotope shift (0.4 ppm)), 29.07
(C4, upfield B-deuterium isotope shift (0.1 ppm)) 24.95, 22.71,
14.13.

Methyl (55)-[5-*H,]-palmitate ((55)-[5-*H,]-1). From (R)-6-
hydroxy-1-heptadecene. Obtained as a white solid. The spectral
data of the title compound was identical to that of the corre-
sponding (R)-enantiomer.

Desaturase assay. Reactions of acyl-ACP derivatives with A*
desaturase were carried out at room temperature. Each reaction
mixture consisted of ivy A* desaturase dimer (2.4 nmol), dithio-
threitol (400 nmol), bovine liver catalase (16 nmol), Anabaena
vegetative ferredoxin (4.7 nmol), maize root NADPH:ferredoxin
reductase (0.3 nmol), acyl-ACP (10.6 nmol) in a total volume of
660 pL of buffer. The reaction was initiated by the addition of
NADPH (0.7 umol) in buffer (32 pL) and allowed to continue
for 30 min. The reaction was terminated with the addition of
toluene (1 mL) and the thioester linkage was transesterifed to
give the corresponding methyl ester with freshly prepared 0.5 M
NaOMe at 55 °C for 30 min. The residue was acidified with acetic
acid (100 uL) and extracted with hexane (2 x 2 mL). The phases
were separated by centrifugation and the combined organics were
evaporated under a steady stream of N, and the residue was diluted
with 100 uL of hexane for analysis by GC-MS.
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Treatment of a series of a-thioamides with N-chlorosuccinimide results in efficient transformation to
the analogous a-thio-f-chloroacrylamides. The mechanistic pathway has been established through
isolation and characterisation of intermediate compounds. The scope of the transformation has been
explored—aryl and alkylthio substituents, primary, secondary and tertiary amides can be employed. In

most instances, the chloroacrylamides are formed exclusively as the Z-stereoisomer; however, with

tertiary propanamides or with amides derived from butanoic or pentanoic acid a mixture of E- and

Z-stereoisomers is formed.

Introduction

a-Chlorination of sulfides on treatment with a range of chlorinat-
ing agents such as N-chlorosuccinimide (NCS) is well established.!
As part of an ongoing synthetic programme in our laboratory,
the preparation of the o-chlorosulfide 2 derived from N-tolyl-
a-(phenylthio)propanamide (1) was required. Chlorination of o-
thioesters on treatment with NCS is well precedented” and, there-
fore, this method was attempted with a-thioamide 1. However,
when 1 was treated with NCS, the reaction pathway was found
to be more complex. The expected a-chlorosufide 2 was formed
initially but, as this was not stable, it was transformed to further
products, notably the o-thio-B-chloroacrylamide 3 (Scheme 1).? In
this paper, the detailed investigation of the mechanistic pathway
by which this product is formed is described. Furthermore, the
investigation of the scope of this transformation is described,
thereby providing an efficient and stereoselective synthetic route
to a-thio-B-chloroacrylamides.

0 o Q
PhS PhS ) PhS
NHTol —= NHTol — o NATe
cl
1 2 3

Scheme 1

Some reports of structurally-similar compounds have appeared,
for example Viehe ez al. * mention o-thio-B-halo-a, B-unsaturated
esters/amides and B-haloacrylonitriles in a patent. No spectro-
scopic details for the amide derivative or details of a synthetic
method for the formation of esters and amides were reported in
this patent. However, Viehe employed a procedure described by

“Department of Chemistry, Analytical and Biological Chemistry Research
Facility, University College Cork, Ireland. E-mail: a.maguire@ucc.ie
!School of Chemistry, The University of St. Andrews, St. Andrews, Fife,
KY16 9ST, Scotland

T Electronic supplementary information (ESI) available: Full experimental
procedures and spectral data for all compounds described. See DOI:
10.1039/b618540a

Pochat® for the preparation of B-bromo-o-(ethylthio)acrylonitrile
5 whereby o-(ethylthio)acrylonitrile 4was treated with bromine in
carbon tetrachloride or acetonitrile as illustrated in Scheme 2.

SE Br SEt
—_—
PhHC=< CCly or CHCN PhBrC:<
4 ON 91 % 5 ON

E : Zratio not specified

Scheme 2

Results and discussion
Preliminary observations

Generation of the o-chlorosulfide 2 was observed by NMR when a-
(phenylthio)propanamide 1 was treated with 1 equivalent of NCS
in carbon tetrachloride at 0 °C for 3 h and following removal of
the succinimide by filtration (Scheme 3). Further investigations
led to the observation that at room temperature, after 24 h,
the same amount of NCS gave an essentially equimolar mixture
of a-chlorosulfide 2 and acrylamide 6. When the number of
equivalents of NCS was increased to two, under otherwise identical
reaction conditions, the major compound formed was a dichloride
7, although minor amounts of acrylamide 6 were also present.
Treatment of this crude reaction mixture with 1.5 equivalents of
zinc chloride in nitromethane and DCM gave a reaction mixture
containing two major products, which were isolated and identified
as N-4-methylphenyl-Z-3-chloro-2-(phenylthio)propenamide (3)
and N-4-methylphenyl-Z-2,3-(phenylthio)propenamide (8).

The unexpected highly stereoselective formation of the f-chloro-
a-thioacrylamide 3 caught our attention, providing a potentially
valuable series of highly-functionalised acrylamides which could
be envisioned to act as dienophiles or Michael acceptors, for
example. To explore the scope of this transformation, the synthesis
of a series of thioamides and treatment of each with NCS was
undertaken.
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Determination of the reaction pathway and mechanism

To determine the reaction pathway, the transformation of the o-
thioamide 1 to the B-chloroacrylamide 3 was explored in detail.
Each intermediate was isolated and identified, and the conditions
for the formation of each of the intermediates were determined.
The results of these experiments are outlined in Table 1, below.

It is evident from these results that as the number of equivalents
of NCS, reaction time and temperature increased, the major
products changed from the o-chlorosulfide 2 and acrylamide 6
under mild conditions to the dichloride 7 and B-chloroacrylamide
3 under more forcing conditions.

The a-chlorosulfide 2 was the only product formed when 1 was
treated with 1.1 equivalents of NCS at 0 °C for 3 h. Filtration of the
succinimide by-product allowed '"H NMR analysis of the carbon
tetrachloride solution of 2, but partial decomposition occurred
rapidly (ca. 50% in 1 h) on concentration of the compound, or more
slowly (ca. 50% in 7 days) on storage in solution at temperatures
as low as —20 °C.

Decomposition of 2 leads to 6 by elimination of HCI. The o-
chlorosulfides studied in this work were found to vary considerably

Table 1 Transformation of a-thioamide 1 to f-chloroacrylamide 3

in stability compared to the a-chloro-o-thioesters studied by
McKervey et al., which were found to be stable, as a solution
in carbon tetrachloride at 0 °C, for several years. The enhanced
reactivity of 2 relative to the ester derivative is presumably due to
increased sulfide stabilization of the carbocation generated on loss
of chloride, facilitated through conformational factors as a result
of the intramolecular hydrogen bond from the amide hydrogen to
the sulfide group.

On treatment of 1 with 1.1 equivalents of NCS at room
temperature for 24 hours, a 1 : 1 mixture of 2 and 6 was
obtained. When this mixture was passed through a column of
silica gel, complete conversion to 6 occurred. A pure sample of the
acrylamide was readily obtained in this manner.

A second equivalent of NCS was necessary for chlorination of
the acrylamide to occur. At temperatures of 2045 °C in carbon
tetrachloride as solvent, the products resulting from treatment
of 1 with 2.2 equivalents of NCS were 6 and 7. Variation
of reaction times (16-24 h) and temperatures (20-45 °C) gave
various ratios of the two products. Despite many attempts at
chromatographic purification, it was not possible to obtain a pure
sample of 7: partial decomposition of 7 on storage or exposure to
silica gel to form the B-chloroacrylamide 3 was observed. However,
when N-benzyl-o-(phenylthio)propanamide (9) was treated with
2.2 equivalents of NCS at 40 °C for 17 h, the N-benzyl dichloride
101 formed, which proved considerably more stable than the N-
tolyl analogue (Scheme 4). Purification by chromatography gave
a pure sample of the N-benzyl dichloride 101, which was fully
characterized.

oPn PhS Cl
)WNHBnﬂ. A e

o CCl4,40 °C, 17h o

9 101

46%

Scheme 4

When 1 was treated with 2.1 equivalents of NCS at 40 °C, using
toluene as solvent in place of carbon tetrachloride, a mixture of 7

SPh

—

SPh
PhS Cl
NHTol NHTol NHTol
NCS +
O (8] ]
1 2 6

SPh
PhS Cl
Cl NHTol Cl_ = NHTol
+ +
] ]
7 3

Molar ratio of products”

NCS/eq Temperature/°C Time/h 2 6 7 3

1.1 0 3 Only — — —
1.1 20 24 1 — —
2.2 20 48 — 2 —
2.2 40-45 16-24 Mixtures of 6 and 3, ratio dependant on time & temperature

2.1 40¢ 22 — — 33 1

2.2 47-50 18-24 — — 1 10
2.2 Reflux 18 — — — Only
2.2 Reflux* 2 — — — Only

“Reaction was conducted in toluene, each of the other reactions was conducted in carbon tetrachloride. ® Ratios of products were determined by

integration of "H NMR spectrum of crude reaction mixture.
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and 3 was isolated in a ratio of 3.3 : 1. However, when reactions
were conducted in carbon tetrachloride above 45 °C the major
product isolated was 3. When 1 was treated with 2.2 equivalents
of NCS at reflux in either carbon tetrachloride or toluene, 3 was
the only product detected. The difference in reaction time when
the higher boiling solvent, toluene, is used (2 h) in place of carbon
tetrachloride (18 h) is significant.

Based on these observations, the reaction mechanism in
Scheme 5 can be proposed.

0]

o) ¢ o .
PhS NCS_ PhS o PN NHTol
NHTol + NHTol —%» (» ol
CH; Ha cr CHs
H l

¢y o o o}

4
PhS Ph Ph
NHTol nNcs NHTol -HCI NHTol
| H

(,CHz CH, X
cr 6 2

[0}
cr Cl
NHTol NHTol

-HCI

PhS

c 3

NHTol

Scheme 5

Thus, chlorination of the o-thioamide 1 using the first equivalent
of NCS generates the o-chlorosulfide 2. The mechanism of a-
chlorosulfide 2 formation is believed to involve the formation of a
chlorosulfonium ion. On elimination of HCI, the acrylamide 6 is
formed. A second equivalent of NCS again chlorinates the sulfur
substituent on the acrylamide to generate a chlorosulfonium ion.
This is followed by addition of chloride ion at the B-carbon to
introduce the B-chlorine. Further chloride addition to the resulting
sulfur-stabilized carbonium ion gives the dichloride 7. Subsequent
elimination of HCI, presumably via the carbocation, produces the
B-chloroacrylamide 3. The sulfur-stabilized carbocation generated
by conjugate addition of chloride to the acrylamide 6 may also be
deprotonated to form the B-chloroacrylamide 3 directly.

In order to determine that the proposed mechanism was correct,
the following series of experiments were performed:

(a) The decomposition of 2 to 6 on standing or on passing
through a column of silica gel (as mentioned earlier) confirms the
first step.

(b) When a sample of 6 was heated at 47 °C with 1.1 equivalents
of NCS in carbon tetrachloride, no evidence for formation of 7 or
3 was observed. However, when a sample of 6 was treated with 1.1
equivalents of NCS in carbon tetrachloride at reflux for 18 h, the
crude product mixture contained 6 and 3 in a ratio of 1 : 3. This

confirmed that 6 is transformed to 3 under the reaction conditions
(carbon tetrachloride, reflux, 18 h) and is an intermediate in the
reaction pathway. The fact that no dichloride 7 was isolated may
have been due to its lability in refluxing carbon tetrachloride.
Interestingly, transformation of 6 to 3 was less efficient than
transformation of 1 to 3 under the same reaction conditions.

(c) When a mixture of 6 and 1 (3 : 1) was stirred with 3
equivalents of NCS in CCl, at room temperature for 24 h, 1 was
completely transformed to the dichloride, and it appeared that
some transformation of 6 had occurred as the ratio of 6 to 7 was
2 : 1 (estimated by integration of "H NMR).

(d) A sample containing a mixture of 7 and 3 (ca. 3 : 1) was
heated at 47 °C in CCl, under nitrogen for 48 h. Partial thermal
decomposition of 7 to 3 was observed. '"H NMR integration data
showed that 50% of the dichloride 7 had decomposed to 3. Also,
a sample of 7 (containing minor amounts of 6 and 3), heated neat
at 80 °C under nitrogen, was completely converted to 3 in 2 h.

(e) When a sample of 7 was treated with anhydrous zinc chloride
in DCM and nitromethane at 20 °C, 3 was obtained.

Thus, experimental evidence for each step of the proposed
mechanism was secured.

Despite the convincing evidence for the polar reaction mech-
anism, it does not rule out another possible reaction pathway
involving captodative radical intermediates formed by homolytic
cleavage of the C=CI bond (Scheme 6).”

PhS - ©! P
X[?NHTOI )\WNHTol
0 0
Scheme 6

To establish if the captodative radical compound is a reaction
intermediate, a number of experiments were conducted to trap this
radical if it was formed.

Sato, Ishibashi and Tkeda*' have shown that N-allyl-o-
chloroamide derivatives undergo efficient 5-exo-trig-cyclisation.
Based on their work, N-allyl-o-(phenylthio)propanamide (14) was
prepared and treated with 2.2 equivalents of NCS in CCl, at reflux
or 1.95 equivalents of NCS in toluene at 90 °C (Scheme 7). If
the captodative radical 102 was formed, cyclisation as illustrated
would be expected to form the y-lactam. However, no evidence
for cyclisation was observed. The major product was the N-allyl-
B-chloroacrylamide 56 isolated by chromatography in 84% yield
from reaction in toluene and 56% yield from reaction in CCl,.

Since the N-allyl derivative did not cyclise, the N-cinnamyl-o-
(phenylthio)propanamide (15) was prepared, as the cinnamyl sub-
stituent would be expected to act as a more efficient radical trap.
Again, on treatment of the a-thioamide 15 with 2.2 equivalents of
NCS in CCl, under reflux conditions, no cyclisation was observed
and the corresponding p-chloroacrylamide 57 was formed in 67%
yield as a white, crystalline solid. These experimental results
suggest that the elimination of HCI from the o-chlorosulfide
occurred by a polar mechanism rather than a radical pathway.

Synthesis of B-chloroacrylamides

Based on the serendipitous observation of the formation of the
B-chloroacrylamide 3, investigation of the transformation of the
series of a-thioamides 1, 9-50 (see the ESI for synthesis of

1230 | Org. Biomol. Chem., 2007, 5, 1228-1241

This journal is © The Royal Society of Chemistry 2007





2.2eq NCS
CCly, A,
PhS N/\/\R _ (56%) PhS N/\/\R
H R=H,Ph or | H
1.95 eq NCS, Cl
toluene, 90 °C
2.2eqNCS ;
\ cc:|4,q A (84%)

(0]
Cl
PhS
\1* NM\R o
H
PhS

l NH

Scheme 7

o-thioamidest) to the analogous B-chloroacrylamides 3, 51—
100 was undertaken®—the optimised results are summarized in
Table 2, indicating the broad scope of this synthetic transfor-
mation. In most instances, the crude products of the reactions
were sufficiently pure for use in further reactions, but could
be readily obtained in an analytically pure form through chro-
matography, trituration or recrystallisation. The efficiency of the
transformation and the purity of the crude products are readily
determined by integration of the "H NMR signal for the vinylic f—
H, typically at 7-8 ppm. The synthesis of the B-chloroacrylamides
has been optimised so that synthetically useful amounts of these
materials can be easily prepared from the corresponding sulfides,
for example, the B-chloroacrylamide 51 has been successfully
synthesised on a 39 mmol scale resulting in isolation of over 9.5 g of
material after chromatography, with no evidence of side products
detected. The B-chloroacrylamides proved quite stable and easily
stored, and in many instances are crystalline solids.

O

RS
| NR¢R,

Cl Cl

Side products. Dichloroacrylamide

103 R' = Me, R> = Mg, R* = Ph

105 R' = Me, R? = Mg, R* = 4-MeOCH,
106 R' = Me, R? = Me, R* = Bn

107 R' =Bn, R* = H, R* = Me

109 R' = Bu, R* =H, R* = Me

(0]

R
3S Tﬁk NR(R,
Acrylamide

108 R' = Bn, R* = H, R’ = Me
110R' = By, R = H, R’ = Me

0
cl
R:S
NR4R,

Cl Cl

Trichloride
104 R' = Me, R> = Me, R? = Ph

Process optimisation. Since the initial discovery of a-thio-f3-
chloroacrylamides, a considerable amount of research has been
carried out to optimize their formation. Toluene has replaced
carbon tetrachloride as the reaction solvent due to significantly
shorter reaction times and for safety reasons. While the succin-
imide by-product is soluble in hot toluene, it was found that, as the
reaction cooled, the by-product precipitated. Hence, almost all of
the succinimide can be removed by cooling the reaction solution at
0 °C for 30 minutes followed by filtration. Originally, recrystallised
N-chlorosuccinimide was employed but it was later demonstrated
that there was no significant advantage in using this compared
to unrecrystallised NCS, and commercial NCS is now routinely
used without recrystallisation. The ‘hot plunge’ method has also
proven more beneficial than heating the reaction solution from
room temperature. Using this method, following NCS addition
the reaction vessel is lowered into an oil bath which has been
pre-heated to the desired temperature. The more rapid heating
causes the reaction to cascade more efficiently through from the o-
chlorosulfide to the acrylamide to the dichloride and ultimately to
the B-chloroacrylamide. Heating the reaction solution from room
temperature leads to slower transformation of the intermediates,
which in turn leads to the formation of impurities.

The transformation from o-thioamide to B-chloroacrylamide
was carried out using a range of amide and thiol groups. Initially,
these transformations were carried out using 2.1-2.2 equivalents
of NCS at 130 °C for 2 hours. On closer examination, it was found
that impurities resulting from overchlorination were present in
many of the reaction mixtures under these reaction conditions.
These were identified as the trichloride (e.g., 113) and the
dichloroacrylamide (e.g., 114) presumably formed by elimination
of HCI from the trichloride. Having identified these impurities,
prevention of their formation was attempted in two ways: decrease
of the reaction temperature and reduction in the amount of NCS
used in the reaction (Table 3). These optimization experiments
were carried out using N-ethyl-2-(phenylthio)propanamide (10).

By reducing the reaction temperature, it was hoped that the rate
of over-chlorination would be decreased. Reducing the reaction
temperature from 130 to 90 °C (approximately the temperature
to which an oil bath would have been heated in order to reflux
carbon tetrachloride in the original experiments described above)
gave promising results. The trichloride 113 comprised 55% of
the product mixture, but it was not being transformed to the
dichloroacrylamide 114. The reaction time was next reduced from
13.5 to 4 hours. While this did not result in an improvement
in product purity, it demonstrated that the reaction could be
conducted over a shorter time period, whilst maintaining 100%
conversion of the starting sulfide.

To date, all of the optimization studies had been conducted
using 2.1-2.2 equivalents of NCS. The reaction mechanism
indicates that just 2 equivalents of NCS are required for complete
transformation. It was decided to reduce the quantity of NCS
employed to a figure closer to this theoretically-required amount.
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Table 2 Synthesis of the f-chloroacrylamides

SR, Q
R4 NRiR;  Ncs RaS NR1R;
o o g, 39-96%
Entry Sulfide R' R? R3 R* E/Z Method® Product Yield (%)°
1 1 p-Tol H Ph H Z A 3 91
2 9 Bn H Ph H V4 A 51 81
3 10 Et H Ph H V4 A 52 81
4 11 i-Pr H Ph H Z A 53 89
5 12 n-Bu H Ph H V4 A 54 81
6 13 Me H Ph H Z A 55 69
7 14 Allyl H Ph H V4 A 56 84¢
8 15 Cinnamyl H Ph H V4 B 57 67
9 16 4-FC4H, H Ph H Z A 58 95
10 17 H H Ph H V4 A 59 46
11 18 Ph Ph Ph H Z C 60 414
E 61 36¢
12 19 Me Me Ph H V4 A 62 40"
E 63 20
13 20 (+)-CH(CH.)Ph  H Ph H z B 64 65
14 21 (S)-CH(CH,)Ph H Ph H z B 65 67
15 22 Bn H n-Bu H Z D 66 84
16 23 p-Tol H n-Bu H V4 D 67 84
17 24 4-FC¢H, H n-Bu H zZ D 68 96
18 25 p-Tol H 4-MeOC4H, H Z A 69 88
19 26 Bn H 4-MeOC4H, H V4 E 70 64
20 27 Et H 4-MeOC,H, H V4 A 71 59
21 28 Me Me 4-MeOC4H, H Z A 72 73¢
E 73 21
22 29 p-Tol H 4-NO,C¢H, H V4 E 74 71"
23 30 p-Tol H i-Bu H zZ A 75 65
24 31 4-FC¢H, H i-Bu H V4 A 76 64
25 32 Et H i-Bu H zZ A 77 70
26 33 4-FC4H, H i-Pr H Z A 78 70
27 34 Bn H Bn H V4 A 79 79
28 35 4-FC4H, H Bn H Z A 80 84
29 36 n-Bu H Bn H V4 A 81 58"
30 37 Me Me Bn H V4 A 82 42
E 83 17
31 38 p-Tol H Bn H V4 A 84 70
32 39 Me H Bn H zZ A 85 83"
33 40 Ph H Bn H Z A 86 78
34 41 H H Bn H V4 A 87 51
35 42 4-FC4H, H Me H zZ F 88 61
36 43 Bn H Me H Z F 89 68/
37 44 n-Bu H Me H V4 F 90 63%
38 45 i-Pr H Me H Z F 91 60
39 46 p-Tol H Me H Z F 92 60
40 47 p-Tol H Ph Me zZ B 93 27
E 94 19
41 48 p-Tol H Ph Et V4 B 95 13
E 96 17
42 49 (S)-CHCH;Ph H Ph Et Z B 97 27
E 98 13
43 50 p-Tol H Ph Ph V4 B 99 14™
E 100

“Method A: 1.95 equivalents NCS, toluene, 90 °C, 2-4 hours. Method B: 2.20 equivalents NCS, CCl,, reflux, 18 hours. Method C: 2.10 equivalents NCS,
toluene, 130 °C, 1.5 hours. Method D: 2.10 equivalents NCS, toluene, 120 °C, 2-3 hours. Method E: 2.20 equivalents NCS, toluene, reflux, 2.5 hours.
Method F: 1.80 equivalents NCS, toluene, 90 °C, 2 hours. * Unless indicated otherwise, the yields quoted are after chromatography on silica gel. < A
yield of 56% was obtained when the reaction was conducted in CCl,. ¢ The crude product was isolated as an equimolar mixture. The Z isomer contained
~10% of the E-isomer. ¢ The E-isomer was isolated as a mixture (3 : 2) with the Z-isomer. / The Z-B-chloroacrylamide 62 was isolated as a 50 : 50
mixture with the dichloroacrylamide 103. A sample of the trichloride 104 was also isolated from this reaction. This was also conducted in CCl,—see
Scheme 8. ¢ The Z-B-chloroacrylamide 72 was contaminated with the chloroacrylamide 105 (6%). * 74 was purified by trituration with 5% diethyl ether
in hexane. ' The Z-B-chloroacrylamide 82 was contaminated with the dichloroacrylamide 106 (10%). 7 The crude product was composed of 75% 89, 15%
dichloroacrylamide 107 and 5% acrylamide 108. * The crude product contained 76% 90, 23% dichloroacrylamide 109 and 1% acrylamide 110. ' The
acrylamide 111 and the trichloride 112 were also isolated from this reaction—see Table 7. ™99 and 100 were isolated as an equimolar mixture—see
Scheme 10. " For the two benzylthio N-alkyl derivatives 81 and 85 ~20% of the E-isomer was detected in the product.
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Table 3 Optimisation of transformation of o-thioamide 10 to B-chloroacrylamide 52

lo} (o} (o}

SPh Cl
PhS PhS PhS
NHEt NCS NHEt NHEt NHEt
. | + +

cl Cl Cl Cl Cl

H
52 113 114

Crude product ratios*

NCS/eq. Solvent Temperature/°C Time/h 52 (%) 113 (%) 114 (%)
2.2 CCl, A 16 53 27 7

2.2 Toluene 90 13.5 45 55 N.d.?
2.2 Toluene 90 4 59 35 6

2.05 Toluene 90 2 81 19 N.d.
1.95 Toluene 90 2 >98 N.d. N.d.

“ Crude product ratios as determined by '"H NMR spectroscopy. * N.d. = not detected by 'H NMR spectroscopy.

Based on the previous temperature optimization experiments, the
reaction was attempted using 2.05 equivalents of NCS at 90 °C for
2 hours. At this stage the B-chloroacrylamide 52 was formed in a
4 : 1 ratio with the trichloride 113, the best result obtained at this
stage.

Although lowering the reaction temperature had improved the
selectivity, it now seemed that the selective formation of the B-
chloroacrylamide was more dependant on the amount of NCS
used in the reaction than on any other factor. It was therefore
decided to attempt the reaction using a slightly lower amount
of NCS than is theoretically required. The transformation was
thus attempted using 1.95 equivalents of NCS at 90 °C for
2 hours. When these reaction conditions were employed, the 'H
NMR spectrum of the crude product showed no evidence of any
impurities.

It has since been demonstrated that, for the transforma-
tion of phenylthioamides, isobutylthioamides, 4-methoxybenzene-
thioamides and benzylthioamides to their corresponding f-
chloroacrylamides, 1.95 equivalents of NCS in toluene at 90 °C for
2 hours results in the most efficient conversion. Table 2 summarises
these results.

o-Butanethio-derived p-chloroacrylamides. When the prepa-
ration of the B-chloroacrylamides of the n-butanethiol-derived
sulfides was attempted using the conditions described above, a
small, but appreciable, amount of the corresponding trichlorides
formed in each case, and therefore these transformations required
further optimization (Table 4).

Four reactions were conducted in toluene with the N-benzyl
derivative 22, two using 1.95 equivalents of NCS and two using
2.1 equivalents of NCS. One of each was lowered into an oil bath
at 90 °C and one into an oil bath at 120 °C, and each reaction was
heated for 2 hours. It was found that the harsher conditions gave
the better results. Increasing the reaction temperature to 120 °C
resulted in a decrease in the amount of trichloride 115 formed only
when 2.1 equivalents of NCS were employed. Thus, 2.1 equivalents
of NCS in toluene at 120 °C for 2 hours are the conditions
routinely employed for conversion of the butylthioamides to the
corresponding B-chloroacrylamide.

o-Methanethio-derived- f-chloroacrylamides. The transforma-
tion of the methylthioamide derivatives 42 and 46 to their

Table 4 Optimisation of transformation of o-thioamide 22 to f-
chloroacrylamide 66

SBu"
n Bu"S
NHBn . Bu"S I NHBN . u NHBn
o]
Cl Cl
Cl H
22 66 15
Crude product ratios*
NCS/eq. Temperature/°C 106 (%) 150 (%)
1.95 90 95 5
2.1 90 93 7
1.95 120 94 6
2.1 120 97 3

“ Crude product ratios as determined by '"H NMR spectroscopy.

corresponding B-chloroacrylamides using 1.95 equivalents of NCS
in toluene at 90 °C for 2 hours led to the formation of a significant
amount of the dichloroacrylamide (Table 5).

As the dichloroacrylamide is a product which results from
overchlorination, the optimization of this transformation was
attempted by reducing the number of equivalents of NCS. For
the N-4-FC,H, derivative 42, reducing the amount of NCS to
1.8 equivalents produced 74% of the B-chloroacrylamide 88, 20%
of the dichloroacrylamide 117 and 5% of the acrylamide 116,
an under-chlorination product. On decreasing the amount of
NCS further to 1.7 equivalents, 20% of the acrylamide 116 as
well as 13% of the dichloroacrylamide 117 were produced. The
dichloride 118 was not detected in these experiments. On the basis
of these results, the optimum conditions for the formation of the
B-chloroacrylamides of the S-methyl derivatives are the use of 1.8
equivalents of NCS in toluene at 90 °C for 2 hours.

Tertiary p-chloroacrylamides. In earlier work, the preparation
of the B-chloroacrylamides of the tertiary amides, in which 2.1
equivalents of NCS in CCl, at reflux were the conditions employed,
generally resulted in the formation of both the E- and Z- -
chloroacrylamides and the dichloroacrylamide. For example, for
the N,N-dimethylphenylthio derivative (entry 12, Table 2), typical
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Table 5 Transformation of methylthioamides 42 and 46 to B-chloroacrylamides 88 and 92

SM i 9 v Cl o
¢ MeS MeS MeS MeS
)ﬁfNHR NCS NHR | NHR | NHR NHR
o Toluene, 90°C H H cl Cl Cl Cl
Crude product ratios®
R“ NCS/eq. Acrylamide (%) B-Chloroacrylamide (%) Dichloroacrylamide (%)
Tol 1.95 0 71 29
4-FC4H, 1.95 0 52 43
4-FC4H, 1.8 5 74 20
4-FC4H, 1.7 20 67 13

“R = Tol for 46, 92 and 119. R = 4-FC,H, for 42, 88, 116, 117 and 118. ® Crude product ratios as determined by 'H NMR spectroscopy.

SPh
)}(NMez
(0]
62
2.2eqNCS, CCly, A 4.6
1.95 eq NCS, toluene, 90 °C 2

(6] 0 (6] ol 0
PhS PhS PhS PhS
jl\)LNMez . | NMe, + NMe, NMe,
Cl H H al cr~ ~Cl cl” el

103

63 104
2 1 ND
1 2 Trace

Scheme 8

ratios of 62 : 63 : 103 were on the order of 4.6 : 2 : 1 (Scheme 8).
While separation of the B-chloroacrylamides is possible by chro-
matography on silica gel, the dichloroacrylamide 103 elutes with
the major Z-B-chloroacrylamide 62. In view of the results of
the optimization experiments on the other B-chloroacrylamides,
the possibility of reducing the amount of dichloroacry-
lamide contaminant by adjusting the reaction parameters was
explored.

The transformation of N,N-dimethyl-2-(4'-methoxyben-
zenethio)propanamide 28 to the corresponding Z- and E-f-
chloroacrylamides 72 and 73 (entry 21, Table 2) was conducted
under a variety of conditions as shown in Table 6. The reactions
were carried out in toluene for 2 hours, the amount of NCS was
varied from 1.95 to 2.2 equivalents and the temperature varied
from 90 to 120 °C.

The best results were obtained using 1.95 equivalents of NCS at
90 °C. On repeating this experiment on a 12 mmol scale, a small
amount (6%) of the dichloroacrylamide 105 was present in the Z-
chloroacrylamide 72 following chromatography. Regardless of the
conditions employed, the minor E-B-chloroacrylamide formed in
approximately 20% yield, suggesting that the dichloroacrylamide
is formed selectively from the Z-chloroacrylamide 72.

Extended chain p-chloroacrylamides. Treatment of the butana-
mide 47 and the pentamide 48 with 2.1 equivalents of NCS in
carbon tetrachloride at reflux resulted in the formation of the
E- and Z-isomers of the p-chloroacrylamides and their corres-
ponding acrylamides (Table 7 & entries 40 and 41, Table 2). On
replacing carbon tetrachloride with toluene at reflux, the f-chloro-
acrylamides were formed in elevated yields and transformation

Table 6 Optimisation of transformation of a-thioamide 28 to B-chloroacrylamides 72 and 73

Ar= 4-MeO-CgH4
28

0] o) 0] (0]
ArS ArS ArS
NMe, NCS_~ AS NMe, . NMe, NMe,
Toluene | | |
Cl H H Cl Cl Cl
72 73 105

Crude product ratios”

NCS/eq. Temperature/°C Time/h 72 (%) 73 (%) 105 (%) Ratio of B-Cls*
2.2 90 2 60 20 20 30:1
1.95 90 2 78 22 N.d. 35:1
22 120 2 61 21 18 2.6:1
1.95 120 2 74 18 8 40:1

@ As estimated from the "H NMR spectra of the crude reaction products.
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Table 7 Treatment of 47 and 48 with NCS
(o]
SPh i 0 cl
PhS PhS PhS
R\)ﬁ(NHTol 2.1 eq NCS | NHTol | NHTol NHTol
o A R o MR R @
R=Me 47 Z-93, E-94 112
R=Et 48 Z-95, E-96 121
Crude product ratios*
R Solvent® Acrylamide (%) B-Chloroacrylamides E : Z (%) Trichloride (%)
Me CCl, 20 19:27 —
Me Toluene — 41:23 9
Et CCl, 54 17:13 —
Et Toluene 10 20:47 10

“ Crude product ratios as determined by '"H NMR spectroscopy. * All reactions were conducted under reflux conditions.

of the acrylamides was improved—for the butanamide 47 no
butenamide was detected in the product mixture and for the
pentamide 48 the amount of pentenamide in the product mix-
ture decreased significantly from 54 to 10%. However, products
resulting from overchlorination, trichlorobutanamide 112 and
trichloropentanamide 121 were isolated from both reactions in
toluene. It is interesting to note that the major isomer isolated
changed when carbon tetrachloride or toluene was used as solvent.

During the chromatographic purification of a reaction mix-
ture, obtained from the treatment of pentanamide 48 with 2.1
equivalents of NCS in carbon tetrachloride, interesting gelation
properties were observed with the Z-isomer 95—the test tubes in
which 95 was collected from the column in ethyl acetate-hexane
contained gels, so that the test tubes could be turned upside down
without loss, and indeed, DCM had to be added to get the gels
out of the test tubes as they were not mobile. To illustrate this, the
amount of 95 in one test tube was quantified—a sample of just
86 mg of 95 in 9.5 ml of ethyl acetate-hexane formed a firm gel.
There has been considerable interest in the literature in gelation of
organic solvents by small molecules.!

Treatment of (S)-pentanamide 49 (as an equimolar mixture of
diastereomers) with NCS for 18 hours in carbon tetrachloride
led to isolation of the Z- and E-B-chloroacrylamides 97 and 98
in yields of 27 and 13%, respectively (Scheme 9 and entry 42,

Table 2). There was no evidence by '"H NMR spectroscopy of the
acrylamide derivative in the crude product mixture.

Treatment of 50 with 2.1 equivalents of NCS in carbon
tetrachloride at reflux led to a mixture of four products (Scheme 10
and entry 43, Table 2).

Complete separation of the four products by chromatographic
purification was not possible, 99 and 100 were isolated as an
inseparable mixture in a combined yield of 14%. The intermediate
acrylamide 123 formed as a single (Z)-isomer in 49% yield.
A fourth compound tentatively assigned as N-tolyl-a-chloro-f3-
phenylpropenamide 113 was isolated as a low melting solid in 8%
yield. The formation of this acrylamide is believed to occur by
elimination of thiophenol from the intermediate o-chlorosulfide.

The diastereomeric propanamides 20-R*R*/R*S* were sepa-
rated chromatographically and treated individually with 2.2 equiv-
alents of NCS in carbon tetrachloride under reflux conditions, in
both cases the same B-chloroacrylamide 64 formed in addition to
the acrylamide 124. The reaction with 20-R*R* gave 64 in higher
yield (65%) than the corresponding reaction with 20-R*S*, which
produced 64 in 19% yield (Table 8).

The reaction of 21, which was an equimolar mixture of
diastereomers, with 2.2 equivalents of NCS in carbon tetrachloride
under reflux conditions was also carried out. The enantioenriched
B-chloroacrylamide 65 and acrylamide 125 were isolated in yields
of 67 and 15%, respectively (Table 8). As racemisation was not
envisaged, no attempt was made to establish the enantiopurity.

The relative stereochemistry of the diastercomeric

SPh SPh
H CHs, 2200 NCS N CHy propanamides 20-R*R*/R*S*, as observed from the X-ray
CCl, A = crystal structure (Fig. 1), allows some insight into the differences
O H ¢ o H in efficiency of transformation of the diastereomeric sulfides. In
49 z2-97 20-R*R*, the aromatic rings of the sulfide and amide groups are
E-98 staggered and therefore the initial chlorination of the sulfur is
Scheme 9
SPh SPh SPh c
PhWNHTO' 2.2eq. NCS Phﬁ%\ﬂ/NHTOL Ph\yH(NHToI Ph\)ﬁ(NHToI
—— +

o] CCly, A c o 0 o

2 z,

14% 49% 8%

Scheme 10
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Table 8 Treatment of 20 and 21 with NCS

SPh SPh SPh
)\[(NHR 22eq.NCS ArNHR CIM/S(NHR
o GGy, A o 0
R= (+)-CH(CH3)Ph 20 124 64
R= (S)-CH(CH;)Ph 21 125 65
a-Thioamide R Acrylamide (%)" B-Chloroacrylamide (%0)
20-R*R* (£)-CH(CH;)Ph 24 65
20-R*S* (£)-CH(CH,)Ph 20 19
21° (S)-CH(CHj;)Ph 15 67

“Isolated yields following purification by column chromatography. * This compound exists as a mixture of diasteromers at C-2; the enantiopure amine

was employed.

S H
1 H
)ﬁrN\:rPh
o Crystal structure 1
20-R*S*
Ph
H
1 H
NG
6 ph Crystal structure 2
20-R*R*

Fig. 1

easier than in the case of 20-R*S* where the substituents are
closer together.

Stereochemistry

The B-chloroacrylamides are formed, in most cases exclusively, as
the Z-stereoisomers (Table 2). Single crystal X-ray crystallography
confirmed the Z-stereochemistry of the N-benzyl derivative 51°
and the stereochemistry of the other derivatives is assigned by
comparison. Notably, the signal for the f-H in the NMR spectra
of the chloroacrylamides is very distinctive; in cases where both
the E- and Z- isomers are formed this signal differs significantly as
illustrated in Fig. 2. Exceptionally, for the two benzylthio N-alkyl
derivatives 81 and 85 ~20% of the E-isomer was detected in the
product.

0 o]
PhS PhS
| NPh, | NPh,
Cl H H Cl
N m
04 7.07 046.24
60 61
Fig. 2

The stereochemical outcome of the transformation is deter-
mined in the final deprotonation step. The planar sulfur-stabilised
carbocation intermediate is held in the conformation illustrated

in Scheme 11 by the intramolecular hydrogen bond between
the amide and the sulfide. Loss of the B-proton must occur
coplanar with the vacant orbital, i.e., through either of the two
conformations A and B, shown in Scheme 11. Steric repulsion
between the amide carbonyl and the chloro substituent disfavour
conformation B and, therefore, elimination occurs exclusively
through conformation A, providing the Z-stereoisomer of the f-
chloroacrylamides.

AH~N-R®

R2-S D
R Bave

H
B
R'=H, Me, Et lR1=Me, Et
o 0o
R'S R'S
| NHR? | NHR3
Cl R? R2™ “clI
Z isomer E isomer

Scheme 11

With the tertiary amides and the extended chain derivatives,
formation of both E- and Z-stereoisomers (60-63, 72-73, 82—
83, 93-94, 95-96, 97-100) is observed. For the tertiary amides,
the conformation of the intermediate carbocation is different, as
intramolecular hydrogen bonding is not possible and, therefore,
deprotonation to form either the E- or Z-isomer is possible. In
the case of the extended-chain derivatives, the energetic difference
between the two conformations A and B is less, as the steric
demands of an alkyl group and a chloro substitutent are rather
similar, and therefore elimination through both conformations can
occur.

Treatment of a B-disubstituted propanamide with NCS

Having investigated the reaction of a-thio-n-alkanamides with
NCS in detail, we were interested to determine the effect of -
branching on the transformation. The reaction of the f-methyl-
butanamide 126 with NCS was thus conducted under a variety
of conditions. The reactions were carried out using either toluene
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Table 9 Treatment of 126 with NCS

Table 10 Synthesis of dichlorides

SPh SPh
NHTol _.Ncs Fns “ NHTol NHTol Rns c NHTol
(¢} [} o (¢}
126 127 128 129
Crude ratio of
products®
NCS/eq. Solvent  Temperature/°C Time/h 156 157 158
1 CCl, 0 4 — —_ -
1 CCl, 20 4 2 1 1
1 Toluene 20 4 4 3 2
2.1 Toluene 20 24 Trace 2 1
2.1 CCl, 20 24 — — 1
2.1 Toluene 130 1 — — 1

“ Crude product ratios as determined by '"H NMR spectroscopy.

or carbon tetrachloride as solvent, the temperature varied from 0
to 130 °C, the reaction time from 1 to 24 hours and the number
of equivalents of NCS from 1 to 2.1. The results are summarised
in Table 9. Evidently, elimination to form a -chloroacrylamide is
not possible in this instance due to the B-branching.

Analysis of these results show interesting comparisons to those
obtained on treatment of N-tolyl-o-(phenylthio)propenamide 1
with NCS as illustrated in Table 1.

At 0 °C using 1 equivalent of NCS, chlorination of 1 to form
2 readily occurred whereas chlorination of sulfide 126 occurred
at room temperature only. In contrast to the reaction of 1 with
1 equivalent of NCS at 20 °C, where only acrylamide 6 and o-
chlorosulfide 2 were formed, some dichloride 129 was also detected
in addition to 127 and 128 in the reaction of 126 under the same
conditions.

It can be seen from the results in Table 9 that the use of
carbon tetrachloride results in more efficient transformation of
126 than the use of toluene. Under identical conditions, with the
exception of solvent, incomplete transformation to the dichloride
129 was observed in toluene at room temperature in 24 h, while
use of carbon tetrachloride led to 129, essentially exclusively.
Furthermore, use of 1 equivalent of NCS in toluene gave a lower
ratio of dichloride 129 to acrylamide 128. However, in refluxing
toluene and at room temperature in carbon tetrachloride, the
transformation to 129 was essentially quantitative, 80% (following
purification by chromatography) in toluene and 90% in carbon
tetrachloride as estimated by "H NMR spectroscopy.

Zinc chloride catalysed transformation of dichlorides

Asmentioned earlier, during studies to establish the reaction mech-
anism, the dichloride 7 was treated with anhydrous zinc chloride
in DCM and nitromethane at 20 °C. Two products resulted: the
B-chloroacrylamide 3 and N-tolyl-2,3-di(phenylthio)propenamide
8 (which is presumably formed by nucleophilic substitution of
the chloride of 3 by thiophenol formed by decomposition of the
dichloride, Scheme 3).

A brief study on the formation of a number of dichlorides
was conducted. This involved the preparation of dichlorides 130
and 131 by treatment of 11 and 14 with 2.2 equivalents of NCS

PhS CONHR cl

T _NCS(21eq) ijON“R

40°C, CCly o
16-18 h

R Dichloride  Yield (%)

Tol 7 75

Bn 101 46¢

i-Pr 130 50

Allyl 131 45

“Isolated yield following purification by column chromatography.

at 40 °C for 16 hours (Table 10). These dichlorides were each
formed as mixtures with the respective B-chloroacrylamide and/or
acrylamide, and purification by column chromatography was not
possible as decomposition to the B-chloroacrylamide occurred
on exposure to silica gel. As mentioned earlier, the N-benzyl
derivative 101 could be purified chromatographically, but this was
an exception. The dichlorides were very easily characterised due
to a distinctive AB quartet in the "H NMR spectra at 3.5-4.5 ppm
for the methylene protons.

Investigation of Lewis acid-catalysed decomposition of 130
& 131 was undertaken. In particular, we wished to establish if
elimination of HCl would be highly stereoselective producing
only the Z-isomer or, if a mixture of E/Z-B-chloroacrylamides
would be obtained. Treatment of 130 & 131 (crude products
containing ca. 50% of 130 or 131 in addition to the respective
B-chloroacrylamide and/or acrylamide) with zinc chloride, either
anhydrous or as a dichloromethane solution of the etherate, led to
elimination to the analogous B-chloroacrylamide 53, 56—in each
case stereospecifically Z (Scheme 12). 1.5 Equivalents of either
solid zinc chloride or zinc chloride etherate were used. However,
in practice, use of the zinc chloride etherate was more convenient.

Cl
PhS CONHR  znCly(s) or PhS CONHR
_—

Cl Cl

R

Pr 130 53

allyl 131 56
Scheme 12

Treatment of the dichloride 7 with a range of reagents was
briefly explored: 7 (~90% pure) was treated with 1.5 equivalents
triethylamine, methylaluminium chloride, p-toluenesulfonic acid
and 1 equivalent hydrochloric acid (0.1 M) individually at room
temperature for 20-24 h in DCM (Table 11). None of these
reagents brought about any significant transformation of the
dichloride 7 which was recovered in 70-80% yield as estimated
by '"H NMR integration.

Conclusion

The B-chloro-o-thioacrylamides (3, 51-100) prepared in this work
are novel compounds and offer interesting synthetic potential,
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Table 11

Reagents Equivalents 7 (% yield) 6 (% yield)
ZnCl, (s) 1.5 28 5
ZnCl,-Et,O 1.5 22 4
MeAICl, 1.5 No reaction

TsOH 1.5 No reaction

HCI 1.0 No reaction

for example as Michael acceptors or dienophiles. The ease and
stereoselectivity of the transformation on exposure to NCS, broad
scope in terms of the nature of the substituents, and amenability
to production of multigram quantities of the highly-functionalised
B-chloro-o-thioacrylamides are particularly significant.

Experimental

All solvents were distilled prior to use as follows: dichloromethane
was distilled from phosphorus pentoxide and ethyl acetate was
distilled from potassium carbonate, ethanol and methanol were
distilled from magnesium in the presence of iodine. Acetone
was distilled from potassium permanganate and toluene was
distilled from sodium and stored over 4 A molecular sieves.
Dimethylformamide was stored overnight over calcium hydride,
then distilled and stored over 4 A molecular sieves. Organic phases
were dried using anhydrous magnesium sulfate. All commercial
reagents, including N-chlorosuccinimide, were used without fur-
ther purification.

"H (300 MHz) and “C (75.5 MHz) NMR spectra were recorded
on a Bruker (300 MHz) NMR spectrometer. 'H (270 MHz) and *C
(67.8 MHz) NMR spectra were recorded on a Jeol GSX (270 MHz)
NMR spectrometer. 'H (60 MHz) NMR spectra were recorded on
a Jeol PMX-60SI spectrometer. All spectra were recorded at room
temperature (~20 °C) in deuterated chloroform (CDCI;) unless
otherwise stated, using tetramethylsilane (TMS) as an internal
standard. Chemical shifts were expressed in parts per million
(ppm) and coupling constants in Hertz (Hz).

Elemental analyses were performed by the Microanalysis Labo-
ratory, National University of Ireland, Cork, using a Perkin-
Elmer 240 elemental analyzer. Melting points were carried out
on a uni-melt Thomas Hoover Capillary melting point apparatus.
Mass spectra were recorded on a Kratos Profile HV-4 double
focusing high resolution mass spectrometer (EI), a Waters/
Micromass LCT Premier Time of Flight spectrometer (ESI) and a
Waters/Micromass Quattro Micro triple quadrupole spectrometer
(ESI). Infrared spectra were recorded as potassium bromide (KBr)
discs for solids or thin films on sodium chloride plates for oils on
a Perkin-Elmer Paragon 1000 FT-IR spectrometer.

Thin layer chromatography (TLC) was carried out on precoated
silica gel plates (Merck 60 PF,s,). Column chromatography was
performed using Merck silica gel 60. Visualisation was achieved
by UV (254 nm) light detection, iodine staining, vanillin staining
and ceric sulfate staining.

Selected experimental data, including representatives of each
of the synthetic methods, are given below—full experimental
procedures and spectral data for all compounds described in the
paper are given in the ESIL.¥

X-Ray crystal determination of 20-R*R* and 20-R*S*

The structures were determined using data collected with an Enraf
Nonius CAD4 diffractometer (graphite monochromator, Mo Ka
radiation 4 = 0.71073 A). Crystal data for 20-R*R*: C;;H,,NOS,
crystal dimensions 0.40 x 0.15 x 0.15 mm, orthorhombic, space
group Pca2, chosen and confirmed by the successful refinement,
a = 8.1168(11), b = 18.618(5), ¢ = 10.168(2) A, V = 1536.5(6)
AS, M, = 28540, Z = 4, D, = 1.234 g cm™, u (Mo Ka) =
0.20 mm~™"', F (000) = 608, S = 1.009, R,=0.0827 (for 973 observed
reflections), wR2 = 0.2278 for all 1771 unique reflections. Crystal
data for 20-R*S*: C;H,NOS, crystal dimension 0.40 x 0.40 x
0.20 mm, monoclinic, space group Cc chosen and confirmed by
the successful refinement, a = 12.848(3), b = 13.3462(13), ¢ =
18.932(4) A, f = 103.94(2)°, V = 3175.5(11) A3, M, = 285.40,
Z=4,D,=1.194 gcm™>, u (Mo Ka) = 0.19 mm™', F (000) =
1216, S =1.004, R, =0.0399 (for 1969 observed reflections), wR, =
0.0891 for all 3597 unique reflections.

The crystals were of rather poor quality and, although some
diffraction peaks were not well defined, the reflection/parameter
ratios were still greater than 9 and the analyses established the
relative stereochemistries unequivocally.

Intermediates in the synthesis of N-4'-methylphenyl-3-
chloro-2-phenylthiopropenamide (6)

N-4'-Methylphenyl-2-chloro-2-(phenylthio)propanamide (2). A
solution of N-4-methylphenyl-2-(phenylthio)propanamide 1
(100 mg, 0.37 mmol) in carbon tetrachloride (2 ml) at 0 °C was
stirred. NCS (54 mg, 0.41 mmol) was added and the stirring
was continued for a further 3 h at 0 °C. Filtration to remove
the succinimide by-product gave a solution of o-chlorosulfide 2
in carbon tetrachloride. The transformation was quantitative, oy
(CCl,) (60 MHz) 2.11 [3 H, s, C(3)H;],2.37 (3H, s, ArCH), 6.83—
7.83 (9 H, m, ArH). This compound is very labile (see below).

N-4'-Methylphenyl-2-(phenylthio)propenamide (6). A solution
of the a-thioamide 1 (100 mg, 0.37 mmol) in carbon tetrachloride
(2 ml) was stirred at room temperature, NCS (54 mg, 0.41 mmol)
was added in one portion and stirring was continued for 24 h.
Filtration and evaporation of the solvent gave the crude product
which was an equimolar mixture of 2 and 6. After 24 h standing
neat at room temperature the o-chlorosulfide 2 had almost entirely
decomposed to 6. Purification by chromatography using ethyl
acetate—hexane (5 : 95) as eluent gave the acrylamide 6 (39 mg,
39%) as a white, crystalline solid, mp 137-139 °C; (found C, 71.02;
H, 5.66; N, 5.27. C,sH;sNOS requires C, 71.34; H, 5.61; N, 5.20%);
Vma/cm~' (KBr) 3344 (br, NH), 1665 (CO), 1592; dy (270 MHz)
2.28 (3 H,s, ArCH;), 6.08,6.83 (2 x 1 H, 2 x brs, CH,=), 7.02—
7.61 (9 H, m, ArH), 8.52 (1 H, br s, NH); . (67.8 MHz) 20.87
(ArCH,), 119.92, 127.60, 129.19, 129.63 (aromatic CH), 132.6
(CH,=), 133.52, 134.81, 135.06, 136.25 (quaternary aromatic C
and [C(2)S], 161.49 (CO); m/z 269 (M*, 100%), 160 (37), 135 (68),
120 (51), 91(56).

N-4-Methylphenyl-2,3-dichloro-2-(phenylthio)propanamide (7).
A solution of the sulfide 1 (0.40 g, 1.46 mmol) in carbon
tetrachloride was stirred under nitrogen at room temperature. NCS

1 CCDC reference numbers 630666 and 630667. For crystallographic data
in CIF or other electronic format see DOI: 10.1039/b618540a
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(0.43 g, 3.2 mmol) was added in one portion and the mixture was
stirred for 10 min at room temperature then heated to 40 °C and
stirred at this temperature for 17 h. Filtration and evaporation of
the solvent from the filtrate gave the crude product which by 'H
NMR was at least 75% dichloride 7 containing a minor amount
of 3. Slow decomposition to 3 was observed on standing (35%
of 7 had been transformed to 3 after 10 days at —20 °C) or on
stirring in DCM with silica (36% of 7 had been transformed to 3
after 22 h). The dichloride 7 was characterised as a mixture with
3:04 (270 MHz) 2.32 (3 H, s, ArCH,;), 3.94-4.48 (2 H, ABq, J 11,
CH,),7.03-7.69 (9H, m, ArH), 8.08 (1 H, br s, NH). Characteristic
signals for the B-chloroacrylamide 3 were also present.

N-Benzyl-2,3-dichloro-2-phenylthiopropanamide ~ (101). This
was prepared following the procedure described for the
preparation of dichloride 7 using N-benzyl-2-(phenylthio)-
propanamide 9 (0.15 g, 0.55 mmol), NCS (0.16 g, 1.22 mmol)
and carbon tetrachloride (4 ml) and a reaction time of 16 h to
give a reaction mixture containing dichloride 101 (0.12 g) as
an off-white solid. Purification by chromatography using ethyl
acetate—hexane (5 : 95) as eluent gave the dichloride 101 (86 mg,
46%) as a white, crystalline solid, mp 93-94 °C; (found C, 56.32;
H, 4.39; N, 4.50; S, 9.71. C,;H,sCI,NOS requires C, 56.48; H,
4.44; N, 4.12; S, 9.42%); vy /cm™' (KBr) 3368 (br NH), 1667
(CO amide); dy (270 MHz) 3.88-4.45 (2 H, ABq, J 12, CH,Cl),
7.13-7.63 (11 H, m, ArH and NH); o (67.8 MHz) 44.63 (NCH,),
50.52 (CH,CI), 81.50 [C(2)Cl], 127.76, 128.02, 128.64, 129.18,
130.85 (aromatic CH), 136.84 (quaternary aromatic C), 137.39
(aromatic CH), 139.63 (quaternary aromatic C), 164.88 (CO);
m/z 339 (M*, 18%), 269 (100, M*-2Cl).

Lewis acid mediated decomposition of dichloride 7

ZnCl, treatment of N-4'-methylphenyl-2,3-dichloro-2-(phenyl-
thio)propanamide (7). A sample of dichloride 7 (2.70 g,
8.0 mmol) was freshly prepared by stirring N-4'-methylphenyl-2-
(phenylthio)propanamide 1 (1.89 g, 7.0 mmol) with NCS (1.95 g,
14.6 mmol) in toluene (40 ml) at 40 °C for 22 h followed by filtration
of the succinimide by-product and evaporation of the filtrate. This
sample, which was 90% pure by "H NMR, was dissolved in DCM
(13 ml) and nitromethane (9 ml). Zinc chloride (oven dried) (3.25 g,
23.9 mmol) was added and the solution was stirred at RT for
20 h. Water (20 ml) and DCM (20 ml) were added and the phases
were separated. The aqueous phase was extracted with DCM (2 x
10 ml) and the combined organic layers were washed with brine
(3 x 10 ml), dried and evaporated. Purification by chromatography
using ethyl acetate-hexane (5 : 95) as eluent gave the Z-B-
chloroacrylamide 3 (0.59 g, 28%) as a white, crystalline solid (spec-
tral characteristics were identical to those described earlier) and N-
4’-methylphenyl-2,3-di(phenylthio)propenamide (8, 138 mg, 5%)
as a white, crystalline solid, mp 109-110 °C; (found C, 70.03; H,
5.06; N, 3.78; S, 16.54. C,,H,y)NOS, requires C, 70.00; H, 5.07; N,
3.76; S, 16.99%); Ve /cm~' (KBr) 3255 (br NH), 1640 (CO), 1592;
on (270 MHz) 2.28 (3H, s, ArCH;), 7.07-7.55 (14H, m, ArH),
8.69 [1H, s, C(3)H=], 8.74 (1H, br s, NH); 6 (67.8 MHz) 20.85
(ArCH,), 115.00 [C(2)S], 119.94, 126.55, 127.25, 129.05, 129.45,
131.05 (aromatic CH), 133.28, 133.30, 134.13, 135.17 (quaternary
aromatic C), 156.00 [C(3)H=], 160.86 (CO); m/z 378 (M*, 100%),
268 (45, M*-PhSH), 165 (75), 134 (84, [PhS=C=CH]".

Preparation of p-chloroacrylamides

N-4'-Methylphenyl-Z-3-chloro-2-(phenylthio)propenamide (3).

Method A. Unrecrystallised NCS (5.57 g, 41.73 mmol) was
added in one portion to a solution of the sulfide 1 (5.80 g,
21.40 mmol) in toluene (116 ml). The flask was immediately
immersed in an oil bath at 90 °C and heating was maintained
for 3.5 h with stirring. The reaction mixture was cooled to 0 °C
and the succinimide by-product removed by filtration. The solvent
was evaporated at reduced pressure to give the -chloroacrylamide
3 as an off-white solid. The crude product was purified by
chromatography on silica gel using ethyl acetate—hexane (20 : 80)
as eluent to give the B-chloroacrylamide 3 as a colourless solid
(5.93 g,91%), mp 110-111 °C; (found C, 63.34, H, 4.69; Cl, 11.98;
N, 4.34; S, 10.24. C,;H;,CINOS requires C, 63.26; H, 4.64; Cl,
11.67; N, 4.61; S, 10.55%); vy /cm™' (KBr) 3336 (b, NH), 1653
(CO), 1523, 817; 0y (270 MHz) 2.28 (3H, s, ArCH};), 7.04-7.45 (9
H, m, ArH), 8.05[1H, s, C(3)HCI=], 8.63 (1H, b's, NH); . (67.8
MHz) 20.8 (ArCH,), 120.3, 127.4, 128.3, 129.5, 129.6 (aromatic
CH), 130.9, 132.6, 134.5, 134.7 [quaternary aromatic C or C(2)S],
140.3 [C(3)HCI=], 160.3 (CO). m/z 303 (M*, 42%), 267 (30, M*
—Cl), 159 (23), 134 (100, [PhS=C=CH]"), 106 (21), 77 (18, Ph).

N-3'-Phenylpropenyl-Z-3-chloro-2-(phenylthio)propanamide
(57).

Method B. A solution of the sulfide 15 (0.51 g, 1.7 mmol) in
carbon tetrachloride (10 ml) was stirred at room temperature
under nitrogen, NCS (0.50 g, 3.7 mmol) was added in one
portion. The reaction mixture was stirred at room temperature
for 10 min then heated to reflux for 18 h. The reaction mixture was
cooled, filtered and concentrated to give the f-chloroacrylamide
57. Purification by chromatography using ethyl acetate-hexane
(10 : 90) as eluent gave 57 (0.37 g, 67%) as a colourless oil,
Vmax/cm! (neat) 3384 (br NH), 1651 (CO a, B-unsaturated amide);
Jn (270 MHz) 3.97-4.03 [2H, m, C(1")H,], 5.86-5.97 [1H, dt, J
16, 6, C(2)H], 6.27 [1H, dd, J 16, < 1, C(3))H], 6.98 (1H, br s,
NH), 7.18-7.42 (10H, m, ArH), 7.96 [1H, s, C(3)HCI=]; 6. (67.8
MHz) 41.9 [C(1")H,], 124.6, 126.46, 127.1, 127.4, 128.18, 128.5,
129.5 (aromatic CH or CH=CH), 130.4 [quaternary aromatic C or
C(2)S], 132.1 (aromatic CH or CH=CH), 132.9, 136.4[quaternary
aromatic C or C(2)S], 139.6 [C(3)HCI=], 162.2 (CO); m/z 329
(M*, 28%), 294 (52, M*—Cl), 184 (69), 134 (100, [PhS=C=CH]").

N,N-Diphenyl-Z-3-chloro-2-(phenylthio)propenamide (60) and
N ,N-diphenyl-E-3-chloro-2-(phenylthio)propenamide (61).

Method C. NCS (1.69 g, 12.0 mmol) was added in one portion
to a solution of sulfide 18 (2.00 g, 6 mmol) in toluene (40 ml).
The flask was immediately immersed in an oil bath at 130 °C
and heating at reflux was maintained for 1.5 h while stirring.
The reaction mixture was cooled to 0 °C, the succinimide by-
product was removed by filtration and the solvent was evaporated
under reduced pressure to give a crude reaction mixture (close
to quantitative) of E- and Z-B-chloroacrylamides (equimolar
mixture). Purification by repeated chromatography was possible
using DCM-hexane (50 : 50) to elute the less-polar N,N-diphenyl-
E-3-chloro-2-(phenylthio)propenamide (61, tentatively assigned)
(R 0.4 ethyl acetate-hexane (25 : 75) as eluent) (0.77 g, 36%
characterised as a mixture (3 : 2) with the Z-isomer) as a low-
melting solid, (found 69.29; H, 4.56; N, 3.53; S, 9.00; CI, 9.69.
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C, H(CINOS requires C, 68.94; H, 4.41; N, 3.83; S, 8.76; Cl,
9.69%); 0y (270 MHz) 6.24 [1H, s, C(3)HCI=], 6.94-7.63 (15H, m,
ArH); o (67.8 MHz) signal seen in *C NMR of mixture at 122.6
[quaternary aromatic C or C(2)S], other signals present in complex
series of peaks between 127 and 143 ppm), 165.3 (CO); m/z 365
(M*, 22%), 330 (25, M*—Cl), 167 (55), 134 (95, [PhS=C=CH]");
and ethyl acetate-DCM-hexane (20 : 40 : 40) to elute the more
polar N,N-diphenyl-Z-3-chloro-2-(phenylthio)propenamide (60,
tentatively assigned) (R; 0.35) (0.89 g, 41% contains < 10% of E-
isomer) as a light green, crystalline solid, mp 125-130 °C; (found
68.60; H, 4.50; N, 3.59; Cl, 9.80; S, 8.42. C,,H,,CINOS requires
C, 68.94; H, 4.41; N, 3.83; Cl, 9.69; S, 8.76%); vy /cm™" (KBr)
1644, 1586 (CO a, B-unsaturated amide); oy (270 MHz) 6.76 (3H,
brm, ArH), 7.07 [1H, s, C(3)HCI=], 7.23-9.67 (12H, m, ArH);
(67.8 MHz) 127.2, 127.6 (aromatic CH), 128.6, 128.7 [quaternary
aromatic C or C(2)S], 129.0, 129.2, 129.3, 131.7 (aromatic CH),
133.9, 136.8 [quaternary aromatic C or C(2)S], 142.5 (C(3)HCl=),
165.4 (CO); m/z 365 (M*, 13%), 330 (22, M*- Cl), 169 (45,
[NPh, + H]*), 134 (100, [PhS=C=CH]").

N-Benzyl-Z-3-chloro-2-(n-butylthio)propenamide (66).

Method D. Unrecrystallised NCS (4.47 g, 33.47 mmol) was
added in one portion to a solution of the sulfide 22 (4.00 g,
15.94 mmol) in toluene (80 ml). The flask was immediately
immersed in an oil bath at 120 °C and heating was maintained
for 3 hours with stirring. The reaction mixture was cooled to
0 °C and the succinimide by-product removed by filtration.
The solvent was evaporated at reduced pressure to give the
crude B-chloroacrylamide 66 (4.42 g, 98%) as an oil which was
purified by chromatography on silica gel using ethyl acetate—
hexane (gradient elution 5 to 30% ethyl acetate) as eluent to give the
B-chloroacrylamide 66 as a clear oil (3.76 g, 84%) which solidified
on storing in the freezer overnight, (found C, 58.75; H, 6.31; N,
5.06; S, 11.70. C,;H3sCINOS requires C, 59.25; H, 6.39; N, 4.94;
S, 11.30%); vy /cm~" (film) 3304 (br NH), 1648 (CO), 1560; 5y
(270 MHz) 0.87 (3H, t, J 7, CH;), 1.28-1.62 [4H, m, C(3")H,,
C(2)H,],2.67 (2H,d, J 7,SCH,), 4.54 (2H, d, J 6, NCH,), 7.24—
7.39 (5H, m, ArH), 7.50 (1H, b's, NH), 7.78 [1H, s, C(3)HCl=];
dc (67.8 MHz) 13.9 [C(4)H;], 22.1 [C(3)H,], 32.2 [C(2)H,], 34.5
(SCH,), 44.5 (NCH,), 128.1, 128.2, 129.2 (aromatic CH), 132.2
(quaternary aromatic C), 137.9 [C(3)HCIl=], 138.2 [C(2)S], 163.5
(CO); m/z (EI) 283 (M*, 8%), 248 (12, M*—Cl), 158 (22), 106 (11),
91 (68).

A trace amount (2%) of the corresponding trichloride was
evident in the NMR spectra of both the crude and the purified
material as a singlet at dy 6.56.

N-Benzyl-Z-3-chloro-2-(4'-methoxybenzenethio)propenamide
(70).

Method E. Unrecrystallised NCS (0.96 g, 7.14 mmol) was
added in one portion to a solution of the N-benzyl-2-(4'-
methoxybenzenethio)propanamide (26, 1.04 g, 3.40 mmol) in
toluene (21 ml). The flask was immediately immersed in an oil bath
at 130 °C and heating was maintained for 2 hours with stirring.
The reaction mixture was cooled to 0 °C and the succinimide
by-product removed by filtration. The solvent was evaporated
at reduced pressure to give the crude B-chloroacrylamide 70.
The crude product was purified by chromatography on silica
gel using ethyl acetate-hexane (20 : 80) as eluent to give the -
chloroacrylamide 70 as a colourless solid (720 mg, 64%), mp

76-77 °C; (found C, 61.03; H, 5.11; N, 4.19; Cl, 10.94; S, 9.51.
C;H(NCIO,S requires C, 61.16; H, 4.83; N, 4.20; Cl, 10.62;
S, 9.60%); Vm/cm™' (KBr) 3323 (br, NH), 1636 (CO), 1494,
1029, 820; oy (270 MHz) 3.83 (3H, s, OCH;), 442 (2H, d, J 6,
CH,Ar), 6.80-7.46 (10H, m, ArH, NH seen as bs at oy 7.09), 7.81
[1H, s, C(3)HCI=]; . (67.8 MHz) 44.1 (CH,Ar), 55.4 (OCH,;),
115.0, 115.3 (aromatic CH), 123.1 (S-C), 127.7, 128.3, 131.3
(aromatic CH), 133.7, 135.6 [quaternary aromatic C or C(2)S],
137.5[C(3)HCI=], 159.6 (COMe), 162.5 (CO); m/z (EI) 333.0584
(M*, C;;H(N*CIlO,S requires 333.0590). 333 (M*, 50%), 298
(7, M*—Cl), 164 (25, M*—~CONHBn-Cl), 158 (75, M*~SAr-HCI),
149 (23, [SAr]"), 91 (100).

A signal corresponding to the analogous dichloroacrylamide
was also seen at oy 4.21.

N-4'-Fluorophenyl-Z-3-chloro-2-(methylthio)propenamide (88).

Method F. Unrecrystallised NCS (5.64 g, 42.50 mmol) was
added in one portion to a solution of the sulfide 42 (5.00 g,
23.50 mmol) in toluene (100 ml). The flask was immediately
immersed in an oil bath at 90 °C and heating was maintained
for 2 hours with stirring. The reaction mixture was cooled to 0 °C
and the succinimide by-product removed by filtration. The solvent
was evaporated at reduced pressure to give the B-chloroacrylamide
88 as a brown solid. The "H NMR of the crude product showed the
composition of the mixture to be 70% 88, 20% dichloroacrylamide
117 (evidence for presence at Jdy 2.34) and 10% dichloride 118
(0n 4.07, 4.12, ABq, J 11, CH,CI). The product was purified by
chromatography on silica gel using ethyl acetate-hexane (5 : 95)
as eluent to give the B-chloroacrylamide 88 as a white solid (61%),
mp 89-91 °C; (found C, 48.55; H, 3.69; N, 5.84; Cl, 14.04; F,
7.73; S, 13.28. C,,H,NCIFOS requires C, 48.88; H, 3.69; N, 5.70;
Cl, 14.43; F, 7.73; S, 13.05%); v /cm ™" (KBr) 3339, 1652 (CO),
1507, 1211; 6, (300 MHz) 2.31 (3H, s, SCH;), 7.02-7.09 [2H, m,
ArC(3)H], 7.54-7.60 [2H, m, ArC(2")H], 7.84 [1H, s, C(3)HCl=],
9.01 (1H, bs, NH);d¢ (75.5 MHz) 17.35(SCHj;), 115.9[d, *J ¢ 22,
aromatic CH, ArC(3)], 121.8 [d, *J 8, aromatic CH, ArC(2)],
133.2 [d, “J¢r 3, quaternary aromatic C, ArC(1")], 134.0 [C(2)S],
139.1 [C(3)HCI=], 159.7 [d, 'Jcr 245, quaternary aromatic C,
ArC(4)], 160.7 (CO); m/z (EI) 245 (M*, 20%), 210 (30), 135 (22),
107 (100).

During optimization studies, characteristic signals for the
acrylamide 116 were seen at dy 6.45 (s, one of CH,=) and 5.58 (s,
one of CH,=).

Products obtained from treatment of /V-4'-methylphenyl-3-
methyl-2-(phenylthio)butanamide (126) with NCS

N-4-Methylphenyl-2,3-dichloro-3-methyl-2-(phenylthio)butana-
mide (129). N-4-Methylphenyl-3-methyl-2-(phenylthio)butana-
mide (126, 0.99 g, 3.3 mmol) and NCS (1.05 g, 7.0 mmol)
were heated in toluene (30 ml) at 130 °C. After 1 h TLC
analysis indicated that the reaction was complete. Purification
by chromatography using ethyl acetate-hexane (7 : 93) as eluent
gave 129 (0.94 g, 80%) as a yellow, crystalline solid, mp 75-80 °C;
(found C, 58.82; H, 5.14; N, 3.74; S, 19.31. C,3sH,,C1,0S requires
C, 58.68; H, 5.20; N, 3.80; S, 19.26%); vy /cm™' (KBr) 3405
(br NH), 1688 (CO amide); oy (270 MHz) 2.08 [3H, s, C(3)H;],
2.14 [3H, s, C(3)H;], 2.33 (3H, s, ArCH;), 7.08-7.65 (9H, m,
ArH), 8.45 (1H, br s, NH); . (67.8 MHz) 20.9 (ArCH,), 30.8,
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31.5 {[C(3)H,],}, 74.6 [C(3)CI], 94.1 (CCIS), 119.9, 128.1, 129.1
(aromatic CH), 129.5 (quaternary aromatic C), 130.4 (aromatic
CH), 134.1, 135.0 (quaternary aromatic C), 137.1 (aromatic CH),
162.9 (CO); MS m/z 367 (M*, 28%), 297 (16, M*-2Cl), 198 (98),
163 (29, [PhS=C=C(CH;),]*).

N-4'-Methylphenyl-3-methyl-2-(phenylthio)-2-butenamide (128)
and N-4-methylphenyl-2-chloro-3-methyl-2-(phenylthio)butana-
mide (127). NCS (44 mg, 0.33 mmol) was added to a
stirred solution of N-4-methylphenyl-3-methyl-2-(phenylthio)-
butanamide 126 (100 mg, 0.33 mmol) in carbon tetrachloride
(2 ml) at RT. An aliquot was removed which contained 127
oy (60 MHz, CCl,) 1.10 (3H, d, J 8), 1.35 (3H, d, J 8), 2.28
(3H, s, ArCH;), 2.90-3.12 [IH, m, C(3)H], 6.89-7.67 (9H,
m, ArH). After stirring at RT for 4 h the reaction mixture
was cooled to 0 °C, the succinimide by-product was removed
by filtration and the filtrate was evaporated to dryness. The
product mixture containing acrylamide 128 was allowed to stand,
neat at RT, for 48 h to promote elimination of HCI from the
a-chlorosulfide 127, and purified by column chromatography
using ethyl acetate—hexane (10 : 90) as eluent to give 128 (49 mg,
50%) as an off-white solid, mp 88-90 °C; (found C, 72.34; H,
6.19; N, 4.82; S, 10.43. C,3H;(NOS requires C, 72.69; H, 6.44;
N, 4.71; S, 10.78%); Vpa/cm™' (KBr) 3281 (br NH), 1648, 1597
(CO a, B-unsaturated amide); d,; (270 MHz) 2.14, 2.17 [2 x 3H, 2
x s, (CH3),], 2.30 (3H, s, ArCH;), 7.04-7.38 (9H, m, ArH), 8.33
(1H, br's, NH); dc (67.8 MHz) 20.8 (ArCH,), 23.8, 25.4 [(CH5;),],
120.1, 126.3, 127.5, 129.3, 129.5 (aromatic CH), 133.9, 135.2,
135.2 (quaternary aromatic C), 155.6 (CO); MS m/z 297 (M*,
40%), 163 (50, [(CH;),C=CHSPh]*).

Formation of dichlorides for decomposition using Lewis acids

N-i-Propyl-2,3-dichloro-2-(phenylthio) propanamide (130).
This was prepared following the procedure described for
dichloride 7 using sulfide 11 (0.26 g, 1.17 mmol), NCS (0.33 g,
2.45 mmol) in carbon tetrachloride (5 ml) at 40 °C with a reaction
time of 16 h. The dichloride 130 was present in ca. 45% with the
B-chloroacrylamide 53. The '"H NMR spectrum was complex,
however a signal was observed at dy (270 MHz) 3.70-4.50 [2H,
ABq, J 11, C(3)H,] for the B-hydrogens.

N-2'-Propenyl-2,3-dichloro-2-(phenylthio)propanamide  (131).
This was prepared following the procedure described for
dichloride 7 using sulfide 14 (0.30 g, 1.36 mmol), NCS (0.38 g,
2.86 mmol) in carbon tetrachloride (6 ml) at 40 °C with a reaction
time of 16 h. The dichloride 131 was characterised as a ca. 1 : 1

mixture with the B-chloroacrylamide 56: J,; (270 MHz) 3.60-3.95
[2H, m, C(1")H,], 3.72-4.30 [2H, ABq, J 11, C(3)H,], 4.72-5.98
(3H, m, CH=CH,), 6.57 (1H, br s, NH), 7.10-7.83 (SH, m, ArH).
(Characteristic signals for the p-chloroacrylamide 56 were also
present.)
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Tonizing radiation triggers the activation of caged oligodeoxynucleotides (ODNs) with a 2-oxoalkyl
leaving group to give the corresponding normal uncaged strands. We designed and synthesized ODNs
caged by a 2-oxopropyl group at a given thymine N(3) position (d*°T) to evaluate their one-electron
reduction characteristics. Upon hypoxic X-radiolysis in aqueous solution, the caged ODNs released the
2-oxopropyl group to produce the corresponding uncaged ODNs. Digestion by a restriction enzyme
Swa 1 revealed that caged ODN pre-irradiated in hypoxia could form an ordinary duplex with its

complementary strand.

Introduction

Artificial oligonucleotides (ODNs) that can be externally stimu-
lated to regulate their hybridization properties have been explored
for possible application to DNA biosensors, bionanodevices and
gene therapy.'” With this view, various attempts were made to
either enhance or suppress the bioactivity of ODNs by regulating
their recognition ability, e.g. binding of a metal ion to mismatched?
or modified nucleobases,® addition of borax and boronic acid to
modified riboses,* and photochemical methods with nitrobenzene®
or azobenzene® functionality linked to an ODN.

High-energy ionizing radiation seems to be among the potential
external triggers for artificial ODNs with bioactive functionality,
generating reactive transient species such as ion radicals, free
radicals and excited molecules that induce formation or cleavage
of chemical bonding.® The advantage of ionizing irradiation is
its capability to control spatially and temporally the chemical
reactions without any additives. Thus, ionizing radiation is an
attractive trigger for the control of DNA functions, however, it
has not yet been applied to regulation of DNA hybridization
properties.

We herein report X-radiolytic activation of ODNs caged by a
removable 2-oxoalkyl group, which was previously demonstrated
to be an effective functionality for selective hypoxic-radiation
activated 5-fluorouracil (5-FU) and S5-fluorodeoxyuridine (5-
FdUrd) prodrugs.” An activation mechanism has been proposed
by which the 2-oxoalkyl group undergoes one-electron reduction
by hydrated electrons (e,, )" generated via radiolysis of water
to form the corresponding ©* anion radical, followed by thermal
activation into the * anion radical that has a weakened N-C bond
between the 5-fluorouracil unit and the 2-oxoalkyl group and is
readily hydrolyzed to release the 2-oxoalkyl group.®”* In this study,
we designed and synthesized ODNs caged by a 2-oxopropyl group
at a given thymine N(3) position (d*°T), which has a characteristic
structure similar to the previous radiolytic reduction activated 5-
FdUrd prodrug. These d*°T-bearing ODNs were confirmed to
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be one-electron reduced upon hypoxic X-irradiation, releasing
the 2-oxopropyl group and producing the corresponding uncaged
ODNSs, which could hybridize into an ordinary duplex with their
complementary strand.

Results and discussion

The synthetic routes to d°°T and artificial ODNs are shown in
Scheme 1. Diacetyl thymidine 1 was coupled with a-bromoacetone
and subsequently hydrolyzed under basic conditions to produce
do°T. The resulting d>°T was incorporated into DNA via phos-
phoramidite 4, using a DNA synthesizer. The structures of syn-
thesized ODNs as confirmed by MALDI-TOF mass spectrometry
are summarized in Table 1.

We initially conducted one-electron reduction of 5-mer ODN
1 by the X-radiolysis of an argon-purged aqueous solution con-
taining excess 2-methyl-2-propanol as the scavenger of oxidizing
hydroxyl radicals.”” Under these radiolysis conditions, reducing
hydrated electrons (e,, ) are generated as the major active species.
Fig. 1 shows a representative reaction profile of the radiolytic
reduction of ODN 1 by e, under hypoxic conditions. The
appearance of single new peak in Fig. 1 was attributable to
formation of the corresponding uncaged ODN (5-AATAA-3')
according to the molecular weight [(M — H)~] of the fractionated
sample measured by MALDI-TOF mass spectroscopy" and
overlap injection of authentic samples in the HPLC analysis. The
G values (the number of molecules produced or changed per
1 J of radiation energy absorbed by the reaction system) were
137 nmol J~' for the decomposition of ODN 1 and 113 nmol J!
for the formation of corresponding uncaged ODN.

In contrast to the hypoxic X-radiolysis, the removal of 2-
oxopropyl group from d°°T of ODN 1 to give uncaged ODN
became considerable less efficient in the X-radiolysis under aerobic
conditions: the G values were evaluated as 17.6 nmol J=' for the
decomposition of ODN 1 and 2.4 nmol J™' for the formation
of uncaged ODN. In view of the well documented evidence that
molecular oxygen efficiently captures reducing species of e,,~ into
superoxide anion radical (O,™") and thereby inhibits radiolytic
reduction,’*'? the radiolytic removal of 2-oxopropyl group from
do°T is likely to occur via one-electron reduction by e,,~ almost
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(e) automated DNA synthesis.

Table 1 The oligodeoxynucleotides (ODNs) used in this study

Sequences”
ODN 1 5'-d(AATAA)-3
ODN 2 5-d(AAAATAAAA)-3
ODN 3 S-d(TTTTATT**TAAATTTTTT)-3
ODN 4 5-d(AAAAAATTTAAATAAAAA)-3
ODN 5 5-d(*°TA)-3
ODN 6 5-d(*°TG)-3'
ODN 7 5'-d(*°TT)-3
ODN 8 5-d(*°TC)-3

“ Recognition sites of restriction enzyme Swa I are shown in italic.

selectively under hypoxic conditions. Similar reductive removal
of the 2-oxopropyl group in a hypoxia selective manner was
also confirmed for 9 mer ODN 2, although reaction efficiency
was lower than that of 5-mer ODN 1 (Table 2). The lowered
efficiency is probably due to the increased competitive reaction of
nucleobases around d*°T structure with e,, . Furthermore, as seen
in Table 2, a trend seems to be apparent that the radiolytic reductive
conversion of caged ODN consisting of dT, dA and d*°T into the
corresponding uncaged analog becomes substantially less efficient

ODN 1

Product l
(uncaged ODN)

1
20 30 40 50
retention time (min)

Fig. 1 HPLC profiles for the one-electron reduction of ODN 1 (110 pM)
in the hypoxic X-radiolyses (0, 300 and 900 Gy) of aqueous solution
containing 10% 2-methyl-2-propanol.

upon increasing the ODN chain length. The radiolytic one-
electron reduction of ODN 1-3 by e,,~ may produce primary anion
radicals of dT and dA that could transfer the electron to the caged
base d*T. However, the results shown in Table 2 indicate that
this may not occur significantly, thus suggesting that irreversible
processes are occurring such as irreversible protonation of the
anion radicals. This is in accord with the fact that the thymine
anion radical protonates irreversibly at C-6 and the adenine anion
radical protonates irreversibly at C-2 and C-8."

Table 2 G-values for the decomposition of caged ODNs bearing d°*°T and for the formation of the corresponding uncaged ODNSs in the X-radiolysis

under hypoxic and aerobic conditions

Hypoxic conditions

Aerobic conditions

Decomposition/nmol J~!

Formation/nmol J~!

Decomposition/nmol J~! Formation/nmol J-!

ODN 1 137 113
ODN 2 106 45
ODN 3 (<62 (<50)"
ODN5 167 149
ODN 6 167 134
ODN7 181 130
ODN 8 69 49

17.6 2.4
12 0.8
(<10 ND*
35 30
24 15
35 11
19 11

“ Since the signals assigned to ODN 3 and the corresponding uncaged ODN considerably overlapped each other on the HPLC chart, the G values could
not be quantified with sufficient accuracy. * The formation of uncaged ODN was not detected.
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To confirm the removal of the 2-oxoalkyl group from caged
ODN with longer chains upon hypoxic irradiation and to char-
acterize its hybridization property, we performed the enzymatic
digestion of 18-mer caged ODN 3 pre-irradiated in hypoxia, which
had d°T at the center of the Swa I recognition site."* An equimolar
amount of 5-*P-end labeled ODN 4, which is complementary to
the uncaged normal analog of ODN 3, was added to a solution
of caged ODN 3 after hypoxic X-irradiation and the resulting
duplex was digested by Swa I at 25 °C for 15 min. Fig. 2
shows a representative gel electrophoresis for elucidating strand
cleavage behavior. Without X-irradiation, no cleavage of ODN 4
was observed (lane 2), indicating that the enzymatic cleavage of
ODN 3-ODN 4 duplex by Swa I was inhibited by the presence
of obstructive 2-oxopropyl group on the caged ODN 3 strand.
In contrast, the cleavage efficiency of ODN 4 in the presence of
caged ODN 3 pre-irradiated in hypoxia was remarkably enhanced
(lane 3). This result indicates that hypoxic X-irradiation removed
2-oxopropyl group on caged ODN 3, thereby resulting in the
formation of an ordinary duplex with ODN 4 that can be a
substrate for Swa 1. Consistent with the inefficient removal of
2-oxopropyl group upon aerobic X-irradiation, the enzymatic
cleavage of the duplex derived from caged ODN 3 pre-irradiated
under aerobic conditions was suppressed to a background level
(lane 5).

Hypoxic Aerobic
Irradiation  Irradiation
Dose (Gy) - 0 100 0 100

1 2 3 4 5

Intact

oons o @D

Cleaved
ODN 4 -

Fig. 2 Autoradiograms of the denaturing sequencing gel for enzymatic
digestion of ODN 4 in the presence of ODN 3 pre-irradiated under hypoxic
or aerobic conditions. The pre-irradiated ODN 3 was added to the solution
of 5P labeled ODN 4, and then digested by Swa I (10 U) at 25 °C for
15 min. Lane 1, control duplex (5-TTTTTATTTAAATTTTTT-3)-ODN
4; lanes 2, 3 ODN 3 pre-irradiated under hypoxic conditions (0 Gy and
100 Gy)-ODN 4; lanes 4, 5 ODN 3 (0 and 100 Gy) pre-irradiated under
aerobic conditions-ODN 4.

To identify the effect of base sequence on the radiolytic reduc-
tion of intramolecular d°T, we carried out a comparative one-
electron reduction of dinucleotides ODN 5-8 consisting of d*°T
and four types of natural nucleobase upon hypoxic X-irradiation.
As shown in Table 2, the G values for the decomposition of caged
ODN 5-7, in which d°°T is linked to A, G, or T, respectively,
and the formation of corresponding uncaged dinucleotides were
similar levels. In contrast, dinucleotides ODN 8 with a linkage
between d”°T and C showed a considerably lower G value, relative
to the other three dinucleotides, suggesting that the counterpart
base unit of C could effectively capture e,,~ and thereby inhibit the
one-electron reduction of d”°T to generate dT. It has been reported
that cytosine derivatives are reduced by e,,~ faster than the other
bases.”® Furthermore, as suggested by the recent studies on excess
electron transfer through DNA," rapid irreversible protonation

processes involved in cytosine anion radical may be competitive
with electron transfer from one-electron reduced cytosine to the
neighboring d*°T in ODN 8.

Conclusion

In summary, we have demonstrated activation of caged ODNs
possessing a hindered d”°T unit by X-radiolytic one-electron
reduction. The removal of the 2-oxopropyl group on caged ODN
occurred efficiently upon hypoxic X-irradiation, while the reaction
efficiency was dramatically decreased upon aerobic irradiation.
Artificial DNA derivatives that can be activated to regulate DNA
and RNA recognition properties with the aid of external triggers
are useful for a variety of applications. As an example, we are trying
to make a next generation of DNAzyme and antisense molecules,
whose function can be regulated by hypoxic irradiation.

Experimental
General

"H NMR spectra and *C NMR spectra were measured with JEOL
JNM-AL 300 (300 MHz) or JEOL JMN-EX-400 (400 MHz)
spectrometers. Coupling constants (J values) are reported in
Hertz. The chemical shifts are expressed in ppm downfield from
tetramethylsilane, using residual chloroform (0 = 7.24 in 'H
NMR, ¢ = 77.0 in "C NMR) and residual dimethyl sulfoxide
(0 = 2.49 in '"H NMR, 6 = 39.5 in ®C NMR) as an internal
standard. FAB Mass spectra were recorded on a JEOL JMS-
SX102A spectrometer. A Rigaku RADIOFLEX-350 was used for
X-radiolysis. High-performance liquid chromatography (HPLC)
was performed using a HITACHI L-7100 equipped with a Intersil
ODS-3 column (GL science Inc.), and the elution peaks were
detected using a UV-Vis detector L-7455 at 260 nm wavelength. A
Wakogel C-200 was used for silica gel chromatography. Precoated
TLC plates Merck silica gel 60 F,5, were used for monitoring the
reactions and also for preparative TLC. Restriction enzyme, Swa
I, was purchased from New England BioLabs. The reagents for
the DNA synthesizer were purchased from Glen Research. N,N-
Dimethylformamide (DMF) was distilled under reduced pressure.
All other reagents and solvents were used as received.

2'-Deoxy-3,5 -di-O-acetyl-3-(2'-oxopropyl)thymidine (2)

2'-Deoxy-3',5-di-O-acetylthymidine 1 (2.78 g, 8.53 mmol) was
added to a suspension of sodium hydride (614 mg, 25.6 mmol)
in anhydrous DMF (20 ml) at 0 °C and the mixture was stirred at
0°C for 15 min. To the resulting mixture was added bromoacetone
(3.51 g, 25.6 mmol) and the mixture was stirred at 0 °C for
2.5 h. The reaction mixture was diluted with water and extracted
with ethyl acetate. The extract was washed with brine, dried over
MgSO,, filtered, and concentrated in vacuo. The crude product
was purified by column chromatography (SiO,, 33% hexane—ethyl
acetate) to give 2 (2.61 g, 80%) as a yellow oil: '"H NMR (CDCl;,
400 MHz) 6 7.25 (s, 1H), 6.22 (dd, I1H, J = 7.6, 6.1 Hz), 5.14 (m,
1H), 4.69-4.68 (2H), 4.30-4.28 (2H), 4.19 (m, 1H), 2.42 (ddd, 1H,
J =14.6, 6.1, 1.5 Hz), 2.19 (s, 3H), 2.15 (dd, 1H, J = 14.6, 7.6
Hz), 2.06 (s, 3H), 2.03 (s, 3H), 1.89 (s, 3H); “C NMR (CDCl;,
100 MHz) 6 200.2, 170.2, 170.1, 162.5, 150.3, 133.0, 110.3, 85.6,
82.1, 74.0, 63.7, 49.8, 37.5, 27.1, 20.7, 20.7, 13.2; FABMS (NBA)
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m/e 383 [(M + H)*]; HRMS calcd. for C,;H,;;N,O; [(M + H)*]
383.1449, found 383.1449.

2'-Deoxy-3-(2'-oxopropyl)thymidine (d*°T)

To a solution of 2 (2.61 g, 6.83 mmol) in methanol (13.4 ml)
and water (6.7 ml) was added lithium hydroxide monohydrate
(631 mg, 15.04 mmol) and the mixture was stirred at 0 °C for
30 min. The reaction mixture was concentrated in vacuo and the
crude product was purified by column chromatography (SiO,, 9%
MeOH-CHC;) to give d°T (1.91 g, 94%) as a yellow solid: mp
56-57°C; "H NMR (CDCl;, 400 MHz) ¢ 7.30 (s, 1H), 6.07 (t, 1H,
J =6.9 Hz), 4.69 (s, 2H), 3.90 (m, 1H), 3.87 (dd, IH, J = 11.6, 2.8
Hz), 3.75 (dd, 1H, J = 11.6, 2.8 Hz), 2.44-2.36 (1H), 2.24 (ddd,
IH, J = 13.4, 6.9, 3.9 Hz), 2.18 (s, 3H), 1.87 (s, 3H); *C NMR
(CDCl;, 100 MHz) 6 201.0, 162.7, 150.5, 135.2, 110.1, 87.0, 86.9,
71.1, 62.2, 50.0, 40.2, 27.4, 13.2; FABMS (NBA) m/¢ 299 [M +
H)*]; HRMS caled. for C;H;yN,O¢ [(M + H)*] 299.1243, found
299.1242.

2'-Deoxy-5'-O-dimethoxytrityl-3-(2'-oxopropyl)thymidine (3)

A solution of d*°T (544 mg, 1.83 mmol) and 4,4'-dimethoxytrityl
chloride (929 mg, 2.74 mmol) was stirred in anhydrous pyridine
(3.5 ml) for 50 min at 0 °C. The reaction mixture was diluted with
saturated NaHCO; and extracted with CHCIl,. The extract was
washed with brine, dried over MgSO,, filtered, and concentrated in
vacuo. The crude product was purified by column chromatography
(Si0,, 9% MeOH-CHCI,) to give 3 (908 mg, 83%) as a yellow solid:
mp 93-94 °C; '"H NMR (CDCl;, 270 MHz) ¢ 7.55 (s, 1H), 7.35-
7.18 (9H), 6.76 (d, 2H, J = 8.9 Hz), 6.30 (t, 1H, J = 6.4 Hz), 4.67
(d, 2H, J = 1.9 Hz), 4.49 (m, 1H), 3.96 (m, 1H), 3.71 (s, 6H), 3.40
(dd, 1H, J = 10.6, 2.9 Hz), 3.29 (dd, 1H, J = 10.6, 3.4 Hz), 2.43—
2.17 (2H), 2.16 (s, 3H), 1.40 (s, 3H); *C NMR (CDCl;, 75 MHz) 6
200.5, 162.6, 158.2, 150.1, 148.7, 144.0, 136.2, 135.1, 134.9, 134.2,
129.7, 127.7, 127.5, 126.6, 123.6, 112.8, 109.5, 86.4, 86.0, 85.2,
71.1, 63.1, 57.3, 54.7, 49.6, 40.7, 26.7, 17.8, 11.9; FABMS (NBA)
m/e 601 [(M + H)*]; HRMS calcd. for C;,H3,N,O5 [(M + H)*]
601.2550, found 601.2541.

2'-Deoxy-5'-O-dimethoxytrityl-3'-O-cyanoethyl-NV,/N-
diisopropylphosphoramidite-3-(2’-oxopropyl)thymidine (4)

A solution of 3 (218 mg, 3.63 mmol), 2-cyanoethyl tetraiso-
propylphosphorodiamidite (115 pl, 0.362 mmol), and tetrazole
(33.1 mg, 0.47 mmol) in acetonitrile (1.0 ml) was stirred at ambient
temperature for 40 min. The mixture was filtered off and used
without further purification.

Caged ODN synthesis

ODN: s caged by a 2-oxopropyl group were synthesized by the con-
ventional phorphoramidite method using an Applied Biosystems
392 DNA/RNA synthesizer. Synthesized ODNs were purified by
reversed phase HPLC on a Inertsil ODS-3 column (10 x 250 mm,
elution with a solvent mixture of 0.1 M triethylammonium acetate
(TEAA), pH 7.0, linear gradient over 60 min from 0% to 30%
acetonitrile at a flow rate 3.0 mL min~"). Mass spectra of ODNs
purified by HPLC were determined with MALDI-TOF mass
spectroscopy (acceleration voltage 21 kV, negative mode) with

2,3, 4 -trihydroxyacetophenone as matrix, using Ty ((M — H]~
2370.61)and T}, ((M — H]~ 5108.37) as an internal standard; ODN
1, 5-d(AATAA)-3', m/z 1494.09 (calcd for [M — H]~ 1494.05);
ODN 2, 5-d(AAAA>TAAAA)-3', m/z 2803.37 (calcd for [M —
H]- 2802.94); ODN 3, 5-d(TTTTTATT**TAAATTTTTT)-3,
m/z 5504.41 (caled for [M — H]™ 5504.62); ODN 5, 5'-d("*°TA)-3,
m/z 610.65 (calcd for [M — H]~ 610.49); ODN 6, 5-d("*°TG)-3,
m/z 625.72 (caled for [M — H]~ 626.49); ODN 7, 5-d(*°TT)-3,
m/z 602.24 (caled for [M — H]~ 601.48); ODN 8, 5'-d(*°TC)-3,
m/z 586.13 (calcd for [M — H]~ 586.47).

Radiolytic reduction

To establish hypoxia, aqueous solutions of ODN 1-8 (110 uM)
containing 10% 2-methyl-2-propanol were purged with argon for
30 min and then irradiated in a sealed glass ampoule at ambient
temperature with an X-ray source (4.05 Gy min™'). After the
irradiation, the solution was immediately subjected to HPLC
analysis.

Melting temperature (7',,) measurement

After the irradiation of the oligomers possessing 2-oxoalkyl
groups, the corresponding complementary DNA was added to
the samples. T,s of the duplexes (3.0 uM, duplex concentration)
were taken in a 50 mM Tris-HCI (pH 7.9) containing 100 mM
NaCl and 10 mM MgCl,. Absorbance vs. temperature profiles
were measured at 260 nm using a JASCO V-530 UV/VIS
spectrometer connected with a ETC-505T temperature controller.
The absorbance of the samples was monitored at 260 nm from 5 °C
to 70 °C with a heating rate of 1 °C min~'. From these profiles,
first derivatives were calculated to determine 7', values.

Preparation of 5'-**P-end labeled DNA oligomers

The DNA oligomers were 5'-end-labeled by phosphorylation with
4 uL of [y-*P]ATP and 4 uL of T4 polynucleotide kinase using
standard procedures.”” The 5-end-labeled DNA oligomers were
recovered by ethanol precipitation and further purified by 15%
preparative nondenaturing gel electrophoresis and isolated by the
crush and soak method."®

Digestion of irradiated ODN 3 and 5'-**P-labeled ODN 4 by
restriction enzyme

According to the protocol described above, radiation (0 and
100 Gy) of ODN 4 (110 uM) was carried out. After the irradiation,
3 uL of radiated ODN 3 was added to 12 uL of 3.3 uM **P-labeled
ODN 4. Hybridization was achieved by heating the sample at 90 °C
for 5 min and slowly cooling to room temperature. The resulting
duplex was incubated in 50 mM Tris-HCI (pH 7.9), 100 mM NaCl,
10 mM MgCl,, 1 mM DTT, 1 pg mL~" BSA with Swa I (10 U)
at 25 °C for 15 min. After the digestion, the reaction mixture
was ethanol precipitated with 800 L of ethanol. The precipitated
DNA was washed with 100 pL of cold ethanol and then dried
in vacuo. The radioactivity of the samples was then measured using
aloka 1000 liquid scintillation counter and the dried DNA pellets
were resuspended in 80% formamide loading buffer (a solution of
80% v/v formamide, ] mM EDTA, 0.1% xylene cyanol and 0.1%
bromophenol blue). All samples were heat denature at 90 °C for
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3 min and quickly chilled on ice. The samples (1 uL, 10 x 10° cpm)
were loaded onto 15% polyacrylamide and 7 M urea sequencing
gel and electrophoresed at 1900 V for approximately 30 min. The
gel was dried and exposed to X-ray film with an intensifying sheet
at —80 °C.
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Opioid ligands with mixed properties from substituted enantiomeric
N-phenethyl-5-phenylmorphans. Synthesis of a p-agonist o-antagonist and
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Enantiomeric N-phenethyl-m-hydroxyphenylmorphans with various substituents in the ortho, meta or
para positions of the aromatic ring in the phenethylamine side-chain (chloro, hydroxy, methoxy, nitro,
methyl), as well as a pyridylethyl and a indolylethyl moiety on the nitrogen atom, were synthesized and
their binding affinity to the p-, -, and k-opioid receptors was examined. The higher affinity ligands
were further examined in the [*S]GTPyS assay to study their function and efficacy.
3-((1R,5S)-(—)-2-(4-Nitrophenethyl)-2-aza-bicyclo[3.3.1]Jnonan-5-yl)phenol ((—)-10m) was found to be
a p-agonist and d-antagonist in that functional assay and was about 50 fold more potent than morphine
in vivo. 3-((1R,5S5)-(—)-2-(4-Chlorophenethyl)-2-aza-bicyclo[3.3.1]nonan-5-yl)phenol ((—)-10i) and
several other ligands displayed inverse agonist activity at the §-opioid receptor. The absolute
configuration of all of the reported compounds was established by chemical conversion of (—)-6 to

1R,55-(—)-8b-HBr.

Introduction

The synthesis of compounds that act stereoselectively at each
of the opioid receptors and as potent, pure opioid agonists or
antagonists, has been a long-sought goal, and several non-peptidic
ligands with those properties have been found.**® More recently,
it has been suggested that ligands that display p-agonist and -
antagonist activity may be useful as pharmacological tools or
medications. Theoretically, a p-agonist should induce analgesia
and the d-antagonist activity of the drug could reduce or eliminate
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the tolerance and dependence caused by the u-agonist.' > The dual
effect could conceivably occur through a ligand that is fortuitously
able to fit to a binding site in both receptors, or perhaps to a
receptor that, when activated by a suitable ligand, can effect the
signaling properties of a related receptor.’>* Interestingly, it has
been found that p- and &-receptors can exist as heterodimers."**
Further, Emmerson et al.,'® have noted that compounds with a 6-
receptor inverse agonist profile may be useful as anorectants. Thus,
the interest in new ligands that interact with opioid receptors has
not abated, although the goals of the search have evolved.

In an attempt at dissociating the undesirable effects of
morphine from its analgesic action in the 1950’s, May and
his collaborators examined the effect of simplification of the
structure of the rigid S5-ring morphine-like compounds (4,5-
epoxymorphinans).’” One of the first of the molecularly less
complex S5-phenylmorphan compounds that they synthesized and
examined,”™ [(4)-5-m-hydroxyphenyl-N-methylmorphan, ((£)-3-
(2-methyl-2-aza-bicyclo[3.3.1Jnonan-5-yl)-phenol, (£)-1] was
found to be as potent as the well-known analgesics in the
multicyclic rigid epoxymorphinan (e.g., morphine), morphinan
(e.g., levorphanol), and 6,7-benzomorphan (e.g., metazocine)
classes of antinociceptives. When the enantiomers of (&£)-1
(Fig. 1) were examined by May et al,"** they found that
the (+)-enantiomer showed potent antinociceptive activity in
mice (ca. 3 or 4 times more potent than morphine) and the
(—)-enantiomer showed both antinociceptive (morphine-like) and
narcotic antagonist activity (80 fold less potent than naloxone as
an antagonist in morphine-dependent Rhesus monkeys).

This is in sharp contrast to the epoxymorphinan opioids where
only the enantiomer with morphine’s absolute configuration, that
is, the natural product or a compound derived from it, interacts
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Fig. 1 N-Methyl- and N-phenethyl-phenylmorphans.

well with opioid receptors and has significant analgesic activity.
Single-crystal X-ray analysis* subsequently determined that the
(—)-enantiomer ((—)-5-m-hydroxyphenyl-2-methylmorphan hy-
drobromide) had the 1R,5S configuration. Prior to the work of
May et al., opioid antagonist activity had not been found in any
enantiomer from any opioid with a so-called “agonist” side-chain
on the nitrogen atom (e.g., N-methyl, N-phenethyl, N-pentyl),
nor have they often been found since that time among any of
the derivatives from the molecularly rigid series of opioids (e.g.,
in the epoxymorphinans, morphinans, or benzomorphans). This
novel and unexpected effect in the 5-phenymorphans has been
ascribed to the lack of rigidity of the aromatic ring, as well as to
its equatorially-oriented link to the piperidine ring rather than the
more common axial arrangement found in the rigid multicyclic
analgesics.?

In that context, it was interesting to note that racemic N-
phenethyl-9B-methyl-5-(3-hydroxyphenyl)morphan  (3-(2-phen-
ethyl-2-aza-bicyclo[3.3.1]nonan-5-yl)phenol) was reported by
Thomas et al.,** to have high affinity for the u opioid receptor
and to have only opioid antagonist activity in the [*S]GTP-y-S
assay. The conversion to a pure p-opioid antagonist was said
to be due to the circumscribed rotation of the aromatic ring
by a properly situated, sterically interfering alkyl moiety. We
subsequently reported that one of the N-phenethyl-substituted
S5-phenylmorphan enantiomers ((—)-2) without a 9B-methyl
substituent that was said to limit the rotation of the aromatic
ring, was also a selective p-opioid antagonist,”?> as determined
in the same [**S]JGTP-y-S assay as that used by Thomas et al.*

An N-phenethyl substituent apparently influences the activity of
the 5-phenylmorphan molecule? much differently than in the more
rigid cyclic morphinan-type of opioids. We have now explored
this unusual effect of an N-phenethyl moiety, both with the hope
of finding S-phenylmorphan ligands that might be capable of

OMe
MeO
\Q _a, _b
Br N’Bn
3
d N~gn e
MeG MeO

(x)-6

MeO MeQ,
=~ c
N—Bn—> =~ N/Bn
4

()

interacting with both p- and d-opioid receptors and that would
act as a p-agonist and S-antagonist. Also, differently substituted
N-phenethyl phenylmorphans with varying affinity for opioid re-
ceptors and varying efficacy might provide greater insight into how
that moiety exerts its unusual antagonist effect. We substituted
various electron-withdrawing or donating groups (e.g., methoxy,
chloro, nitro, etc.) on the aromatic ring in the N-phenethyl side-
chain, and, as well, used a different heteroaromatic ring (Table 1).
We determined the affinity of these ligands to the p-, 6-, and «-
opioid receptors and observed whether the electronic character of
the aromatic ring was as important for receptor interaction in the
5-phenylmorphans as we have previously postulated.”” The higher
affinity analogues were further evaluated for their efficacy using
the [*S]GTP-v-S assay (Tables 1 and 2).

Results and discussion

The synthesis of a key intermediate, 2-benzyl-5-(3-methoxy-
phenyl)-2-aza-bicyclo[3.3.1]nonane ((£)-6), was achieved as
shown in Scheme 1.

Lithiation of 3-bromoanisole by n-BuLi followed by its addition
to 1-benzyl-4-piperidone gave a hydroxypiperidine intermediate
that, without purification, was dehydrated to tetrahydropyridine 3
in good yield (93% over 2 steps). The metalated enamine resulting
from lithiation of 3 by sec-BuLi was treated with allyl bromide
to give endocyclic enamine 4, which upon treatment with a 1 : 1
mixture of HCO,H and H;PO, at room temperature for 72 h
gave an intermediate enamine 5. This enamine was immediately
reduced with NaBH,; to 2-benzyl-5-(3-methoxyphenyl)-2-aza-
bicyclo[3.3.1]nonane ((£)-6). The desired enantiomeric salts were
obtained through resolution of (4)-6 with (+)- and (—)-di-O,0O'-p-
toluyl-D-tartaric acid. The base (—)-6 obtained from the (—)-6.
di-0,0'-p-toluyl-L-tartaric acid salt showed slight levorotation
at the sodium D line (589 nm), and was dextrorotatory at
365 nm. Its hydrobromide salt ((—)-6-HBr) was levorotatory.
The enantiomeric purities of the corresponding bases ((—)-6 and
(+)-6 at [a]sz, nm) were determined by chiral HPLC using a Daicel
Chiralcel OD column. The optical purity of both enantiomers
was shown to be greater than 99.8%. The experimental details are
presented in the Supplementary Informationi.

The absolute configuration of (—)-6 was determined to be 1 R,5S
by chemical conversion to the known 3-((1R,5S)-2-methyl-2-aza-
bicyclo[3.3.1]Jnonan-5-yl)phenol-HBr ((—)-8b.HBr, Scheme 2), an

5

N~
Bn . BnN

1R55-(-)-6 15,5R-(+)-6

O

OMe

Scheme 1  Reagents and conditions: a) 1) THF, —78 °C, n-BuLi, then 1-benzyl-4-piperidone, to —20 °C; ii) toluene, p-toluenesulfonic acid monohydrate,
reflux, 93% over 2 steps: b) THF, —40 °C, sec-BuLi, then allyl bromide, to 0 °C; ¢) H;PO, : HCO,H (1 : 1), rt; d) MeOH, 0 °C, NaBH,, then rt, 60% over
3 steps; e) diastereomeric optical resolution with (+)-di-0,0'-p-toluyl-D-tartaric acid and (—)-di-O,O'-p-toluyl-L-tartaric acid, then NH,OH.
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Table 1 Binding affinity of N-substituted 5-phenylmorphans to opioid receptors

N— R

RTNCN
1R,55--)-10 18,5R-(+)-10
K, (nM £ SDY*
Cmpd.? R FHIDAMGO () [FHJDADLE (5) PH]U69593 (k)
(+)-10a 2-Me-phenyl 68 £ 3 510 £ 24 96 £ 4
(—)-10a 2-Me-phenyl 19£0.9 310 + 24 190 + 17
(+)-10b 3-Me-phenyl 63+2 880 + 32 190 + 7
(—)-10b 3-Me-phenyl 9.8 0.1 86+ 5 320 + 22
(+)-10c 4-Me-phenyl 3§+2 270 £ 9 440 + 15
(—)-10¢ 4-Me-phenyl 17+1.3 36 +2 900 + 88
(+)-10d 2-MeO-phenyl 5242 680 =+ 47 170 £ 22
(—)-10d 2-MeO-phenyl 25+2 390 + 13 320 + 24
(+)-10e 3-MeO-phenyl 104 +4 1110 £ 79 280 + 25
(—)-10e 3-MeO-phenyl 20+ 1.1 160 =+ 6 300 + 17
(+)-10f 4-MeO-phenyl 107 +9 510 + 30 1100 + 68
(—)-10f 4-MeO-phenyl 20+ 1.3 55+4 880 £ 76
(+)-10g 2-Cl-phenyl 43£1.0 135+3 180 =+ 14
(—)-10g 2-Cl-phenyl 13408 200 + 13 330 £ 30
(+)-10h 3-Cl-phenyl 87+3 1140 £+ 63 200 + 4
(—)-10h 3-Cl-phenyl 41+04 160 + 15 290 + 21
(+)-10i 4-Cl-phenyl 65+2 300 + 13 500+ 19
(—)-10i 4-Cl-phenyl 63+0.5 103 + 13 180 £ 17
(+)-10j 2,4-di-Cl-phenyl 79 +3 170 £ 5 1060 + 59
(—)-10j 2,4-di-Cl-phenyl 50+3 178 + 23 1063 + 68
(+)-10k 2-NO,-phenyl 83+3 390 + 13 20+8
(—)-10k 2-NO,-phenyl 52405 250 + 24 750 + 61
(+)-101 3-NO,-phenyl 69 +3 1400 + 65 130 +4
(—)-101 3-NO,-phenyl 1.9+0.1 117 £ 11 4544
(+)-10m 4-NO,-phenyl 28 £ 0.6 500 £ 23 240 + 24
(—)-10m 4-NO,-phenyl 0.9+0.1 35+4 140 +9
(+)-10n 2-Pyridyl 149 + 12 500 + 53 300 + 10
(—)-10n 2-Pyridyl 3443 2400 + 127 1400 + 130
(+)-100 3-Pyridyl 42 +3 1825 + 185 380 £ 22
(—)-100 3-Pyridyl 13+ 1.0 1040 + 92 1340 + 133
(+)-10p 4-Pyridyl 75+6 710 £+ 35 1820 + 169
(—)-10p 4-Pyridyl 51+4 1900 =+ 240 310 + 32
(+)-10q 3-Indolyl 118 +9 1100 + 71 190 £ 5
(—)-10q 3-Indolyl 40 +£2 260 + 12 720 + 53
(+)-10r 2-OH-phenyl 65+3 510 + 23 93 + 4
(—)-10r 2-OH-phenyl 2A+2 540 + 39 250 + 17
(+)-10s 3-OH-phenyl 76 £ 8 350 + 45 350 £ 17
(—)-10s 3-OH-phenyl 26+2 550 + 27 390 + 27
(+)-10t 4-OH-phenyl 40+3 430 +£23 1000 + 45
(—)-10t 4-OH-phenyl 148 + 12 470 + 41 1800 4 109
(+)-10u Vinyl 35+3 1050 + 150 53+5
(—)-10u Vinyl 320+ 13 2800 + 250 1370 £ 108
(+)-2 Phenyl 19+2 600 £ 60 54+ 4
(—)2 Phenyl 11+0.9 540 + 48 7545
“FHIDAMGO (D-Ala?>,MePhe*Gly-ol’)enkephalin; [FH]DADLE (D-Ala?,pD-Leu’)enkephalin; [FH]JU69593  trans-3,4-dichloro-N-methyl[2-(1-

pyrrolidinyl)cyclohexyl]benzeneacetamide. Rat brain membranes were used for p and & binding, and guinea pig brain membranes were used for
« binding. All results, n = 3. The dextrorotatory and levorotatory compounds were 1S5,5R and 1R,5S, respectively. All of the compounds were tested in
salt form except for the 10n, 10p and 10q enantiomers that were tested as bases.

N-methyl-m-hydroxy-5-phenylmorphan salt that had previously
had its configuration established by X-ray crystallographic
analysis.”!

Thus, the (—)-6 base (levorotatory at 589 nm) from the
(—)-6.di-O,0'-p-toluyl-L-tartaric acid salt was converted to the
secondary amine base (+)-8 ([a]¥ +2.9 (¢ 0.81, EtOH)) by
catalytic hydrogenation with H,/Pd. The hydrochloride salt of
(+)-8 was levorotatory. The (+)-8 base was N-methylated through
reductive formylation (H,/Pd and HCHO) to (1R,5S)-(—)-5-(3-

methoxyphenyl)-2-methyl-2-aza-bicyclo[3.3.1]nonane (8a) ([a]}y
—10.9 (¢ 0.70, EtOH), [a]; —21.1 (¢ 0.70, EtOH)),
that, like the known® 1S,5R-N-methyl base, 1S,5R-(+)-5-(3-
methoxyphenyl)-2-methyl-2-aza-bicyclo[3.3.1]nonane, was an oil.
The (—)-N-methyl compound was converted to its hydro-
bromide salt, (1R,55)-(—)-5-(3-methoxyphenyl)-2-methyl-2-aza-
bicyclo[3.3.1Jnonane-HBr (8a-HBr, mp 195-197 °C; [a]) —5.1
(c 0.82, MeOH), [a]}; —15.4 (c 0.82, MeOH)). The melting
point was comparable to the known 1S,5R-(+)-hydrobromide salt
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N\Bn a N
MeO MeO
(-)-6 (+)-8
b
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1R5S5-(-)-8b (-)-8a

Scheme 2 Reagents and conditions: a) H,/Pd; b) H,/Pd-HCHO; c) 48%
HBr.

(199-201 °C).* The base 8a was O-demethylated to 3-((1R,5S)-
(—)-2-methyl-2-aza-bicyclo[3.3.1Jnonan-5-yl)phenol (8b)* (mp
151-153 °C, [a]y —11.7 (¢ 0.775, EtOH), [a]2, —26.8 (c 0.775,
EtOH); lit.,"” 153-154 °C, [a]? —12.7) and 8b was converted
to its hydrobromide salt (mp 228-229 °C, [a]¥ —4.6 (¢ 0.81,
H,0); lit.,* 232-233 °C, [a]¥ —4.2 (H,0)), with the known 1R,5S
configuration.?! Thus, through the chemical conversion (Scheme 2)
of (—)-6 to 3-((1R,55)-(—)-2-methyl-2-aza-bicyclo[3.3.1]nonan-5-
yl)phenol hydrobromide (8b-HBr) we were able to assign the
absolute configuration of all of the compounds reported herein.

As noted above, hydrogenation of (+)-6 in the presence of
10% Pd—C gave the methoxyphenylamine base ((—)-8), which was
converted to (+)-8-HCl in high yield (Scheme 3).

The cyclopropylmethoxyphenylamine (+)-9 was prepared
for selective protection during some N-derivatizations via

1S,5R Series

. HN
Bn N a
OMe

(+)-6
&\
H-N

()-8

1R5S Series

MeO

Table2 Agonist and antagonist activity of selected ligands at opioid
receptors

n ) K

Compound % S* % 1° % 10
(—)-10a 1.0 100 97
(—)-10b 15 94 89
(—)-10c 39 82 82
(—)-10d 30 92 91
(—)-10e 36 86 88
(—)-10f 50 74 74
(—)-10g 19 89 93
(—)-10h 47 98 93
(—)-10i 41 100 93
(—)-10k 184 60 83
(—)-101 142 87 84
(+)-10m -8.3 100 96
(—)-10m 124 99 90
(—)-100 164 57 62
(—)-10r 23 98 96
(—)-10s 9.0 99 84
DAMGO 500

“9% Stimulation (agonist efficacy) compared with DAMGO (u). Negative
numbers indicate inverse agonist effect. * % Inhibition (antagonist efficacy)
after stimulation with SNC80 (5), or U50499 (k). Each value is the mean
of 3 independent determinations. Compounds were screened at a 10 pM
concentration.

demethylation of (+)-6 followed by reprotection with (bromo-
methyl)cyclopropane and dehydrogenation. The amines 1R,5S-
(+)-8 and (—)-9 were also prepared from (—)-6 in the same
way. The arylethyl-O-tosylate 7a—n (Scheme 4), a very useful
intermediate for some of the N-arylethyl substituents, was syn-
thesized by the reaction of the corresponding arylethyl alcohol
and p-toluenesufonyl chloride in the presence of triethylamine.”®

OH
(+)-10

9
27N
N-H

N/ R
c
ore HO

(+)8 / ()10
orf
N\H \/

(+)-9

Scheme 3  Reagents and conditions: a) AcOH, 10% Pd—C, H, (60 psi), rt, 93%; b) i) CH,Cl,, BBr;-SMe, in CH,Cl,, 50 °C; ii) dry DMF, -BuOK, 0 °C,
(bromomethyl)cyclopropane, 50 °C; iii) AcOH, 10% Pd—C, H, (70 psi), 50 °C, 54-57% over 3 steps; ¢) i) dry DMF, 7, K,COs, 50 °C; ii) 1,2-dichloroethane,
BBr;-SMe, in CH,Cl,, reflux, 17-35% over 2 steps; d) i) dry DME, 7, K,CO;, 50 °C; ii) MeOH, conc. HCI, reflux, 27-38% over 3 steps; ¢) i) CH,ClL,,
indole-3-acetic acid, EDCI-HCI, rt; ii) THF, LiAlH,, 0 °C; iii) 1,2-dichloroethane, BBr;-SMe, in CH,Cl,, reflux, ~20% over 3 steps; f) i) CH,Cl,,
3-pyridylacetic acid, EDCI-HCI, rt; ii) THF, LiAlH,, 0 °C; iii) MeOH, conc. HCI, reflux, 22% over 3 steps; g) i) dry DMF, 4-bromo-1-butene, K,COs,
50 °C; i) 1,2-dichloroethane, BBr;-SMe, in CH,Cl,, reflux, ~20% over 2 steps; h) i) dry DMF, 4-(2-bromoethyl)-pyridine, K,COs, 50 °C; ii) MeOH, conc.

HCI, reflux, 25-58% over 2 steps.
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Experimental details for all of the above are given in the
Supplementary Informationj.

The target compounds, enantiomeric 10a—u were prepared using
one of several methods from the reaction of the corresponding
enantiomeric amines and N-arylethyl precursor (See Scheme 3
and Table 1). The reaction of enantiomeric amines 8 or 9 with
arylethyl-O-tosylate 7a—n in the presence of potassium carbonate
gave N-arylethyl derivatives, which were subsequently deprotected
to provide the enantiomeric phenolic compounds 10a—10n or 10r—
10t (Method A or B). Enantiomeric compounds 100 and 10q
were prepared from the reaction of enantiomeric amines 9 or 8,
respectively, and 3-pyridylacetic acid (for 100) or indole-3-acetic
acid (for 10q) in the presence of 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDCI) followed by reduction
and demethylation (Method C or E). Also, 1S5,5R-(+)-10p and
1R,5S5-(—)-10u were synthesized from the reaction of 1.5,5R-(+)-9
or 1R5S-8, respectively, and 4-(2-bromoethyl)-pyridine (for
(+)-10p) or 4-bromo-1-butene (for (—)-10u) followed by depro-
tection to give the phenolic compound.

In general, the compounds with the highest affinity for the p-
opioid receptor were levorotatory and had the 1 R,5S configuration
(except for 10t, Table 1, the p-hydroxyphenethyl derivative).
This was also usually true at the d-receptor, but there were
many more exceptions (e.g., 10g, 10j, 10n, 10r, 10s, and 10t
in Table 1). At the x-receptor, all of the compounds with the
1S,5R configuration (except 10f), had higher affinity than those
with the 1R,5S configuration, as did the parent N-phenethyl
compound 2. This difference probably reflects the very different
binding sites for these compounds in the k- vs. p- or §-opioid
receptors.

The compound that had the highest affinity for the u-
opioid receptor, 1R,5S5-(—)-3-{2-[2-(4-nitrophenyl)-ethyl]-2-aza-
bicyclo[3.3.1Jnon-5-yl}-phenol  (1R,55-(—)-10m), was the 4-
nitrophenylethyl substituted phenylmorphan (K; = 0.9 nM,
Table 1). It also showed fair affinity for the d-receptor (K; =
35 nm), and less affinity for the k-receptor (K; = 140 nm). The
entire set of compounds was screened, at a 10 uM concentration,
for u agonism and & antagonism in the [*S]-GTP-y-S binding
assay (Table 2). Four compounds ((—)-10k, (—)-101, (—)-10m
and (—)-100) showed the greatest degree of u agonism, although
the stimulation was considerably less than that produced by
DAMGO. Among these four compounds, (—)-10m showed the
greatest degree of § antagonism, and was therefore selected for
additional study.

To characterize the interaction of (—)-10m with p and 6
receptors in greater detail, we determined the effects of (—)-10m
on basal [*S]GTP-y-S binding. As reported in Fig. 2, (—)-10m
reduced basal [*S]-GTP-y-S binding by ~30%, indicating that
this compound is an inverse § agonist.

Interestingly, naltrindole (NTI) also showed inverse 6 agonist
activity, suggesting that in this cell line the & receptors are
constitutively active. Also, (—)-10m was a partial p agonist. As
reported in Fig. 3, (—)-10m potently stimulated [*S]GTP-y-S
binding to p receptors with an ECy, value of 2.39 nM and an E\,x

1 00— e e

Percent of Control

100 nM (-)- 10m 250 nM (-)- 10m

4 nM NTI
[Drug] nM

Fig.2 Effect of test drugs on basal [*S]GTP-y-S binding in hDOR-CHO
cells. [**S]JGTP-y-S binding assays were conducted as described in Methods.
Each point is the mean + SD (n = 3). *p < 0.05 when compared to control
(Students t-test).
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Fig. 3 Effect of (—)-10m on [*S]GTP-y-S binding in hMOR-CHO cells.
[*S]GTP-y-S binding assays were conducted as described in Methods.
The data were fit to a dose-response equation for the best-fit estimates
of the ECy, and Eyax. Maximal stimulation was determined with 1 pM
DAMGO. Each point is the mean £ SD (n = 3).

value of 47 & 1%, where the 100% is defined as the [*S]GTP-y-S
stimulation produced by 1 uM DAMGQO.

The ECs, of DAMGO at the p receptor in recent [*S]GTP-y-S
assays was 11 &+ 1 nM, indicating that (—)-10m is a more potent
agonist than DAMGO. In order to determine the K, (antagonist
K;) value of (—)-10m at the  receptor, we generated SNC80 dose-
response curves in the absence and presence of two concentrations
of (—)-10m. As expected for a 6 antagonist, (—)-10m produced a
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dose-dependent rightward shift in the SNC80 dose-response curve
without significantly altering the Eyx values (Fig. 4).

.’ /

100 :

H ===0== No Blocker

|| = == =SNC80 + 100 nM (-)-10m
—e— SNC80 + 250 nM (-)-10m

80 -

60

40 -

(SNC80 = 100%)

20

PERCENT MAXIMAL STIMULATION

10000
[SNC80] nM

Fig. 4 Effect of (—)-10m on SNC80-stimulated [*S]GTP-y-S binding
in hDOR-CHO cells. [*S]JGTP-y-S binding assays were conducted as
described in the Methods section. The data were fit to a dose-response
equation for the best-fit estimates of the ECs, and Eyax (see Table 3). Each
point is the mean + SD (n = 4-10).

These data, reported in Table 3, show that the K. value of
(—)-10m is ~122 nM, indicating that (—)-10m is a much weaker &
antagonist than NTI (K. = 0.23 nm).

The data indicate that (—)-10m is much more potent as a p
agonist than as a § antagonist. This profile is the opposite of that
reported for 4-chlorophenylpyridomorphinan, which was much
more potent as a d antagonist than as a p agonist.'* Despite having
lower affinity at k receptors than d receptors (Table 1), the Ke value
of (—)-10m at k receptors was similar to that observed for the 6
receptor (~106 nm). As observed with the d receptor, (—)-10m is a
weak K antagonist as compared to nor-binaltorphimine (nor-BNT)
(Ke =0.1 nm).

We also examined the compound in vivo (Fig. 5). It was found
to be approximately 50-times more potent than morphine in the
55 °C tail flick assay (in mice, in comparison of Ay, values).

—_ 100 - ——32mg/kg
: [ —C=—0.32 mg/kg

2. ——0.18 mg/kg

= —{—0.10 mg/kg
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Fig. 5 Dose and time-response curve for subcutaneous (—)-10m in the
55 °C tail-flick test.

The time of peak effect was determined to be 20 min and the Ay,
dose was 0.32 mg kg~'. The calculated A5, value (95% confidence
interval) was 0.131 mg kg™' (0.1016-0.1699 mg kg™ '). Robust
increases in locomotion and Straub-tail were observed during
testing of the higher doses. The (—)-10m was further evaluated
in other antinociceptive assays in the mouse. It was found to
be 18 times more potent than morphine in the hot plate assay,
6 times more potent in the phenylquinone assay, 43 times more
potent in the tail flick assay (comparison via standard literature
assays?), and was inactive as an opioid antagonist in the tail flick
vs. morphine assay. Straub tail and increased locomotor activity
were also observed in these assays.

Three analogues with K; values ca. 5 nM at the p-receptor, the
3-chlorophenyl (1R,5S-(—)-10h), 2-nitrophenyl (1R,5S-(—)-10k),

Table 3 Characterization of (—)-10m at & and k receptors in the [*S]GTP-y-S binding assay”

Conditions ECs,/nM =+ SD Eyax (% maximal stimulation £SD) K./nM
Delta receptors

SNC80 (n = 10) 37.8£3.0 100 £2

SNC80 + 100 nM (—)-10m (rn = 5) 60.2 + 7.9 97+ 3 169
SNC80 + 250 nM (—)-10m (n = 4) 115+ 10 99 +£2 122
SNC80 + 4 nM naltrindole (n = 3) 701 £ 28 114 +2 0.23
Kappa receptors

(—)-U40488 (n =17) 56.2 + 3.1 97+ 1.1

(—)-U40488 +50 nM (—)-10m (n = 3) 321 £29 105+ 3 106
(—)-U40488 +300 nM (—)-10m (n = 4) 1140 + 63 123+ 3 155
(—)-U40488 +0.1 nM norBNI (n = 7) 111 +7.3 102 +2 0.10

“ [¥*S]-GTP-v-S binding was conducted as described in the Methods section. Agonist dose-response curves (ten points/curve) were generated in the absence
and presence of the indicated concentrations of test agents. Since (—)-10m decreased basal [**S]-GTP-y-S binding in the hDOR-CHO cells, SNC80 dose
response curves were calculated relative to the depressed baseline. The data for each experimental condition were pooled and the best-fit estimates of the
EC5, and Eyax values determined using MLAB-PC. The K. values were calculated according to the equation: [Test Drug]/(ECs,,/ECs.; — 1), where
EC;., is the ECy, value in the presence of the test drug and ECy, is the value in the absence of the test drug. Each parameter value is £SD.
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and the 3-nitrophenyl compound (1R,55-(—)-101) (K; = 4, 5,
and 2 nM, respectively), were all partial p-agonists, and a fourth
compound, the 3-methylphenyl analogue (1R,5S-(—)-10b), with a
K; value ca. 10 nM for the p-receptor was found to be a selective
p-antagonist (Table 2). Neither the 2-nitrophenyl nor the 3-
nitrophenyl analogue was found to have 6-antagonist activity in the
[¥*S]GTP-y-S assay, nor did any of the methoxyphenyl compounds.
The desired p-agonist é-antagonist activity was only found in a
compound bearing a 4-nitro substituent. That substituent is bulky
and together with its well-known inductive and electronic effects
could modify the aromatic ring’s ability to interact with amino
acids in receptors, suggesting that this mixture of pharmacological
activities might be sensitive to a combination of electronic and
steric effects in the N-phenethyl-5-phenylmorphans.

Three other compounds, besides the aforementioned 4-nitro
derivative, had fair (K; <100 nm) affinity for the &-receptor,
the 4-methylphenyl (1R,5S-(—)-10c), 4-methoxyphenyl (1R,5S-
(—)-10f), and the 4-chlorophenyl (1R,5S-(—)-10i) analogues. 3-
((1R,5S)-(—)-2-(4-Chlorophenethyl)-2-aza-bicyclo[3.3.1]nonan-
5-yDphenol ((—)-10i) was of special interest, since it decreased
[*S]GTP-y-S binding to & receptors 18% below baseline (data not
shown), indicating that it is an inverse 6 agonist. In antinociceptive
assays, (—)-10i was equipotent with morphine in the hot plate
assay, 5 times more potent in the phenylquinone assay, and 4 times
more potent in the tail flick assay. It had no opioid antagonist
activity in the tail flick vs. morphine assay, presumably an assay
for p-opioid antagonists. The 4-chlorophenethyl analogue (—)-10i
might be a leading candidate for further research that might
provide a potent anorectant,'® and it is also interesting because
of its unusual combination of properties, a p-agonist and d-inverse
agonist.

In the substituted phenyl series, the 3-nitrophenyl com-
pound (—)-101 had fair affinity, and the 2-methylphenyl and
2-hydroxyphenyl analogues had a little less affinity for the «-
receptor (K; = 45, 68 and 93 nM, respectively). Both the ((+)-10a
and (+)-10r, were in the 1.5,5R enantiomeric series. Their 1R,5S
counterparts had some, but less, affinity for the k-receptor (K; = ca.
190 and 250 nM, respectively). The higher affinity 2-methylphenyl
analogue (1S,5R-(+)-10a) was noted to have some efficacy as a
k-antagonist in the [*S]GTP-y-S binding assay.

The efficacies and affinities of the newly synthesized ligands
at the p-receptor were obviously influenced by the substituent
on the phenyl ring. These substituents are relatively distant from
the nitrogen atom, and would not be likely to have much direct
influence on a nitrogen atom known to be important for inter-
action with opioid receptors. The properties of the aromatic ring
itself must, then, influence receptor affinity and/or efficacy. The
steric bulk of an indolyl ((—)-10q) and a nitrophenethyl (—)-10k,
(—)-10L, or (—)-10m) moiety was unlikely to be the predominant
factor in receptor interaction, since (—)-10q had considerably less
affinity than the phenethyl analogue (—)-2, and, as noted above,
the 4-nitrophenyl analogue ((—)-10m) had the highest affinity at
the p-opioid receptor. The electronic influence of the substituent
on binding was also not obvious. The compounds with the next
highest affinities for the p-receptor were analogues with a 3-
chlorophenyl ((—)-10h, K; = 4 nm) moiety and a 3-nitrophenyl
moiety ((—)-101, K; = 1.9 nm). It is likely that a 3-chloro, a 3-nitro
and a 4-nitro substituent would affect the electronic character of
the aromatic ring differently, yet all had high affinity. Also, both

the ortho- and the meta-phenolic compounds (—)-10r and (—)-10s
had similar, moderately high affinities for the p-receptor, but the
para-analogue (—)-10t had much less affinity. Thus, although it
is clear that the substituent on the N-phenethyl group affected
affinity, the mechanism underlying that effect is unclear.

Conclusions

Unlike previously synthesized N-phenethyl substituted phenyl-
morphans that were found to be promiscuous opioid antagonists
(Fig. 1), some of the new analogues were selective [1-agonists with
good affinity at the p- and others had moderate affinity at the
d-opioid receptor. Several compounds with the 1R,5S absolute
configuration were found, in the [*S]GTP-y-S binding assay, to
have efficacy as partial p-agonists ((—)-10m, (—)-10h, (—)-10Kk,
and (—)-101), and one was a p-antagonist ((—)-10b. Most useful
and interesting was the discovery that the 4-nitrophenyl analogue
(—)-10m had affinity and efficacy at p and J receptors; it was found
to have both p-agonist and d-antagonist activity. Although much
more potent than morphine as an antinociceptive, it also showed
some signs that it might have undesired side-effects (Straub-tail at
higher doses). Also, the 4-chlorophenyl analogue (—)-10i, which
had lower affinity than the former compound at p and & receptors,
was found to be an inverse agonist at the & opioid receptor and was
morphine-like in antinociceptive assays. Both of these analogues
will serve as model compounds for the synthesis of more efficacious
ligands.

Experimental

All melting points were determined on a Thomas-Hoover melting-
point apparatus and are uncorrected. Proton nuclear magnetic
resonance (‘"H NMR, 300 MHz) and carbon nuclear magnetic
resonance (®C NMR, 75 MHz) spectra were recorded on a
Varian Gemini-300 instrument in CDCl; (unless otherwise noted)
with the values given in ppm (TMS as internal standard) and J
(Hz) assignments of 'H resonance coupling. The high-resolution
electrospray ionization (ESI) mass spectra were obtain on a Waters
LCT Premier time-of-flight (TOF) mass spectrometer. Thin-layer
chromatography (TLC) was performed on 0.25 mm Analtech
GHLF silica gel. Flash column chromatography was performed
with Bodman silica gel LC 60 A. Elemental analyses were per-
formed by Atlantic Microlabs, Inc., Norcross, GA. Enantiomeric
purity was assessed by HPLC (Shimadzu LC-6A with a Shimadzu
SPD-6AV UM detector (at 254 nm) using Daicel’s Chiralcel
OD column (250 x 4.6 mm). The mobile phase was hexanes—2-
propanol-diethylamine (95:5:0.25) at a flow rate of 0.6 mL min~".
The experimental details for compounds 3, (£)-6 (and the
resolution to (+)- and (—)-6), 7, 7a through 71, (+)- and (—)-8 and
(+)- and (—)-9 are included in the Supplementary Informationj.

General procedure for syntheses of 3-((1.5,5R)-(+)-2-(2-(or 3- or
4-)arylethyl)-2-aza-bicyclo|3.3.1]nonan-5-yl)phenol ((+)-10) and
3-((1R,5S5)-(—)-2-(2-(or 3- or 4)-arylethyl)-2-aza-
bicyclo[3.3.1]nonan-5-yl)phenol ((—)-10)

Method A. A mixture of enantiomeric amine 8 (2-3 mmol),
corresponding arylethyl tosylate 7 (1.5 equiv.) and K,CO; (3 equiv)
in dry DMF (~0.2 M concentration) were heated at 50 °C for 6 h.
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After the cooled mixture was filtered and the solvent evaporated,
the residue was diluted with 5% MeOH in CH,Cl,, washed with
water and brine, dried over Na,SO,, passed through a pad of
silica gel and concentrated to dryness. The product was directly
used for demethylation, which used 1.0 M BBr;-SMe, in CH,Cl,
(vide supra). Column chromatography of crude product with 1-2%
MeOH in CH,Cl, gave 10 (17-35% yield over 2 steps).

Method B. A mixture of enantiomeric amine 9 (2-3 mmol), the
corresponding arylethyl tosylate 7 (2 equiv.) and K,CO; (3 equiv.)
in dry DMF (~0.15 M concentration) was heated at 60 °C for 4 h.
After the cooled mixture was filtered and the solvent evaporated,
the residue was diluted with ethyl acetate, washed with water and
brine, dried over Na,SO,, passed through a pad of silica gel and
concentrated to dryness. The product was used without further
purification in the demethylation procedure, in which the reaction
mixture in concentrated HCI-MeOH (1 : 1, 0.05 M solution) was
refluxed for 2 h. After cooling, it was basified with NH,OH (to
~pH 10), extracted with 10% MeOH in CH,Cl,, washed with
water and brine, dried over Na,SO, and concentrated to give a
crude product. Column chromatography of this crude product
with 2-5% MeOH in CH,Cl, gave 10 (27-38% yield over 2 steps).

Method C. A mixture of enantiomeric amine (—)-9 (250 mg,
0.92 mmol), 3-pyridylacetic acid (209 mg, 1.2 mmol) and EDCI
(230 mg, 1.2 mmol) in CH,Cl, (6 mL) was stirred at room
temperature overnight. The reaction was diluted with 5% 2-
propanol in CH,Cl,, washed with aqueous Na,CO; solution (to
~pH 10) and brine, dried over Na,SO, and passed through a
pad of silica gel. After evaporation, the residue was used without
further purification in the following reduction. LiAlH, (42 mg,
1.1 mmol) was added to a solution of amide (~0.36 mmol) in dry
THF (3 mL) at 0 °C and the mixture was stirred for 2 h. The
reaction was quenched by addition of saturated NH,Cl solution,
filtered through a pad of celite, extracted with ethyl acetate, washed
with water and brine, dried over Na,SO, and concentrated to
give a crude amine, which was subjected to deprotection using
concentrated HCl-MeOH (see method B) to provide (—)-10k
(60 mg, 22% over 3 steps).

Method D. A mixture of enantiomeric amine 9 (~2 mmol),
4-(2-bromoethyl)pyridine (~3 equiv.) and K,CO; (~6 equiv.) in
dry DMF (3 mL) was heated at 50 °C for 2 h. After the cooled
mixture was filtered and the solvent evaporated, the residue was
diluted with ethyl acetate, washed with water and brine, dried over
Na,SO,, passed through a pad of silica gel and concentrated to
dryness. The crude product was subjected to deprotection using
concentrated HCl-MeOH (see method B) to provide 10 (25-58%
over 2 steps).

Method E. A mixture of enantiomeric amine 8 (2-3 mmol),
indole-3-acetic acid (1.1 equiv.) and EDCI (1.3 equiv.) in CH,Cl,
(~2 M concentration) was stirred at room temperature overnight.
The reaction was diluted with 5% 2-propanol in CH,Cl,, washed
with aqueous Na,COj solution (to ~pH 10) and brine, dried over
Na,SO, and passed through a pad of silica gel. The crude product
was used for the reduction (see method C) and demethylation (see
method A) to give 10 (~20% yield over 3 steps).

Method F. A mixture of enantiomeric amine 8 (~2 mmol),
4-bromobut-1-ene (2 equiv.) and K,CO; (4 equiv.) in dry DMF

(4 mL) was heated at 50 °C for 2 h. After the cooled mixture was
filtered and the solvent evaporated, the residue was diluted with
ethyl acetate, washed with water and brine, dried over Na,SO,,
passed through a pad of silica gel and concentrated to dryness.
The crude product was used for the demethylation (see method A)
to give 10 (~20% yield over 2 steps).

3-((1S,5R)-(+)-2-(2-methylphenethyl)-2-aza-bicyclo|3.3.1]nonan-
5-yl)phenol ((+)-10a) and 3-((1R,5S)-(—)-2-(2-methylphenethyl)-
2-aza-bicyclo[3.3.1]nonan-5-yl)phenol ((—)-10a)

(+)-10a was obtained from the reaction of 1S,5R-8 and 7a by
method A. Mp 260-261.5 °C as HCI salt; [a]y +16.6 (¢ 0.42,
MeOH); '"H NMR (CDCl,, free base): 6 7.18-7.09 (m, 5H), 6.81
(d, 1H, J = 8 Hz), 6.76 (br-t, 1H, J = 2 Hz), 6.63 (dd, 1H, J =
8 and 2 Hz), 3.31 (br, 1H), 3.10-3.00 (m, 2H), 2.90-2.70 (m, 4H),
2.29 (s, 3H), 2.18 (br-t, 2H, J = 12 Hz), 2.04-1.82 (m, 5H), 1.70—
1.54 (m, 2H), 1.47-1.36 (m, 1H); "C NMR (CDCl,, free base):
0 156.68, 153.21, 138.25, 136.09, 130.22, 129.35, 129.24, 126.26,
126.01, 116.32, 113.58, 112.70, 56.28, 52.28, 49.55, 38.08, 34.70,
30.88, 24.30, 22.78, 19.22; HRMS (ESI): Found 336.2318 [MH]*,
C3H3NO requires 336.2327. Found: C, 73.58; H, 8.13; N, 3.70.
Calc. for C,;H,NO-HCI-0.25H,0: C, 73.38; H, 8.17; N, 3.72%.

(—)-10a was obtained from the reaction of 1R,55-8 and 7a
by method A. Mp 263-264 °C as HCI salt; [a]¥ —16.7 (c
0.42, MeOH); HRMS (ESI): Found 336.2304 [MH]*, C,;H;NO
requires 336.2327. Found: C, 74.10; H, 8.24; N, 3.73. Calc. for
C,;HxNO-HCI: C, 74.27; H, 8.13; N, 3.77%.

3-((18,5R)-(+)-2-(3-Methylphenethyl)-2-aza-bicyclo[3.3.1]nonan-
5-yl)phenol ((+)-10b) and 3-((1R,5.5)-(—)-2-(3-methylphenethyl)-
2-aza-bicyclo[3.3.1]nonan-5-yl)phenol ((—)-10b)

(+)-10b was obtained from the reaction of 1S5,5R-8 and 7b by
method A. Mp 248-249 °C as HCl salt; [a]}y +13.8 (¢ 0.38, MeOH);
'"H NMR (CD;O0D, free base): 0 7.26-7.07 (m, 5H), 6.84 (dq, 1H,
J =28and 1 Hz), 6.80 (br-t, IH, J =2 Hz), 6.66 (ddd, 1H, J =8,
2 and 1 Hz), 3.95 (br, 1H), 3.74-3.52 (m, 2H), 3.47-3.04 (m, 2H),
2.34 (s, 3H), 2.40-2.02 (m, 7H), 1.92-1.70 (m, 3H); “C NMR (d,-
DMSO, HClsalt): 6 157.36, 151.04, 137.72, 136.94, 129.39, 129.30,
128.51, 127.44,125.85, 115.13, 113.04, 111.61, 54.23, 54.16, 48.56,
36.69,34.95,33.89,33.23,29.80, 21.40, 20.96, 20.43; HRMS (ESI):
Found 336.2335 [MH]*, C,;H;3NO requires 336.2327. Found: C,
74.19; H, 8.21; N, 3.73. Calc. for C,;H,,NO-HCI: C, 74.27; H, 8.13;
N, 3.77%.

(—)-10b was obtained from the reaction of 1R,55-8 and 7b
by method A. Mp 205-206 °C as HBr salt; [a]y) —13.6 (c
0.38, MeOH); HRMS (ESI): Found 336.2299 [MH]*, C,;H;NO
requires 336.2327. Found: C, 66.17; H, 7.34; N, 3.35. Calc. for
C,;H,xNO-HBr: C, 66.34; H, 7.26; N, 3.36%.

3-((1S,5R)-(+)-2-(4-Methylphenethyl)-2-aza-bicyclo[3.3.1]nonan-
5-yl)phenol ((+)-10c) and 3-((1R,5S)-(—)-2-(4-methylphenethyl)-
2-aza-bicyclo[3.3.1]nonan-5-yl)phenol ((—)-10c)

(+)-10¢ was obtained from the reaction of 1S,5R-8 and 7c¢ by
method A. Mp 237-238 °C as HCl salt; [a]¥ +13.4(c0.32, MeOH);
'H NMR (CDCl, free base): & 7.18-7.09 (m, SH), 6.82 (d, 1H,
J = 8 Hz), 6.78 (br-t, 1H, J = 2 Hz), 6.62 (dd, 1H, J = 8 and
2 Hz), 3.31 (br, 1H), 3.10-3.00 (m, 2H), 2.90-2.70 (m, 4H), 2.31
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(s, 3H), 2.19 (br-t, 2H, J = 12 Hz), 2.04-1.82 (m, 5H), 1.72—
1.54 (m, 2H), 1.42-1.30 (m, 1H); *C NMR (CDCl,, free base):
0 156.41, 153.32, 137.00, 135.61, 129.25, 129.09, 128.62, 116.57,
113.30, 112.54, 57.79, 52.30, 49.62, 38.17, 38.08, 36.83, 34.73,
33.26, 24.32, 22.70, 21.10; HRMS (ESI): Found 336.2329 [MH]"*,
CyH3NO requires 336.2327. Found: C, 74.03; H, 8.33; N, 3.81.
Calc. for C;H,,NO-HCI: C, 74.27; H, 8.13; N, 3.77%.

(—)-10c was obtained from the reaction of 1R,55-8 and 7c¢
by method A. Mp 218-219 °C as HBr salt; [a]¥ —12.7 (c
0.37, MeOH); HRMS (ESI): Found 336.2343 [MH]*, C,;H;NO
requires 336.2327. Found: C, 66.15; H, 7.37; N, 3.43. Calc. for
C,;H,xNO-HBr: C, 66.34; H, 7.26; N, 3.36%.

3-((18,5R)-(+)-2-(2-Methoxyphenethyl)-2-aza-
bicyclo[3.3.1]nonan-5-yl)phenol ((+)-10d) and 3-((1R,55)-
(—)-2-(2-methoxyphenethyl)-2-aza-bicyclo[3.3.1]nonan-5-
yl)phenol ((—)-10d)

(+)-10d was obtained from the reaction of 1S,5R-9 and 7d by
method B. Mp 244-245 °C as HCl salt; [a]? +20.0 (¢ 0.42, MeOH);
'"H NMR (CDCl,, free base): 6 7.23-7.12 (m, 3H), 6.90-6.82 (m,
4H), 6.68 (dd, 1H, J = 8 and 2 Hz), 3.84 (s, 3H), 3.35 (br, 1H),
3.10-3.02 (m, 2H), 2.94-2.72 (m, 4H), 2.18 (br 2H), 2.04-1.88 (m,
5H), 1.70-1.56 (m, 2H), 1.43-1.36 (m, 1H); *C NMR (CDCl,,
free base): 0 157.72, 156.80, 153.43, 130.66, 129.40, 128.52, 127.70,
120.74, 116.64, 113.62, 112.94, 110.52, 55.82, 55.49, 52.30, 49.93,
38.33, 38.19, 36.91, 34.92, 28.22, 24.47, 22.90; HRMS (ESI):
Found 352.2274 [MH]*, C,;H;NO, requires 352.2277. Found: C,
70.73; H, 7.75; N, 3.62. Calc. for C,;H,,NO,-HCI-0.25H,0: C,
70.39; H, 7.83; N, 3.57%.

(—)-10d was obtained from the reaction of 1R,55-9 and 7d
by method B. Mp 241-242 °C as HCI salt; [a]? —20.2 (c
0.42, MeOH); HRMS (ESI): Found 352.2292 [MH]*, C,;H;NO,
requires 352.2277. Found: C, 71.11; H, 7.78; N, 3.59. Calc. for
C,,H,,NO,-HCI: C, 71.21; H, 7.79; N, 3.61%.

3-((18,5R)-(+)-2-(3-Methoxyphenethyl)-2-aza-
bicyclo[3.3.1]nonan-5-yl)phenol ((+)-10e) and 3-((1R,55)-(—)-2-(3-
methoxyphenethyl)-2-aza-bicyclo|3.3.1]Jnonan-5-yl)phenol
((—)-10e)

(+)-10e was obtained from the reaction of 1S,5R-9 and 7e by
method B. Mp 226-227 °C as HCl salt; [a]? +13.9 (¢ 0.52, MeOH);
"HNMR (CDCl,, free base): 6 7.23-7.12 (m, 2H), 6.84 (d, |H, J =
8 Hz), 6.82-6.72 (m, 4H), 6.64 (dd, 1H, J = 8 and 2 Hz), 3.79 (s,
3H), 3.26 (br, 1H), 3.07-2.98 (m, 2H), 2.88-2.76 (m, 4H), 2.18 (d,
2H, J = 12 Hz), 2.08-1.84 (m, SH), 1.72-1.56 (m, 2H), 1.43-1.32
(m, 1H); "C NMR (CDCl;, free base): 6 159.62, 156.31, 153.55,
142.01, 129.33, 129.26, 121.13, 116.68, 114.51, 113.24, 112.53,
111.38,57.62,55.14, 52.25,49.58, 38.36, 38.18, 37.02, 34.82, 34.01,
24.46, 22.80; HRMS (ESI): Found 352.2264 [MH]*, C,;H;NO,
requires 352.2277. Found: C, 70.99; H, 7.83; N, 3.56. Calc. for
C,;H,xNO,-HCI: C, 71.21; H, 7.79; N, 3.61%.

(—)-10e was obtained from the reaction of 1R,5S-9 and 7e
by method B. Mp 223-224 °C as HCI salt; [a]? —13.7 (c
0.52, MeOH); HRMS (ESI): Found 352.2271 [MH]*, C,;H;NO,
requires 352.2277. Found: C, 71.04; H, 7.90; N, 3.53. Calc. for
C;HuyNO,-HCIL: C, 71.21; H, 7.79; N, 3.61%.

3-((1S,5R)-(+)-2-(4-Methoxyphenethyl)-2-aza-
bicyclo[3.3.1]nonan-5-yl)phenol ((+)-10f) and 3-((1R,5S5)-(—)-2-
(4-methoxyphenethyl)-2-aza-bicyclo[3.3.1]nonan-5-yl)phenol
((-)-10f)

(+)-10f was obtained from the reaction of 1S,5R-9 and 7f by
method B. Mp 214-215°Cas HCl salt; [a]? +15.2 (¢ 0.33, MeOH);
"H NMR (CDCl;, free base): 6 7.19-7.10 (m, 3H), 6.90-6.80 (m,
3H), 6.78 (t, IH, J = 2 Hz), 6.64 (dd, 1H, J = 8 and 2 Hz),
3.78 (s, 3H), 3.25 (br, 1H), 2.86-2.75 (m, 4H), 2.16 (d, 2H, J =
12 Hz), 2.08-1.84 (m, 5H), 1.72-1.56 (m, 2H), 1.43-1.32 (m, 1H);
BC NMR (CDCl;, free base): 0 157.94, 156.09, 153.74, 132.52,
129.63,129.27, 116.87, 113.81, 113.07, 112.43, 58.01, 55.26, 52.19,
49.59,38.49,38.22,37.13, 34.88, 33.16, 24.55,22.81; HRMS (ESI):
Found 352.2274 [MH]*, C,;H;NO, requires 352.2278. Found: C,
71.05; H, 7.80; N, 3.54. Calc. for C;;H,,NO,-HCI: C, 71.21; H,
7.79; N, 3.61%.

(—)-10f was obtained from the reaction of 1R,55-9 and 7f
by method B. Mp 215-216 °C as HCI salt; [a]? —15.0 (c
0.33, MeOH); HRMS (ESI): Found 352.2274 [MH]', requires
C»H;3NO, requires 352.2296. Found: C, 71.01; H, 7.96; N, 3.63.
Calc. for C,;H,NO,-HCI: C, 71.21; H, 7.79; N, 3.61%.

3-((1S,5R)-(+)-2-(2-Chlorophenethyl)-2-aza-bicyclo[3.3.1]nonan-
5-yl)phenol ((+)-10g) and 3-((1R,55)-(—)-2-(2-chlorophenethyl)-
2-aza-bicyclo|3.3.1]nonan-5-yl)phenol ((—)-10g)

(+)-10g was obtained from the reaction of 1S5,5R-8 and 7g by
method A. Mp 204-205 °C as HCl salt; [a]2 +18.7 (¢ 0.33, MeOH);
"H NMR (CDCl,, free base): 6 7.35-7.30 (m, 1H), 7.22-7.08 (m,
4H), 6.83 (d, 1H, J = 8 Hz), 6.77 (m, 1H), 6.64 (dd, 1H, J =8
and 2 Hz), 3.30 (br, 1H), 3.10-2.95 (m, 3H), 2.90-2.70 (m, 2H),
2.24-2.10 (m, 2H), 2.08-1.80 (m, 5H), 1.72-1.56 (m, 2H), 1.43—
1.32 (m, 1H); "C NMR (CDCl;, free base): 0 156.46, 153.40,
137.83, 133.95, 130.98, 129.41, 129.24, 127.64, 126.89, 116.52,
113.37, 112.61, 55.50, 52.28, 49.52, 38.16, 36.88, 34.74, 31.53,
24.52,22.75; HRMS (ESI): Found 356.1785 [MH]*, C,,H,,CINO
requires 356.1781. Found: C, 67.23; H, 7.13; N, 3.55. Calc. for
C,,H,,CINO-HCI: C, 67.34; H, 6.94; N, 3.57%.

(—)-10g was obtained from the reaction of 1R,5S-8 and 7g
by method A. Mp 215-216 °C as HBr salt; [a]¥ —17.2 (¢ 0.39,
MeOH); HRMS (ESI): Found 356.1801 [MH]", C,,H,,CINO
requires 356.1781. Found 356.1801. Found: C, 60.48; H, 6.22;
N, 3.20. Calc. for C,,H,CINO-HBr: C, 60.49; H, 6.23; N, 3.21%.

3-((1S,5R)-(+)-2-(3-Chlorophenethyl)-2-aza-bicyclo[3.3.1]nonan-
5-yl)phenol ((+)-10h) and 3-((1R,55)-(—)-2-(3-chlorophenethyl)-
2-aza-bicyclo[3.3.1]nonan-5-yl)phenol ((—)-10h)

(+)-10h was obtained from the reaction of 1S,5R-8 and 7h by
method A. Mp 227-229 °C as HBrsalt; [a] +11.4(c0.33, MeOH);
"HNMR (CDCl,, free base): 6 7.20-7.10 (m, 4H), 7.04 (dt, 1H, J =
6and 2 Hz), 6.83 (d, IH,J =8 Hz), 6.75(t, IH,J =2 Hz), 6.63 (dd,
1H, J = 8 and 2 Hz), 3.25 (br, 1H), 3.02 (dd, 2H, J = 9 and 3 Hz),
2.84-2.76 (m, 4H), 2.20-2.10 (m, 2H), 2.08-1.80 (m, SH), 1.74—
1.54 (m, 2H), 1.43-1.32 (m, 1H); "C NMR (CDCl;, free base):
0 156.46, 153.31, 142.24, 134.04, 129.60, 129.30, 128.78, 126.96,
126.26, 116.50, 113.42, 112.58, 57.29, 52.34, 49.48, 38.16, 38.09,
36.87, 34.71, 33.42, 24.35, 22.72; HRMS (ESI): Found 356.1783
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[MH]*, C,,H,;CINO requires 356.1781. Found: C, 60.54; H, 6.37;
N, 3.19. Calc. for C,,H,,CINO-HBr: C, 60.49; H, 6.23; N, 3.21%.
(—)-10h was obtained from the reaction of 1R,5S-8 and 7h
by method A. Mp 239-241 °C as HCI salt; [a]y —13.8 (c 0.44,
MeOH); HRMS (ESI): Found 356.1806 [MH]*, C,,H,,CINO
requires 356.1781. Found: C, 66.99; H, 7.03; N, 3.46. Calc. for
C,,H,,CINO-HCI: C, 67.34; H, 6.94; N, 3.57%.

3-((1S,5R)-(+)-2-(4-Chlorophenethyl)-2-aza-bicyclo[3.3.1]nonan-
5-yD)phenol ((+)-10i) and 3-((1R,5.5)-(—)-2-(4-chlorophenethyl)-
2-aza-bicyclo[3.3.1]nonan-5-yl)phenol ((—)-10i)

(+)-10i was obtained from the reaction of 1S,5R-8 and 7i by
method A. Mp 251-252 °Cas HClsalt; [a]2 +13.5 (¢ 0.39, MeOH);
'H NMR (CDCl,, free base): 6 7.24 (d, 2H, J = 8 Hz), 7.20-7.10
(m, 3H), 6.82 (d, 1H, J = 8 Hz), 6.79 (br, 1H), 6.63 (dd, 1H,
J = 8 and 2 Hz), 3.24 (br, 1H), 3.05-3.00 (m, 2H), 2.85-2.75
(m, 4H), 2.22-2.10 (m, 2H), 2.05-1.80 (m, SH), 1.74-1.54 (m,
2H), 1.43-1.32 (m, 1H); “C NMR (CDCl,, free base): 6 156.29,
153.28, 138.53, 131.89, 130.08, 129.30, 128.49, 116.65, 113.24,
112.45, 57.34, 52.42, 49.54, 38.16, 38.05, 36.80, 34.70, 33.08,
24.36, 22.64; HRMS (ESI): Found 356.1784 [MH]*, C,,H,,CINO
requires 356.1781. Found: C, 67.32; H, 7.03; N, 3.56. Calc. for
C,H,CINO-HCI: C, 67.34; H, 6.94; N, 3.57%.

(—)-10i was obtained from the reaction of 1R,5S-8 and 7i by
method A. Mp 239-241 °C as HCI salt; [a]y —13.6 (¢ 0.39,
MeOH); HRMS (ESI): Found 356.1790 [MH]*, C,,H,,CINO
requires 356.1781. Found: C, 67.30; H, 7.03; N, 3.52. Calc. for
C,H,CINO-HCI: C, 67.34; H, 6.94; N, 3.57%.

15,5R-(+)-3-{2-|2~(2,4-Dichlorophenyl)-ethyl]-2-aza-
bicyclo[3.3.1]non-5-y1}-phenol ((+)-10j) and 1R,55-(—)-3-
{2-[2-(2,4-Dichlorophenyl)-ethyl]-2-aza-bicyclo[3.3.1]non-5-yl } -
phenol ((—)-10j)

(+)-10j was obtained from the reaction of 1S,5R-8 and 7j by
method A. Mp 249-250 °C as HBr salt; [a]2 +20.0 (¢ 0.32, MeOH);
"H NMR (CDCl,, free base): 6 7.35 (br-s, 1H), 7.18-7.12 (m, 3H),
6.85 (d, 1H, J = 8 Hz), 6.77 (t, IH, J = 2 Hz), 6.63 (dd, 1H,
J =8 and 2 Hz), 3.25 (br, 1H), 3.10-2.90 (m, 4H), 2.88-2.66 (m,
2H), 2.15 (d, 2H, J = 12 Hz), 2.08-1.84 (m, SH), 1.72-1.55 (m,
2H), 1.43-1.32 (m, 1H); C NMR (CDCl;, free base): § 156.22,
153.55, 136.56, 134.60, 132.50, 131.71, 129.29, 129.16, 127.12,
116.75, 113.24, 12.51, 59.88, 55.34, 52.35, 49.46, 38.31, 38.18,
36.99, 34.79, 31.14, 24.64, 22.75; HRMS (ESI): Found 390.1382
[MH]*, C,,H,,CL,NO requires 390.1391. Found: C, 61.84; H, 6.15;
N, 3.25. Calc. for C,,H,sCLLNO-HCI: C, 61.91; H, 6.14; N, 3.28%.
(—)-10j was obtained from the reaction of 1R,5S-8 and 7j by
method A. Mp 242-243 °C as HCI salt; [a]? —19.7 (¢ 0.32,
MeOH); HRMS (ESI): Found 390.1394 [MH]*, C,,H,C,NO
requires 390.1391. Found: C, 61.67; H, 6.28; N, 3.21. Calc. for
C,H,sCILNO-HCI: C, 61.91; H, 6.14; N, 3.28%.

3-((18,5R)-(+)-2-(2-Nitrophenethyl)-2-aza-bicyclo[3.3.1]nonan-5-
yl)phenol ((+)-10k) and 3-((1R,55)-(—)-2-(2-nitrophenethyl)-2-
aza-bicyclo[3.3.1]nonan-5-yl)phenol ((—)-10k)

(+)-10k was obtained from the reaction of 1S,5R-8 and 7k by
method A. Mp 218-219 °C as HCl salt; [a]2) +2.5 (¢ 0.48, MeOH);
'H NMR (CDCl,, free base): 6 7.89 (dd, 1H, J = 8 and 2 Hz),

7.52-7.46 (m, 1H), 7.38-7.30 (m, 2H), 7.15 (t, 1H, J = 8 Hz), 6.88—
6.82 (m, 1H), 6.78 (t, 1H, J =2 Hz), 6.65 (dd, 1H, J = 8 and 2 Hz),
3.22 (br, 1H), 3.19-2.76 (m, 5H), 2.22-2.10 (m, 2H), 2.08-1.82 (m,
4H), 1.74-1.55 (m, 2H), 1.48-1.35 (m, 1H); "C NMR (CDCl;,
free base): 0 156.29, 153.58, 149.43, 135.41, 133.02, 132.73, 129.29,
127.23, 124.62, 116.69, 113.28, 112.56, 56.34, 52.60, 49.31, 38.25,
38.20, 36.93, 34.75, 31.18, 24.67, 22.71; HRMS (ESI): Found
367.2037 [MH]*, C,,H»,N,O; requires 367.2022. Found: C, 65.09;
H, 6.74; N, 6.77. Calc. for C,,H,N,0;-HCI-0.25H,0: C, 64.86; H,
6.80; N, 6.88%.

(—)-10k was obtained from the reaction of 1R,5S5-8 and 7k
by method A. Mp 217-218 °C as HCI salt; [a]¥ —2.2 (¢ 0.48,
MeOH); HRMS (ESI): Found 367.2030 [MH]*, C,,H;N,O;
requires 367.2022. Found: C, 65.24; H, 6.75; N, 6.84. Calc. for
C,,H,xN,O;-HCI: C, 65.58; H, 6.75; N, 6.95%.

3-((1S,5R)-(+)-2-(3-Nitrophenethyl)-2-aza-bicyclo[3.3.1]nonan-5-
yDphenol ((+)-101) and 3-((1R,55)-(—)-2-(3-nitrophenethyl)-2-
aza-bicyclo[3.3.1]nonan-5-yl)phenol ((—)-101)

(+)-101 was obtained from the reaction of 1S,5R-8 and 71 by
method A. Mp 270-272 °C as HCl salt; [a]y +13.6 (¢ 0.35, MeOH);
"H NMR (CDCl;, free base): 6 8.12-8.03 (m, 2H), 7.56-7.52 (m,
1H), 7.43 (t, IH, J = 8 Hz), 7.17 (t, IH, J = 8 Hz), 6.88 (d,
1H, J = 8 Hz), 6.79 (t, 1H, J = 2 Hz), 6.65 (dd, 1H, J = 8 and
2 Hz), 3.20 (br, 1H), 3.10-2.76 (m, 6H), 2.18-1.84 (m, 7H), 1.74—
1.55 (m, 2H), 1.48-1.35 (m, 1H); “C NMR (CDCl,, free base):
0 156.12, 153.54, 148.24, 142.42, 135.14, 129.33, 129.17, 123.54,
121.26, 116.78, 113.11, 112.34, 56.94, 52.53, 49.39, 38.37, 38.16,
37.02, 34.79, 33.53, 24.64, 22.70; HRMS (ESI): Found 367.2009
[MH]*, C,,H,;N,0O; requires 367.2022. Found: C, 65.58; H, 6.95;
N, 6.55. Calc. for C,,H,xN,O;-HCI: C, 65.58; H, 6.75; N, 6.95%.
(—)-101 was obtained from the reaction of 1R,5S5-8 and 71 by
method A. Mp 269-270 °C as HCI salt; [a]y —13.1 (¢ 0.35,
MeOH); HRMS (ESI): Found 367.2012 [MH]*, C,,H,;N,O;
requires 367.2022. Found: C, 64.93; H, 6.84; N, 6.63. Calc. for
C,H,N,0;-HCI-0.25H,0: C, 64.86; H, 6.80; N, 6.88%.

3-((1S,5R)-(+)-2-(4-Nitrophenethyl)-2-aza-bicyclo|3.3.1]nonan-5-
yl)phenol ((+)-10m) and 3-((1R,5S)-(—)-2-(4-nitrophenethyl)-2-
aza-bicyclo|3.3.1]nonan-5-yl)phenol ((—)-10m)

(+)-10m was obtained from the reaction of 1S,5R-8 and 7m by
method A. Mp 242-243 °C as HCl salt; [a]2 +15.9 (¢ 0.42, MeOH);
"H NMR (CDCl;, free base): 0 8.16-8.10 (m, 2H), 7.38-7.33 (m,
2H),7.17(t, 1H,J =8 Hz), 6.88 (d, IH, J =8 Hz), 6.78 (t, 1H, J =
2 Hz), 6.63 (dd, 1H, J = 8 and 2 Hz), 3.21 (br, 1H), 3.10-2.78 (m,
6H), 2.18-1.84 (m, 7H), 1.74-1.55 (m, 2H), 1.48-1.34 (m, 1H); *C
NMR (CDCl,, free base): 6 155.96, 153.66, 148.47, 146.49, 129.56,
129.35, 123.58, 116.93, 113.00, 112.30, 56.82, 52.52, 49.39, 38.47,
38.19, 37.08, 34.83, 34.02, 24.72, 22.70; HRMS (ESI): Found
367.2034 [MH]*, C,H,;N,O; requires 367.2022. Found: C, 65.37,
H, 6.89; N, 6.90. Calc. for C,,H,N,O;-HCI: C, 65.58; H, 6.75; N,
6.95%.

(—)-10m was obtained from the reaction of 1R,5S-8 and 7m
by method A. Mp 244-245 °C as HCI salt; [a]? —16.0 (¢ 0.33,
MeOH); HRMS (ESI): Found 367.2008 [MH]*, C,,H,;N,O;
requires 367.2022. Found: C, 65.47; H, 6.82; N, 7.00. Calc. for
C,,HxN,0;-HCI: C, 65.58; H, 6.75; N, 6.95%.
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3-((18,5R)-(+)-2-(2-(Pyridin-2-yl)ethyl)-2-aza-
bicyclo|[3.3.1]nonan-5-yl)phenol ((+)-10n) and 3-((1R,55)-(—)-2-
(2-(pyridin-2-yl)ethyl)-2-aza-bicyclo[3.3.1]nonan-5-

yl)phenol ((—)-10n)

(+)-10n was obtained from the reaction of 1S5,5R-8 and 7n by
method A. Mp 103-104 °C as free base; [a]2) +14.7 (¢ 0.33,
MeOH, HCI salt); '"H NMR (CDCl,, free base): 6 8.52 (d, 1H,
J =5Hz),7.61 (dt, IH, J = 8 and 2 Hz), 7.20 (d, 1H, J = 8 Hz),
7.18-7.08 (m, 2H), 6.84-6.78 (m, 2H), 6.65 (dd, 1H, J = 8 and
2 Hz), 3.20 (br, 1H), 3.10-2.90 (m, 6H), 2.18-1.78 (m, 7H), 1.68—
1.52 (m, 2H), 1.42-1.26 (m, 1H); *C NMR (CDCl;, free base):
0 160.36, 156.78, 153.62, 148.74, 136.76, 129.15, 123.62, 121.41,
116.22, 113.16, 112.57, 55.68, 52.60, 49.22, 38.34, 38.25, 36.94,
36.09, 34.79, 24.83, 22,62; HRMS (ESI): Found 323.2148 [MH]*,
C, HyN,O requires 323.2123. Found: C, 75.84; H, 8.21; N, 8.36.
Calc. for C,;H,xN,0-0.5H,0: C, 76.10; H, 8.21; N, 8.45%.

(—)-10n was obtained from the reaction of 1R,5S-8 and 7n by
method A. Mp 181-182 °C as HCl salt; [a]? —14.7 (¢ 0.33, MeOH,
HCI salt); HRMS (ESI): Found 323.2128 [MH]*, C, H;;N,O
requires 323.2123. Found: C, 73.83; H, 8.17; N, 8.20. Calc. for
C, HxN,O-H,0: C, 74.08; H, 8.29; N, 8.23%.

3-((18,5R)-(+)-2-(2-(Pyridin-3-yl)ethyl)-2-aza-
bicyclo[3.3.1]nonan-5-yl)phenol ((+)-100) and
3-((1R,55)-(—)-2-(2-(pyridin-3-yl)ethyl)-2-aza-
bicyclo|3.3.1]nonan-5-yl)phenol ((—)-100)

(+)-100 was obtained from the reaction of 1S5,5R-9 and 70 by
method C. Mp 243-245 °C as HCl salt; [a]2 +8.0 (¢ 0.60, MeOH,
free base); '"H NMR (CDCl;, free base): 0 8.50-8.42 (m, 2H), 7.57
(dt, 1H,J =8 and 2 Hz), 7.28-7.22 (m, 1H), 7.14 (t, 1H, J = 8§ Hz),
6.86-6.80 (m, 2H), 6.67 (dd, 1H, J = 8 and 2 Hz), 3.18 (br, 1H),
3.10-2.94 (m, 2H), 2.88-2.72 (m, 4H), 2.16-1.82 (m, 7H), 1.72—
1.52 (m, 2H), 1.42-1.26 (m, 1H); “C NMR (CDCl,, free base):
0 156.83, 153.55, 149.48, 146.89, 136.80, 136.27, 129.21, 123.54,
116.22, 113.01, 112.39, 57.04, 52.56, 49.33, 38.43, 38.27, 37.06,
34.81, 31.20, 24.81, 22.70; HRMS (ESI): Found 323.2143 [MH]*,
C, H;N,O requires 323.2123. Found: C, 76.08; H, 8.27; N, 8.54.
Calc. for C,;H,xN,0-0.5H,0: C, 76.10; H, 8.21; N, 8.45%.

(—)-100 was obtained from the reaction of 1R,55-9 and 70 by
method C. Mp 237-241 °C as HCl salt; [a]? —7.9 (¢ 0.60, MeOH,
free base); HRMS (ESI): Found 323.2138 [MH]*, C,;H,,N,O
requires 323.2123. Found: C, 76.17; H, 8.15; N, 8.39. Calc. for
C, HN,0-0.5H,0: C, 76.10; H, 8.21; N, 8.45%.

3-((18,5R)-(+)-2-(2-(Pyridin-4-yl)ethyl)-2-aza-
bicyclo[3.3.1]nonan-5-yl)phenol ((+)-10p) and 3-((1R,55)-(—)-2-(2-
(pyridin-4-yl)ethyl)-2-aza-bicyclo[3.3.1]nonan-5-yl)phenol
((—)-10p)

(+)-10p was obtained from the reaction of 1S,5R-9 and 7p by
method D. Mp 170-174 °C as HCl salt; [a]2) +7.4 (¢ 0.60, MeOH,
free base); "H NMR (CDCl,, free base): 0 8.54-8.46 (m, 2H), 7.20—
7.12 (m, 3H), 6.86 (d, 1H, J = 8 Hz), 6.83 (t, |H, J = 2 Hz), 6.60
(dd, I1H, J = 8 and 2 Hz), 3.17 (br, 1H), 3.10-2.92 (m, 2H), 2.88—
2.76 (m, 4H), 2.16-1.82 (m, 7H), 1.76-1.54 (m, 2H), 1.46-1.32
(m, 1H); "C NMR (CDCl;, free base): 6 156.47, 153.70, 150.17,
149.20, 129.25, 124.40, 116.52, 112.89, 112.28, 56.30, 52.57, 49.32,
38.50, 38.29, 37.13, 34.85, 33.60, 24.90, 22.70; HRMS (ESI):

Found 323.2115 [MH]*, C,;H,;N,O requires 323.2123. Found: C,
76.24; H, 8.02; N, 8.41. Calc. for C,;H,xN,0-0.5H,0: C, 76.10; H,
8.21; N, 8.45%.

(—)-10p was obtained from the reaction of 1R,5S-9 and 7p by
method D. Mp 168-172 °C as HCl salt; [a]¥ —7.8 (¢ 0.60, MeOH,
free base); HRMS (ESI): Found 323.2104 [MH]J*, C, H;N,O
requires 323.2123. Found: C, 76.84; H, 8.01; N, 8.47. Calc. for
C,;H,\N,0-0.25H,0: C, 77.15; H, 8.17; N, 8.57%.

3-(18,5R)-(+)-(2-(2-(1 H-Indol-3-yl)ethyl)-2-aza-bicyclo-
[3.3.1]nonan-5-yl)phenol ((+)-10q) and 3-(1R,5S)-(—)-(2-
(2-(1H-indol-3-yl)ethyl)-2-aza-bicyclo[3.3.1]nonan-5-yl)phenol
((=)-10q)

(+)-10q was obtained from the reaction of 1S,5R-8 and 7q by
method E. Mp 203-205 °C as free base; [a]? +13.4 (¢ 0.38,
MeOH, free base); '"H NMR (d,-DMSO, free base): 6 10.76 (s,
1H), 9.19 (s, 1H), 7.52 (d, 1H, J = 8 Hz), 7.33 (d, 1H, J = 8 Hz),
7.16 (d, 1H, J = 2 Hz), 7.13-6.94 (m, 3H), 6.77 (d, 1H, J =
8 Hz), 6.74 (d, 1H, J = 2 Hz), 6.57 (dd, 1H, J = 8 and 2 Hz),
3.15 (br, 1H), 3.04-2.94 (m, 2H), 2.88-2.71 (m, 4H), 2.12-2.00
(m, 2H), 1.98-1.70 (m, 5H), 1.67-1.44 (m, 2H), 1.40-1.28 (m,
1H); C NMR (d,-DMSO, free base): 6 157.16, 153.72, 136.17,
128.97, 127.34, 122.42, 120.76, 118.27, 118.10, 115.23, 112.89,
112.36, 111.71, 111.30, 56.32, 51.90, 48.74, 38.44, 38.29, 37.09,
34.52,24.77, 23.46, 22.42; HRMS (ESI): Found 361.2299 [MH]*,
C,,Hy N, O requires 361.2280. Found: C, 77.97; H, 7.90; N, 7.44.
Calc. for C,,HxxN,0-0.5H,0: C, 78.01; H, 7.91; N, 7.58%.
(—)-10q was obtained from the reaction of 1R,5S-8 and 7q by
method E. Mp 201-203 °C as free base; [a]yy —13.6 (¢ 0.38, MeOH,
free base); HRMS (ESI): Found 361.2287 [MH]*, C,,HxN,O
requires 361.2280. Found: C, 77.94; H, 7.86; N, 7.54. Calc. for
C,,HxN,0:0.25H,0: C, 78.98; H, 7.86; N, 7.54%.

3-(1S,5R)-(+)-(2-(2-Hydroxyphenethyl)-2-aza-
bicyclo[3.3.1]nonan-5-yl)phenol ((+)-10r) and 3-(1R,55)-(—)-(2-
(2-hydroxyphenethyl)-2-aza-bicyclo[3.3.1]nonan-5-yl)phenol
((=)-10r)

(+)-10r was obtained from the reaction of 1S,5R-8 and 7d by
method A. Mp 186-188 °C as HBr salt; [a]yY +14.3 (¢ 0.38,
MeOH); '"H NMR (CDCl,, free base): 6 7.16-7.08 (m, 2H), 6.99
(d, 1H, J = 7 Hz), 6.89-6.80 (m, 3H), 6.73 (d, 1H, J = 7 Hz),
6.69 (d, 1H, J = 8 Hz), 3.27 (br, 1H), 3.15-3.02 (m, 1H), 2.98—
2.95 (m, 1H), 2.77-2.29 (m, 2H), 2.18-1.90 (m, 8H), 1.77-1.64
(m, 2H), 1.57-1.50 (m, 1H); ®C NMR (CDCl,, free base): &
157.68, 156.80, 152.48, 130.94, 129.22, 128.53, 127.91, 118.88,
117.85, 116.35, 112.93, 112.35, 56.92, 54.15, 48.93, 37.87, 37.75,
36.43, 34.51, 31.35, 24.07, 22.64; HRMS (ESI): Found 338.2123
[MH]*, C,,HxNO, requires 338.2120. Found: C, 63.24; H, 7.23;
N, 2.89. Calc. for C,,H,,NO,-HBr-0.75THF: C, 63.56; H, 7.25;
N, 2.96%.

(—)-10r was obtained from the reaction of 1R,5S-8 and 7d
by method A. Mp 187-188 °C as HBr salt; [a]y) —14.7 (c
0.38, MeOH); HRMS (ESI): Found 338.2135 [MH]*, C,,H;xNO,
requires 338.2120. Found: C, 62.99; H, 7.16; N, 2.92. Calc. for
C,,H,;NO,-HBr-0.25THF: C, 63.30; H, 6.93; N, 3.21%.
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3-(18,5R)-(+)-(2-(3-Hydroxyphenethyl)-2-aza-
bicyclo[3.3.1]nonan-5-yl)phenol ((+)-10s) and 3-(1R,5S5)-(—)-(2-
(3-hydroxyphenethyl)-2-aza-bicyclo[3.3.1]nonan-5-yl)phenol
((=)-10s)

(+)-10s was obtained from the reaction of 1S,5R-8 and 7e by
method A. Mp 250-252 °C as HCl salt; [a]2 +16.7 (¢ 0.30, MeOH,
free base); '"H NMR (d4-acetone free base): 6 7.27-7.16 (m, 2H),
6.99-6.93 (m, 2H), 6.88-6.85 (m, 1H), 6.82 (d, 1H, J = 8 Hz),
6.79-6.73 (m, 2H), 3.27 (br, 1H), 3.21-3.02 (m, 2H), 2.98-2.78
(m, 4H), 2.28-1.92 (m, 7H), 1.80-1.64 (m, 2H), 1.57-1.44 (m,
1H); “C NMR (CDCl;, free base): § 158.31, 158.22, 155.04,
143.49, 130.08, 129.99, 120.78, 116.74, 116.64, 113.73, 113.35,
112.83, 58.56, 53.63, 49.87, 39.53, 39.44, 38.27, 35.72, 35.16,
26.00, 23.51; HRMS (ESI): Found 338.2105 [MH]*, C,,HxNO,
requires 338.2120. Found: C, 70.42; H, 7.59; N, 3.58. Calc. for
C,,H,,NO,-HCI: C, 70.67; H, 7.55; N, 3.75%.

(—)-10s was obtained from the reaction of 1R,5S-8 and 7e
by method A. Mp 242-243 °C as HBr salt; [a]¥ —11.7 (c
0.36, MeOH); HRMS (ESI): Found 338.2124 [MH]*, C,,HxNO,
requires 338.2120. Found: C, 63.41; H, 6.87; N, 3.44. Calc. for
C,,H,,NO,-HBr: C, 63.16; H, 6.75; N, 3.35%.

3-(18,5R)-(+)-(2-(4-Hydroxyphenethyl)-2-aza-
bicyclo[3.3.1]nonan-5-yl)phenol ((+)-10t) and 3-(1R,55)-(—)-(2-
(4-hydroxyphenethyl)-2-aza-bicyclo|[3.3.1]nonan-5-yl)phenol
((=)-10t)

(4)-10t was obtained from the reaction of 1S,5R-8 and 7f by
method A. Mp 265-267 °C as HCI salt; [a]? +14.9 (¢ 0.38,
MeOH); '"H NMR (d,-acetone free base): 6 7.27-7.16 (m, 3H),
6.99-6.93 (m, 2H), 6.88-6.83 (m, 2H), 6.79-6.73 (m, 1H), 3.25 (br,
1H), 3.21-3.02 (m, 2H), 2.96-2.76 (m, 4H), 2.28-1.90 (m, 7H),
1.80-1.60 (m, 2H), 1.56-1.40 (m, 1H); *C NMR (CDCl;, free
base): 0 158.22, 156.45, 155.13, 132.62, 130.54, 129.98, 116.75,
115.95, 113.32, 112.82, 59.07, 53.65, 49.85, 39.59, 39.51, 38.37,
35.76, 34.42, 26.11, 23.51; HRMS (ESI): Found 338.2113 [MH]"*,
C»HxNO, requires 338.2120. Found: C, 70.44; H, 7.58; N, 3.76.
Calc. for C,,H,,NO,-HCI: C, 70.67; H, 7.55; N, 3.75%.

(—)-10t was obtained from the reaction of 1R,5S-8 and 7f
by method A. Mp 265-266 °C as HCI salt; [a]? —15.1 (c
0.38, MeOH); HRMS (ESI): Found 338.2102 [MH]*, C,,HxNO,
requires 338.2120. Found: C, 70.56; H, 7.70; N, 3.73. Calc. for
C,,H,;NO,-HCI: C, 70.67; H, 7.55; N, 3.75%.

3-((18,5R)-(+)-2-(But-3-enyl)-2-aza-bicyclo|3.3.1|nonan-
5-yD)phenol ((+)-10u) and 3-((1R,5S)-(—)-2-(but-3-enyl)-2-
aza-bicyclo[3.3.1]nonan-5-yl)phenol ((—)-10u)

(4+)-10u was obtained from the reaction of 1S,5R-8 and 7u by
method F. Mp 226-227 °C as HCl salt; [a]? +6.6 (¢ 0.35, MeOH);
'"H NMR (CDCl,, free base): 6 8.46 (br-s, 1H), 7.08 (t, 1H, J =
8 Hz),6.76 (d, 1H, J =8 Hz), 6.70 (m, 1H), 6.56 (dd, 1H, J = 8 and
2 Hz), 5.85-5.70 (m, 1H), 5.10-4.95 (m, 2H), 3.21 (br, 1H), 3.04—
2.92 (m, 2H), 2.73-2.24 (m, 2H), 2.38-2.25 (m, 2H), 2.20-2.07 (m,
2H), 2.02-1.95 (m, 5H), 1.72-1.47 (m, 2H), 1.45-1.29 (m, 1H);
BC NMR (CDCl;, free base): 6 156.69, 153.14, 136.16, 129.09,
116.06, 115.82, 113.42, 112.71, 54.82, 51.98, 49.51, 38.06, 37.90,
36.64, 34.60, 31.32, 24.22, 22.67, HRMS (ESI): Found 272.2022

[MH]*, C;sH5NO requires 272.2014. Found: C, 69.99; H, 8.46; N,
4.49. Calc. for C,sH,sNO-HCI: C, 70.22; H, 8.51; N, 4.55%.
(—)-10u was obtained from the reaction of 1R,5S-8 and
7u by method F. Mp 225-227 °C as HCI salt; [a]) —6.3 (c
0.35, MeOH); HRMS (ESI): Found 272.2010 [MH]*, CsH,NO
requires 272.2014. Found: C, 69.57; H, 8.51; N, 4.45. Calc. for
CsH,sNO-HCI1-0.25H,0: C, 69.21; H, 8.55; N, 4.48%.

Pharmacological methods

Antinociceptive (hot plate, tail-flick, phenylquinone) assays in
mice. These assays were run as previously noted.”

Cell culture and membrane preparation

The recombinant CHO cells (h(MOR-CHO, hDOR-CHO and
hKOR-CHO) were produced by stable transfection with the
respective human opioid receptor cDNA, and provided by Dr
Larry Toll (SRI International, CA). The cells were grown on
plastic flasks in DMEM (100%) (hDOR-CHO and hKOR-CHO)
or DMEM-F-12 (50%-50%) medium (hMOR-CHO) containing
10% FBS, and G-418 (0.10-0.2 mg/ml) under 95% air-5% CO, at
37 °C. Cell monolayers were harvested and frozen in —80 °C.

[*S]GTP-y-S binding assays

On the day of the assay, cells were thawed on ice for 15 min
and homogenized using a polytron in 50 mM Tris-HCI, pH 7.4,
containing 4 pg mL~" leupeptin, 2 ug mL~' chymostatin, 10 pg
mL~" bestatin and 100 pg mL~" bacitracin, The homogenate was
centrifuged at 30000g for 10 min at 4 °C, and the supernatant
discarded. The membrane pellets were resuspended in binding
buffer and used for [*S]GTP-y-S binding assays. [*S]GTP-y-S
binding was determined as described previously.’® Briefly, test
tubes received the following additions: 50 pL buffer A (50 mM
Tris-HCI, pH 7.4, containing 100 mM NaCl, 10 mM MgCl,, | mM
EDTA), 50 pL GDP in buffer A-0.1% BSA (final concentration =
10 uM), 50 pL drug in buffer A-0.1% BSA, 50 pL [*S]GTP-
v-S in buffer A-0.1% BSA (final concentration = 50 pM), and
300 pL of cell membranes (50 pg of protein) in buffer B. The
final concentrations of reagents in the [**S]JGTP-vy-S binding assays
were: 50 mM Tris-HCI, pH 7.4, containing 100 mM NaCl, 10 mM
MgCl,, | mM EDTA, | mM DTT, 10 uM GDP and 0.1%
BSA. Incubations proceeded for 3 h at 25 °C. Nonspecific binding
was determined using GTP-y-S (40 uM). Bound and free [*S]-
GTP-y-S were separated by vacuum filtration through GF/B
filters. The filters were punched into 24-well plates to which was
added 0.6 mL LSC-cocktail (Cytoscint). Samples were counted,
after an overnight extraction, in a Trilux liquid scintillation
counter at 27% efficiency.

Opioid binding assays

Opioid binding assays proceeded according to published
procedures.?"*? u-Receptors were labeled with PHIDAMGO. Rat
membranes for p- and d-receptor binding assays were prepared
each day using a partially thawed frozen rat brain that was homog-
enized with a polytron in 10 mL per brain of ice-cold 10 mM Tris-
HCI, pH 7.0. Membranes were then centrifuged twice at 30000g
for 10 min and resuspended with ice-cold buffer following each
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centrifugation. After the second centrifugation, the membranes
were resuspended in 50 mM Tris-HCI, pH 7.4 (60 mL per brain),
at 25 °C. Incubations proceeded for 2 h at 25 °C in 50 mM Tris-
HCI, pH 7.4, along with a protease inhibitor cocktail [bacitracin
(100 pg mL™"), bestatin (10 pg mL™"), leupeptin (4 ug mL") and
chymostatin (2 pgmL")]. The nonspecific binding was determined
using 20 uM of'levallorphan. Delta binding sites were labeled using
[FHIDADLE (2 nm) and rat brain membranes. Rat membranes
were prepared each day as described above. After the second
centrifugation, the membranes were resuspended in 50 mM Tris-
HCI, pH 7.4 (50 mL per brain), at 25 °C. Incubations proceeded
for 2 h at 25 °C in 50 mM Tris-HCI, pH 7.4, containing 100 mM
choline chloride, 3mM MnCl,, 100 nM DAMGO to block binding
to p-sites, and the protease inhibitor cocktail. Nonspecific binding
was determined using 20 uM levallorphan. k-Binding sites were
labeled using PH]JU69593 (2 nm). Guinea pig brain membranes
were prepared each day using partially thawed guinea pig brain
that was homogenized with a polytron in 15 mL per brain of
ice-cold 10 mM Tris-HCI, pH 7.0. The membranes were then
centrifuged twice at 30000g for 10 min and resuspended with
ice-cold buffer following each centrifugation. After the second
centrifugation, the membranes were resuspended in 50 mM Tris-
HCI, pH 7.4 (85 mL per brain), at 25 °C. Incubations proceeded
for 2 h at 25 °C in 50 mM Tris-HCI, pH 7.4, containing 1 ug
mL~" of captopril and the protease inhibitor cocktail. Nonspecific
binding was determined using 1 uM U69593. Each radioligand
was displaced by 8-10 concentrations of test drug. Compounds
were stored as a 10 mM stock solution in 100% DMSO. All drug
dilutions were done in 10 mM Tris-HCI, pH 7.4, containing 1 mg
mL~' bovine serum albumin. All washes were done with ice-cold
10 mM Tris-HCI, pH 7.4.

Data analysis and statistics

For [*S]GTP-vy-S binding experiments, the percent stimulation of
[*S]IGTP-y-S binding was calculated according to the following
formula: (S — B)/B x 100, where B is the basal level of [*S]GTP-
v-S binding and S is the stimulated level of [**S]JGTP-y-S binding.**
EC5, values (the concentration that produces fifty percent maximal
stimulation of [*S]GTP-y-S binding) and E,,., (% of maximal
stimulation in the [*S]-GTP-y-S binding) were determined using
either the program MLAB-PC (Civilized Software, Bethesda,
MD) or KaleidaGraph (Version 3.6.4, Synergy Software, Reading,
PA). For opioid binding experiments, the data were fit to the two-
parameter logistic equation for the best-fit estimates of the ICs,
and N values: Y = 100/(1 + (INHIBITOR]/ICs,)"), where “Y”
is the percent of control value.

Sources

[*S]IGTP-y-S (SA = 1250 Ci mmol~') was obtained from DuPont
NEN (Boston, MA). Various opioid peptides were provided by
Multiple Peptide System via the Research Technology Branch,
NIDA. The sources for the reagents used in the opioid binding
assays have been described.?"*

Warm water tail-flick test

Antinociception was assessed at 55 °C. The latency to the first sign
of a rapid tail-flick was taken as the behavioral endpoint. Each

mouse was first tested for baseline latency by immersing its tail in
the water and recording the time to response. Mice not responding
within 5 s were excluded from further testing. Mice were then
administered the test compound and tested for antinociception
at 10, 20, 30, 45, 60, 90, 120, 150 and 180 min post-injection. A
cutoff of 10 s was used to avoid tissue damage. Antinociception
was calculated by the following formula: % antinociception =
100 x (test latency — control latency)/(10 — control latency).
Dose-response lines were constructed at times of peak agonist
effect and analyzed by linear regression using FlashCalc software
(Dr Michael Ossipov, University of Arizona, Tucson, AZ). All
As, values (95% confidence limits) shown are calculated from the
linear portion of the dose-response curve. A minimum of three
doses per curve and 10 mice per dose were used.
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Novel di-ionizable p-tert-butylcalix[4]arene-1,2-crown-3 ligands in cone and 1,2-alternate
conformations were prepared as potential metal ion extractants. Selective bridging of proximal
hydroxyl groups of the calix[4]arene platform by a crown-3 polyether unit was achieved under
Mitsunobu reaction conditions. In addition to the carboxylic acid group, the acidity tunable
N-(X)sulfonyl oxyacetamide functions [OCH,C(O)NHSO,X] with X group variation from methyl to
phenyl to p-nitrophenyl to trifluomethyl were used as the proton-ionizable groups. Conformations and
regioselectivities of the new ligands were established by 'H and *C NMR spectroscopy. Competitive
solvent extractions of alkali metal cations and of alkaline earth metal cations from aqueous solutions
into chloroform were performed, as were single species extractions of lead(11) and mercury(11).

Introduction

In calixarene-crown ether compounds, also called calixcrowns, a
calixarene platform is combined with a crown ether unit which
bridges two phenolic oxygens of the former with a polyether
chain."? Connection of distal phenolic oxygens in a calix[4]arene
gives a 1,3-bridged calix[4]crown, while linking the proximal
oxygens produces a 1,2-bridged calix[4]crown. It has been found
that the 1,3-bridged calix[4]crowns exhibit high binding affinity
and selectivity toward alkali and alkaline earth metal cations.>*
On the other hand, research on 1,2-bridged calix[4]crowns lags far
behind, probably because of the low cation binding efficiency for
the first-reported members.*®

Syntheses of 1,2- and 1,3-bridged calix[4]crowns were gener-
alized by Shinkai and coworkers.” A weak base was employed
for O-alkylation of distal hydroxyl groups and a strong base
facilitated formation of calix[4]arene-1,2-crown ethers. Based on
this generalization, members of the Bartsch Research Group syn-
thesized series of di-ionizable calix[4]arene-1,2-crown-4, -crown-5,
and -crown-6 ligands in the cone conformation and studied their
extraction behavior toward alkaline earth metal cations.'*" Di-
ionizable p-tert-butylcalix[4]arene-1,2-crown-4 ligands exhibited
unexpectedly high selectivity for Ba®* over the other alkaline earth
metal cations in competitive extraction from aqueous solutions
into chloroform. Two examples of the studied calix[4]crowns are
shown in Fig. 1.

Combining a crown ether with a calix[4]arene platform often
enhances the cation binding ability of the parent calixarene. The
selectivity can be affected by the crown ether size, identity of donor
atoms on the crown ether moiety and the conformation of the
calixarene platform. Attachment of proton-ionizable groups to
calixcrowns further improves their metal ion extraction properties

Department of Chemistry and Biochemistry, Texas Tech University, 79409-
1061, Lubbock, Texas, USA. E-mail: richard.bartsch@ttu.edu; Fax:
+1(806) 742 1289; Tel: +1 (806) 742 3069

T Electronic supplementary information (ESI) available: IR, '"H NMR
and “C NMR spectral data for compounds 4-7 and 9-12. See DOI:
10.1039/b700072¢

Fig. 1 Di-ionizable p-fert-butylcalix[4]arene-1,2-crown-4 and -crown-5
ligands 1 and 2, respectively.

because the ionized group not only participates in metal ion
coordination, but also eliminates the need to transfer one or more
aqueous phase anions into the organic phase during extraction.
To further explore the influence of the crown ether ring size
and to probe the effect of conformational variation on the
extraction characteristics of p-fert-butylcalix[4]arene-1,2-crown
ethers toward metal ions, two series of di-ionizable p-tert-
butylcalix[4]arene-1,2-crown-3 compounds in the cone and 1,2-
alternate conformations (Fig. 2) have now been synthesized. In

‘ OCH,C(O)X

OCH,C(0)X
OCH,C(O)X

O 0 ’
</O\> OCH,C(0O)X

X
3 OH 8
4 NHSO,CH, 9
5 NHSO,CsHs 10
6 NHSO,C;H,-4-NO, 1
7 NHSO,CF, 12

Fig. 2 Structures of di-ionizable p-tert-butylcalix[4]arene-1,2-crown-3
ligands in the cone (3-7) and 1,2-alternate (8-12) conformations.
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addition to the carboxylic acid group, the acidity tunable N-
(X)sulfonyl oxyacetamide functions [-C(O)NHSO,X] with vari-
ation of X were used as the proton-ionizable groups.

Results and discussion

Synthesis of di-ionizable p-tert-butylcalix|4]arene-1,2-crown-3
ligands in the cone conformation

Preparation of the di-ionizable p-tert-butylcalix[4]arene-1,2-
crown-3 ligands in the cone conformation is illustrated in
Scheme 1. For synthesis of the calixcrown platform, the commonly
employed method for preparation of calixcrowns with larger
crown ether ring sizes was unsuccessful. Thus reaction of p-tert-
butylcalix[4]arene (13), diethylene glycol ditosylate and a strong
base failed to give the desired p-fert-butylcalix[4]arene-1,2-crown-
3 (14). Variations of the base, as well as reaction temperature, were
performed, but no 14 was detectable in the product mixtures. An
entirely different method" was utilized for the synthesis of p-terz-
butylcalix[4]arene-1,2-crown-3 (14) (Scheme 1). Under Mitsunobu
reaction conditions, p-tert-butylcalix[4]arene (13), triphenylphos-
phine (TPP), diethyl azodicarboxylate (DEAD) and diethylene
glycol were combined to form 14 in 54% yield. Calixcrown 14 was
reacted with NaH in THF and then with ethyl bromoacetate to
form cone p-tert-butylcalix[4]arene-1,2-crown-3 diester 15 in 61%
yield. Diester 15 was hydrolyzed with aqueous Me,NOH in THF at
reflux to give diacid 3 in 88% yield. Diacid 3 was converted into the
corresponding di(acid chloride) by reaction with oxalyl chloride
at reflux in benzene. The di(acid chloride) was reacted with the
appropriate sulfonamide anions in THF to afford compounds 4-7
in 78-96% yields.

Verification of the conformation and regioselectivity for di-
ionizable p-tert-butylcalix[4]arene-1,2-crown-3 compounds 3-7
was provided by their "H and “C NMR spectra.'*'* There were no
peaks between 35-40 ppm in the *C NMR spectra revealing that
all four benzene rings in each ligand have syn arrangements. In the
'"H NMR spectra, the protons of the bridging methylene groups

Diethylene glycol, TPP, DEAD

toluene, r.t.

. I
OH OHOHOH

13

(ArCH,Ar) were split into three pairs of widely separated doublets
with an integration ratio of 1 : 2 : 1. Due to the C, symmetry
and structural rigidity, the methylene protons in the ionizable side
arms [-OCH,C(O)-], as well as the methylene protons on the small
crown ether ring, were diastereotopic. These data demonstrated
that the crown rings are attached to the calix[4]arene platform via
the proximal phenolic oxygens and the compounds are in the cone
conformation.

Synthesis of di-ionizable p-tert-butylcalix|4]arene-1,2-crown-3
ligands in the 1,2-alternate conformation

As shown in Scheme 2, p-tert-butylcalix[4]arene-1,2-crown-3 (14)
was reacted with KH in THF and then with ethyl bromoacetate
to produce p-tert-butylcalix[4]arene-1,2-crown-3 diester 16 in
the 1,2-alternate conformation in 48% yield. Diester 16 was
hydrolyzed with aqueous Me,NOH in THF to give diacid 8 in
96% yield. Diacid 8 was converted into the corresponding di(acid
chloride) by reaction with oxalyl chloride at reflux in benzene
overnight. The di(acid chloride) was reacted with the appropriate
sulfonamide anions in THF to afford ligands 10-12 in 87-91%
yields. Compound 9 was obtained in only 20% yield due to
formation of the mono-substituted byproduct.

Conformations for the di-ionizable p-tert-butylcalix[4]arene-
1,2-crown-3 compounds 8-11 were established by their 'H and C
NMR spectra.'®!* The *C NMR spectra showed peaks at 31 and
38 ppm, revealing that the benzene rings have both syn and anti
arrangements. In the "H NMR spectra, the protons of the bridging
methylene groups were split into three pairs of doublets, with an
integration ratio of 1 : 1 : 2. Two pairs of doublets were widely
separated in an AX pattern and the other pair of doublets showed
an AB pattern. Locked by the short polyether chain, the structure
with C,; symmetry is rigid. Therefore, the two methylene protons in
the ionizable side arms [-OCH,C(O)-] and the methylene protons
on the small crown ring are all diastereotopic. Compared with
the cone conformers, these protons were shifted downfield due to
de-shielding by the neighboring benzene rings.

NaH, BrCH,C(O)OEt
phialichdiioth it

THF, rt.
OCH,C(O)OEt

o)
jOCHZC 0)OEt

14 15
¢ )j 1) Oxalyl chloride,
10 % Me,NOH benzene, reflux
THF, reflux @ O 2) NaH, NH,SO,X
‘ THF, r.t
0 OCH,COH - o O. | OCH,C(O)NHSO,X
@oJ OCH,COH QoJ OCH;C(O)NHSO,X
3 X
4 CH,
5 CHs
6 CeHq-4-NO,
7 CFs

Scheme 1

Synthesis of cone 5,11,17,23-tetrakis(1, 1-dimethylethyl)-25,26-di(N-(X)sulfonyl carbamoylmethoxyl)calix[4]arene-crown-3 ethers 4-7.
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9 CH,
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Scheme 2 Synthesis of 1,2-alternate 5,11,17,23-tetrakis(1,1-dimethylethyl)-25,26-di(N-(X)sulfonyl carbamoylmethoxy)calix[4]arene-crown-3 ethers

9-12.

Our attempts to grow suitable crystals of the 1,2-alternate and
cone ligands for solid-state structure determination have been

unsuccessful to date.

Competitive solvent extraction of alkali metal cations by
di-ionizable p-tert-butylcalix|4]arene-1,2-crown-3 ligands 3—7 in
the cone conformation and analogues 8—12 in the 1,2-alternate
conformation

For competitive solvent extraction of aqueous alkali metal cation
(Li*, Na*, K*, Rb*, Cs*) (10.0 mM in each) solutions by
1.0 mM solutions of cone di-ionizable calix[4]arene ligands 3-7
in chloroform, plots of metal ion loading of the organic phase vs.
the equilibrium pH of the aqueous phase are presented in Fig. 3.

For alkali metal cation extractions by cone conformers 3-7, the
total loadings of alkali metal cations were all near 200%, which is
consistent with a 2 : 1 ratio of metal ion to ligand in the extraction
complexes. At pH higher than 5-7, all five alkali metal cations
were detectably extracted into the chloroform phase. Ligands 3-7
exhibited very good selectivity for Na* over the other four alkali
metal ion species. Ligands 5 and 6 extracted a fair amount of
Li* in the pH range of 5-7. Interestingly, the amount of Li*
extracted diminished as the pH increased. This reveals that the
binding of different alkali metal cation species by the ligands was
influenced by the identity of the pendent proton-ionizable group
and the equilibrium pH. The selectivity order for dicarboxylic
acid 3 at pH above 11 was Na* > Li* > K* ~ Cs* ~ Rb*, with
a Na*/Li* selectivity of 12 under conditions of high loading. The

selectivity order for di-[N-(X)sulfonyl oxyacetamide] ligands 4-6
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Fig. 3 Percent metal loading vs. the equilibrium pH of the aqueous phase for competitive solvent extraction of alkali metal ions into chloroform by
cone p-tert-butylcalix[4]arene-1,2-crown-3 ethers: (a) 3; (b) 4; (¢) 5; (d) 6; (¢) 7. O = Li*, A = Na*, v = K*, & = Rb*, + = Cs*.
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at pH above 11 was Na* > K* > Rb* > Cs* > Li*, with Na*/K*
ratios of 3.9-4.3. For all five of the cone conformers, the Na*
loading exceeded 100%. This can be rationalized by a polyether
ring-facilitated binding of one Na* by one ionized side arm plus
unselective binding of all alkali metal ions by a second side arm
pointing away from the crown ether ring, as illustrated in Fig. 4.

Fig.4 Proposed binding of alkali metal cations by cone di-[N-(X)sulfonyl
oxyacetamide] calix[4]arene-1,2-crown-3 ligands.

Di-ionizable p-tert-butylcalix[4]arene-1,2-crown-3 ethers 812
in the 1,2-alternate conformation exhibited markedly different
behavior in competitive solvent extractions of aqueous alkali metal
cations (Fig. 5) than that observed for the corresponding cone
isomers (Fig. 3). All five of the alkali metal cation species were
appreciably extracted into the chloroform phase with total metal
ion loadings reaching 200%. However, no significant selectivity
for any one of the alkali metal ions by the ligands was observed.
Compared with cone ligands 3-7, the 1,2-alternate ligands 8-12
will have the anionic side arms pointing away from the polyether
subunits, resulting in poor selectivity for binding of alkali metal
cations. This demonstrates that the spatial relationship of the
ionizable groups and polyether ring has a pronounced influence
upon the complexation of alkali metal cations by these di-ionizable
calix[4]arene-1,2-crown-3 ligands.

Competitive solvent extraction of alkaline earth metal cations by
di-ionizable p-tert-butylcalix|4]arene-1,2-crown-3 ligands 3-7 in
the cone conformation and analogues 8-12 in the 1,2-alternate
conformation

For competitive solvent extraction of aqueous alkaline earth metal
cation (Mg*, Ca*, Sr**, Ba>) (2.0 mM in each) solutions by
1.0 mM solutions of di-ionizable calix[4]arene ligands 3-7 in
chloroform, plots of metal ion loading of the organic phase vs.
the equilibrium pH of the aqueous phase are presented in Fig. 6.

In competitive extraction of alkaline earth metal cations, di-
ionizable p-tert-butylcalix[4]arene-1,2-crown-3 ligands 3-7 ex-
hibit very different selectivity from their Ba* -selective, cone p-
tert-butylcalix[4]arene-1,2-crown-4 and -crown-5 analogues.'®!!
Although the cone, di-ionizable calix[4]arene-1,2-crown-3 com-
pounds could form metal ion complexes with two anionic centers
on the same side of the crown ether unit, apparently the crown-3
ring is too small to hold Ba** between the ionized groups and
the polyether oxygens. All four alkaline earth metal cations are
appreciably extracted into the chloroform phase. The extraction
selectivity order is Mg** > Ca* > Ba®* > Sr** for dicarboxylic
acid 3. The ordering is Ba’>* > Ca** > Sr** > Mg** for ligands
4-6 and Ca®* » Ba® > Sr** > Mg™ for ligand 7. The pH for
half loading, pHys, is a qualitative measure of the ligand acidity.
For compounds 4-7, the pH,; values were 8.9, 7.9, 7.3 and 6.0,
respectively, in accord with the electron-withdrawing power of the
X group.

For competitive solvent extractions of aqueous alka-
line earth metal cations by 1,2-alternate, di-ionizable p-tert-
butylcalix[4]arene-1,2-crown-3 analogues 8-12 in chloroform,
plots of metal ion loading of the organic phase vs. the equilibrium
pH of the aqueous phase are presented in Fig. 7. For dicarboxylic
acid 8, very little differentiation among the four alkaline earth
metal ion species was evident. For ligands 9-12, Ba’* was the
best extracted alkaline earth metal cation, although the selectivity
was modest at best. It is interesting to note that the selectivity
in competitive alkaline earth metal cation extractions is greater
for the 1,2-alternate calix[4]arene-1,2-crown-3 ethers with two
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Fig. 5 Percent metal loading vs. the equilibrium pH of the aqueous phase for competitive solvent extraction of alkali metal ions into chloroform by

1,2-alternate p-tert-butylcalix[4]arene-1,2-crown-3 ethers: (a) 8; (b) 9; (c) 10; (d) 11; (¢) 12. O = Li*
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Fig. 7 Percent metal loading vs. the equilibrium pH of the aqueous phase for competitive solvent extraction of alkaline earth metal cations into
chloroform by 1,2-alternate p-tert-butylcalix[4]arene-1,2-crown-3 ethers 8-12: (a) 8; (b) 9; (c) 10; (d) 11; (e) 12. O = Mg**, A = Ca**, v = Sr**, & = Ba™.

N-(X)sulfonyl oxyacetamide groups than for the analogous cone
conformers. For ligands 9-12, the pH,s values were 9.4, 9.1,
7.7, and 5.4, respectively, which is in accord with the electron-
withdrawing power of the X group.

Solvent extraction of Pb?* by di-ionizable
p-tert-butylcalix[4]arene-1,2-crown-3 ligands 3-7 in the cone
conformation and analogues 8—12 in the 1,2-alternate conformation

Earlier we reported that conformationally mobile p-tert-
butylcalix[4]arenes with two pendant N-(X)sulfonyl oxyacetamide
groups exhibited strong extraction propensity towards Pb** and
Hg?>*.'51¢ Therefore, the study of metal ion extractions by di-
ionizable calix[4]arene-1,2-crown-3 ligands 3-12 was expanded to
include borderline Pb** and soft Hg**, in addition to the hard
alkali and alkaline earth metal cations.

Single species solvent extractions of aqueous 1.00 mM Pb**
solutions by 0.50 mM solutions of di-ionizable calix[4]arene
ligands 3-12 in chloroform were conducted. Plots of Pb** loading
of the organic phase vs. the equilibrium pH of the aqueous phase
are presented in Fig. 8a. Cone dicarboxylic acid 3 and di-[N-
(X)sulfonyl oxyacetamide] ligands 6 and 7 with X = 4-nitrophenyl
and trifluoromethyl, respectively, all exhibited high efficiencies for
Pb** extraction. Interestingly, ligands with X = methyl and phenyl
gave only very low levels of Pb** extraction. In this case, the acidity
of the di-[N-(X)sulfonyl oxyacetamide] ligand markedly influenced
the metal ion extraction ability. Ligand 7 showed quantitative Pb**
loading with a pH, s value of 3.0.

All five of the 1,2-alternate analogues 9—12 showed very high
extraction propensity for Pb** (Fig. 8b). The pH, s values for the
di-[N-(X)sulfonyl oxyacetamide] ligands 9—-12 were 3.6, 3.9, 2.8,
and 1.1, respectively. Thus, with X = trifluoromethyl, ligand 12
was found to be a very strong Pb** extractant. Compared with the
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Fig. 8 Percent Pb** loading vs. the equilibrium pH of the aque-
ous phase for single species Pb** extraction into chloroform by
p-tert-butylcalix[4]arene-1,2-crown-3 ethers: a) cone conformers 3-7 (J =
3,0=4,A =5,V =6, =7);b) 1,2-alternate conformers 8-12 ((J = 8,
0=9A=10,v=11,=12).

cone ligands 3-7 (Fig. 8a), the extraction profiles showed that the
1,2-alternate conformation was favored for complexation of Pb**.

Solvent extraction of Hg** by di-ionizable p-tert-butylcalix[4]-
arene-1,2-crown-3 ligands 3-7 in the cone conformation and
ligands 8-12 in the 1,2-alternate conformation

For solvent extractions of aqueous 0.25 mM Hg** solutions with
0.25 mM solutions of di-ionizable calix[4]arene ligands 3-12 in
chloroform, plots of Hg?* loading of the organic phase vs. the
equilibrium pH of the aqueous phase are presented in Fig. 9.
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Fig. 9 Percent Hg* loading vs. the equilibrium pH of the aque-
ous phase for single species Hg** extraction into chloroform by
p-tert-butylcalix[4]arene-1,2-crown-3 ethers: a) cone conformers 3-7 (O =
3,0=4,A=5,V=6,"="7);b) 1,2-alternate conformers 8-12 (L1 =8,
0=9,A=10,v=11,<=12).

The four cone di-[N-(X)sulfonyl oxyacetamide] ligands 4-7
exhibited much higher Hg** extraction than did dicarboxylic acid
3 (Fig. 9a). This underscores the importance of N-(X)sulfonyl
oxyacetamide functions as an important addition to the more
customary proton-ionizable groups. The pH,s values for ligands

4-7 were all in the range of 2.0-2.2. Thus, the identity of X had
little apparent influence on the extraction ability of the four di-[V-
(X)sulfonyl oxyacetamide]-containing ligands.

The 1,2-alternate di-[(X)sulfonyl oxyacetamide] ligands 9-12
also showed much greater Hg>* extraction propensity than the
analogous dicarboxylic acid 8 (Fig. 9b). The pHy;s values for
ligands 9-12 were all in the range of 1.5-2.0. Visual comparison
of Fig. 9a and b suggests that complexation of Hg** by an 1,2-
alternate di-[(X)sulfonyl oxyacetamide] ligand may be slightly
stronger than that for a cone conformation analogue.

Conclusions

For solvent extraction of hard (alkaline earth metal cations),
intermediate (Pb**) and soft (Hg?*) divalent metal ions by di-
[N-(X)sulfonyl oxyacetamide] calix[4]arene-1,2-crown-3 ligands,
the 1,2-alternate conformations were found to exhibit greater
extraction selectivity or efficiency compared with their cone
conformation analogues. For Hg** extraction, N-(X)sulfonyl oxy-
acetamide acidic groups markedly surpassed analogous ligands
with carboxylic acid functions. The strength of divalent metal
cation complexation, as assessed by solvent extraction, increased
in the order: alkaline earth metal cations < Pb* < Hg**.

Experimental

Melting points were determined with a Mel-Temp melting point
apparatus. Infrared (IR) spectra were recorded with a Perkin-
Elmer Model 1600 FT-IR spectrometer as deposits from CH,Cl,
solution on NaCl plates. The 'H and "C NMR spectra were
recorded with a Varian Unity INOVA 500 MHz FT-NMR ('H
500 MHz and "“C 126 MHz) spectrometer in CDCl; with Me,Si
as internal standard unless mentioned otherwise. Chemical shifts
(0) are given in ppm downfield from TMS and coupling constant
(J) values are in Hz. Elemental analysis was performed by Desert
Analytics Laboratory of Tucson, Arizona. Analytical TLC was
performed on Analtech Uniplate silica gel or alumina plates.
Silica gel 150 (Mallinckrodt SiliCAR®, 60-200 mesh) was used
for column chromatography.

Reagents were obtained from commercial suppliers and used
directly, unless otherwise noted. Tetrahydrofuran (THF) was dried
over sodium with benzophenone as an indicator and distilled just
before use.

p-tert-Butylcalix|[4]arene-1,2-crown-3 (14)

To a mixture of p-tert-butylcalix[4]arene (6.50 g, 10 mmol), diethy-
lene glycol (1.59 g, 15 mmol) and TPP (8.00 g, 30 mmol) in 200 mL
of toluene, a 40% solution of DEAD (5.22 g, 30 mmol) in toluene
was added dropwise. The mixture was stirred at room temperature
for 0.5 h. Then the solution was evaporated in vacuo to dryness
and the residue was extracted with hexane (3 x 30 mL) followed
by evaporation of the combined hexane extracts in vacuo and sub-
sequent stirring of the residue in hexane and ethyl acetate. The pre-
cipitate was filtered and the filtrate was chromatographed on silica
gel with hexane-EtOAc (9: 1) as eluent to give a white solid (3.90 g,
54%) with mp 198-199 °C. IR (deposit from CH,CI, solution on
a NaCl plate) v,.,/cm™' 3342 (O-H), 1249 and 1124 (C-O); 'H
NMR (CDCl;):0 1.20(s, 18 H, CH;), 1.21 (s, 18 H, CH};), 3.26-3.45
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(m, 4 H, ArCH,Ar), 4.01 (t, J = 10.5 Hz, 2 H, OCH,CH,0), 4.12
(t,J =11.0Hz,2H, OCH,CH,0), 4.28-4.46 (m, 7 H, OCH,CH,O,
ArCH,Ar), 4.82 (d, J = 12.0 Hz, 1 H, ArCH,Ar), 6.94-7.06 (m,
6 H, ArH), 7.15 (d, J = 2.0 Hz, 2 H, ArH), 8.87 (s, 2 H, OH); °C
NMR (CDCl,): 6 31.30, 31.50, 32.66, 33.01, 33.90, 34.18, 75.32,
125.31, 125.58, 125.60, 126.45, 128.32, 128.84, 129.15, 133.88,
134.62, 142.81, 147.42, 149.14, 150.34. Anal. Calcd for CiHyOs:
C, 80.18; H, 8.69. Found: C, 80.08; H, 8.37%.

Cone p-tert-butylcalix|4]arene-1,2-crown-3 diester 15

p-tert-Butylcalix[4]arene-1,2-crown-3 (14) (5.00 g, 6.95 mmol) in
50 mL of THF was added dropwise into a mixture of NaH
(0.85 g, 35.4 mmol) in 50 mL of THF. After stirring for 2 h, ethyl
bromoacetate (6.95 g, 41.7 mmol) was added and the reaction
mixture was stirred overnight. The reaction was monitored by
TLC. After 48 h, the reaction was quenched by careful addition
of dilute HCI and evaporated in vacuo. The residue was dissolved
in CH,Cl,. The solution was washed with dilute HCI and water,
dried over MgSQ,, and the evaporated in vacuo. Chromatography
of the residue on silica gel with hexane-EtOAc (1 : 4) as eluent
gave an oil (3.81 g, 61%). IR (deposit from CH,Cl, solution on
a NaCl plate) v,,,/cm™" 1760 (C=0), 1253 and 1128 (C-0); 'H
NMR (CDClL): 6 1.04 (s, 18 H, CH5;), 1.12 (s, 18 H, CH;), 1.34 (t,
J=7.0Hz, 6 H, OCH,CH,), 3.09(d, /= 12.0 Hz, | H, ArCH,Ar),
3.18 (d, / = 12.0 Hz, 2 H, ArCH,Ar), 3.24 (d, J/ = 13.0 Hz, 1 H,
ArCH,Ar), 3.83-3.92 (m, 2 H, OCH,CH,0), 4.07 (d, J = 12.0,
2 H, OCH,CH,0), 4.20 (m, 2 H, OCH,CH,0), 4.27 (q, J = 7.0,
4 H, OCH,CH,;), 4.42 (d, J = 10.5 Hz, 2 H, OCH,CH,0), 4.54—
4.65 (m, 3 H, ArCH,Ar, OCH,CO), 4.73 (d, J/ = 12.5 Hz, 2 H,
ArCH,Ar), 4.88 (d, J = 15.5 Hz, 2 H, OCH,CO), 4.96 (d, J =
12.0 Hz, 1 H, ArCH,Ar), 6.76-6.84 (m, 4 H, ArH), 6.86 (d, J =
2.5 Hz, 2 H, ArH), 6.92 (d, / = 2.0 Hz, 2 H, ArH); "C NMR
(CDCl,): 6 14.33, 31.02, 31.32, 31.42, 33.82, 33.88, 53.42, 60.62,
72.03,73.04, 75.24, 124.35, 125.39, 125.55, 132.72, 134.03, 134.35,
134.81, 144.84, 145.34, 152.88, 152.93, 170.28. Anal. Calcd for
CsH7,0,: C, 75.47; H, 8.37. Found: C, 75.22; H, 8.23%.

Cone p-tert-butylcalix|4]arene-1,2-crown-3 diacid 3

p-tert-Butylcalix[4]arene-1,2-crown-3  diester 15 (3.00 g,
3.05 mmol) in 60 mL of THF and 60 mL of 10% Me,NOH was
refluxed overnight. The solvent was evaporated in vacuo and the
residue was dissolved in 100 mL of CH,Cl,. The organic layer
was washed with 1 N HCI solution until pH 1, and then washed
with 60 mL of brine and 60 mL of water, dried over MgSO,, and
evaporated in vacuo to give a white solid (2.49 g, 88%) with mp
255-256 °C. IR (deposit from CH,Cl, solution on a NaCl plate)
Vma/Ccm~' 3217 (O-H), 1761 (C=0), 1203 and 1121 (C-0); 'H
NMR (CDCl): 6 1.07 (s, 18 H, CH;), 1.11 (s, 18 H, CHs;), 3.12
(d, J =12.0 Hz, 1 H, ArCH,Ar), 3.22-3.36 (m, 3 H, ArCH,Ar),
3.81-3.92 (m, 2 H, OCH,CH,0), 4.11 (d, J = 12.5 Hz, 2 H,
OCH,CH,0), 4.20 (t, J = 11.0 Hz, 2 H, OCH,CH,0), 4.25-4.38
(m, 4 H, OCH,CH,O, ArCH,Ar), 449 (d, / = 13.0 Hz, 1 H,
ArCH,Ar), 4.58 (d, J = 16.5 Hz, 2 H, OCH,CO), 4.79 (d, J =
16.5 Hz, 2 H, OCH,CO), 5.19 (d, / = 12.5 Hz, | H, ArCH,Ar),
6.83-6.91 (m, 4 H, ArH), 6.93 (d, / = 2.0 Hz, 2 H, ArH), 6.99 (d,
J =2.5Hz, 2 H, ArH); *C NMR (CDCl;): ¢ 30.30, 30.60, 30.80,
31.24, 31.34, 33.90, 33.98, 53.41, 71.62, 73.63, 124.49, 125.47,

126.11, 126.19, 133.12, 133.25, 133.54, 134.94, 145.45, 146.80,
151.23, 152.71, 171.56. Anal. Calcd for Cs5,HqO,: C, 74.79; H,
7.97. Found: C, 74.50; H, 7.95%.

General procedure for preparation of 5,11,17,23-tetrakis(1,1-
dimethylethyl)-27,28-di[/V-(X)sulfonyl carbamoylmethoxy]calix-
[4]arene-25,26-crown-3 compounds 47 in the cone conformation

Oxalyl chloride (1.03 mL, 12.0 mmol) was added to p-tert-
butylcalix[4]arene-1,2-crown-3 diacid 3 (1.00 g, 1.20 mmol) in
50 mL of benzene and the mixture was refluxed for 6 h. After
verifying the conversion by IR spectroscopy, the solvent was
evaporated in vacuo. The appropriate sulfonamide (3.0 mmol) in
5 mL of THF was added to NaH (0.36 g, 15 mmol) in 20 mL
of THF and the mixture was stirred at room temperature for 2 h.
The acid chloride was added and the mixture was stirred overnight.
The excess NaH was destroyed by careful addition of water. The
THF was evaporated in vacuo and the residue was washed with 6
N HCI until pH 1 and extracted with CH,Cl,. The organic layer
was dried over MgSO, and evaporated in vacuo. IR, "H NMR and
3C NMR spectra for compounds 4-7 are given in the ESL.f

Cone 5,11, 17, 23 - tetrakis (1, 1 - dimethylethyl) - 27,28 - di | /V -
(methane)sulfonyl carbamoylmethoxy]|calix[4]arene-25,26-crown-3
(4). Obtained as a white solid (0.93 g, 79%) with mp 185-
187 °C. Anal. Calcd for Cs,H,,N,0,,S,-0.8C H,: C, 67.15; H, 7.36;
N, 2.66. Found: C, 67.08; H, 7.65; N, 2.51%.

Cone 5,11, 17, 23 - tetrakis( 1, 1 - dimethylethyl ) - 27, 28 -di | /V -
(benzene)sulfonyl carbamoylmethoxy]|calix|4]arene-25,26-crown-3
(5). Obtained as a white solid (1.14 g, 95%) with mp 138-
140 °C. Anal. Calcd for C,,H,xN,O,,S,-0.5H,0: C, 68.48; H, 6.91;
N, 2.51. Found: C, 68.33; H, 6.75; N, 2.61%.

Cone 5,11,17,23-tetrakis(1,1-dimethylethyl)-27,28-di[/V-(4-nitro-
benzene)sulfonyl carbamoylmethoxy]|calix|4]arene-25,26-crown-3
(6). Obtained as yellow solid (0.97 g, 96%) with mp 275-
277 °C. Anal. Caled for Co,H,,N,O,5S,: C, 63.87; H, 6.20; N,
4.66. Found: C, 63.84; H, 6.48; N, 4.54%.

Cone 5,11,17,23-tetrakis(1,1-dimethylethyl)-27,28-di[/V-(triflu-
oromethane)sulfonyl carbamoylmethoxy]calix[4]arene-25,26-crown-
3 (7). Obtained as white solid (1.12 g 86%) with mp 214 °C
(decomp.). Anal. Caled for Cs,HF4N,O,,S,: C, 59.11; H, 6.06;
N, 2.55. Found: C, 59.55; H, 6.36; N, 2.47%.

1,2-Alternate p-tert-butylcalix|4]arene-1,2-crown-3 diester 16

Calix[4]arene-1,2-crown-3 (14) (6.00 g, 8.34 mmol) in 60 mL of
THF was added dropwise to a mixture of KH (4.17 g, 40% in
mineral oil, 41.7 mmol) in 60 mL of THF. After stirring for
2 h, ethyl bromoacetate (8.34 g, 50.04 mmol) was added and the
reaction mixture was stirred for 3 d. The reaction was quenched
by careful addition of dilute HCI. The mixture was washed with
dilute HCl and water, dried over MgSQ,, and evaporated in vacuo.
Chromatography of the residue on silica gel with hexane-EtOAc
(1:19) as eluent gave a white solid (3.60 g, 48%) with mp 205-
206 °C. IR (deposit from CH,CI, solution on a NaCl plate)
Vma/cm ™' 1760 (C=0), 1205 and 1132 (C-O); '"H NMR (CDCl,):
0 1.09 (t, J = 7.0 Hz, 6 H, SO,CH;), 1.31 (s, 18 H, CHj;), 1.33
(s, 18 H, CH;), 2.48, (t, J = 10.0 Hz, 2 H, OCH,CH,0), 3.15,
(d, J = 12.5 Hz, 1 H, ArCH,Ar), 3.30-3.44 (m, 3 H, ArCH,Ar,
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OCH,CH,0), 3.53-3.65 (m, 6 H, OCH,CH,0, OCH,CO), 3.83
(d, J = 17.0 Hz, 2 H, OCH,CO), 3.89-4.04 (m, 6 H, OCH,CHj;,
OCH,CO), 4.07 (d, J = 16.5 Hz, 2 H, ArCH,Ar), 4.54 (d, J =
12.0 Hz, 1 H, ArCH,Ar), 4.77 (d, J = 13.5 Hz, 1 H, ArCH,Ar),
6.97 (d, J = 2.5 Hz, 2 H, ArH), 7.07 (d, J = 2.0 Hz, 2 H, ArH),
7.32(d,J = 2.5Hz, 2 H, ArH), 7.42 (d, ] = 2.0 Hz, 2 H, ArH); °C
NMR (CDCly): 6 14.12, 29.20, 31.54, 31.58, 31.73, 34.07, 34.10,
39.14, 60.14, 69.37, 73.01, 74.43, 125.12, 125.43, 125.73, 125.89,
132.47, 133.06, 134.20, 135.24, 144.57, 145.57, 152.84, 152.96,
170.14. Anal. Caled for Cs,H.,O,: C, 75.47; H, 8.37. Found: C,
75.50; H, 8.06%.

1,2-Alternate p-tert-butylcalix|4]arene-1,2-crown-3 diacid 8

The p-tert-butylcalix[4]arene-1,2-crown-3 diester 16 (4.00 g,
4.07 mmol) in 150 mL of THF and 150 mL of 10% Me,NOH
was refluxed overnight. The solvent was evaporated in vacuo and
the residue was dissolved in 200 mL of CH,Cl,. The organic layer
was washed with 1 N HCl until pH 1, and then with brine (100 mL)
and water (100 mL), dried over MgSO,, and evaporated in vacuo
to give a white solid (3.60 g, 96%) with mp >300 °C. IR (deposit
from CH,CI, solution on a NaCl plate) v,,./cm~" 3391 (O-H),
1760 (C=0), 1207 and 1128 (C-O); 'H NMR (CDCl;): ¢ 1.30
(s, 18 H, CHj;), 1.33 (s, 18 H, CH;), 2.38, (t, J/ = 11.0 Hz, 2 H,
OCH,CH,0), 3.19, (d, J = 12.5Hz, 1 H, ArCH,Ar), 3.24,(d, J =
13.0 Hz, 1 H, ArCH,Ar), 3.49, (t, J = 10.0 Hz, 2 H, OCH,CH,0),
3.54-3.66 (m, 4 H, OCH,CH,0), 3.85 (d, J/ = 17.5 Hz, 2 H,
ArCH,Ar), 3.94 (t, J/ = 17.0 Hz, 2 H, ArCH,Ar), 4.09 (d, J =
15.5 Hz, 2 H, OCH,CO), 4.15 (d, J = 16.0 Hz, 2 H, OCH,CO),
4.55(d,J =12.0 Hz, 1 H, ArCH,Ar), 4.71 (d,J = 12.5Hz, 1 H,
ArCH,Ar), 6.98 (d, J = 2.0 Hz, 2 H, ArH), 7.00 (d, J = 2.0 Hz,
2 H, ArH), 7.34 (d, / = 2.5 Hz, 2 H, ArH), 7.38 (d, J = 2.0 Hz,
2 H, ArH); "C NMR (CDCl,): 29.54, 31.40, 31.59, 34.13, 34.20,
38.98, 68.32, 72.80, 74.47, 124.40, 125.22, 125.57, 126.54, 131.40,
131.86,134.18,134.84,146.49, 146.52,151.45152.13,170.37. Anal.
Calcd for Cs,HO,-1.0C,Hy: C, 76.29; H, 7.95. Found: C, 76.28;
H, 8.11%.

General procedure for preparation of 5,11,17,23-tetrakis(1,1-
dimethylethyl)-27,28-bis[/N-(X)sulfonyl carbamoylmethoxy]-
calix[4]arene-25,26-crown-3 compounds 9-12 in the 1,
2-alternate conformation

Oxalyl chloride (1.03 mL, 12.0 mmol) was added to p-tert-
butylcalix[4]arene-1,2-crown-3 diacid 8 (1.00 g, 1.2 mmol) in
50 mL of benzene and the mixture was refluxed for 6 h. After
verifying the conversion by IR spectroscopy, the solvent was
evaporated in vacuo. The appropriate sulfonamide (3.0 mmol) in
5 mL of THF was added to NaH (0.36 g, 15 mmol) in 20 mL of
THF. The reaction mixture was stirred at room temperature for 2 h.
The acid chloride was added and the mixture was stirred overnight.
The excess NaH was destroyed by careful addition of water. The
THF was evaporated in vacuo and the residue was washed with
HCl until pH 1 and extracted with CH,Cl,. The organic layer was
dried over MgSO, and evaporated in vacuo. IR, "H NMR and *C
NMR spectral data for compounds 9-12 are included in the ESI.{

1,2-Alternate 5,11,17,23-tetrakis(1,1-dimethylethyl)-27,28-di-
| V-(methane)sulfonyl carbamoylmethoxy]calix|4]arene-25,26-
crown-3 (9). Purified by chromatography on silica gel with

EtOAc-hexanes (2 : 23) as eluent to give a white solid (0.24 g, 20%)
with mp 252-254 °C. Anal. Calcd for C5,H,,N,0,,S,-1.5CH,: C,
68.39; H, 7.38; N, 2.53. Found: C, 68.02; H, 7.52; N, 2.61%.

1,2-Alternate 5,11,17,23-tetrakis(1,1-dimethylethyl)-27,28-di-
| N-(benzene)sulfonyl carbamoylmethoxy]calix|4]arene-25,26-
crown-3 (10). Obtained as a white solid (0.92 g, 90%) with mp
250-253 °C. Anal. Caled for Co,H,4N,O,;S,: C, 69.04; H, 6.88; N,
2.52. Found: C, 68.89; H, 6.72; N, 2.78%.

1,2-Alternate 5,11,17,23-tetrakis(1,1-dimethylethyl)-27,28-di-
[IV-(4-nitrobenzene)sulfonyl carbamoylmethoxy]calix[4]arene-25,
26-crown-3 (11). Obtained as a yellow solid (0.91 g, 91%) with
mp 169-172 °C. Anal. Calcd for C,H,,N,O,5S,: C, 63.87; H, 6.20;
N, 4.66. Found: C, 63.69; H, 6.09; N, 5.08%.

1,2-Alternate 5,11,17,23-tetrakis(1,1-dimethylethyl)-27,28-di-
[ V-(trifluoromethane)sulfonyl carbamoylmethoxy]calix[4]arene-25,
26-crown-3 (12). Obtained as a white solid (1.03 g, 87%) with mp
235-236 °C. Anal. Calcd for C5,HFsN,O,,S,-1.5C;H,: C, 62.31;
H, 6.22; N, 2.31. Found: C, 62.06; H, 6.10; N, 2.47%.

Procedure for competitive alkali metal cation extraction

An aqueous solution of the alkali metal chlorides with hydroxides
and 0.01 M HCI for pH adjustment (for 7 and 12, 1.0 M HCl was
utilized for pH adjustment) (2.0 mL, 10.0 mM in each alkali earth
metal cation species) and 2.0 mL of 1.0 mM ligand in chloroform in
a capped, polypropylene, 15 mL centrifuge tube was vortexed with
a Glas-Col Multi-Pulse vortexer for 10 min at room temperature.
The tube was centrifuged for 10 min for phase separation with
a Becton-Dickinson Clay Adams Brand® centrifuge. A 1.5 mL
portion of the organic phase was removed and added to 3.0 mL of
0.10 M HCl in a new, 15 mL, polypropylene centrifuge tube. The
tube was vortexed for 10 min and then centrifuged for 10 min. A
sample of the aqueous phase from stripping was diluted 10 times
with DI water and the alkali metal cation concentrations were
determined using a Dionex DX-120 ion chromatograph with a
CS12A column. The pH of the aqueous phase from the initial
extraction step was determined with a Fisher Scientific Accumet
AR25 pH meter and a Corning 476157 combination pH electrode.

Procedure for competitive alkaline earth metal cation extraction

The procedure was identical to that given above for the alkali metal
cation extractions, except for replacement of the five alkali metal
cations in the aqueous solutions with four alkaline earth metal
cations at concentrations of 2.0 mM in each.

Procedure for lead(i1) extraction

An aqueous solution (2.0 mL) of 1.0 mM Pb(NO;), with Me,NOH
or 0.01-1.00 M HNO,; for pH adjustment and 2.0 mL of 0.50 mM
ligand in chloroform in a capped, polypropylene, 15 mL centrifuge
tube was vortexed with a Glas-Col Multi-Pulse vortexer for 10 min
at room temperature. The tube was centrifuged for 10 min for
phase separation with a Becton-Dickinson Clay Adams Brand®
centrifuge. A 1.5 mL portion of the organic phase was removed
and added to 3.0 mL of 4.0 M HNO; in a new, 15 mL,
polypropylene centrifuge tube. The tube was vortexed for 10 min
and then centrifuged for 10 min. Of the aqueous phase after
stripping, 2.0 mL was diluted to 10 mL with DI water and the
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Pb** concentration was determined with either a Perkin-Elmer
Model 5000 atomic absorption spectrophotometer or a Leeman
inductively coupled plasma (ICP) spectrophotometer using the
absorption at 283.3 nm. The pH of the aqueous phase from the
initial extraction step was determined with a Fisher Scientific
Accumet AR25 pH meter and a Corning 476157 combination
pH electrode.

Procedure for mercury(i1) extraction

An aqueous solution (3.0 mL) of 0.25 mM Hg(NO;), with Me,OH
or 4 mM-1 M HNO; for pH adjustment and 3.0 mL of 0.25 mM
solution of the ligand in chloroform in a capped, polypropylene,
15 mL centrifuge tube was vortexed with a Glas-Col Multi-
Pulse vortexer for 10 min at room temperature. The tube was
then centrifuged for 10 min for phase separation with a Becton-
Dickinson Clay Adams Brand® centrifuge. A 0.50 mL sample
of the aqueous phase was removed and diluted to 5.0 mL with
DI water. A 1.5 mL aliquot of the diluted solution was mixed
with 1.5 mL of buffer solution (1.0 M citric acid + 1.0 M NaOH
solution; pH = 3.15). To this was added 3.0 mL of a 14 ppm
solution of dithizone in chloroform. The mixture was vortexed for
5 min and then centrifuged for 5 min.

The organic phase was then analyzed by use of the absorbance
at 496 nm for mercury dithizonate complex and a Shimadzu
Model 260 UV-Vis spectrophotometer. The pH of the remaining
aqueous phase from the initial extraction step was determined
with a Fisher Accumet Scientific AR25 pH meter and a Corning
476157 combination pH electrode.
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Norcarbovir (1) and norabacavir (2), the desmethylene deriva-
tives of anti-HIV agents carbovir and abacavir, were efficiently
synthesized from a common intermediate 4. Their antitumor
and antiviral activities were evaluated and the results indicate
norabacavir showed comparable anti-HIV activity to that of
abacavir.

Introduction

Nucleoside analogs have received great interest as synthetic
targets due to their potent antitumor and antiviral activities.!
Replacement of the furanose ring oxygen of nucleosides by a
methylene group results in carbocyclic nucleosides. The absence
of the normal acetal group leads to increased stability to both
chemical and enzymatic hydrolyses. In some cases, syntheses of
carbocyclic nucleosides provide analogs with decreased toxicity
and higher biological activity than nucleosides themselves.> As a
representative of biologically active synthetic carbocyclic nucle-
osides, carbovir (Fig. 1)* was reported to show significant anti-
HIV activity via its triphosphate by inhibiting HIV-1 reverse
transcriptase (RT). Its congener, abacavir (1592U89), which has
higher oral bioavailability than carbovir, has been approved by
the FDA for the treatment of HIV infection.* This significant
biological activity attracted a number of research groups to
conduct related synthetic studies. However, most of the reported
syntheses of carbovir and abacavir required multiple steps to

NH,

R
N SN N SN
HO—\ N N)\NHZ HO—(CHa)n <N N/)

HO o
Aristeromycin (n = 1)
Noraristeromygcin (n = 0)

Carbovir (R = OH)
Abacavir (R = cyclopropylamino)

1 Norcarbovir (R = OH)
2 Norabacavir (R = cyclopropylamino)

Fig. 1 Structures of carbocyclic nucleosides.

“Department of Chemistry & Biochemistry, University of Notre Dame,
251 Nieuwland Science Hall, Notre Dame, Indiana, 46556, USA. E-mail:
mmillerl@nd.edu; Fax: +1574 631 6652, Tel: +1 574 631 7571

*Leibniz Institute for Natural Products Research and Infection Biology-Hans
Knoell Institute, Beutenbergstrasse 11a, 07745, Jena, Germany

‘Rega Institute for Medical Research, Katholieke Universiteit Leuven, B-
3000, Leuven, Belgium

construct the substituted cyclopentene ring and sometimes the
purine nucleobase.'**

Inspired by the fact that both aristeromycin® and 5'-
noraristeromycin’ are inhibitors of S-adenosyl-L-homocysteine
hydrolase (AdoHcy hydrolase), which likely accounts for their
wide spectrum of antiviral activity, we considered the syntheses of
norcarbovir (1) and norabacavir (2) with the anticipation that these
two desmethylene derivatives might have anti-HIV activity similar
to carbovir and abacavir. Besides the possible changes in biological
activity, including cytotoxicity, the removal of the 5-methylene
group would also greatly shorten synthetic routes. To date, only
the syntheses of phosphate analogs of 1 have been reported,? but
not the parent compound 1 itself. The synthesis and biological
studies of norabacavir (2) surprisingly have not been previously
described. We herein report highly efficient syntheses of 1 and 2,
along with their biological activities.

Results and discussion

The syntheses of norcarbovir and norabacavir started with allylic
epoxide 3, which could be easily obtained in large quantity by
peracetic acid oxidation of cyclopentadiene.® Epoxide 3 underwent
Pd(0)-catalyzed allylic nucleophilic substitution to afford com-
pound 4 with 1,4-cis selectivity.® Utilizing 2-amino-6-chloro-9 H-
purine has two advantages over guanine as the nucleophile: it has
good solubility and the resulting product 4 is a common precursor
to 1 and 2. Refluxing compound 4 in aqueous sodium hydroxide
gave norcarbovir (1), and treatment of 4 with cyclopropylamine
provided norabacavir (2) (Scheme 1).%°

Cl
N \N
a ¢ P
o —_—— Hg, N7 N7 UNH,
3 (+)-4

(+)-norabacavir (2) (+)-norcarbovir (1)

Scheme 1 Synthesis of norcarbovir and norabacavir. Reagents and con-
ditions: a) Pd(OAc),, PPh;, 2-amino-6-chloro-9 H-purine, THF, DMSO,
51%; b) 0.33 N NaOH, reflux, 59%; c) EtOH, cyclopropylamine, 91%.

The biological activities of racemic norcarbovir and noraba-
cavir were evaluated by testing their inhibitory effects on the
proliferation of murine leukemia cells (L1210) and human T-
Iymphocyte cells (Molt4/C8, CEM), and also antiviral activity
against HIV-1 and HIV-2 in human T-lymphocyte (CEM) cells
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Table 1 Anti-HIV activities in human T-lymphocyte (CEM) cells

EC50°/pg mL™!
Compound HIV-1 HIV-2
(£)-Norcarbovir >100 >100
(+)-Norabacavir 50+14 >20
Carbovir 2.0£0.0 23+24
Abacavir 23+£1.0 42+ 1.7

“50% Effective concentration or concentration required to protect CEM
cells against the cytopathogenicity of HIV by 50%.

Table 2 Inhibitory effects on the proliferation of murine leukemia cells
(L1210/0) and human T-lymphocyte cells (Molt4/C8, CEM/0)

1C5*/pug mL™!
Compound L1210 Molt4/C8 CEM
(£)-Norcarbovir >200 >200 >200
(£)-Norabacavir 45+ 4 42 + 18 19+1
Carbovir — — 157+ 12
Abacavir — — 97 + 34

“50% inhibitory concentration.

(Tables 1, 2). Norabacavir showed some anti-HIV activity but at
a concentration rather close to its toxicity threshold. The ECs,
value was about 5.0 ug mL™', which is comparable to that of
abacavir,* although norabacavir was more toxic than abacavir.
However, for norcarbovir, no anti-HIV activity was detected,
even at concentrations up to 200 ug mL~'. The reasoning for
this absence of activity may be that the hydroxyl group at the 4'-
position of norcarbovir is not available for phosphorylation, which
is critical for the anti-HIV activity of carbovir.*!* Another possible
reason is that the triphosphorylated derivative of norcarbovir may
not be well recognized by HIV RT. Since the enzymes that convert
carbovir and abacavir to their 5-monophosphates are different,''?
it is also possible that norabacavir could be phosphorylated while
norcarbovir could not. Alternatively, norabacavir may not need
to be phosphorylated, but act, as such, as an AdoHcy hydrolase
inhibitor. This may explain why its selectivity index (ratio of ICs,
to ECs), both measured in proliferating cells) was rather low.

However, norcarbovir and norabacavir were also tested against a
variety of other DNA and RNA viruses including herpes simplex
virus type 1 and type 2, vaccinia virus and vesicular stomatitis
virus (VSV) in HEL cell cultures, VSV, Coxsackie virus B4 and
respiratory syncytial virus in HeLa cell cultures, and parainfluenza
virus-3, reovirus-1, Sindbis virus, Coxsackie virus B4 and Punta
Toro virus in Vero cell cultures, but they proved unable to
prevent virus-induced cytopathicity at subtoxic concentrations
(=400 pg mL~" for norcarbovir and >40 pg mL~" for noracabavir).
Since several viruses such as vaccinia virus and VSV are known to
be sensitive to AdoHcy hydrolase inhibitors, these inactivity data
do not point to an efficient inhibition of AdoHcy hydrolase as a
target for the test compounds.

Conclusions

Racemic norcarbovir and norabacavir were efficiently synthesized
in only three steps from commercially available starting materials
cyclopentadiene and 2-amino-6-chloro-9 H-purine. This is the first

reported synthesis of norabacavir, which showed anti-HIV potency
comparable to that of abacavir, while its congener, norcarbovir did
not show any anti-HIV activity. The explanation to their biological
activity was proposed and remains to be further elucidated.

Experimental
General comments

Tetrahydrofuran (THF) was distilled from sodium metal—
benzophenone ketyl. All other solvent and chemicals were
purchased from Acros and used as is. Silica gel flash column
chromatography was performed using silica gel 60 (30-70 um
irregular particles). Melting points are uncorrected. Proton ('H
NMR) and carbon ("*C NMR) nuclear magnetic resonance spectra
were recorded on Varian UnityPlus 300 at 300 MHz and 75 MHz,
respectively. High resolution mass spectra were recorded on a
JEOL JMS-AX505 HA double sector mass spectrometer.

cis-(+)-4-(2-Amino-6-chloro-9 H -purin-9-yl)-2-cyclopenten-1-ol (4)

To a stirred solution of 2-amino-6-chloro-9H-purine (500 mg,
2.95 mmol) in dry dimethyl sulfoxide (6 mL) at room temperature
under N,, was added palladium(0) prepared by mixing palladium
acetate (20 mg, 0.086 mmol) and triphenylphosphine (139 mg,
0.53 mmol) in dry THF (2 mL), and the mixture was stirred for
2 min. The solution was cooled to 0 °C, and a solution of 3 (266 mg,
3.25 mmol) in dry THF (1 mL) was added over 15 min. The
resulting solution was allowed to warm to room temperature over
3 h and stirred overnight. The yellow solution was evaporated to
a viscous oil that was taken up in methylene chloride (20 mL) and
filtered through a small pad of Celite. The solvent was removed and
the residue was purified by silica gel chromatography using (i) ethyl
acetate followed by (ii) ethyl acetate-methanol (10 : 1) as the eluent
to give 377 mg (51%, yield was improved to 81% when this reaction
was performed at gram scale) of the title compound as a light
yellow solid. Mp 158-160 °C;'H NMR (300 MHz, DMSO-d,) ¢
8.03(s,1 H),6.93(s,2H), 6.19 (m, 1 H), 5.99 (m, 1 H), 5.29 (m, 1 H),
4.71 (brs, 1 H),2.85(dt,J, =14Hz,J,=7.5Hz, 1 H), 1.67 (dt,J, =
14Hz,J,=4.2Hz, 1 H); "CNMR (75 MHz, DMSO-d,)J 159.62,
153.44,149.28, 141.16, 139.66, 130.41, 123.39, 73.51, 56.75, 41.11;
HRMS (FAB) caled for C,H,,CIN;O (MH") 252.0652, found
252.0675.

(£)-Norcarbovir (1)

A mixture of 4 (325 mg, 1.29 mmol) and 0.33 N NaOH (40 mL)
was refluxed for 5 h, where upon the solvent was removed by
azeotroping with ethanol in vacuo. The residue was adsorbed
onto silica gel which was packed onto a column and eluted
with chloroform-methanol (3 : 1), giving 176 mg (59%, after
recrystallization from CH;OH-H,0) of the title compound as
white powder. Mp >250 °C; '"H NMR (300 MHz, DMSO-d,)
0 10.64 (s, 1 H), 7.63 (s, 1 H), 6.48 (br s, 2 H), 6.16 (dt, J, =
5Hz,J, =2Hz, 1 H), 596 (d, J =54 Hz, 1 H), 527, J =
6.2 Hz, 1 H), 521 (m, 1 H), 4.71 (br m, 1 H), 2.84 (dt, J, =
14 Hz, J, =8 Hz, 1 H), 1.62 (dt, J, = 14 Hz, J, = 4.4 Hz, 1 H);
BC NMR (75 MHz, DMSO-d;) 6 157.59, 154.22, 151.33, 140.02,
136.06, 131.55, 117.28, 74.35, 57.09, 42.28; HRMS (FAB) calcd
for C,)H;,N50, (MH*) 234.0991, found 234.1006.
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(£)-Norabacavir (2)

A solution of 4 (200 mg, 0.80 mmol) and cyclopropylamine in
ethanol (16 mL) was refluxed under N, overnight, and then cooled
to room temperature. The solution was adsorbed onto silica gel
which was packed onto a column and eluted with ethyl acetate
followed by EtOAc-MeOH (5:1), giving 197 mg (91%) of the title
compound as slightly yellow solid (recrystallized from CH;OH-
EtOAc). Mp 191-193 °C; '"H NMR (300 MHz, DMSO-d,) J 7.65
(s, 1 H), 7.36 (br d, 1 H), 6.15 (m, 1 H), 5.94 (dd, J, = 4.4 Hz,
J,=1.2Hz, 1 H), 587 (brs, 2 H), 5.47 (brs, 1 H), 5.26 (br m, 1
H), 4.70 (br s, 1 H), 3.04 (br s, 1| H), 2.84 (dt, J, = 14 Hz, J, =
8 Hz, 1 H), 1.64 (dt, J, = 14 Hz, J, = 4 Hz, 1 H), 0.63 (m, 4 H);
“C NMR (75 MHz, DMSO-d;) 6 160.73, 156.65, 151.38, 139.71,
136.05, 131.78, 114.32, 74.42, 56.89, 42.09, 24.54, 7.14; HRMS
(FAB) calcd for C,;H;;N,O (MH*) 273.1464, found 273.1441. The
structure was also confirmed by X-ray.{

Antiviral and cytostatic activity assays

The activity of the test compounds against HIV-1(I11) and HIV-
2(ROD)-induced cytopathicity was examined in human lympho-
cytic CEM cell cultures at day 4-5 post infection, and the antiviral
activity was estimated by microscopical examination of virus-
induced giant cell formation. HIV-1 and HIV-2 were added at
~100 CCIDy; (cell culture infective dose-50) to the cell cultures.

The antiviral assays, other than anti-HIV assays, were based on
inhibition of virus-induced cytopathicity in either HEL [herpes
simplex virus type 1 (HSV-1) (KOS), HSV-2 (G), vaccinia virus
and vesicular stomatitis virus], Vero (parainfluenza-3, reovirus-
1, Sindbis, Coxsackie B4, Punta Toro virus), or HeLa (vesicular
stomatitis virus, Coxsackie virus B4, respiratory syncytial virus)
cell cultures. Confluent cell cultures in microtiter 96-well plates
were inoculated with 100 CCIDy, of virus, 1 CCIDs, being the virus
dose to infect 50% of the cell cultures. After a 1 h virus adsorption
period, residual virus was removed, and the cell cultures were
incubated in the presence of varying concentrations (200, 40, 8
uM) of the test compounds. Viral cytopathicity was recorded as
soon as it reached completion in the control virus-infected cell
cultures that were not treated with the test compounds.

To determine the cytostatic activity of the test compounds,
murine leukemia L1210, human lymphocytic Molt4/C8 and CEM
cells were seeded in 96-well microtiter plates at ~5 x 10* cells per
200 pul well in RPMI-1640 cell culture medium in the presence of
various concentrations (200, 40, 8, 1.6, 0.32 ug ml™") of the test
compounds. The cell cultures were cultivated for 48 h (L1210) or

72 h (Molt4/C8, CEM) at 37 °C in a CO,-controlled atmosphere.
At the end of the incubation period, the cells were counted in a
Coulter counter (Analis, Gent, Belgium).
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A general route to ruthenium pyridocarbazole half-sandwich complexes is presented and applied to the
synthesis of sixteen new compounds, many of which have modulated protein kinase inhibition
properties. For example, the incorporation of a fluorine into the pyridine moiety increases the binding
affinity for glycogen synthase kinase 3 by almost one order of magnitude. These data are supplemented
with cyclic voltammetry experiments and a protein co-crystallographic study.

Introduction

An important objective for the discovery of compounds with new
and unique biological activities is the development of methods
for the straightforward synthesis of molecular scaffolds with
defined three-dimensional shapes. Towards this goal, we recently
started a research program that explores the scope of using metal
complexes."® In our concept, structures are built from a metal
center with the main function of the metal being to organize the
organic ligands in three-dimensional space.

As a proof-of-principle study, we have designed over the
last two years organometallic inhibitors for protein kinases by
using the class of ATP-competitive indolocarbazole alkaloids
(e.g. staurosporine,” Fig. 1) as a lead structure.”® For this, we
replaced the indolocarbazole alkaloid scaffold with simple metal
complexes such as 1 and 2 in which the main features of
the indolocarbazole aglycon are retained in the metal-chelating
pyridocarbazole ligand, whereas the carbohydrate is replaced
by a ruthenium fragment. Although structurally related, these
new scaffolds turned out to possess properties which are distinct
from their parent indolocarbazole alkaloids. For example, whereas
staurosporine is a highly unselective protein kinase inhibitor, the
half-sandwich compounds 1 and 2 show a remarkable preference
for just a few kinases, especially GSK-3 and Pim-1.

In order to modulate the potency and selectivity profiles
of organometallics 1 and 2, as well as their pharmacokinetic
properties for future in vivo studies, we were interested in func-
tionalizing this scaffold. The pyridocarbazole heterocycle is a main
pharmacophore which is designed to bind in the adenine pocket of
the ATP binding site and thus constitutes an important target for
modifications. Previous synthetic approaches from our group to
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Ru Complexes 1-3

R? R? R® R4
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OH H H H
3a H F H H
3b H CF, H H
3c H CH,OH H H
3d H CH, H H
3e H N(CH;), H H
3f H OCH, H H
3g H H Cl H
3h H H Br H
3i H H CH,OH H
3j OH F H H
3k OH CF; H H
3l OH CH,OH H H
3m OH CO,H H H
3n Cl H H H
30 Br H H H
3p OH H H Br

Fig. 1 Staurosporine as a lead structure for functionalized ruthenium
pyridocarbazole half-sandwich complexes 1-3. All complexes are racemic
but only the (S)-isomer is shown.

derivatize this heterocycle required cumbersome readjustments of
the reaction conditions for every new compound.*” We here now
report a more general and efficient synthetic strategy for the syn-
thesis of functionalized pyridocarbazole ruthenium compounds,
apply it to the synthesis of sixteen new derivatives 3a—p (Fig. 1),
and present preliminary kinase inhibition results and structural
data.
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Results and discussion
Synthesis

A retrosynthetic analysis of ruthenium complexes 1-3 is shown
in Scheme 1. The ruthenium fragment is introduced by reacting
a tert-butyldimethylsilyl (TBS)-protected pyridocarbazole 4 with
the ruthenium half-sandwich complex 5 in the presence of a weak
base, followed by TBAF deprotection to afford the ruthenium
pyridocarbazoles 1-3. Thus, the key aspect of a general synthesis is
the formation of the TBS-protected pyridocarbazole 4. Heterocy-
cle 4 can be constructed from the reaction of pyridoindoles 6 with
TBS-protected dibromomaleimide 7 by a sequence of substitution
and photocyclization.* Pyridoindoles are accessible by Suzuki
coupling of indole boronic acids 8 or their trifluoroborates with
a-halogenated pyridines 9. Thus, overall, in our new synthetic
scheme, ruthenium pyridocarbazoles 1-3 are assembled from four
easily accessible building blocks (5, 7-9) in three consecutive C—
C bond formation steps followed by a coordination chemistry
step. A major improvement of this synthetic scheme over previous

e Vv @@f
3_N N

R Boc R*
9:Y =Cl, Brorl 8:X=B(OH), or BF3gK

Scheme 1 Retrosynthetic analysis of 1-3.

Table 1 Pyridoindole synthesis by Suzuki coupling®

RT
Rz@v " X@
=N N

— R
N N
H
-m

ones from our group is the ability to access a large variety
of pyridoindoles through a reliable Suzuki coupling instead of
Fischer indole synthesis.

Derivatives of indole 8 were prepared in two or three synthetic
steps from the appropriate commercially available indoles 10a and
10b by Boc-protection to 11a and 11b, followed by introducing the
boronic acid to 8a and 8b (Scheme 2).!" These boronic acids can
then optionally be transformed into the crystalline trifluoroborates
8c and 8d by reaction with KHF,."> The trifluoroborates 8¢ and
8d are much more stable compared to 8a and 8b and can simply
be stored on the bench. In addition, as discussed below, they
afford significantly higher yields in the Suzuki coupling with a-
halogenated pyridines.

1 1
N DMAP, THF N
H Boc
10a (R'=H) 11a (R'=H) 97%
10b (R'= OBn) 11b (R' = OBn) 93%
a) B(OiPr);
b) LDA
c) 2M HCI
THF
RY KHF,(ag) R
N\ 2 N\
mBFsK e mB(OH)z
Boc Boc

8a (R"=H) 96%
8b (R" = OBn) 99%

8c (R"=H) 64%
8d (R' = OBn) 49%

Scheme 2 Synthesis of the indole building block 8.

Subsequent Suzuki cross-coupling of indoles 8a-d with o-
halogenated pyridines 9a—j furnished pyridoindoles with the Boc-
protection group partially removed. Unable to easily separate the
two compounds in most cases, the purified mixtures in each case
were adsorbed onto silica gel and heated under high vacuum to
afford pyridoindoles 6a—m (Table 1)."* Reaction yields were in the
range of 47-91% over the two steps. In general, good to excellent

1

R3 Boc R?
9a-j 8a-d 6a

Entry Pyridine (R?, R*,Y) Indole Pyridoindole (R', R?, RY) Yield (%)

1 9a F, H, Br 8a 6a H,EH 62

2 9b CF;, H, Cl 8a 6b H, CF;, H 57

3 9c CH,OTBS, H, Br 8a 6¢ H, CH,OTBS, H 84

4 9d CH,, H, Br 8c 6d H, CH;, H 91

5 9e N(CH,),, H, Br 8c 6e H, N(CH;),, H 86

6 of OCHs, H, Br 8c 6f H, OCH;, H 85

7 9g H,ClL I 8a 6g H, H, Cl 66

8 %h H,Br, I 8a 6h H, H, Br 52

9 9i H, CH,OTBS, Br 8a 6i H, H, CH,OTBS 67
10 9a F, H, Br 8b (8d) 6j OBn, F, H 57 (87)
11 9 CF,, H, CI 8b (8d) 6k OBn, CF,, H 52 (73)
12 9¢ CH,OTBS, H, Br 8b 6l OBn, CH,OTBS, H 68
13¢ 9 CO,Z, H, Br 8h 6m OBn, CO,Z, H 47

“ Reaction conditions: first, 1.1 equiv of 8a—d, 1.0 equiv 9a—j, 0.1 equiv of Pd(0) or Pd(11) catalyst, 2.75 equiv Na,CO;, DME-H,O, reflux, overnight, then
10 : 1 mass ratio silica gel : indole, high vacuum, 80 °C, overnight. * Yields with trifluoroborate 8d. © Z = CH,CH,Si(CHj;);.
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yields were observed when using the potassium trifluoroborates
8¢ and 8d as the indole coupling partner. This difference can be
attributed to a suppressed formation of a bis-indole homocoupling
product which is present when using boronic acids 8a and 8b. From
these studies we can conclude that the synthesis of pyridoindoles
through Suzuki coupling with trifluoroborates is superior to the
more traditional Fischer indole synthesis with respect to generality
and accessibility of a wide variety of derivatives.

For the following reaction with TBS-protected dibromoma-
leimide 7, the benzyl-protection group located on pyridoindoles
6j—m was first replaced by a TBS group in order to simplify
a later deprotection (Scheme 3). This was accomplished by
hydrogenolysis with H,, Pd/C furnishing the phenol derivatives
12j-m, followed by the treatment with TBS-triflate in presence
of the base di(isopropyl)ethylamine to afford the TBS-protected
pyridoindoles 13j—m.

OBn OH
=N N 68-93% =N N

H H
6 (R=F) 12j-m
6k (R= CF3) a) DIPEA
61 (R= CH,0TBS) 61-90% | b) TBSOTY
DMF

6m (R= CO,Z)

OTBS
H
13j-m

Scheme 3 Protection group exchange of pyridoindoles 6j—m to 13j—m.

For the next two C-C bond formations, pyridoindoles 6a-i
and 13j-m were condensed with dibromomaleimide 7 as shown
in Scheme 4. This method was successfully used by Murase
et al. for the synthesis of granulatimides and their analogs.*™
Accordingly, pyridoindoles 6a—i and 13j-m were treated with
at least two equivalents of LIHMDS and quenched with TBS-
protected dibromomaleimide 7, furnishing the relatively unstable
monobromides 14a—m in yields of 34-78%. As a trend, reactions
involving pyridoindoles bearing only electron-withdrawing groups
on the pyridine were sluggish (14a, 14b, 14g, and 14h), likely as a
result of the decreased nucleophilicity of the joined heterocycles.

Cyclization of the monobromide intermediates 14a—m by an
anaerobic photocyclization with a medium pressure Hg lamp
using an uranium filter (50% transmission at 350 nm) yielded
the corresponding pyridocarbazoles 4a—m. In the course of the
photocyclization, the solubility decreases significantly and the
compounds generally precipitate out. The major side product
of this reaction was found in the competing cyclization by
substituting the bromide with the pyridine nitrogen, leading to
pyridinium salts. This competing salt formation can be influenced
by steric effects and the polarity of the solvent. For example,
the monobromides 14g, 14h and 14i undergo photocyclization in
outstanding yields (86-96%) and it is likely that substitution at the
2-position of the pyridine heterocycle precludes the formation of
a pyridinium bromide salt due to steric hindrance of the pyridine
nitrogen. Yields also improve significantly by using a less polar
solvent such as toluene which appears to disfavor the transition
state of the salt side product.

R1
R2 / \ 4
=N N
R® H Rr¢

6a-i, 13j-m

1 —»NCS 4n

43%

1 —NBS L 4

71%

PhMe3NBr;

SN 2 S35 4p
% 0 44%

Scheme 4 Assignments of R'-R*: see Fig. 1 for compounds 3a—p. For all
intermediates, see Table 1 (a—i and n—p) and Scheme 3 (j-m).

The pyridocarbazoles 4 can now further become functionalized
after their assembly. For example, our group has had some
success in directly functionalizing the pyridocarbazole ligands
1 and 2 utilizing electrophilic aromatic substitution reactions.”
In the absence of previously existing functionality at the indole
moiety, both chlorination product 4n and bromination product
40 were isolated with exclusive addition to the 5-position of the
indole heterocycle, by reaction with NCS and NBS, respectively
(Scheme 4). In the case where this position at the indole is already
occupied, addition was directed towards the 7-position of the
indole. We have previously reported the bromination of 2 to
afford the disubstituted product 4p by reaction with PhMe;NBr;
(Scheme 4).”

Finally, the reaction of each pyridocarbazole ligand 4 with
the common ruthenium precursor 5 furnishes TBS-protected
organometallic complexes 15a—p. Despite the uncommon involve-
ment of an indole, the heterocycles 4 are reliable coordinating
ligands which lose a proton upon introduction into the coordina-
tion sphere of a metal. However, reactions with pyridocarbazoles
bearing substitutions at the 2-position of the pyridine (4g—i) are
sluggish, likely because they sterically interfere with complex
formation. It is also noteworthy that the TBS group in the
heterocycles 4 is necessary in order to increase the solubility of
the ligands in organic solvents. Ten of the sixteen complexes
were isolated and desilylated in a separate synthetic step, while
the remaining six were desilylated in situ providing the final
organometallic inhibitors 3a—p.
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Protein kinase inhibition and cyclic voltammetry

Screening data for these new compounds at a single concentration
against the protein kinase GSK-3 and Pim-1 are displayed in Fig. 2.
These data demonstrate that derivatizations of the indole and/or
pyridine moiety lead to significant modulations in inhibition
potencies and selectivities. Although compounds 3g, 3h, 3n, and 30
display similar or reduced potencies compared to 1, all remaining
compounds are modestly or significantly improved inhibitors for
GSK-3 and Pim-1. Importantly, substituents also influence the
kinase selectivities. Whereas compound 3m strongly prefers Pim-
1, 3p instead possesses a switched selectivity towards GSK-3 as
has been demonstrated previously.”

[ GSK3
80- [ JPim1
__ 60
*
2
Z 40-
[&]
<
20-
Q-

S 1 2 3a3b3c3d3e 3f 3g 3h 3i 3j 3k 313m3n 30 3p
Compounds (10 nM)

Fig. 2 Screening of ruthenium complexes 1-3 against GSK-3 and Pim-1
at a concentration of 10 nM. Staurosporine (S) was used as a reference.

Fig. 2 also reveals that all synthesized modifications at the meta-
position of the pyridine moiety (R?) are beneficial for the inhibition
of GSK-3 and Pim-1 (3a—f). Especially interestingly, adding a
single fluorine (3a) increases the binding to GSK-3 significantly.
The concentration at which 50% of the kinase is inhibited (ICs,)
was determined to be 2.5 nM for 3a at 100 uM ATP, which is a
decrease by almost one order of magnitude just by exchanging a
single hydrogen for a fluorine (Fig. 3).

In addition, as has been observed before and can also be
extracted from the screening data in Fig. 2, an OH group at the
indole R! position generally increases the affinity of compounds
significantly (see 2, 3j-m, and 3p).® However, it is noteworthy that
the OH group poses a potential risk in terms of enzymatic or
chemical oxidation in a biological environment. For example, a
comparison of cyclic voltammetry data for compounds 1 and 2
reveals that the addition of an OH group into the indole moiety
(2) results in an oxidative peak potential which is ca. 0.18 V lower
as compared to 1. Furthermore, whereas the oxidation of 1 is
chemically reversible at a scan rate of 1 V s7' at 293 K, compound
2 displays complicated oxidative electrochemistry and appears
to decompose/react after initial oxidation (data not shown). In
contrast to the OH group in 2, the fluorine moiety in 3a increases
the resistance to (chemically reversible) oxidation, yielding an
oxidative peak potential that is 0.06 V higher compared to 1.

From all these data it can be concluded that a fluorine
substituent at the meta-position of the pyridine moiety (R?)
as in 3a offers a promising compromise between affinity and

100 ®

o]
o
1

(2]
o
1

ICso = 2.5 1M ICqp = 20 M

Activity of GSK-3a. (%)
S
o
1

]
o
1

1 AR SOP NN SN S ——————. TR
10" 10" 10" 10°  10% 107 10°
Concentration (M)

Fig. 3 1Cs, curves of compounds 1 and 3a against GSK-3 (a-isoform)
demonstrating the effect of substituting one hydrogen against fluorine.
The ATP concentration was 100 pM.

chemical robustness for the design of GSK-3 inhibitors to be
used as molecular probes for signaling pathways involving GSK-
3. Improving selectivities, especially with respect to Pim-1, can be
accomplished in future work by additional modifications at the
cyclopentadienyl moiety as has been demonstrated recently.?

Cocrystal structure of (5)-3a with Pim-1

We succeeded in cocrystallizing full-length human Pim-1 with
the enantiomer (S)-3a and solved the structure to a resolution
of 2.2 A5 This structure is related to previous Pim-1 cocrystal
structures with (R)-1 and (S)-2.° Fig. 4 demonstrates that the
ruthenium complex occupies the ATP binding site of the protein
kinase.’* The pyridocarbazole moiety of (S)-3a is nicely placed
inside of the hydrophobic pocket formed by Leu44, Phe49, Val52,
as well as Ala65 of the N-terminal domain, and Ile104, Vall26,
Leul74, and Ile185 of the C-terminal domain. In agreement with
the initial design, (S)-3a retains the hydrogen bonding pattern
of ATP by forming one characteristic hydrogen bond between
the imide NH group and the backbone carbonyl oxygen atom of
Glul21 within the hinge region. An additional water mediated
hydrogen bond is established between the maleimide group of
(S)-3a and Aspl86 (Fig. 4b). The CO group points towards the
glycine rich loop and the cyclopentadienyl moiety packs against
Phe49 and Ilel185, while the fluorine substituent points towards
the solvent without having any notable contact. The improved
binding affinity by introducing a fluorine (1 — 3a) may be due to
a subtle dipole effect.

Intriguingly, superposition of the binding positions of cocrys-
tallized (S)-3a and staurosporine (PDB code 1YHS) with Pim-
1 demonstrates how closely the ruthenium complex mimics the
binding mode of staurosporine.”” The pyridocarbazole ligand
perfectly mimics the position of the indolocarbazole moiety
of staurosporine while the cyclopentadienyl ring and the CO
group occupy the binding position of the carbohydrate moiety
of staurosporine (Fig. 4c). Importantly, the ruthenium center is
not involved in any direct interaction and has solely a structural
role.

This journal is © The Royal Society of Chemistry 2007
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Fig. 4 Cocrystal structure of (S)-3a with Pim-1 at 2.2 A. a) The ruthenium complex occupies the ATP binding site of Pim-1. b) The most important
interactions between (S)-3a and Pim-1. ¢) Superimposed relative binding positions of (S)-3a staurosporine to Pim-1 (PDB code 1 YHS).

Conclusions

We have developed an efficient and general strategy for the syn-
thesis of modified pyridocarbazoles in ruthenium half-sandwich
kinase inhibitors. Preliminary kinase inhibition results demon-
strate that these modifications have a significant effect on the
kinase inhibition profiles. Future work will combine functional-
izations at the pyridocarbazole moiety with a derivatization at the
cyclopentadienyl moiety in order to generate GSK-3 and Pim-
1 inhibitors with improved selectivities and potencies, as well as
hopefully favorable in vivo properties.

Experimental
Synthesis

The exemplary complete syntheses of the fluorinated compounds
3a and 3j are described. See ESIf for all other compounds.
Reactions were carried out using oven-dried glassware and were
conducted under a positive pressure of argon unless otherwise
specified. NMR spectra were recorded on a DM X-360 (360 MHz)
or Bruker AM-500 (500 MHz) spectrometer. Infrared spectra were
recorded on a Perkin-Elmer 1600 series FTIR spectrometer. Low-
resolution mass spectra were obtained on an LC platform from Mi-
cromass using the ESI technique. ES-TOF spectra were measured
by Waters Micromass MS Technologies. High-resolution mass
spectra were obtained with a Micromass AutoSpec instrument
using either CI or ES ionization. Reagents and solvents were used
as received from standard suppliers. Chromatographic separations
were performed using Silia-P Flash silica gel from Silicycle Inc.

Compound 11b. A solution of 10b (5.0 g, 22.4 mmol) in THF
(16.5 mL) was purged with argon while cooling to 0 °C. To the
solution was added di-zert-butyl dicarbonate (5.4 mL, 23.5 mmol)
followed by the careful addition of solid (dimethylamino)pyridine
(DMAP) (4.1 g, 33.6 mmol). Upon complete addition of DMAP,
the reaction mixture quickly solidified and the resulting white
solid was gently warmed until it began to bubble. The resulting
white suspension was stirred at room temperature overnight. The
reaction mixture was cooled to 0 °C and 1 M HCI (12.5 mL)

was carefully added. After stirring at room temperature for 5
minutes, the organic layer was separated and the aqueous layer
was extracted with EtOAc. The combined organic layers were
washed with brine, dried using Na,SO,, filtered and concentrated
to dryness in vacuo. The crude material was adsorbed onto silica gel
and subjected to silica gel chromatography with hexanes—EtOAc
(15 : 1). The combined product eluents were dried in vacuo to
provide 11b (6.6 g, 93%) as a white solid. 'H NMR (360 MHz,
DMSO-d,): 6 (ppm) 7.92 (d, J = 9.0 Hz, 1H), 7.61 (d, J = 3.7 Hz,
1H), 7.46-7.31 (m, SH), 7.21 (d, J = 2.5 Hz, 1H), 7.00 (dd, J =
9.0, 2.5 Hz, 1H), 6.61 (d, J = 3.7 Hz, 1H), 5.12 (s, 2H), 1.60 (s,
9H). "C NMR (90 MHz, DMSO-d;):  (ppm) 154.9, 149.5,137.7,
131.5,129.7,128.8, 128.2, 128.1, 127.1, 115.8, 114.1, 107.8, 105.4,
84.0, 70.0, 28.1. IR (film): v (cm™") 2981, 2928, 1730, 1611, 1585,
1470, 1453, 1374, 1347, 1334, 1286, 1268, 1163, 1150, 1119, 1083,
1018, 846, 807. HRMS calcd for C, H, NO; (M)* 323.1521, found
(M)* 323.1533.

Compound 8b. A solution of 11b (6.0 g, 18.6 mmol) in
anhydrous THF (24 mL) was prepared after drying 11b overnight
under high vacuum. Following the addition of triisopropyl bo-
rate (6.5 mL, 28.0 mmol), the reaction mixture was cooled to
0 °C and lithium diisopropylamide (2.0 M solution in heptane—
tetrahydrofuran—ethylbenzene) (14 mL, 28.0 mmol) was added
dropwise over 1 hour. After stirring for an additional 30 minutes
at 0 °C, 2 M HCI (50 mL) was carefully added and allowed to
stir at room temperature for 10 minutes. The resulting layers were
separated and the aqueous layer was extracted using EtOAc. The
combined organic layers were dried using Na,SO,, filtered and
concentrated to dryness in vacuo to provide 8b (6.7 g, 99%) as a
tan solid. Attempts to further purify the crude material by column
chromatography resulted in significant decomposition of 8b.

Compound 8c. A solution of 8a (24.0 g, 92.2 mmol) in MeOH
(300 mL) was purged with argon while cooling to 0 °C. A
saturated solution of potassium hydrogen fluoride (82.0 mL) was
slowly added and the resulting thick suspension was stirred at
room temperature for 4 hours. The light orange suspension was
evaporated to dryness in vacuo and dried under high vacuum
overnight to remove all residual water. To the resulting light
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orange solid was added acetone (750 mL), and the suspension was
stirred at 40 °C for approximately 30 minutes. Any undissolved
material (inorganic salts) was removed by filtration and the filtrate
was concentrated to dryness in vacuo. The crude material was
redissolved in a minimal amount of acetone and the product was
precipitated with addition of ether. Collection of the precipitate
by filtration provided 8¢ (19.1 g, 64%) as white crystals. "H NMR
(500 MHz, acetone-d;): 6 (ppm) 8.01 (d, J = 8.0 Hz, 1H), 7.39 (m,
1H), 7.09 (ddd, J = 8.4, 7.0, 1.4, 1H), 7.05 (td, J = 7.3, 1.2 Hz,
1H), 6.64 (s, 1H), 1.67 (s, 9H). *C NMR (125 MHz, acetone-d,): 0
(ppm) 152.5, 138.7, 132.6, 122.8, 122.3, 120.4, 116.3, 113.9, 83.0,
28.5 (C-B not observed). IR (film): v (cm™") 3414, 2974, 1730,
1637, 1450, 1369, 1330, 1251, 1214, 1153, 1121, 983, 892, 847,
746. HRMS calcd for C;H,,BF;NO, (M)~ 284.1070, found (M)~
284.1073.

Compound 8d. A solution of 8b (16.0 g, 43.6 mmol) in MeOH
(240 mL) was purged with argon while cooling to 0 °C. A
saturated solution of potassium hydrogen fluoride (38.8 mL) was
slowly added and the resulting thick suspension was stirred at
room temperature for 6 hours. The light orange suspension was
evaporated to dryness in vacuo and dried under high vacuum
overnight to remove all residual water. To the resulting light
orange solid was added acetone (560 mL), and the suspension
was stirred at 40 °C for approximately 1 hour. Any undissolved
material (inorganic salts) was removed by filtration and the filtrate
was concentrated to dryness in vacuo. The crude material was
redissolved in a minimal amount of acetone and the product was
precipitated with addition of ether. Collection of the precipitate
by filtration provided 8d (9.16 g, 49%) as a white solid. 'H NMR
(500 MHz, acetone-d;): 0 (ppm) 7.91 (d, J = 9.0 Hz, 1H), 7.50—
7.29 (m, 5H), 7.03 (d, J = 2.5 Hz, 1H), 6.80 (dd, J = 9.0,
2.6 Hz, 1H), 6.56 (s, 1H), 5.12 (s, 2H), 1.66 (s, 9H). "C NMR
(125 MHz, acetone-d,): 6 (ppm) 155.4, 152.4, 139.2, 133.7, 133.5,
129.2,128.4,116.8, 113.8, 111.9, 104.7, 104.6, 82.7, 70.9, 28.5 (C—
B not observed). IR (film): v (cm™") 2975, 2870, 1721, 1615, 1544,
1450, 1372, 1327, 1253, 1187, 1158, 1128, 1096, 988, 869. HRMS
caled for C,HyBF;NO; (M)~ 390.1488, found (M)~ 390.1487.

Compound 6a. A biphasic suspension of 8a (6.50 g,
25.0 mmol), 9a (4.00 g, 22.7 mmol), tetrakis(triphenylphosphine)-
palladium(0) (2.62 g, 2.27 mmol) and Na,CO; (6.62 g, 62.4 mmol)
in 1,2-dimethoxyethane (227 mL) and water (25 mL) was purged
with argon and refluxed overnight. The resulting orange reaction
mixture was cooled to room temperature, diluted with water
and extracted with EtOAc. The combined organic layers were
washed with brine, dried using Na,SO,, filtered and concentrated
to dryness in vacuo. The crude material was adsorbed onto silica gel
and subjected to silica gel chromatography with hexanes-EtOAc
(15:1to 10 : 1). The combined product eluents were isolated as a
mixture of Boc-protected pyridoindole and 6a. The resulting white
solid (4.5 g) was dissolved into CH,Cl, and adsorbed onto silica
gel (45.0 g) using rotary evaporation. The white powder was heated
to 80 °C overnight under high vacuum. The silica gel was cooled
to room temperature, filtered through celite with EtOAc and the
filtrate concentrated to dryness in vacuo. The crude material was
adsorbed onto silica gel and subjected to silica gel chromatography
with hexanes—EtOAc (10 : 1). The combined product eluents were
dried in vacuo to provide 6a (3.00 g, 62% over two steps) as a white

solid. "H NMR (360 MHz, CDCL): 6 (ppm) 9.45 (s, 1H), 8.44 (d,
J = 2.8 Hz, 1H), 7.79 (ddd, J = 8.8, 4.3, 0.6, 1H), 7.66 (dd, J =
7.9,0.9 Hz, 1H), 7.43 (m, 2H), 7.23 (ddd, J = 8.2, 7.0, 1.2 Hz, 1 H),
7.13(ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 6.96 (dd, J = 2.0, 0.8 Hz, 1 H).
C NMR (90 MHz, CDCl,): 8 (ppm) 158.8 (dc , J = 255.5 Hz),
147.1 (de. 5, J = 4.0 Hz), 1374, (dc 5, J = 24.4 Hz), 136.7, 136.1,
129.3, 124.0 (de.r, J = 19.1 Hz), 123.5, 121.4, 120.9 (dc.r, J =
4.4 Hz), 120.5, 111.5, 100.5. IR (film): v (cm™") 3424, 3056, 1597,
1549, 1467, 1449, 1425, 1376, 1350, 1302, 1263, 1230, 1116, 1046,
1010, 933, 909, 837, 798, 742. HRMS caled for C,H,FN, (M)*
212.0750, found (M)* 212.0753.

Compound 6j using 8b. A biphasic suspension of 8b
(2.87 g, 7.82 mmol), 9a (1.25 g, 7.10 mmol), bis(triphenyl-
phosphine)palladium(ir) chloride (500 mg, 0.71 mmol) and 2 M
Na,CO; (40 mL) in 1,2-dimethoxyethane (72 mL) and water
(8 mL) was purged with argon and refluxed overnight. The reaction
mixture was cooled to room temperature, diluted with water
and extracted with EtOAc. The combined organic layers were
washed with brine, dried using Na,SO,, filtered and concentrated
to dryness in vacuo. The crude material was adsorbed onto silica gel
and subjected to silica gel chromatography with hexanes—EtOAc
(10 : 1). The combined product eluents were isolated as a mixture
of Boc-protected pyridoindole and 6j. The resulting white solid
(1.82 g) was dissolved into CH,Cl, and adsorbed onto silica gel
(18.2 g) using rotary evaporation. The white powder was heated
to 80 °C overnight under high vacuum. The silica gel was cooled
to room temperature, filtered through celite with EtOAc and the
filtrate dried in vacuo to provide 6j (1.28 g, 57% over two steps) as
a white solid. "H NMR (360 MHz, CDCl;): § (ppm) 9.35 (s, 1H),
8.41(d,J =2.8Hz, 1H), 7.75(dd, J = 8.8, 4.3, 1H), 7.50-7.30 (m,
7H), 7.16 (d, J = 2.4 Hz, 1H), 6.98 (dd, J = 8.8, 2.4 Hz, 1H), 6.87
(d, J = 1.9 Hz, 1H), 5.12 (s, 2H). *C NMR (90 MHz, CDCl,): 6
(ppm) 158.7 (dcr, J = 255.7 Hz) 153.9, 147.1 (dc, J = 3.8 Hz),
137.9,137.4 (dc¢, J =24.4 Hz), 136.7, 132.3, 129.7, 128.7, 128.0,
127.8, 124.0 (dcg, J = 19.2 Hz), 120.8 (dc ¢, J = 4.3 Hz), 114.8,
112.3,104.4,100.3,71.1. IR (film): v (cm™") 3438, 3095, 3051, 3025,
2884, 2849, 1598, 1549, 1462, 1448, 1422, 1374, 1347, 1290, 1264,
1228, 1207, 1158, 1114, 1035, 956, 934, 916, 837. HRMS calcd for
C,HsFN,O (M)* 318.1168, found (M)* 318.1183.

Compound 6j using 8d. A biphasic suspension of 8d (268 mg,
0.625 mmol), 9a (100 mg, 0.568 mmol), tetrakis(triphenyl-
phosphine)palladium(0) (66 mg, 0.057 mmol) and Na,CO;
(165 mg, 1.56 mmol) in 1,2-dimethoxyethane (2.5 mL) and water
(0.73 mL) was purged with argon and refluxed overnight. The
resulting yellow reaction mixture was cooled to room temperature,
diluted with water and extracted with EtOAc. The combined
organic layers were washed with brine, dried using Na,SO,, filtered
and concentrated to dryness in vacuo. The crude material was
adsorbed ontossilica gel and subjected to silica gel chromatography
with hexanes—EtOAc (8 : 1). The combined product eluents were
isolated as a mixture of Boc-protected pyridoindole and 6j. The
resulting white solid (209 mg) was dissolved into EtOAc and
adsorbed onto silica gel (2.09 g) using rotary evaporation. The
white powder was heated to 80 °C overnight under high vacuum.
The silica gel was cooled to room temperature, filtered through
celite with EtOAc and the filtrate dried in vacuo to provide 6j
(158 mg, 87% over two steps) as a white solid.
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Compound 12j. A suspension of 6j (1.22 g, 3.84 mmol) in
ethanol (80 mL) was purged with argon for 15 minutes. Following
thorough argon purge, palladium (10 wt% on activated carbon,
wet, Degussa type E101 NE/W) (1.22 g) was added and the
reaction mixture was carefully purged with hydrogen gas and
stirred at room temperature under an atmosphere of hydrogen
for 5 hours. The resulting dark blue reaction mixture was filtered
through celite with EtOAc and the filtrate concentrated to
dryness in vacuo. The crude material was subjected to silica gel
chromatography with hexanes—EtOAc (3:1to 1:1). The combined
product eluents were dried in vacuo to provide 12j (720 mg, 82%)
as a yellow solid. "H NMR (360 MHz, DMSO-d;): § (ppm) 11.31
(s, 1H), 8.69 (s, 1H), 8.57 (d, J = 2.8 Hz, IH), 7.97 (dd, J = 8.9,
4.4 Hz, 1H), 7.77 (td, J = 8.8, 2.9 Hz, 1H), 7.24 (d, J = 8.7 Hz,
1H), 6.91 (s, 1H), 6.85 (d, J = 2.0 Hz, 1H), 6.65 (dd, J = 8.7,
2.2 Hz, 1H). "C NMR (90 MHz, DMSO-d;): 6 (ppm) 158.0 (dc,
J = 2529 Hz), 151.1, 147.5 (dc¢, J = 3.6 Hz), 137.0 (dcg, J =
23.9 Hz), 136.5, 132.0, 129.1, 124.2 (dc ¢, J = 18.9 Hz), 121.0
(der, J = 4.4 Hz), 113.2, 112.4, 104.0, 99.9. IR (film): v (cm™")
3406, 3365, 2545, 1700, 1624, 1579, 1548, 1447, 1427, 1366, 1229,
1148, 1118, 1011, 951, 915, 839, 814, 794, 753, 733. HRMS calcd
for C;;H,FN,O (M)* 228.0699, found (M)* 228.0698.

Compound 13j. A solution of 12j (475 mg, 2.08 mmol) in DMF
(7.5 mL) was cooled to 0 °C and N,N-diisopropylethylamine
(1.81 mL, 10.4 mmol) was added dropwise. After stirring for 10
minutes at 0 °C, tert-butyldimethylsilyl trifluoromethanesulfonate
(524 pL, 2.29 mmol) was added dropwise over 15 minutes and
the reaction mixture was stirred at room temperature for an
additional hour. The resulting yellow solution was cooled to 0 °C
and 1 M NH,OAc (10 mL) was carefully added. The mixture was
then diluted with water and extracted with CH,Cl,. The combined
organic layers were dried using Na,SO,, filtered and concentrated
to dryness in vacuo. The crude material was adsorbed onto silica gel
and subjected to silica gel chromatography with hexanes—EtOAc
(10 : 1). The combined product eluents were dried in vacuo to
provide 13j (640 mg, 90%) as a white solid. "H NMR (360 MHz,
CDCl;): d (ppm) 9.29 (s, IH), 8.41 (d, / = 2.9 Hz, 1H), 7.74 (ddd,
J =8.8,4.3,0.6, 1H), 7.43 (ddd, J = 8.8, 8.1, 2.9, 1H), 7.24 (dt,
J =28.7,0.7, 1H), 7.06 (dd, J = 1.7, 0.6 Hz, 1H), 6.83 (dd, J =
2.1, 0.8 Hz, 1H), 6.80 (dd, J = 8.7, 2.3 Hz, 1H), 1.02 (s, 9H),
0.22 (s, 6H). "C NMR (90 MHz, CDCl;): ¢ (ppm) 158.7 (dc &,
J = 255.6 Hz) 149.9, 147.1 (dc ¢, J = 4.0 Hz), 1374 (dc g, J =
24.1 Hz), 136.7,132.5,130.0, 124.0 (d¢ ¢, J = 19.2 Hz), 120.8 (d¢ ¢,
J=4.4Hz), 118.0,111.9, 110.5, 100.1, 26.0, 18.5, —4.2. IR (film):
v (em™") 3415, 3050, 2947, 2928, 2894, 2859, 1621, 1594, 1575,
1550, 1462, 1448, 1427, 1382, 1362, 1317, 1288, 1255, 1239, 1151,
1117, 1009, 965, 938, 924, 890, 862, 837, 792, 779, 754, 738, 718.
HRMS calced for C,yH,,FN,OSi (M + H)* 343.1642, found (M +
H)* 343.1653.

Compound 14a. A solution of 6a (800 mg, 3.77 mmol) in THF
(9.5 mL) was prepared after drying 6a under high vacuum. After
cooling the solution to —15 °C, lithium bis(trimethylsilyl)amide
(1 M solution in hexanes) (11.3 mL, 11.3 mmol) was added
dropwise over 15 minutes and the resulting yellow suspension was
stirred at —15 °C for an additional 45 minutes. A solution of 7
(1.46 g, 3.96 mmol) in THF (9.5 mL) cooled to 0 °C was added
and the reaction mixture was stirred at —15 °C for 20 minutes and

room temperature overnight. The resulting dark purple reaction
mixture was carefully poured into stirring ice cold 10% HCI
(100 mL) and extracted with EtOAc. The combined organic layers
were washed with saturated NaHCO; followed by brine, dried
using Na,SO,, filtered and concentrated to dryness in vacuo. The
crude material was adsorbed onto silica gel and subjected to silica
gel chromatography with hexanes-EtOAc (6 : 1). The combined
product eluents were dried in vacuo to provide 14a (880 mg, 47%) as
an orange solid. The unstable material was immediately subjected
to the photocyclization step.

Compound 14j. A solution of 13j (525 mg, 1.54 mmol) in THF
(4.0 mL) was prepared after drying 13j under high vacuum. After
cooling the solution to —15 °C, lithium bis(trimethylsilyl)amide
(1 M solution in hexanes) (4.62 mL, 4.62 mmol) was added
dropwise over 15 minutes and the resulting red suspension was
stirred at —15 °C for an additional 45 minutes. A solution of 7
(598 mg, 1.62 mmol) in THF (4.0 mL) cooled to 0 °C was added
and the reaction mixture was stirred at —15 °C for 20 minutes and
room temperature overnight. The resulting dark purple reaction
mixture was carefully poured into stirring ice cold 10% HCI
(50 mL) and extracted with EtOAc. The combined organic layers
were washed with saturated NaHCO; followed by brine, dried
using Na,SO,, filtered and concentrated to dryness in vacuo. The
crude material was adsorbed onto silica gel and subjected to
silica gel chromatography with hexanes—EtOAc (6 : 1 to 4 : 1).
The combined product eluents were dried in vacuo to provide 14j
(620 mg, 64%) as an orange solid. 'H NMR (360 MHz, CDCl;):
0 (ppm) 9.65 (s, 1H), 8.44 (s, 1H), 7.26 (m, 3H), 6.94 (d, J = 2.0,
1H), 6.84 (dd, J = 8.7, 2.1, 1H), 1.01 (s, 18H), 0.49 (s, 6H), 0.22
(s, 6H). "C NMR (90 MHz, CDCl;): J (ppm) 173.5, 171.0, 158.8
(deg, J = 258.3 Hz) 150.7, 146.2 (d¢c ¢, J = 4.0 Hz), 141.5, 138.0
(der, J = 24.4 Hz), 136.4, 131.6, 128.2, 125.9, 123.5 (dc, J =
18.9 Hz), 123.2 (dcr, / = 4.3 Hz), 119.0, 112.4, 110.9, 101.4, 26.5,
26.0, 19.1, 18.4, —4.2. IR (film): v (cm™") 3292, 2951, 2929, 2884,
2857, 1763, 1703, 1625, 1579, 1530, 1477, 1376, 1312, 1266, 1231,
1214, 1178, 1086, 1056, 970, 894, 842, 826, 801, 780, 750. HRMS
caled for C,H;; BrFN;NaO;Si, (M + Na)* 652.1439, found (M +
Na)* 652.1415.

Compound 4a. An orange solution of 14a (300 mg,
0.601 mmol) in toluene (250 mL) was irradiated with a medium
pressure Hg lamp using a uranium filter (50% transmission at
350 nm) for 3 hours with constant argon flow through the
solution. The resulting orange suspension was concentrated to
dryness in vacuo, adsorbed onto silica gel and subjected to silica
gel chromatography with hexanes—-EtOAc (8 : 1). The combined
product eluents were dried in vacuo to provide 4a (179 mg, 71%) as
a yellow solid. "H NMR (360 MHz, CDCl;): é (ppm) 9.86 (s, 1H),
9.06 (m, 2H), 8.89 (d, J = 2.8 Hz, 1H), 7.65 (d, J/ = 8.0 Hz, 1H),
7.59(t,J =7.6Hz, 1H), 7.45(t, J = 7.4 Hz, 1H), 1.07 (s, 9H), 0.64
(s, 6H). "C NMR (90 MHz, CDCl,): 6 (ppm) 175.4, 174.2, 158.1
(dcr,J =258.4Hz), 141.8 (dc 5, J = 27.8 Hz), 140.3, 139.5, 135.4,
131.8, 127.7, 125.8, 122.5, 122.4, 122.2, 120.4, (dc.», J = 5.1 Hz),
117.9 (d¢g, J =19.3Hz), 115.0,111.6,26.7,19.4, —3.8. IR (film): v
(cm™") 3454, 2926, 2856, 1748, 1692, 1615, 1561, 1524, 1464, 1418,
1401, 1363, 1339, 1303, 1257, 1234, 1216, 1183, 1062, 1043, 10006,
938, 898, 850, 828, 768. HRMS calcd for C,;H, FN;0,S1 (M —
H)~ 418.1387, found (M — H)~ 418.1397.
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Compound 4j. An orange solution of 14j (300 mg, 0.477 mmol)
in toluene (250 mL) was irradiated with a medium pressure Hg
lamp using a uranium filter (50% transmission at 350 nm) for
3 hours with constant argon flow through the solution. The
resulting red solution was concentrated to dryness in vacuo and
the experiment was repeated (200 mg, 0.318 mmol). The combined
crude material was adsorbed onto silica gel and subjected to silica
gel chromatography with hexanes—EtOAc (8 : 1). The combined
product eluents were dried in vacuo to provide 4§ (320 mg, 73%) as
a yellow solid. "H NMR (360 MHz, CDCl;): 6 (ppm) 9.86 (s, |H),
9.03(dd,J =9.4,2.9,1H),8.84 (d,J =2.9, IH), 8.58 (d, J/ = 2.5,
1H), 7.46 (dd, J = 8.2, 0.5, 1H), 7.14 (dd, J = 8.7, 2.5, 1H), 1.07
(s, 18H), 0.64 (s, 6H), 0.33 (s, 6H). C NMR (90 MHz, CDCl;):
o (ppm) 175.4, 173.8, 158.0 (dcr, J = 258.1 Hz) 151.2, 141.6,
141.3, 140.8, 135.5, 134.7, 131.9, 123.2, 122.7 (dc , J = 7.1 Hz),
121.5, 119.8 (dc. ¢, J = 4.8 Hz), 117.9 (dc ¢, J = 19.2 Hz), 114.9,
112.0, 26.7, 26.1, 19.3, 18.6, —3.8, —4.1. IR (film): v (cm™") 3457,
3078, 2955, 2930, 2890, 2858, 1751, 1695, 1631, 1612, 1576, 1562,
1527, 1494, 1471, 1418, 1363, 1336, 1309, 1282, 1257, 1215, 1186,
1164, 1063, 1041, 1006, 966, 899, 884, 828, 814, 781, 769. HRMS
caled for C,HysFN;O;Si, (M — H)~ 548.2201, found (M — H)~
548.2194.

Compound 15a. A suspension of ligand 4a (20 mg,
0.048 mmol), [RuCp(CO)(CH;CN),]*PF,~ (30 mg, 0.072 mmol)
and K,CO; (7.3 mg, 0.053 mmol) in CH;CN-CH;OH (3 : 1)
(2 mL) was stirred at room temperature overnight. The resulting
dark purple reaction mixture was concentrated to dryness in vacuo,
adsorbed onto silica gel and subjected to silica gel chromatography
with hexanes—EtOAc (6 : 1). The combined product eluents were
dried in vacuo to provide 15a (19 mg, 66%) as a dark red film. '"H
NMR (360 MHz, CDCl,): 6 (ppm) 8.98 (dd, J =9.3,2.3 Hz, 1H),
8.89 (d, / = 8.0 Hz, 1H), 8.86 (br, 1H), 7.58 (t, J = 7.5 Hz, 1H),
7.46 (d, J = 8.1 Hz, 1H), 7.41 (t, J = 7.5 Hz, 1H), 5.23 (s, 5H),
1.06 (s, 9H), 0.63 (s, 6H). “C NMR (90 MHz, CDCI;): § (ppm)
199.2,175.4,174.8, 157.2 (dc ¢, J = 250.8 Hz), 155.3, 153.5, 144.5
(deg, J = 33.9 Hz), 142.4, 133.9, 126.5, 125.8, 124.3, 121.7 (dc ¢,
J =8.5Hz), 120.4, 119.3 (dcr, J = 20.0 Hz), 115.6, 115.3, 113.8
(der, J = 4.9 Hz), 80.7,26.7, 19.4, —3.7. IR (film): v (cm™") 3107,
2955, 2929, 2856, 1961, 1744, 1686, 1559, 1519, 1502, 1469, 1411,
1342, 1306, 1257, 1225, 1204, 1046, 1007, 908, 828, 745. HRMS
caled for C,0H,;FN;O;RuSi (M + H)* 614.0849, found (M + H)*
614.0839.

Compound 15j. A suspension of ligand 4j (30 mg, 0.055 mmol),
[RuCp(CO)(CH;CN),]"PF,~ (26 mg, 0.062 mmol) and K,CO;
(8.6 mg, 0.062 mmol) in CH;CN-CH;0H (3 : 1) (3 mL) was
stirred at room temperature overnight. The resulting dark purple
reaction mixture was concentrated to dryness in vacuo, adsorbed
onto silica gel and subjected to silica gel chromatography with
hexanes—EtOAc (8 : 1). The combined product eluents were dried
in vacuo to provide 15§ (33 mg, 80%) as a purple film. '"H NMR
(360 MHz, CDCl,): 6 (ppm) 8.94 (dd, J = 9.4, 2.4, 1H), 8.80 (t,
J =24, 1H), 8.37 (d, J = 2.3, 1H), 7.30 (d, J = 8.7, 1H), 7.14
(dd, J =8.7, 2.5, 1H), 5.22 (s, 5H), 1.07 (s, 9H), 1.05 (s, 9H), 0.62
(s, 6H), 0.32 (s, 6H). "C NMR (90 MHz, CDCl;): § (ppm) 199.2,
175.5,174.4,157.1 (dc ¢, J =250.3 Hz), 155.4, 150.3, 148.8, 144.0
(der, J = 33.8 Hz), 142.8, 134.1, 124.8, 121.7 (dc¢, J = 8.4 Hz),
120.5, 119.2 (dcg, J = 20.1 Hz), 115.4, 114.7, 113.0 (dcg, J =
4.7 Hz), 80.7,29.9, 26.8, 19.3, 18.6, —3.7, —4.0. IR (film): v (cm™")

3111, 2954, 2931, 2891, 2858, 1965, 1744, 1687, 1592, 1559, 1504,
1461, 1412, 1332, 1305, 1258, 1231, 1199, 1142, 1043, 1006, 973,
948,908, 830, 778, 734. HRMS calcd for C;sH, FN,O,RuSi, (M +
H)* 744.1662, found (M + H)* 744.1658.

Compound 3a. A solution of 15a (19 mg, 0.031 mmol) in
CH,CI, (2 mL) was purged with argon while cooling to 0 °C. To the
solution was added tetrabutylammonium fluoride (1 M solution in
THF) (46 uL, 0.046 mmol) and the reaction mixture was allowed
to slowly warm to room temperature. The resulting dark red
reaction mixture was cooled to 0 °C and glacial acetic acid (2.6 uL,
0.046 mmol) was added, allowed to warm to room temperature
and concentrated to dryness in vacuo. The crude material was
subjected to silica gel chromatography with hexanes—EtOAc (3 :
1). The combined product eluents were dried in vacuo to provide
3a (10 mg, 67%) as a purple solid. 'H NMR (360 MHz, DMSO-
dg): 0 (ppm) 11.13 (s, 1H), 9.51 (t, J = 2.5 Hz, 1H), 8.76 (dd, J =
9.4,2.3 Hz, 1H), 8.64 (d, J = 7.7 Hz, 1H), 7.61 (d, J = 8.1 Hz,
1H), 7.54 (ddd, J = 8.1, 6.9, 1.2 Hz, 1H), 7.35 (ddd, J = 7.9, 6.8,
1.0 Hz, 1H), 5.55 (s, SH). *C NMR (90 MHz, DMSO-d): 6 (ppm)
200.5, 170.5,170.2, 156.7 (dc ¢, J = 248.9 Hz), 154.1, 152.8, 146.4
(dcr, J =342 Hz), 141.1, 131.4, 126.1, 123.9, 123.4, 120.5 (d¢ f,
J =28.6Hz), 119.7, 117.3 (dc¢, J = 20.2 Hz), 115.8, 114.3, 111.7
(dc g, J =49 Hz),81.7. IR (film): v (cm™") 1954, 1743, 1692, 1564,
1523, 1494, 1464, 1407, 1338, 1292, 1255, 1223, 1199, 1105, 1066,
987. HRMS calcd for Co;;H;FN;O;Ru (M + H)* 499.9984, found
(M + H)* 499.9978.

Compound 3j. A solution of 15j(21 mg, 0.028 mmol) in CH,Cl,
(2 mL) was purged with argon while cooling to 0 °C. To the
solution was added tetrabutylammonium fluoride (1 M solution in
THF) (70 uL, 0.070 mmol) and the reaction mixture was allowed
to slowly warm to room temperature. The resulting dark blue
reaction mixture was cooled to 0 °C and glacial acetic acid (4.0 uL,
0.070 mmol) was added, allowed to warm to room temperature and
concentrated to dryness in vacuo. The crude material was subjected
to silica gel chromatography with CH,Cl,—~CH;OH (50 : 1 to 35 :
1). The combined product eluents were dried in vacuo to provide 3j
(14 mg, 100%) as a blue-green solid. "H NMR (500 MHz, DMSO-
dy): 0 (ppm) 11.01 (s, 1H), 9.42 (t, J = 2.6, 1H), 9.17 (s, 1H), 8.71
(dd, J =94, 2.4, IH), 8.08 (d, J = 2.5, 1H), 743 (d, J = 8.7,
1H),7.07 (dd, J =8.7,2.5, IH), 5.52 (s, 5H). "C NMR (125 MHz,
DMSO-d;): 6 (ppm) 200.4,170.4,170.3,156.5 (dcr, J = 248.4 Hz),
153.9, 151.7, 147.0, 145.5 (dc¢, J = 34.3 Hz), 141.5, 131.7, 123.8,
120.5 (d¢g, J = 8.7 Hz), 117.2, 117.0, 116.2 (d¢ ¢, J = 18.2 Hz),
114.8, 110.2 (dc ¢, J = 4.6 Hz), 108.3, 81.6. IR (film): v (cm™")
3445, 3278, 2922, 1953, 1750, 1710, 1592, 1556, 1502, 1472, 1408,
1336, 1260, 1207, 1056, 1022, 997, 936, 924, 872, 807, 773, 700.
HRMS calcd for C;;H;FN;O,Ru (M + H)* 515.9933, found (M +
H)* 515.9927.

Protein kinase assays

Protein kinases (human) and substrates were purchased from
Upstate Biotechnology USA. Ten nM concentrations of stu-
arosporine, 1, 2 and 3a—p were incubated at room temperature
in 20 nM MOPS, 30 mM MgCl,, 0.8 pg uL~' BSA, 5% DMSO
(resulting from the inhibitor stock solution), pH 7.0, in the
presence of substrate (GSK-3a: 20 uM phosphoglycogen synthase
peptide-2; Pim-1: 50 uM S6 kinase/Rsk2 substrate peptide 2) and
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kinase (experiments in Fig. 2: 0.9 nM GSK-3a0, 0.8 nM Pim-1;
experiments in Fig. 3: 0.1 nM GSK-3a). After 15 minutes, the
reaction was initiated by adding ATP to a final concentration of
100 uM, including approximately 0.2 uCi pL~" [y-*P]ATP. Reac-
tions were performed in a total volume of 25 uL. After 30 minutes,
the reaction was terminated by spotting 17.5 uLL on a circular P81
phosphocellulose paper (2.1 cm diameter, Whatman), followed by
washing four times (5 minutes each wash) with 0.75% phosphoric
acid and once with acetone. The dried P81 papers were transferred
to a scintillation vial, and 5 mL of scintillation cocktail was
added, and the counts per minute (CPM) were determined with a
Beckmann 6000 scintillation counter. ICs, values were defined to
be the concentration of inhibitor at which the CPM was 50% of
the control sample, corrected by the background.

Protein expression, purification and crystallization

The plasmid encoding full-length Pim-1 (gi33304198) was a
generous gift from Dr S. Knapp, Oxford University, Centre for
Structural Genomics Botnar Research Centre, UK. The protein
was expressed and purified as described previously."” Briefly,
expression of protein in BL21(DE3)pLysS cells was induced with
2 mM IPTG for 5 hours at 18 °C. Cells were collected by
centrifugation, resuspended in 50 mM HEPES pH 7.5, 500 mM
NaCl, 5% glycerol, and lysed applying high pressure (French-
press). The lysate was purified with DEAE cellulose column (DE52
Whatmann) and Ni-NTA chromatography (Qiagen). The protein
was treated overnight with lambda phosphatase and TEV protease
to remove phosphate and His¢-tag respectively. Further purifica-
tion was achieved with a mono-Q column (Amersham-Biosiences),
which separated dephosphorylated and phosphorylated fractions,
and an additional Ni-NTA affinity column to obtain high purity.
Separated dephosphorylated and phosphorylated fractions were
concentrated to 5 mg mL™' in crystallography buffer, 50 mM
HEPES pH 7.5, 250 mM NacCl, 5% glycerol, 10 mM DTT. Ruthe-
nium complex was added to the protein from 10 mM DMSO
stock solution to the final concentration of 1 mM. Crystals of
nonphosphorylated Pim-1 with (S)-3a were grown at 4 °C in 4 uL
sitting drops where 2 pL of protein solution was mixed with 2 uLL
of the precipitate stock containing 0.2 M magnesium chloride,
100 mM BisTrisPropane (pH 6.5), 20% PEG3350, 10% ethylene
glycol and 0.3% DMSO.

Data collection and structure determination

Cryoprotected crystals yielded X-ray diffraction to 2.2 A on a
Rigaku RU-200HB rotating anode X-ray generator equipped with
R-axis IV++ image plate detector. Diffraction data were indexed
and merged using the program Crystal Clear (d*Trek).” The
structure was determined by difference Fourier technique using
a structure of Pim-1 (PDB code 2BZI; inhibitor, solvent, and
ions were removed) as an initial model for phasing.® Tterative
cycles of refinement and manual rebuilding of the model were
performed using the program REFMACS5 and O, respectively.??!
Data collection and refinement statistics are listed in Table 2.
Coordinates for the structure have been deposited in the Protein
Data Bank (PDB code 2014).

Table 2 Crystallographic data and refinement statistics®

Space group P65

Cell dimension/A a,b =98.10, ¢ = 80.67
Resolution/A 2.2

Total observations (unique, redundancy) 57076 (20939, 2.7)

Completeness (outer shell) [%] 93.1(96.4)
Ryerpe (outer shell) 0.104 (0.450)
I/o 6.2

Ryore (Rizee) 0.189 (0.245)
Rmsd bond length/A 0.019

Rmsd bond angle/° 1.89

“Rmsd = root mean square deviation.

Cyclic voltammetry

Voltammetric experiments were conducted with a computer
controlled Eco Chemie pAutolab III potentiostat with 1 mm
diameter planar Pt and glassy carbon (GC) working electrodes,
a Pt wire auxiliary electrode and an Ag wire reference electrode
(isolated by a salt bridge containing 0.5 M Bu,NPF; in CH,CN).
Potentials were referenced to the ferrocene/ferrocenium redox
couple. The electrochemical cell was thermostatted at 293 K using
and Eyela PSL-1000 variable temperature cooling bath. Data were
obtained at a scan rate of 1 Vs~! in CH,Cl, with 0.25 M Bu,NPF;
as the supporting electrolyte. Oxidative peak potentials (£,*): 1 =
+0.54 V, 2 = ca. +0.36 V, 3a = +0.60 V.
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Ethyl-2-amino-4,5,6,7-tetrahydro-1-benzoselenophene-3-carboxylate (4), has been prepared as a
potential dual-acting selenium-containing allosteric enhancer of adenosine A, A receptor binding
utilising a modified Gewald reaction. While preliminary testing indicated that 4 is a superior enhancer
of A, AR binding than its thiophene counterpart, its instability under mildly acidic conditions is cause
for concern. X-Ray crystallography, together with DFT calculations, provide evidence that the
decomposition of 4 involves the ring-opening of selenophenium ion (12b) followed by the loss of

elemental selenium through a radical chain process.

Introduction

Adenosine is an important endogenous cardioprotective com-
pound released during ischaemia or hypoxia which interacts with
extracellular receptors coupled to secondary messenger systems,
including the enzyme adenylate cyclase and potassium and calcium
ion channels." Four receptor subtypes (A, Ay, Aoy and Aj) have
been defined based on pharmacological properties and molecular
cloning. The first allosteric enhancers acting at the A, adenosine
receptor (A, AR) were identified by Bruns and co-workers in
1990.%* The most effective enhancer in this series was PD81723 (1)
which proved highly selective for A;ARs, having no major effect
on agonist binding at the other adenosine receptor subtypes, M,
muscarinic, o, adrenergic or y-opiate receptors. PD81723 has
been reported to have a range of cardiovascular effects, including
cardioprotective properties in vivo.* The initial study performed by
Parke-Davis established that the amino group and the ketone are
necessary for activity® and subsequent research has provided de-
tailed information concerning the structure-activity relationships
of this class of compound.®™ Recently, a number of potent and
efficacious A AR allosteric enhancers possessing ester and amide
functionality in the 3-position (e.g., 2) were identified."
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Selenium is a well-recognized essential trace element in man,
with doses of 55-90 pg required to maintain a healthy diet in
humans."” While selenocysteine is now regarded as the twenty-
first essential amino acid," at this point in time there would appear
to be no natural biological function of tellurium in mammals.'
With this in mind, Engman and co-workers demonstrated that
various selenium- and tellurium-containing compounds show
promising anti-oxidative properties in different model and poly-
meric systems.'>!® For example, divalent organoselenides react
readily with many types of oxidants, and the resulting tetravalent
compounds can be reduced by mild reducing agents. Thus, in
the presence of a stoichiometric reductant, these Se-containing
materials can act as catalytic antioxidants. Antioxidants have
the capacity to protect the heart from reactive oxygen species
(ROS) that form in ischaemic tissue and are responsible for
the oxidative damage caused during periods of ischaemia and
subsequent reperfusion.'™"

In a recent review on antioxidant therapy and cardiovascular
disorders,'” it was noted: “that it was doubtful that antioxidants
alone could be used for the treatment of cardiovascular disorders.
Either the therapeutic agent for a particular condition also
possesses antioxidant activity, or a combination of agents is used.”
With this information in mind, we chose to prepare selenium
analogs (e.g. 3) of 1 that act as A AR allosteric enhancers
and also possess antioxidant properties. A;AR enhancers with
antioxidant properties will have a dual mechanism of action—
they will enhance adenosine’s protective effects and limit damage
caused by ROS.

Results and discussion

Ethyl-2-amino-4,5,6,7-tetrahydro-1-benzoselenophene-3-
carboxylate

We began this project by attempting to prepare ethyl 2-amino-
4,5,6,7-tetrahydro-1-benzoselenophene-3-carboxylate (4) as a rep-
resentative example of a potential selenium-containing allosteric
enhancer. We chose to modify the classic method reported by
Gewald® for the synthesis of 2-aminothiophenes to the prepara-
tion of 4. An efficient one-pot method for the preparation of a
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variety of 2-aminoselenophenes has been reported by Sibor and
co-workers.?! In this “seleno-Gewald” reaction, cyclohexanone,
ethyl cyanoacetate and selenium metal are heated in DMF in the
presence of triethyl amine. In our hands, under the prescribed
conditions,” we were unable to isolate any of the expected
product (4). Variations in reaction time and temperature were also
unsuccessful, as was the use of sonication. In all cases, a complex
mixture was obtained as evidenced by TLC and '"H NMR analysis,
or the reaction failed to proceed beyond the intermediate (5)
produced in the initial Knévenagel condensation step (Scheme 1).1
We were, after much experimentation, eventually able to isolate 4
in 5% yield as a yellow crystalline solid using DMAP in DMF at
80 °C for 2 hours and employing an aqueous workup that avoided
chromatography.

0 CN CO.Et
O NC\)LOEt / Se _
COEt | —» | A\ NH,
base / solvent Se
5 4
Scheme 1

Ataround this time we became aware of a paper by Adbel-Hafez
in which a 2-aminoselenophene was prepared using modified
Gewald methodology.? Specifically, the use of diethylamine and
ethanol appeared to provide good outcomes. When applied to the
preparation of 4, to our delight '"H NMR spectroscopy of the crude
material suggested a conversion of 20-25%, and 4 could be isolated
in 14% yield after recrystallization from ethanol. Nevertheless,
despite the apparent low yield, we were rapidly able to prepare
multi-gram quantities of 4.

It quickly became apparent to us that ethyl-2-amino-4,5,6,7-
tetrahydro-1-benzoselenophene-3-carboxylate (4) was unstable to
flash chromatography on silica, and that NMR solutions of 4 in
CDClI; degrade on standing. Indeed, over a period of one week,
the complete conversion of 4 to the “intermediate” (5) and a black
precipitate consistent with elemental selenium, could be observed
by '"H NMR spectroscopy in CDCL,.§ This degradation could
be largely arrested if base-washed CDCl; was used, suggesting
strongly that 4 is sensitive to even trace amounts of acid present
in chloroform.

How do 2-amino-selenophene-3-carboxylates degrade under acidic
conditions?

Clearly the instability of selenophene (4), and presumably other 2-
aminoselenophene-3-carboxylates, under mildly acidic conditions
is a cause for concern if these compounds stand any chance
of being clinically viable allosteric enhancers of A, adenosine
receptor binding. We therefore set about developing an improved
understanding of the stability of 4 with the ultimate aim of
fine-tuning the structures of these compounds to meet our
requirements.

i It should be noted here that, in our hands, the “classic” Gewald reaction
involving sulfur provided the expected 2-aminothiophene in quantitative
yield under conditions in which the temperature was kept below 100 °C.

§ Over a period of one week, the signals corresponding to the ethyl protons
in 4, at ¢ 1.33 and 4.24 are slowly transformed into those corresponding
to the equivalent protons in 5, at 6 1.23 and 4.15.

When considering mechanisms for the decomposition of 4 to 5
under acidic conditions, it seems reasonable to propose that the
amine (4) becomes protonated, and it is the resultant ion (6) that
further reacts to afford 5 and elemental selenium. However, despite
a strong preference for protonation on nitrogen (6), for the “retro-
seleno-Gewald” process to occur, the nitrogen lone-pair must be
available to facilitate ring opening. This, in turn, requires either
an effective concentration of selenophenium ion (7a) and further
reaction of this ion, or one of its tautomers (7b—d) (Scheme 2),
or direct ring-opening of the unprotonated selenophene (4). For
example, tautomer (7b) could ring-open to afford 8, and then go
on to lose elemental selenium through a radical chain mechanism
to afford “intermediate” (5) as shown in Scheme 3 (path a). Of
course, it is also possible that the unprotonated amine (4) reacts
directly via “path b to afford 8 through tautomerism mediated
by the acidic environment (Scheme 3).

COoEt COoEt COEt
+
i = Qg = Ol
Se +Se FSe
6 7a H 7 H
EtO,C
7 OH COoEt
| NH =—= Ofg:NH
TSe FSe
7d H 7c H
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Co NS o
. o s CO,Et
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CO,Et CO,Et
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Ny =, =N
+Se} path a SeH
7 H 8
COoEt
+
H H N = CN
CO,Et COoEt .
Yo
| D-NH, ——= | G +
SeY path b ~ "NH,
4
Scheme 3

In order to probe the importance of “path b”, we chose
to examine the effect of substituent (X) on the structure of
a series of 2-arylamidoselenophene-3-carboxylates (9), prepared
by simple treatment of the amine (4) with the appropriate acid
chloride in dichloromethane in the presence of DMAP and
isolated in 91% (X = p-NO,), 99% (p-Cl), 94% (H), 100% (m-
Cl) and 86% (m-OMe). Despite numerous attempts, we were un-
able to isolate any ethyl-2-(4-(dimethylamino)benzamido)-4,5,6,7-
tetrahydrobenzo-1-selenophene-3-carboxylate (9, X = p-NMe,)
and the complex mixture that resulted was unable to be separated
by chromatography.
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Of the five amides (9) prepared in good-to-excellent yield,
only two (X = H, p-NO,) provided crystals suitable for X-ray
crystallography and these structures are reproduced in Fig 1.9

Fig. 1 Ortep diagrams of the X-ray crystal structures of seleno-
phene-3-carboxylates 9; X = H (above); X = p-NO, (below) with selected
data. The cyclohexene ring of 9; X = H is disordered with two half chair
conformations existing in the crystal, the disordered atoms C5 and C6¢'
have been omitted for clarity. Ellipsoids calculated at 20% probability level.

Clearly, there is little difference between the key structural
features in the absence of a substituent (X = H) and with
the inclusion of a strong withdrawing group (X = p-NO,). For
example, there is no significant change in the key C-Se (1.85 vs
1.86 A) and C-N (1.38 vs 1.39A) bonds between compounds,
however, with the limited X-ray data available, it is hard to draw
firm conclusions.

In order to provide further structural data, we turned to density
functional (DFT) calculations. After some exploration involving
basis set alteration, we eventually chose to use the B3LYP/6-
311G** method because it provided close agreement between
calculated and computational data for the two compounds that
we had X-ray data for.

Key computational data are summarized in Fig 2, while full
data that include optimized geometries and energies are provided
in the ESI.1 The salient feature of these calculations is that there
is no apparent effect or trend on either key C-Se or C-N bond
lengths or bond populations. For example, when substituted with
a p-NO, group, these distances are calculated to be 1.877 and
1.376 A, respectively, in good agreement with the experimentally
determined numbers. Bond populations of 0.344 (C-Se) and 0.365

9 CCDC reference numbers 633017 and 633018. For crystallographic data
in CIF or other electronic format see DOI: 10.1039/b700812k

1.37 —1.38A (0.34 - 0.38)

EtO,C
ﬂ N
Oy L
Se X
N 6
9 1.86 — 1.88A (0.34 — 0.36)

Fig. 2 Key B3LYP/6-311G** calculated structural parameters for sub-
stituted amides (9). Mulliken population data in parentheses.

(C-N) were also determined. At the other extreme, the p-(NMe,)
substituted system was calculated to have values of 1.880 and
1.370 A for these same two parameters, and bond populations of
0.345 (C-Se) and 0.375 (C-N).

Modelling the acid-catalysed “retro-seleno-Gewald” reaction

In order to provide a clear mechanistic picture for the chemistry
involved in the “retro-seleno-Gewald” reaction, we next turned
to modelling the reaction profiles of both pathways depicted
in Scheme 3 using molecular orbital techniques. With the aim
of achieving a good qualitative understanding of this chemistry
in general, we chose to examine the ring-opening of the sim-
plified model system 2-aminoselenophene-3-carboxylic acid (10)
(Scheme 4).

COH CO,H COH
+

Gt e N\

h_‘NHg - | NH;

Se Se
1" 10

~ “CN + Se

E—

HO_ _oH

CO,H COzH
/ AE, 28 =
| =NH = [ D—NH, =— NH
+ set Se*

Se e
H H H
12d 12a 12b
2y
CO-H AE4 AE, AE3
BHandHLYP,
| D=NH e
s+ 6-311G: 46 292 667
'y cc-pVDZ 22 236 669
12¢ kJ mol!
Scheme 4

Work within our group® and others**?* has shown that the
B3LYP method can be unreliable when dealing with the electronic
structures and energies of open-shell systems, while BHandHLYP
performs considerably better.”® With this in mind, and with
past experience,® we settled on BHandHLYP/6-311G** and
BHandHLYP/cc-pVDZ as the methods of choice in this study.

At all levels of theory, extensive searching of the C;H;NO,Se
potential energy surface failed to locate the ring-opened structure
(11). Indeed, all attempts to locate this stationary point resulted in
spontaneous ring-closure to afford selenophene (10) suggesting,
that at least in the gas phase, “path b” in Scheme 3 is unlikely to
be important. This outcome is also consistent with the X-ray and
computed structural data for amides (9) that suggest the selenium
atom is insensitive to changes in the electron density on nitrogen

1278 | Org. Biomol. Chem., 2007, 5, 1276-1281

This journal is © The Royal Society of Chemistry 2007





in the neutral molecule and is therefore unlikely to act readily as a
leaving group.

As already alluded to, there are four possibly important tau-
tomeric forms of the selenophenium ion (12). Not unexpectedly,
the aromatic system (12a) is calculated to be the most favourable.
However, these calculations also suggest that 12b is only 2-
S5kJImol " less favourable than 12a, with the remainingions (12¢-d)
of significantly higher energy (Scheme 4).7

Searching of the potential energy surface located transition
states (13a, 13b) for the ring opening of selenophenium ions (12a,
12b) to afford selenols (14a, 14b) (Scheme 5). It is interesting to
note that while 13b was found to lie about 15 kJ mol™" above
the reactant (12b) and about 15-20 kJ mol™' above the product
(14b), depending on the basis set used, 13a was found to lie about
70 kJ mol~" above the reactants and less than 0.05 kJ mol~' above
selenol (14a) suggesting that, similar to 10, ion (14a) (almost)
spontaneously ring closes to afford aromatic structure (12a).

AE4:t AE5i v COoH
BH - ’ =~ CN
andHLYP/6-311G 715 0.01 37i
BHandHLYP/cc-pVDZ  70.2 0.03 46i SeH
kJ mol! cm? 15
COH  _+ COsH
AE* ~AEs*
12a = | | \""‘NHZ} -5 | C°IJ\rlH
Se 2
H SeH
13a 14a
COH  _+ COoH
AEg* —AEA
12b — { ~ SNH } A - C“ﬁH
Se
" SeH
13b 14b
AEGt AE7i v *4
BHandHLYP/6-311G**  14.5 14.7 163i 15
BHandHLYP/cc-pVDZ  16.4 20.5 161i
kJ mol! cm’!
Scheme 5

The calculated transition states (13a, 13b) are displayed in
Fig 3.1 Consistent with the thermodynamic data, 13b is calculated
to be significantly “earlier” (in the direction of ring-opening) than
13a, with BHandHLYP/6-311G** calculated C—Se separations of
2.534 and 2.948 A, respectively, and small imaginary frequencies
(371, 46i) corresponding to the transition state vector. Indeed, the
2.948A C-Se separation in 13a is only marginally smaller than
the value of 2.999 A for the analogous distance in the product
(14a). It is, therefore, very unlikely that tautomer (12a) is of direct
importance in the overall ring-opening chemistry, and that the
most likely pathway involves ion (12b). In addition, with similar
calculated energy barriers for the forward and reverse reactions, it
is very likely that the ring-opening of 12b is an equilibrium process,
with rapid deprotonation affording the selenol (15).

Selenols (e.g. 8, 15) are excellent hydrogen atom donors in
free radical chemistry, reacting with near diffusion-controlled rate

(1.316A)

1.306A (1.2584)

1.253A

2.948A

S l ' (2.926A)

Fig.3 BHandHLYP/6-311G** structures of transition states 13a (above)
and 13b (below). (BHandHLYP/cc-pVDZ data in parentheses).

constants.* When activated, selanyl radicals (RSe-) are able to
afford alkyl radicals (R-) and elemental selenium, as suggested
in Scheme 3 and Scheme 6. However, for this chain process to
be viable, the participating steps must be energetically favourable.
We were pleased to discover that BHandHLYP/6-311G** calcu-
lations predict that the hydrogen transfer process from 15 to afford
the “Knovenagel intermediate” (16) is exothermic (AE5) by about
30 kJ mol™', while the loss of selenium from the intermediate
selanyl radical (17) is exothermic (AE,) to the tune of some
150 kJ mol~'. Similar predictions are made using cc-pVDZ.

COH AEg  AEg
~ “CN COH BHandHLYP/6-311G** -30.8 -147.9
16 2 BHandHLYP/cc-pVDZ  -269  -147.9
= °CN
s kJ mol!
© Se
17
COZH AEQ
AEg
~ CN
SeH
15 CO.H
= CN
T s
Scheme 6
Conclusions

We have prepared ethyl-2-amino-4,5,6,7-tetrahydro-1-benzosele-
nophene-3-carboxylate (4) as a representative example of a
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selenium-containing allosteric enhancer of adenosine A;AR. Un-
fortunately, this compound proved to be unstable in mildly acid
media. X-Ray structural data and DFT calculations provide
strong evidence that the decomposition mechanism involves the
selenophenium tautomer (12b) which undergoes ring-opening
followed by loss of elemental selenium through a radical chain
mechanism.

Finally, it is worth noting that, in preliminary screening, 4, with
an allosteric enhancement (AE) score* of 64% is significantly more
potent allosteric enhancer of A; AR than its thiophene counterpart
(3.5%),* and additionally provides antioxidant protection against
peroxyl radicals in cell lysis assays.?

Experimental

Melting points are uncorrected. Unless otherwise stated, 'H NMR
(400 MHz) and *C NMR (100 MHz) spectra were recorded in
CDCl; on a Varian unity 400 spectrometer. For proton spectra,
the residual peak of CHCI; was used as the internal reference
(7.26 ppm) while the central peak of CDCI; (77.0 ppm) was used
as the reference for carbon spectra. 7Se NMR chemical shifts are
given in ppm relative to externally-referenced diphenyl diselenide
(0 464). EI mass spectra were recorded at 70 eV. M* Ions are given
for %Se. Tetrahydrofuran and diethyl ether were distilled under
nitrogen from sodium/benzophenone. Elemental analyses were
performed by Chemical and Micro Analytical services Pty. Ltd,
Geelong, Victoria, Australia.

Ethyl-2-amino-4,5,6,7-tetrahydro-1-benzoselenophene-3-
carboxylate (4)*

Diethylamine (100 mL, 960 mmol) was added to a stirring sus-
pension of cyclohexanone (20 mL, 193 mmol), ethyl cyanoacetate
(20.5 mL, 192 mmol) and selenium powder (15.2 g, 193 mmol) in
ethanol (100 mL). The suspension was stirred at reflux overnight,
filtered through a plug of celite to remove unreacted selenium then
tipped onto crushed ice. After 3 days, some of the oily emulsion
had crystallized. The yellow needles were collected via filtration
and washed with ethyl acetate to afford the title compound (7.56 g,
16 mmol, 14%): mp 141.2-141.3 °C; '"H NMR (CDCl;) ¢ 1.33, (t,
J =7Hz, 3 H), 1.76 (m, 4 H), 2.59 (m, 2 H), 2.69 (m, 2 H), 4.24
(q, J = 7 Hz, 2 H), 6.40 (bs, 2 H); “C NMR (CDCl;) ¢ 14.4,
22.8, 23.6, 26.9, 28.7, 59.3, 107.2, 121.5, 134.1, 166.6, 166.8; ""Se
NMR (CDCl;) 0 544.5; IR: v = 3392, 3289, 1633, 1579, 1475, 1399,
1376, 1289, 1260 cm™'; MS m/z (M + H)* 274.0; HRMS calcd for
C, H;sNO,Se [M + Na]* 296.0168, found 296.0168; anal. calcd for
C,;H,;sNO,Se: C, 48.5; H 5.6; N, 5.2%. Found C, 48.6; H, 5.5; N,
5.2%.

General procedure for the synthesis of ethyl-2-arylamido-4,5,6,7-
tetrahydrobenzo-1-selenophene-3-carboxylates (9)

DMAP (0.330 g, 2.6 mmol) was added to a solution
of crude ethyl-2-amino-4,5,6,7-tetrahydro-1-benzoselenophene-3-
carboxylate (0.512 g, 2.2 mmol) and the appropriate acid chloride
(2.4 mmol) in dichloromethane (20 mL) and the solution stirred
overnight. Water (20 mL) was added and the aqueous phase
extracted with dichloromethane (3 x 30 mL). The combined
organic phases were washed with 10% HCI1 (30 mL), water (30 mL)
and sat. NaHCO; (30 mL), dried (MgSO,) and the solvent

removed in vacuo to afford the crude title compound as a solid.
Recrystallization from EtOAc afforded the pure amide.

Ethyl-2-[(4-nitrobenzoyl)amino|-4,5,6,7-tetrahydro-1-benzosele-
nophene-3-carboxylate (9, X = p-NO,). Product isolated in 91%
yield. Mp 192-193 °C; 'H NMR (CDClL;) ¢ 1.42 (t, / = 6 Hz,
3H), 1.82 (m, 4 H), 2.80 (m, 4 H), 4.38 (q, J = 6 Hz, 2 H), 8.18 (d,
J=6Hz,2H),8.37(d, J =6 Hz, 2 H); "'C NMR (CDCl,) ¢ 14.2,
22.8,23.1,26.6,28.0,60.9, 115.0, 124.0, 128.5, 132.5, 133.6, 137.8,
150.0, 151.0, 161.2, 167.7; "Se NMR (CDCl;) ¢ 619.1; IR: v =
3238, 1690, 1657, 1560, 1538, 1343, 1265, 1208 cm™; m/z (M +
H)* 423.1; HRMS expected m/z [M + Na]* 445.0279, found m/z
[M + Na]* 445.0288.

Ethyl-2-[(4-chlorobenzoyl)amino]-4,5,6,7-tetrahydro-1-benzo-
selenophene-3-carboxylate (9, X = p-Cl). Productisolated in 99%
yield. Mp 170-172.5 °C; "H NMR (CDCl,) 6 1.41 (t, J = 7 Hz,
3 H), 1.81 (m, 4 H), 2.80 (m, 4 H), 437 (q, / = 7 Hz, 2 H),
7.51(dd, J = 8.4 Hz, 2.8 Hz 2 H), 7.97 (dd, J = 8.4 Hz, 2.8 Hz,
2 H); ®*C NMR (CDCl) ¢ 14.3, 22.9, 23.2, 26.5, 28.0, 60.9, 114.2,
127.0, 130.8, 132.3, 132.3, 132.8, 138.8, 151.6, 162.5, 167.6;"Se
NMR (CDCL) ¢ 616.1; IR: v = 2939, 1790, 1722, 1647, 1534,
1374, 1216 cm™'; m/z M + H)* 423.1; m/z (M + H)* 412.2;
HRMS expected m/z [M + Na]* 434.0038, found m/z [M + Na]*
434.0019.

Ethyl-2-(benzoylamino)-4,5,6,7-tetrahydro-1-benzoselenophene-
3-carboxylate (9, X = H). Product isolated in 94% yield. Mp
176.7-176.8 °C; 'H NMR (CDCl;) 6 1.41 (t, J = 8 Hz, 3H), 1.80
(m, 4 H), 2.82 (m, 4 H), 4.37 (q, J = 8 Hz, 2 H), 7.52 (m, 3 H),
8.02 (d, / = 8 Hz, 2 H), 12.81 (bs, 1 H); “C NMR (CDCl;) 6
14.3,22.9,25.2,26.5, 28.1, 60.6, 114.0, 127.4, 128.9, 132.3, 132.4,
132.4,132.5, 151.9, 163.6, 167.5; 7Se NMR (CDCl;) 0 615.4; IR:
v=2972, 1739, 1535, 1366, 1217 cm™'; m/z (M + H)* 423.1; m/z
(M + H)* 378.3. Anal. calcd for C,3sH,,NO;Se: C, 57.5; H 5.1; N,
3.7%. Found C, 57.7; H, 5.3; N, 4.0%.

Ethyl-2-[(3-chlorobenzoyl)amino]-4,5,6,7-tetrahydro-1-benzo-
selenophene-3-carboxylate (9, X = m-Cl). Product isolated in
100% yield. Mp 173-175 °C; '"H NMR (CDCl;) 6 141 (t, J =
7.2 Hz, 3 H), 1.80 (m, 4 H), 2.79 (m, 4 H), 4.37 (q, J/ = 72 Hz,
2 H),7.45(dd, J = 7.6 Hz, 1 H), 7.54 (dd, J = 8.4 Hz, 2 Hz, 1
H), 7.86 (d, J/ = 8 Hz, 1 H), 8.02 (dd, J = 2 Hz, 1 H); *C NMR
(CDCly) 0 14.5, 23.1, 23.5, 26.8, 28.3, 61.0, 114.7, 125.3, 128.2,
130.4, 132.6, 132.7, 133.2, 134.5, 135.5, 151.7, 162.5, 167.8; ""Se
NMR (CDClL) 0 622.7; IR: v = 3226, 2940, 1650, 1561, 1531,
1412, 1247, 1211 cm™"; m/z (M + H)* 412.3; HRMS expected m/z
[M + Na]* 434.0038, found m/z [M + Na]* 434.0051.

Ethyl 2-[(3-methoxybenzoyl)amino]-4,5,6,7-tetrahydro-1-benzo-
selenophene-3-carboxylate (9, X = m-OMe). Product isolated in
86% yield. Mp 166-168 °C;'HNMR (CDCl;) 6 1.38 (t,J =7.2 Hz,
3H), 1.79 (m,4 H), 2.77 (m, 4 H), 3.89 (s, 3H), 4.34 (q,/ = 7.2 Hz,
2 H), 7.09 (dd, J = 8 Hz, 2.8 Hz, 1 H), 7.40 (dd, / = 8 Hz, § Hz,
1 H),7.53(d,J=8Hz, 1H),7.59 (dd, J/ = 2.8 Hz, 2.8 Hz, 1 H);
BC NMR (CDCly) 0 14.2,22.8, 23.2, 26.5, 28.0, 55.3, 60.5, 112.5,
114.0, 118.8, 118.9, 129.8, 132.2, 132.5, 133.7, 151.7, 159.9, 163.3,
167.3;77Se NMR (CDCl;) 0 615.1; IR: v = 3231, 2932, 1648, 1528,
1275, 1231, 1201 cm™; m/z (M + H)* 408.3; HRMS expected m/z
[M + Na]* 430.0533, found m/z [M + Na]* 430.0512.

1280 | Org. Biomol. Chem., 2007, 5, 12761281

This journal is © The Royal Society of Chemistry 2007





Crystallographyq

Intensity data were collected with a Bruker SMART Apex CCD
detector using Mo Ka radiation (graphite crystal monochromator
A = 0.71073). Data were reduced using the program SAINT.?
The structure was solved by direct methods and difference Fourier
synthesis using the SHELX suite of programs® as implemented
with the WINGX software.*!

Crystal data for 9 (X = H). CyH,NO;Se, M = 376.30, T =
130.02) K, 4 = 0.71069, monoclinic, space group P2(1)/c, a
8.0161(9), b = 10.634(1), c = 18.746(2), A, V = 1594.93) A%, Z
4, D. = 1.506 mg M~ u(Mo Ka) = 2.276 mm~', F(000) = 768,
crystal size 0.50 x 0.50 x 0.50 mm. 9581 reflections measured,
3629 independent reflections (R, = 0.028) the final R was 0.0304
[I > 20(I)] and wR(F?*) was 0.0831 (all data).

Crystal data for 9 (X = p-NO,). C,sHsN,O;sSe, M =421.30, T =
130(2) K, 4 =0.71069, triclinic, space group P-1, a = 9.6394(10),
b = 10.0481(11), ¢ = 10.1555(11), A, V = 840.57(16) A’, Z =
2, D, = 1.665 mg M~ u(Mo Ko) 2.267 mm~', F(000) = 428,
crystal size 0.40 x 0.30 x 0.20 mm. 5132 reflections measured,
3646 independent reflections (R;,, = 0.0178) the final R was 0.0342
[1 > 26(I)] and wR(F?*) was 0.0897 (all data).

Computational chemistry

Molecular orbital calculations were carried out using the Gaussian
03 program.? Geometry optimisations were performed using
standard gradient techniques at the levels of theory discussed in
the text. Optimised geometries are summarised in the ESI.§
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Two high-yielding strategies for the synthesis of 4 H-anthra[1,2-b]pyran antibiotics have been developed
giving access to novel antitumor agent 24 (EDs, 1.5 um) and to (S)-espicufolin (3). A key step for the

assembly of the tetracyclic 4 H-anthra[l,2-b]pyran-4,7,12-trione skeleton is the nucleophilic addition of
an aryl lithium species onto an aldehyde which allows the introduction of either an ynone or 1,3-diketo

side chain, serving as precursors for an acid-catalysed cyclisation.

Introduction

Anthrapyran antibiotics represent a broad class of natural
products which can be isolated from various terrestrial and
marine Streptomyces sp. strains as secondary metabolites. These
compounds comprise a characteristic 4H-anthra[l,2-b]-pyran-
4,7,12-trione nucleus 1 (Fig. 1). Furthermore, they show versa-
tile and potent biological activities making them an attractive
synthetic target. For example, the pluramycin antibiotics,"* first
described in 1956 by Umezawa et al.,* are known for their
strong anticancer activities, due to a specific alkylation at N-7
of the guanine base in DNA. Pluramycin antibiotics have amino
sugars typically attached at C-8 and C-10 positions, which play
a major role in sequence recognition during intercalation of the
planar tetracyclic chromophore into DNA.* There are also many
anthrapyrans known lacking the amino sugars but nonetheless

R!
OH O [ )N
R2 R' = alkyl, alkenyl, hydroxyalkyl,
o epoxyalkyl, etc.
R2, R® = amino sugars, H
Me
RE O
1
Me
OH O (O
e
HO
(0] CO,Me

Premithramycinone H 2

(S)-Espicufolin 3

Fig.1 Common structural core 1 of 4H-anthra[l,2-b]pyran-4,7,12-trione
natural products, premithramycinone H (2) and (S)-espicufolin (3).
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conditions of the HTCFA (cytotoxicity) test, general and full experimental
procedures and analytical data for compounds 5-7, 9-10, 16-20, 31-34 and
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exhibiting interesting biological activites. Rohr and Salas ez al®
have shown significant antitumor activity (e.g. ICs 12.9 ng mL™',
lung carcinoma cells A549) of premithramycinone H (2, Fig. 1), a
hybrid natural product® which was discovered during biosynthetic
investigations of the aureolic acid antibiotic mithramycin and that
has recently been synthesised by Krohn and Vitz.” In contrast,
espicufolin (3), which has been isolated from a Streptomyces sp.
cu39 strain by Seto et al.* possesses remarkable neuronal cell
protecting properties, displaying an inhibitory activity against
glutamic acid toxicity.’

Despite the multitude of isolated compounds from the an-
thrapyran class, few procedures for their synthesis have so far
been reported. In 1979, Hauser and Rhee'™"" were successful in
synthesising the kidamycinone methyl ether, whereas 20 years
later Uno and coworkers accomplished the total synthesis of (.S)-
espicufolin (3)."*"* In addition, an elegant access to the aglycons
of altromycins and kidamycin has been reported by McDonald
and Fei." Recently, we described the first enantioselective total
synthesis of the antiherpetic anthrapyran AH-1763 IIa** and of
the antibiotic y-indomycinone.'

Herein we report in full our novel strategies for the assembly
of anthrapyrans and their application in the course of the
total synthesis of (S)-espicufolin (3). The retrosynthetic analysis
(Scheme 1) envisions as the first disconnection the cleavage of the
pyrone ring moiety leading to either an anthraquinone with a 1,3-
diketo” or ynone side chain which are both suitable for a final
ring closure.”>'*'” The introduction of the side chains was planned
to be realised by a nucleophilic attack of an aryl lithium species
derived from a bromodimethoxyanthracene onto the appropriate
aldehyde. In turn, the anthracene derivative should be accessible
by a Diels—Alder reaction of a juglone derivative and a silylketene
acetal, followed by bromination of the resulting anthraquinone
and final reductive methylation.

Results and discussion
Synthesis of anthrapyran 24

The synthesis commences from commercially available 1,5-
dihydroxynaphthalene (4) which was oxidised with air in the
presence of Cu'Cl to yield juglone (5) in 55% yield (Scheme 2).'%%
Regioselective bromination of 5 was accomplished using a known
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Scheme 2  Reagents and conditions: (i) CuCl, air, CH;CN, 20 °C (55%); (ii)
(a) Br,, HOAc, 20 °C, 15 min, (b) EtOH, reflux, 10 min (80%); (iii) /Prl,
Ag,0, CHCI,, 20 °C, 36 h, (iv) MeOH, cat. H,SOy, reflux, 16 h (92%);
(v) LDA, THF, —78 °C, 2 h then TMSCI, —78 °C, 1.5 h, =78 °C — 20 °C,
1.5 h (94%).

procedure furnishing isomeric pure 3-bromojuglone (6) in 80%
yield.? The OH group was protected utilizing Ag',O and iPrI to
deliver isopropyl ether 7 in nearly quantitative yield.”" Starting
from 3,3-dimethylacrylic acid (8) a classical acid-catalysed con-
version into the corresponding methyl ester followed by treatment
with LDA and TMSCI gave the desired 1-methoxy-3-methyl-1-
trimethylsiloxy-1,3-butadiene (10)* in very high yield.

With 7 and 10 in hand, we next turned our focus to the
subsequent Diels—Alder reaction applying the strategy of Brassard
and Savard.” To our delight, the addition of diene 10 to the 3-
bromojuglone derivative 7 in benzene provided the cycloaddition
product, which was converted in 94% yield into the thermody-
namically more stable chrysophanol-8-isopropyl ether 11 using
silica gel as a mild source of acid (Scheme 3).I As a special
feature, this reaction proceeds with excellent regioselectivity and
without the unwanted formation of the 1-methyl ether derivative,

i The use of toluene instead of benzene in the Diels-Alder reaction led to
the desired product in slightly lower yields.

Key stages in the retrosynthetic analysis of the anthrapyran core structure.
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Scheme 3  Reagents and conditions: (i) (a) benzene, 20 °C, 8 h, (b) SiO,,
CH,Cl,, 20 °C, 24 h then removal of solvent (94%); (ii) NBS, cat. iPr,NH,
CH,Cl,, 20 °C, 9 h (97%); (iii) iPrI, Cs,CO;, acetone-DMF (3 : 1), reflux,
16 h (94%); (iv) (a) Na,S,0,, cat. TBABr, THF-H,O, 20 °C, 25 min,
(b) KOH, H,0, 20 °C, 15 min, (¢) Me,SO,, 20 °C, 12 h (98%).

a major side-product in Brassard’s synthesis. The use of NBS
in dichloromethane in the presence of catalytic amounts of
a secondary amine allowed, due to the strong ortho-directing
effect of the hydroxyl group, the regioselective bromination of
anthraquinone 11.% Thus, 12, whose structure was unambiguously
deduced from HMBC-"H-NMR experiments, could be isolated
in 97% yield. To complete the synthesis of the building block
14, we protected the remaining phenolic hydroxyl group as its
isopropyl ether 13 in 94% yield by treatment with iPrl and Cs,CO;
in a mixture of acetone and DMF.? Finally, protection of the
quinone moiety was accomplished by reductive methylation using
aqg. sodium dithionite to furnish the air-sensitive hydroquinone,
which underwent methylation upon treatment with KOH and
dimethylsulfate to obtain the dimethoxyanthracene 14 in an
excellent overall yield.

The synthesis of aldehyde 18 was achieved from commercially
available B-hydroxy ester 15 which was first protected as TBS ether

1192 | Org. Biomol. Chem., 2007, 5, 1191-1200

This journal is © The Royal Society of Chemistry 2007





16 applying standard conditions (Scheme 4).* The reduction of
the ester moiety using lithium borohydride in THF afforded the
corresponding primary alcohol 17 in good yield.? Oxidation was
carried out under Parikh-Doering conditions which led to the for-
mation of required aldehyde 18 in 86% yield.”” Manganese dioxide
was the appropriate agent for the oxidation of propargylic alcohol
19 providing the aldehyde 20 which serves as an alternative unit
for the implementation of the side chain.

OR O ; OTBSOH . OTBS|O
1} )\/I

Me)\/U\OEt Me)\) Me

) 15R=H 17 18

I

’:- 16: R =TBS

5 N
/\OH iv // (o}
Me’ Me
19 20

Scheme 4 Reagents and conditions: (1) TBSCI, imidazole, cat. DMAP,
DMEF, 20 °C, 18 h, (100%); (ii) LiBH,, THF, reflux, 3 h (80%); (iii) SO;-py,
Hiinig-base, DMSO, 0 °C, 1 h (86%); (iv) MnO,, CH,Cl,, 20 °C, 18 h
(67%).

Having effectively synthesised building blocks 14, 18 and 20,
we next considered the coupling of these intermediates. The
conversion of 14 to the corresponding lithium derivative could
be carried out via bromine lithium exchange using nBuLi at low
temperature. This reaction was observed to proceed very fast (0.5
1 min), so it was important to add the aldehyde 18 immediately
after generation of the organolithium compound to avoid the

formation of the corresponding debrominated compound as side
product (Scheme 5). Following this strategy, the alcohol 21
could be afforded in 89% yield as a nearly 1 : l-mixture of
the two possible diastereomers. Oxidative demethylation of the
anthracene derivative 21 using Ag"O-HNO;* and subsequent
TBS-deprotection with TBAF after a short work-up procedure
furnished the anthraquinone 22 in an excellent yield over two steps.
The bis-oxidation of the 1,3-diol unit was accomplished in a single
step using Dess—Martin periodinane.” Thus, the desired 1,3-diketo
compound 23 could be obtained in remarkable 80% yield. It is of
great importance to mention that only old batches of Dess—Martin
reagent led to a satisfying conversion, a phenomenon which has
been already described by Schreiber and Meyer.** However, when
freshly prepared Dess—Martin reagent was used, the reaction could
efficiently be accelerated by adding catalytic amounts of water. For
the final conversion of the 1,3-diketone into the pyranone moiety
we assumed that deprotection of the isopropyl ethers and the
following cyclisation—condensation reaction could be achieved in
a domino-like procedure® under acidic conditions. Hence, simply
heating of 23 in the presence of catalytic amounts of sulfuric acid
in conc. acetic acid gave after only 5 min reaction time the desired
cyclised product 24 in excellent yield.

Encouraged by these results, we next investigated the alternative
route to 24 via introduction of the ynone side chain (Scheme 5).
Using the same conditions as for the synthesis of 21 but replacing
aldehyde 18 by compound 20, we could isolate the desired
coupling product 25 in 73% yield. Reoxidation of the latter
into anthraquinone 26 was again realised by utilising Ag'O—
HNO; in high yield. Dess—Martin reagent was again found to
be appropriate for the oxidation of the benzylic alcohol moiety
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Me
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Me
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Scheme 5 Reagents and conditions: (i) nBuLi, 17, THF, —78 °C — 20 °C, 1 h (89%); (ii) (a) AgO, 4N HNO;, dioxane, 20 °C, 10 min, (b) TBAF-3H,0,
THF, 0 °C — 20 °C, 30 min (97%); (iii) DMP, CH,Cl,, 0 °C — 20 °C, 3 h (80%); (iv) HOAc, cat. H,SO,, reflux, 5 min (97%); (v) nBuLi, 19, THF, —78 °C
— 20 °C, 1 h (73%); (vi) AgO, 4N HNO;, dioxane, 20 °C, 10 min (88%); (vii) DMP, CH,Cl,, 0 °C — 20 °C, 4.5 h (98%); (viii) HOAc, cat. H,SO,, reflux,

40 min (95%).
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into the ynone side chain affording compound 27 in 98% yield.
For the final deprotection—6-endo-dig cyclisation we first tested
the previously established HOAc-cat.H,SO, conditions. Although
the conversion was in comparison to the 1,3-diketo system
significantly slower (40 min), the yield of the anthrapyran 24 was
again nearly quantitative.

Antitumor activity

Due to the significant antitumor activity of both premithramyci-
none H (2) and compound 28 synthesised by Krohn (IC, 8.8 um,
cell line A-431, P-glycoprotein, 3 days exposition) (Fig. 2),” we
were highly interested in the biological properties of anthrapyran
24. The cytotoxicity was studied by in vitro growth inhibition of
human lung carcinoma cells of line A549. The adherent cells were
sown in different numbers and, after incubation with different
concentrations of the compound, the numbers of formed colonies
were counted. Using this methodology we observed a remarkably
low ICs, value of 1.5 uMm for the relative colony-forming rate of 24,
therefore turning it into a potential lead structure for continuing
pharmacological investigations.

Me

OMe O 07 ™

9O h
o}
28

Fig. 2 Krohn’s anthrapyran 28 with antitumor properties.

Synthesis of (.S)-espicufolin (3)

Having successfully synthesised the anthrapyran 24 by utilizing
two simple and highly efficient strategies, we were also interested
to demonstrate the general synthetic value by applying these novel
methodologies in the course of the synthesis of a more complex
structure. As a target molecule, we chose (S)-espicufolin (3), which
exhibits a sterecogenic centre in the side chain and in addition, a
benzylic alcohol functionality on the anthraquinone moiety. We
planned to introduce this alcohol group protected as its methyl
ether in the beginning of the synthesis via Diels—Alder reaction
using an appropriate diene. Therefore, we tried to synthesise
diene 29 (Scheme 6) starting from methyl 3,3-dimethylacrylate (9)
employing a literature-known procedure.*> Unfortunately, we only
obtained a complex mixture of diene 29 and 30 together with their
double bond isomers, a result which has already been observed by
Brassard et al. * Due to a lower steric demand of trisubstituted
diene 29 in comparison to tetrasubstituted diene 30, we assumed
a higher reactivity of 29 during the Diels—Alder cycloaddition. As
a consequence, we decided to use the mixture of the dienes in the
following step. Thus, the reaction of naphthoquinone 7 and the
mixture of dienes 29 and 30 afforded, after aromatisation of the
cycloadduct by the use of silica gel, the desired anthraquinone
31 in 50% yield (based on 7). The amine-catalysed bromination
furnished compound 32 in 97% yield, whereas the formation of
the isopropyl ether derivative 33 could be realised in 94% yield.
Finally, reductive methylation provided the desired anthracene 34
in nearly quantitative yield.

™
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= OMe = Me i
29 30 OMe
OPr O OH
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i 32.R=H 31
33:R="Pr OPr OMe OPr

. Br
iv
—— OO o
OMe

34

Scheme 6 Reagents and conditions: (i) (a) benzene, reflux, 6 h, (b) SiO,,
CH,Cl,, 20 °C, 24 h then removal of solvent (50%); (ii) NBS, cat. iPr,NH,
CH,Cl,, 20 °C, 4.5 h (97%); (iii) iPrI, Cs,COs, acetone-DMF (3:1), reflux,
16 h (94%); (iv) (a) Na,S,0,, cat. TBABr, THF-H,O, 20 °C, 25 min,
(b) KOH, H,0, 20 °C, 15 min, (c) Me,SO,, 20 °C, 12 h (99%).

The synthesis of the enantiopure coupling partner 39 com-
mences from commercially available (.S)-2-methyl-butanol (35)
which was first oxidised to the corresponding aldehyde 36 in 79%
yield using Swern-conditions (Scheme 7).3* Further addition of
allylmagnesium bromide provided homoallyl alcohol 37 in 68%
yield as a nearly 1 : 1 mixture of the two possible diastereoisomers.
Since one of the stereogenic centres was planned to be destroyed
via oxidation at a later stage of the synthesis, both diastereoisomers
were used as a mixture for the following steps. However, due to
their high volatility they were immediately transformed into the
TBS-ether 38 using TBSOTTf and 2,6-lutidine. Finally, cleavage of
the terminal double bond utilising a one-pot osmium tetroxide—
sodium periodate oxidation led to the formation of the desired
aldehyde 39 in 77% yield.* Due to its high sensitivity, the latter
was directly used within the following coupling reaction.

OH , (])
i

Y T

Me Me f

35 36
TBSO O OR
| iv
Me’ D— Me’ N
Me Me
39 37.R=H

. 38: R =TBS
Scheme 7  Reagents and conditions: (1) (COCl),, DMSO, Et;N, CH,Cl,,
—78°C — 20 °C, 2.5 h (79%); (ii) allylmagnesium bromide, Et,0, —78 °C,
30 min (68%); (iii) TBSOTT, 2,6-lutidine, CH,Cl,, 0 °C, 30 min (80%);
(iv) (a) cat. OsO,, NMO, -BuOH-THF-H,0, 20 °C, 2 h, (b) NalO,,
20 °C, 45 min (77%).

The lithium-mediated coupling of bromoanthracene 34 and
aldehyde 39 again proceeded very smoothly delivering the required
product 40 in 93% yield as a complex mixture of diastereoiso-
mers (Scheme 8). The following oxidative demethylation of
anthracene derivative 40 utilizing Ag"O-HNO; and subsequent
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Scheme 8 Reagents and conditions: (i) nBuLi, 39, THF, —78 C — 20 °C, 1 h (93%); (ii) (a) AgO, 4N HNO;, dioxane, 20 °C, 10 min, (b) TBAF-3H,0,
THEF, 0 °C — 20 °C, 30 min (85%); (iii) DMP, cat. H,O, CH,Cl,, 0 °C — 20 °C, 1 h (77%); (iv) HOAc, cat. H,SO,, reflux, 5 min (97%); (v) (a) HOAc,
cat. H,SO,, reflux, 1 h, (b) NaOMe, MeOH, 20 °C, 1 h, then IR-120 (23% over 2 steps).

TBS-deprotection using TBAF led to the formation of 1,3-diol
41 in a combined yield of 85%. Afterwards, the bis-oxidation
into the 1,3-diketo compound 42 could be realised in 77% yield
via Dess—Martin oxidation with water as additive. The acid-
catalysed cyclisation procedure was again very simple and highly
efficient. Thus, exposure of 1,3-diketone 42 to catalytic amounts
of sulfuric acid in boiling acetic acid triggered the pyranone
formation to afford anthrapyran 43 in excellent 97% yield. To
complete the total synthesis of (S)-espicufolin (3) we only had
to cleave the remaining methyl ether as the final step. Many
attempts to complete this transformation using different Lewis-
acids or aqueous hydrogen chloride turned out to be ineffective.
Finally, we observed that a prolonged reaction time (1 h) during
the cyclisation step led to a partial transformation of the methyl
ether 43 into the corresponding acetate (43: OAc instead of
OMe) due to the presence of acetic acid. Unfortunately, further
increase of the reaction time led to complete decomposition of the
starting material. However, the acetate group could be removed
by solvolysis according to Zemplén using catalytic amounts of
sodium methoxide in methanol.* In the end, (S)-espicufolin (3)
could be obtained by acidic work up with ion exchange resin IR-
120 in 23% yield over both reaction steps. All physical data for the
synthetic sample of 3 were in good agreement with those reported
in literature.®*'%!* Despite the low yield in the last transformation,
the above outlined reaction sequence represents an overall yield of
2.7% and only 13 steps starting from 1,3-dihydroxynaphthalene
4, the most efficient and shortest access to (S)-espicufolin (3)
reported to date.

Conclusions

The present work reveals the efficient construction of the 4H-
anthra[1,2-h]pyran ring system by two different cyclisation strate-
gies. We have shown that the side chain units of the required
cyclisation precursors could be easily introduced via a nucleophilic
addition of an aryl lithium species onto an appropriate aldehyde.
Thus, we obtained the novel anthrapyran 24; its biological investi-
gation revealed a remarkable antitumor activity, in very high yield.
The versatility of this methodology was also demonstrated by the
synthesis of the more complex (S)-espicufolin (3), thus disclosing a

general method for the construction of other anthrapyran natural
products and their analogues.

Experimental
Electronic supplementary material

Details about the performance and conditions of the HTCFA
(cytotoxicity) test, general and full experimental procedures and
analytical data for compounds 5-7, 9-10, 16-20 and 3641 have
been deposited as ESI. T

Synthesis of anthrapyran 24

1-Hydroxy-8-isopropoxy-3-methylanthraquinone (11). To a so-
lution of juglone derivative 7 (840 mg, 2.85 mmol) in benzene (40
mL) was added, at 0 °C dropwise with stirring, diene 10 (1.59 g,
8.55 mmol) within 10 min. After being stirred for 1 h at 0 °C,
the mixture was warmed to 20 °C and stirring was continued for
an additional 7 h. Afterwards, the reaction mixture was poured
onto silica gel (50 g), CH,Cl, (250 mL) was added, and then
the suspension was stirred for 24 h. After removing the solvent
under reduced pressure, the silica gel was eluted carefully with
CH,Cl,~MeOH (10 : 1) and the combined organic fractions were
concentrated in vacuo to afford the crude product. This material
was subjected to silica gel flash chromatography (CH,Cl,) and
concentration of the appropriate fractions in vacuo furnished
anthraquinone 11 (7.94 g, 2.68 mmol, 94%) as a yellow solid,
R; 0.44 (P-EtOAc, 4 : 1); mp 163 °C; (Found: C, 72.69; H, 5.49.
CsH,,O, requires C, 72.96; H, 5.44%); A, (CH;CN)/nm 192.5
(Ige/dm’ mol™' cm™' 4.446), 224.0 (4.580), 257.5 (4.351) and 413.5
(3.963); vy (KBr)/em™" 2979, 1670, 1638, 1585, 1491, 1441, 1384,
1368, 1321, 1286, 1270, 1239 and 1208; J, (300 MHz, CDCl;)
13.07 (1 H, s, 8-OH), 7.92 (1 H, dd, J7.8 and 1.4, 5-H), 7.67 (1 H,
t, J7.8, 6-H), 7.56 (1 H, d, J1.1, 4-H), 7.34 (1 H, brd, J7.8, 7-H),
7.07 (1 H, d, J1.1, 2-H), 4.74 (1 H, sept., J6.0, CH(CH,),), 2.43
(3H, s, Ar—CH;)and 1.50 (6 H, d, /6.0, CH(CH;),); ¢ (75.5 MHz,
CDCl;) 188.2, 183.1, 162.6, 159.5, 147.2, 135.9, 135.1, 132.3,
124.5, 121.8, 121.6, 120.1, 119.8, 115.0, 72.66, 22.07 and 22.00;
m/z (EI) 296.1 (22%, [M]*), 254.0 (100%, [M — C;H,]*), 250.0
(47%, [M — C,H,0,]%) and 222.0 (37%, [M — C,H,0, — COJ");
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Found (ESI) [M + H]* 297.11235. C3H,;O, + H* requires
297.11214.

2-Bromo-1-hydroxy-8-isopropoxy-3-methylanthraquinone (12).
A solution of anthraquinone 11 (1.50 g, 5.60 mmol) in CH,Cl,
(60 mL) was treated at 20 °C with a catalyticamount of diisopropyl
amine (10 drops) and then a solution of NBS (1.35 g, 7.59 mmol)
in CH,Cl, (60 mL) was added dropwise during 10 min. After
being stirred for 6 h (TLC-control), additional NBS (450 mg,
2.53 mmol) was added and stirring was continued for another
3 h. Afterwards, the reaction mixture was diluted with CH,Cl,
(100 mL) and washed subsequently with aqueous 0.2N HCI
(250 mL) and H,O (250 mL). The organic layer was dried
(MgSO0,), filtered, and concentrated under reduced pressure. The
crude product was subjected to silica gel flash chromatography
(CH,Cl,) and concentration of the appropriate fractions in vacuo
afforded anthraquinone 12 (1.85 g, 97%) as an orange solid, R;
0.47 (P-EtOAc, 4 : 1); mp 228 °C; (Found: C, 57.64; H, 4.24.
CsH,sBrO, requires C, 57.62; H, 4.03%); 4., (CH;CN)/nm 195.0
(Ige/dm?® mol™ cm™' 4.409), 228.5 (4.535), 262.0 (4.410), 286.5
(4.011) and 416.5 (4.013); v, (KBr)/cm=' 2978, 1673, 1636, 1582,
1480, 1440, 1383, 1366, 1344, 1299, 1263 and 1237; 6y (300 MHz,
CDCl;) 13.93 (1 H, s, 8-OH), 7.92 (1 H, dd, J8.1 and 1.0, 5-H),
7.70 (1 H, t, J8.1, 6-H), 7.64 (1 H, s, 4-H), 7.35 (1 H, brd, J8.1,
7-H), 4.75 (1 H, sept., J6.0, CH(CH;),), 2.54 (3 H, s, Ar—CHs;)
and 1.50 (6 H, d, J6.0, CH(CH),); d¢ (75.5 MHz, CDCl;) 187.9,
182.5,159.7,159.2, 147.1, 135.6, 135.6, 130.5, 121.6, 121.5, 121.3,
2 x 120.0, 115.2, 72.79, 24.14 and 22.06; m/z (EI) 376.0, 374.0
(26%, [M]*) and 334.0, 332.0 (100%, [M — C;H¢]*); Found (ESI)
[M + HJ* 375.02267. C,sH,sBrO, + H* requires 375.02265.

2-Bromo-1,8-diisopropoxy-3-methylanthraquinone (13). A so-
lution of anthraquinone 12 (1.80 g, 4.80 mmol) in a mixture of
acetone (90 mL) and DMF (30 mL) was treated subsequently
at 20 °C with Cs,CO; (4.69 g, 14.4 mmol) and 2-iodopropane
(0.96 mL, 9.60 mmol). After being stirred for 16 h under reflux, the
reaction mixture was filtered through a plug of celite®. The filter
cake was rinsed carefully with CH,Cl, and then the combined
organic phases were concentrated under reduced pressure. The
residue was dissolved in CH,Cl, (150 mL) and washed subse-
quently with aqueous 2M Na,CO; (100 mL) and brine (100 mL).
The organic layer was dried (MgSO,), filtered, and concentrated
under reduced pressure. The crude product was subjected to
silica gel flash chromatography (CH,Cl,) and concentration of
the appropriate fractions in vacuo afforded anthraquinone 13
(1.88 g, 94%) as a yellow solid, R; 0.49 (P-EtOAc, 4 : 1); mp
163 °C; (Found: C, 60.33; H, 4.84. C,,H,, BrO, requires C, 60.44;
H, 5.07%); Zma (CH;CN)/nm 222.5 (Ige/dm® mol~' cm~'4.468),
263.0 (4.457) and 370.5 (3.766); Vo (KBr)/cm™' 2978, 1681, 1580,
1464, 1440, 1380, 1348, 1309, 1277, 1260 and 1238; J,; (300 MHz,
CDCl;) 7.84(1 H,d, J0.6,4-H), 7.79 (1 H, dd, J8.0 and 0.8, 5-H),
7.60 (1 H,t,J8.0,6-H),7.30 (1 H, dd, J8.0and 0.8, 7-H), 4.66 (1 H,
sept., J6.2, CH(CHj;),), 4.41 (1 H, sept., J6.2, CH(CHj;),), 2.54
(3 H, s, Ar—CH;), 1.44 (6 H, d, J6.2, CH(CH;),) and 1.40 (6 H,
d, J6.2, CH(CH,),); 6c (75.5 MHz, CDCl;) 183.4, 182.4, 157.6,
154.6, 144.7,135.0, 133.6, 132.6, 130.2, 127.7, 125.9, 123.4, 122.0,
119.2,79.69,72.71,24.40,22.26 and 22.02; m/z (ESI) 856.8 (100%,
2 x M + Na*); Found (ESI) [M + HJ* 417.06965. C,,H,,BrO, +

H* requires 417.06960. [M + Na]* 439.05166. C,,H,,BrO, + Na*
requires 439.05154.

2-Bromo-1,8-diisopropoxy-9,10-dimethoxy-3-methylanthracene
(14). A solution of anthraquinone 13 (8.53 g, 20.4 mmol) and
tetra-n-butylammonium bromide (3.29 g, 10.2 mmol) in THF
(300 mL) was treated at 20 °C with a solution of Na,S,0, (21.3 g
122 mmol) in H,O (150 mL) and stirred for 25 min. Afterwards,
a solution of KOH (34.5 g, 0.614 mol) in H,O (100 mL) was
added (the yellow solution turned into deep-red) and stirring was
continued for an additional 15 min. After addition of dimethyl
sulfate (20 mL), the reaction mixture was stirred for 12 h (the
solution turned back into yellow) and then poured into H,O
(600 mL). The resulting solution was extracted with CH,Cl, (3 x
250 mL) and the combined organic layers were dried (MgSO,),
filtered and concentrated under reduced pressure. The crude
product was subjected to silica gel column filtration (CH,Cl,)
and concentration of the appropriate fractions in vacuo afforded
anthracene 14 (8.94 g, 98%) as a yellow oil, R; 0.49 (P-EtOAc,
20 : 1); (Found: C, 61.50; H, 5.84. C,;H,,BrO, requires C, 61.75;
H, 6.08%); A (CH;CN)/nm 202.5 (Ige/dm® mol™! cm™' 4.361),
229.5 (4.112), 269.5 (4.986), 363.0 (3.736), 381.5 (4.011), 400.5
(3.904) and 423.0 (3.768); vna (KBr)/cm~' 2977, 2931, 1616, 1556,
1510, 1449, 1417, 1396, 1352, 1305, 1288 and 1255; J; (300 MHz,
CDCl;) 7.88 (1 H, d, J 1.0, 4-H), 7.83 (1 H, dd, J8.8 and 0.9,
5-H), 7.35 (1 H, dd, J8.8 and 7.5, 6-H), 6.82 (1 H, brd, J7.5,
7-H), 4.67 (2 H, sept., J5.9,2 x CH(CH;),), 4.04 (3 H, s, OCH,),
3.84 (3 H, s, OCHj;), 2.63 (3 H, d, J 1.0, Ar—-CHj;), 1.47 (6 H, d,
J5.9, C-8-OCH(CH}),) and 1.36 (6 H, brs, C-1-OCH(CH,),); dc¢
(75.5 MHz, CDCl;) 154.8, 150.4, 149.2, 147.2, 135.7,127.8, 125.8,
125.8, 2 x 120.2, 119.9, 117.6, 115.1, 109.9, 77.92, 71.87, 63.65,
62.65, 24.73, 22.16 and 21.90; m/z (EI) 448.0, 446.0 (14%, [M]");
Found (ESI) [M + HJ]* 447.11673. C;;H,BrO, + H* requires
447.11655. [M + Na]* 469.09849. C,;H,,BrO, + Na* requires
469.09870.

(1RS, 3RS)-3-(tert-Butyl-dimethyl-silanyloxy)-1-(1,8-diisopro-
poxy-9,10-dimethoxy-3-methylanthracene-2-yl)-butan-1-ol ~ (21).
A solution of anthracene 14 (1.03 g, 3.30 mmol) in THF (30
mL) was treated at —78 °C dropwise during 1 min with nBuLi
(1.01 mL, 2.53 mmol, 2.5M in n-hexane). After being stirred
for 30 s, aldehyde 18 (699 mg, 3.45 mmol) in THF (5 mL) was
added quickly. Stirring was continued for 15 min at —78 °C, and
then the reaction mixture was warmed to 20 °C during 1 h. The
reaction mixture was treated with sat. NH,Cl (10 mL), stirred
for 5 min and then poured into H,O (100 mL). Afterwards, the
resulting solution was extracted with CH,Cl, (3 x 50 mL) and
the combined organic layers were dried (MgSQO,), filtered and
concentrated under reduced pressure. The crude material was
subjected to silica gel flash chromatography (P-EtOAc, 20 : 1 —
10 : 1) and concentration of the appropriate fractions in vacuo
afforded a diastereomeric mixture (dr ~ 1 : 1) of alcohol 21
(1.17 g, 89%) as a yellow foam, R; 0.35 (P-EtOAc, 10 : 1); (Found:
C, 69.21; H, 8.58. C3;;H;,0,Si requires C, 69.43; H, 8.83%); A
(CH;CN)/nm 202.0 (Ige/dm* mol™ cm™' 4.380), 229.0 (4.107),
267.0 (4.996), 362.5 (3.731), 380.5 (3.896), 398.0 (3.896) and
420.5 (3.742); v (KBr)/cm™' 3499, 2972, 2930, 2857, 1556,
1510, 1451, 1420, 1394, 1359, 1281 and 1255; mixture of two
diastereoisomers: dy4 (300 MHz, CDCl;) 7.88 (1 H, dt, J 8.7 and
1.0, -H), 7.73 (0.5 H, d, J1.0, 4-H), 7.71 (0.5 H, d, J1.0, 4-H),
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7.31 (1 H, dd, J8.7 and 7.6, 6¢-H), 6.80 (I H, d, J7.6, 7-H),
5.71-5.54 (1 H, m, 1-H), 4.71-4.51 (2 H, m, 2 x OCH(CHj;),),
4.38-4.23 (1 H, m, C-3), 4.03 (1.5 H, s, OCH,;), 4.02 (1.5 H, s,
OCH;), 3.96 (1 H, brs, OH, disappears after H/D-exchange
with D,0), 3.77 (1.5 H, s, OCHj,), 3.76 (1.5 H, s, OCH,), 2.70
(1.5 H, brs, Ar—CHs;), 2.62 (1.5 H, d, J0.8Hz, Ar—CH,), 2.43-2.29
(0.5H, m, 2-H,), 2.18 (0.5 H, m,, 2-H,), 1.82-1.68 (1 H, m, 2-H,),
1.45 9 H, m., C-8-OCH(CH;),, C-I'-OCH(CHs),), 1.29 (3 H,
t, J6.6, 4-H;), 1.10 (3 H, brs, C-1'-OCH(CH),), 0.95 (4.5 H, s,
SiC(CH,);, TBS), 0.94 (4.5 H, s, SiC(CHj;);, TBS) and 0.20, 0.16,
0.12 (6 H, 3 x s, Si(CH;),, TBS); d¢ (150.8 MHz, CDCl;) 154.8,
154.8, 149.7, 149.5, 146.8, 135.2, 135.0, 127.7, 127.6, 126.4, 126.3,
125.3,125.3,119.7, 119.7, 118.8, 118.8, 118.7, 118.4, 115.3, 115.2,
110.3, 110.0, 76.41, 72.09, 71.99, 66.45, 63.16, 63.06, 62.57, 62.55,
46.36,46.31,46.11, 25.90, 23.90, 23.81, 22.23, 22.17, 22.06, 21.99,
21.79, 21.72, 21.60, 21.52, 21.29, 18.04, 18.02, —4.03, —4.58,
—4.68 and —4.78; m/z (EI) 570.4 (100%, [M]*), 552.4 (42%, [M —
H,0]*) and 420.3 (46%, [M — H,0 — OTBS]*); Found (ESI) [M
+ Na]* 593.32685. C;;H5O,Si + Na* requires 593.32689. [M +
KJ* 609.30082. C;;H5,O6Si + K* requires 609.30082.

(RS, 3RS)2-1,3-Dihydroxy-butyl)-1,8-diisopropoxy-3-methyl-
anthraquinone (22). A solution of anthracene 21 (770 mg,
1.35 mmol) in 1,4-dioxane (60 mL) was treated at 20 °C with
silver(1r) oxide (835 mg, 6.74 mmol) and stirred for 5 min until a
suspension was formed. Afterwards, 4N HNO; (10 mL) was added
dropwise within 5 min until the silver(i) oxide was completely
dissolved. After being stirred for another 10 min, the reaction
mixture was poured into H,O (200 mL) and extracted with
CH,Cl, (3 x 50 mL). The combined organic layers were dried
(MgSO0,), filtered and concentrated under reduced pressure. The
residue was dissolved in THF (100 mL) and treated at 0 °C
with a solution of TBAF-3H,O (852 mg, 2.70 mmol) in THF
(10 mL). The temperature was raised to 20 °C and stirring was
continued for additional 30 min. The reaction was then poured
into half-sat. NaCl and extracted with CH,Cl, (3 x 100 mL).
The combined organic layers were dried (MgSQO,), filtered and
concentrated under reduced pressure. The crude material was
subjected to silica gel flash chromatography (CH,Cl,—-EtOAc, 4 :
1 — 1:1) and concentration of the appropriate fractions in vacuo
afforded a diastereomeric mixture (dr ~ 1 : 1) of anthraquinone
22 (565 mg, 97%) as a yellow foam, R; 0.17 (diastereomer 1),
0.24 (diastereomer 2) (P-EtOAc, 1 : 1); Ap (CH;CN)/nm 222.0
(Ige/dm’® mol™" cm™' 4.491), 261.5 (4.403) and 373.0 (3.747);
Vmax (KBr)/cm™' 3443, 2975, 2931, 2857, 1674, 1584, 1463,
1442, 1384, 1309 and 1275; mixture of two diastereoisomers: dy
(300 MHz, CDCL,) 7.77 (1 H, d, J7.9, 5-H), 7.59 (1 H, d, J7.9,
6-H), 7.72 (1 H, s, 4-H), 7.28 (1 H, d, J7.9, 7-H), 5.60-5.51 (1
H, m, I'-H), 4.67 (1 H, sept., J6.0, C-8-OCH(CH,),), 4.53-4.31
(1 H, m, C-1-OCH(CH,;),), 4.31-3.66 (3 H, m, 3-H, 2 x OH),
2.57 (1.5 H, s, Ar—CHj;), 2.53 (1.5 H, s, Ar—CH,), 2.28-2.04
(1 H, m, 2’-H,), 1.80-1.56 (1 H, m, 2’-H,), 1.47-1.37 (9 H, m,
C-8-OCH(CH),, C-1-OCH-(CH;),) and 1.34-1.20 (6 H, m,
4-H;, C-1-OCH(CH,;),); d¢ (75.5 MHz, CDCl;) 184.2, 184.0,
183.3, 157.2,157.1, 154.8, 154.6, 143.0, 142.6, 142.2, 141.6, 135.1,
135.0, 133.5,132.7, 132.5, 127.0, 126.9, 126.1, 126.0, 124.6, 124.3,
121.5,121.4,119.0, 78.76, 78.27, 72.44, 72.39, 70.43, 68.78, 67.11,
65.27, 44.15, 43.65, 23.64, 23.32, 22.42, 22.05, 21.99, 20.79 and
20.63; m/z (DCI) 870.8 (1%, 2 x [M + NH,]*), 444.4 (12%,

[M + NH,]*) and 427.4 (100%, [M + HJ*); Found (ESI) [M + HJ*
427.21152. CysHyO, + H requires 427.21152.

2-(1-Hydroxy-3-oxo-but-1-enyl)-1,8-diisopropoxy-3-methylanthra-
quinone (23). A solution of anthraquinone 22 (300 mg,
0.703 mmol) in CH,Cl, (70 mL) was treated at 0 °C with
Dess—Martin periodinane (1.19 g, 2.81 mmol) and stirred for 4.5 h
(if the conversion was too slow, one drop of H,O was added).
Afterwards, the reaction mixture was directly subjected to silica
gel (containing 4% NaH,PO,) flash chromatography (CH,Cl,)
and concentration of the appropriate fractions in vacuo afforded
a enol-ketone mixture (~10 : 1) of anthraquinone 23 (238 mg,
80%) as a yellow oil, R; 0.27 (P-EtOAc, 4 : 1); Ay, (CH;CN)/nm
222.0 (Ige/dm?* mol~' cm™' 4.472), 261.5 (4.455) and 373.5 (3.829);
Vmax (KBr)/cm™" 3331, 2978, 2931, 1676, 1585, 1463, 1441, 1383,
1312, 1277 and 1230; 0y (300 MHz, CDCI;) enol: 15.5 (1 H,
brs, enol-OH), 7.85-7.70 (2 H, m, 5-H, 4-H), 7.60 (1 H, t, J8.2,
6-H), 7.30 (1 H, brd, J8.2, 7-H), 5.85 (1 H, s, 2’-H), 4.66 (1 H,
sept., J6.1, OCH(CH,),), 4.27 (1 H, sept., J6.1, OCH(CH;),),
2.41 (3 H, s, Ar-CH;), 2.16 (3 H, s, 4-H;), 1.44 (6 H, d, J6.1,
CH(CH,),) and 1.28 (6 H, d, J6.1, CH(CH;),); ketone: 4.09
(2H, s, 2-CH,) and 2.30 (3H, s, 4-H;) (the other signals are
covered); d¢ (50.3 MHz, CDCI;) enol: 190.6, 187.7, 183.5, 182.7,
157.6,154.8,142.2, 139.1, 135.0, 134.4, 133.6, 127.4, 126.0, 123.7,
122.2, 119.3, 103.8, 79.68, 72.74, 59.02, 22.12, 22.02, 20.01 and
24.70; ketone: 133.9, 124.4, 119.4, 80.02, 77.20 and 59.02 (the
other signals are covered); m/z (ESI) 423.2 (M + H]*); Found
(ESI) [M + HJ* 423.18009. C,sH,,O¢ + H* requires 423.18022.

(1RS)-1-(1,8-Diisopropoxy-9,10-dimethoxy-3-methylanthracene-
2-yl)-but-2-yn-1-0l (25). A solution of anthracene 14 (500 mg,
1.12 mmol) in THF (20 mL) was treated at —78 °C dropwise
during 1 min with nBuLi (0.51 mL, 1.29 mmol, 2.5M in n-hexane).
After being stirred for 1 min, aldehyde 20 (305 mg, 4.48 mmol)
in THF (4 mL) was added quickly. Stirring was continued for
10 min at —78 °C until the reaction was warmed to 20 °C during
1 h. The reaction mixture was treated with sat. NH,Cl (5 mL),
stirred for 5 min and then poured into H,O (50 mL). Next,
the resulting solution was extracted with CH,Cl, (3 x 30 mL)
and the combined organic layers were dried (MgSO,), filtered
and concentrated under reduced pressure. The crude material
was subjected to silica gel flash chromatography (P-EtOAc, 9 :
1 — 4 : 1) and concentration of the appropriate fractions in
vacuo afforded alcohol 25 (359 mg, 73%) as a yellow oil, R; 0.25
(P-EtOAc, 6 : 1); Apy (CH;CN)/nm 202.0 (Ige/dm® mol™ em™
4.364), 229.0 (4.093), 267.5 (5.003), 362.0 (3.735), 380.0 (3.999),
398.0 (3.891) and 420.0 (3.740); vn.. (KBr)/cm™' 3454, 2974,
2930, 1617, 1556, 1512, 1450, 1420, 1394, 1359 and 1256; o4
(300 MHz, CDCl;) 7.83 (1 H, dd, J 8.6 and 0.5, 5-H), 7.80 (1
H, s, 4-H), 7.34 (1 H, dd, J 8.6 and 7.3, 6-H), 6.82 (1 H, d, J7.3,
7-H), 6.26 (1 H, brs, OH), 4.71-4.52 (2 H, m, 2 x OCH(CHs;),),
4.04 (3 H, s, OMe), 3.79 (3 H, s, OMe), 2.78 (3 H, brs, Ar—CH,;),
1.87 (3 H, d, J2.0, 4-H;), 1.58-1.01 (12 H, m, C-1"-OCH(CH),,
C-8-OCH(CH,),); 0¢ (75.5 MHz, CDCl;) 154.8, 150.4, 2 x 150.1,
146.9, 129.9, 128.0, 126.6, 125.6, 119.9, 118.8, 115.2, 109.9, 109.7,
82.05, 77.34,77.20, 71.91, 63.36, 62.57, 53.41, 22.79, 22.65, 22.53,
22.41,22.32,22.28,22.01, 21.91, 21.66, 20.70 and 3.79; m/z (ESI)
459.2 (M + Na]*) and 419.2 (M + H — H,0]*); Found (ESI)
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[M + Na]* 459.21420. C,;H5,05 + Na* requires 459.21420. [M +
H — H,0]* 419.22169. C,;H;,05 + H* — H,O requires 419.22169.

(1RS)-2-(1-Hydroxy-but-2-ynyl)-1,8-diisopropoxy-3-methyl-
anthraquinone (26). A solution of anthracene 25 (380 mg,
0.870 mmol) in 1,4-dioxane (30 mL) was treated at 20 °C with
silver(11) oxide (553 mg, 4.47 mmol) and stirred for 5 min until
a suspension was formed. Next, 4N HNO; solution (6 mL)
was added dropwise within 5 min until the silver(11) oxide was
completely dissolved. After being stirred for another 10 min, the
reaction mixture was poured into H,O (150 mL) and extracted
with CH,Cl, (3 x 50 mL). The combined organic layers were dried
(MgSO0,), filtered and concentrated under reduced pressure. The
crude material was subjected to silica gel flash chromatography
(CH,(l,, CH,CL,-EtOAc, 20 : 1 — 4 : 1) and concentration of the
appropriate fractions in vacuo afforded alcohol 26 (312 mg, 88%)
as a yellow foam, R; 0.53 (P-EtOAc, 2 : 1); A (CH;CN)/nm
222.5 (Ige/dm* mol~' cm™' 4.556), 260.5 (4.471) and 373.0 (3.795);
Vmax (KBr)/cm™' 3462, 2976, 2930, 1674, 1584, 1463, 1442, 1384,
1307, 1276 and 1236; Jy (300 MHz, CDCl;) 7.78 (1 H, dd, J 8.0
and 0.5, 5-H), 7.76 (1 H, s,4-H), 7.59 (1 H, t, J 8.0, 6-H), 7.29 (1 H,
d, J8.0, 7-H), 6.04 (1 H, brd, J2.2, 1’-H), 4.66 (1 H, sept., J6.2,
CH(CH,),),4.43(1H,sept., J6.2, CH(CHs;),), 3.47 (1 H, brs, OH),
2.65 (3 H, s, Ar—CH,), 1.83 (3 H, d, J2.2, 4-H;), 1.48-1.40 (9 H,
m, C-1-OCH(CH,),, C-8-OCH(CH),) and 1.33 (3 H, d, J6.2, C-
1-OCH(CH5;),); dc (75.5 MHz, CDCl;) 2 x 183.4, 157.4, 154.6,
143.4,140.0, 135.1, 133.5, 133.2, 127.0, 126.1, 124.5, 121.8, 119.2,
82.29, 79.09, 78.49, 72.64, 58.90, 22.43, 22.04, 21.99, 20.39 and
3.67; m/z (ESI) 429.2 (IM + Na]*) and 407.2 ([M + HJ*); Found
(ESI) [M + H]* 407.18518. C,sH,Os+H* requires 407.18530.
[M + NaJ* 429.16718. C,sH,,O5 + Na* requires 429.16725.

1,8 - Diisopropoxy - 3-methyl-2-(1-oxo-but-2-ynyl)anthraquinone
(27). A solution of anthraquinone 26 (280 mg, 0.689 mmol)
in CH,Cl, (30 mL) was treated at 20 °C with Dess—Martin
periodinane (438 mg, 1.03 mmol) and stirred for 3 h. Afterwards,
the reaction mixture was simultaneously treated with sat. NaHCO,
(5 mL) and 1M Na,S,0; (5 mL) and stirred for 15 min until
the solution became clear. The reaction mixture was poured
into H,O (100 mL) and extracted with CH,Cl, (3 x 30 mL).
The combined organic layers were dried (MgSO,), filtered and
concentrated under reduced pressure. The crude material was
subjected to silica gel flash chromatography (CH,Cl,—EtOAc, 10 :
1) and concentration of the appropriate fractions in vacuo afforded
ketone 27 (274 mg, 98%) as a yellow solid, R; 0.24 (P-EtOAc,
4:1); mp 126 °C; A (CH;CN)/nm 222.0 (Ige/dm® mol™!' cm™
4.552), 260.0 (4.435) and 376.0 (3.799); v (KBr)/cm™' 2976,
2931, 2203, 1678, 1653, 1585, 1465, 1440, 1384, 1312, 1280 and
1228; oy (300 MHz, CDCly) 7.82-7.77 (2 H, m, 4-H, 5-H), 7.61
(1H,t,J7.9,6-H), 7.31 (1 H, d, J7.9, 7-H), 4.67 (1 H, sept., J6.2,
CH(CH,),), 4.40 (1 H, sept., J6.2, CH(CHj;),), 2.40 3 H, s, Ar—
CH;), 2.08 (3 H, d, J2.2, 4-H;), 1.44 (3 H, d, J6.2, CH(CH),)
and 1.33 (3 H, d, J6.2, CH(CH),); ¢ (75.5 MHz, CDCl;) 183.3,
182.5, 181.5, 157.6, 155.0, 141.9, 140.9, 134.9, 134.5, 133.6, 127.0,
125.7,123.7,122.1, 119.2, 94.52, 81.29, 79.36, 72.68, 22.05, 21.97,
19.40 and 4.58; m/z (EI) 404.3 (30%, [M]*), 361.2 (15%, M-C;H,"),
320.2 (100%) and 304.2 (50%); Found (ESI) [M + H]* 405.16955.
CysH,, 05 + H* requires 405.16965.

11-Hydroxy-2,5-dimethyl-1-oxa-benzo[a]anthracen-4,7,12-trion
(24).

Procedure A. A solution of anthraquinone 23 (100 mg,
0.237 mmol) in conc. acetic acid (10 mL) was treated with
a catalytic amount of conc. H,SO, (10 drops) and stirred for
5 min under reflux. The reaction mixture was poured into H,O
(100 mL) and extracted with CH,Cl, (3 x 30 mL). The combined
organic layers were dried (MgSQO,), filtered and concentrated
under reduced pressure. The crude material was subjected to silica
gel filtration (CH,Cl,, CH,Cl,-EtOAc, 10 : 1) and concentration
of the appropriate fractions in vacuo afforded the target compound
24 (74 mg, 97%) as a yellow solid.

Procedure B. A solution of anthraquinone 27 (120 mg,
0.297 mmol) in conc. acetic acid (10 mL) was treated with
a catalytic amount of conc. H,SO, (10 drops) and stirred for
40 min under reflux. The reaction mixture was poured into H,O
(100 mL) and extracted with CH,Cl, (3 x 30 mL). The combined
organic layers were dried (MgSO,), filtered and concentrated
under reduced pressure. The crude material was subjected to silica
gel filtration (CH,Cl,, CH,Cl,~EtOAc, 10 : 1) and concentration of
the appropriate fractions in vacuo afforded the target compound 24
(90 mg, 95%) as a yellow solid, R; 0.17 (P-EtOAc,4: 1); mp 271 °C;
(Found: C, 71.45; H, 4.03. C,yH,,0s requires C, 71.25; H, 3.78%),
Amax (CH;CN)/nm 203.5 (Ige/dm?® mol~' cm~' 4.365), 238.5 (4.678)
and 266.0 (3.934); v, (KBr)/cm™' 2925, 1652, 1626, 1586, 1465,
1453, 1386, 1344, 1311 and 1272; 6, (300 MHz, CDCl;) 12.79
(1 H, s, OH), 8.00 (1 H, s, 6-H), 7.78 (1 H, dd, J8.0 and 1.1,
8-H), 7.65 (1 H, t, J8.0, 9-H), 7.33 (1 H, d, J8.0 and 1.1, 10-
H), 6.24 (1 H, s, 3-H), 2.99 (3 H, s, Ar—CH;) and 2.51 (3 H, s,
2-CH,); dc (75.5 MHz, CDCl;) 187.1, 181.8, 178.9, 165.8, 162.5,
156.6, 149.7,136.3, 135.8, 132.1, 126.2, 125.6, 125.3, 119.5, 119.2,
116.7, 112.8, 24.19 and 20.12; m/z (EI) 320.1 (100%, [M]*); (EI)
320.0685. CyH,,05 requires 320.0685.

Total synthesis of (.5)-espicufolin (3)

2-4S5)-(1-Hydroxy-4-methyl-3-oxo-hex-1-enyl)-1,8-diisopropoxy-3-
methoxymethylanthraquinone (42). A solution of anthraquinone
41 (190 mg, 0.381 mmol) in CH,Cl, (50 mL) was treated at
0 °C with Dess—Martin periodinane (1.19 g, 1.52 mmol) and
stirred for 0.5 h. Afterwards, a drop of H,O was added and
the solution was warmed to 20 °C. Next, another amount of
Dess—Martin periodinane (600 mg, 0.760 mmol) was added and
stirring was continued for 30 min. The reaction mixture was then
directly subjected to silica gel flash chromatography (CH,Cl, +
5% EtOAc + 1% HOACc) and concentration of the appropriate
fractions in vacuo afforded an enol-ketone mixture (~6 : 1)
of anthraquinone 42 (145 mg, 77%) as a yellow oil, R; 0.53
(P-EtOAc, 4: 1); [a]¥ +12.3° (¢ = 1.0, CHCL,); A, (CH;CN)/nm
221.0 (Ige/dm?* mol~' cm™" 4.430), 260.0 (4.398) and 370.5 (3.815);
Vmax (KBr)/em™ 3337, 3097, 2973, 2930, 1680, 1586, 1460, 1384,
1371, 1305, 1278 and 1228; 6y (300 MHz, CDCl;) enol: 15.5 (1 H,
brs, enol-OH), 8.13 (1 H, s, 4-H), 7.81 (1 H, brd, J7.2, 5-H), 7.61
(1 H,t,J8.3,6-H), 7.31 (1 H, brd, J8.3, 7-H), 5.92 (1 H, s, 2'-H),
4.68 (1 H, sept., J6.1, OCH(CH,),), 4.55 (2 H, s, CH,OCH,),
4.28 (1 H, sept., J6.7, OCH(CH,),), 3.42 (3 H, s, OCH,;), 2.33
(I H, m., 4-H), 1.81-1.63 (I H, m, 5-H,), 1.60-1.40 (1 H, m,
5-H,), 1.44 (6 H, d, J2.8, C-8-OCH(CH,;),), 1.28 (3 H, d, J2.8,
C-1-OCH(CH,),), 1.26 (3 H, d, J2.8, C-1-OCH(CH,),), 1.20
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(3 H, d, J7.0, 1"-H;) and 0.95 (3 H, t, J7.6, 6'-H;); ketone: 8.02
(1 H, s, 4-H), 4.53 (2 H, s, CH,0CH;), 3.41 (3 H, s, OCHj;) and
2.64 (1 H, m,, 4-H) (the other signals are covered); o (75.5 MHz,
CDCl) enol: 196.5, 188.1, 183.2, 182.7, 157.6, 154.7, 142.8, 138.0,
135.0, 134.9, 133.7, 128.7, 125.9, 122.0, 121.2, 119.3, 102.7, 79.73,
72.61, 71.35, 58.79, 43.66, 27.13, 22.12, 22.11, 22.00, 17.23 and
11.78; ketone: 29.65, 25.31, 22.22 and 14.98 (the other signals are
covered); m/z (ESI) 1010.9 (100%, [2 x M + NaJ*), 517.1 (70%,
[M + NaJ*) and 1009.1 (26%, [2 x M — 2 x H + Na]"), 493.1
(100%, [M — H]"); Found (ESI) [M + H]* 495.23818. C, H;,0; +
H* requires 495.23773.

(S)-2-(2-Methyl-propyl)-11-hydroxy-5-methoxymethyl-1-oxa-
benzo[alanthracen-4,7,12-trion (43). A solution of anthraqui-
none 42 (35.0 mg, 70.8 umol) in conc. acetic acid (5 mL) was
treated with conc. H,SO, (5 drops) and stirred for 5 min under
reflux. The reaction mixture was poured into H,O (30 mL) and
sat. NaCl (30 mL) was added. After extraction with CH,Cl, (3 x
30 mL), the combined organic layers were dried (MgSO,), filtered
and concentrated under reduced pressure. The crude material was
subjected to silica gel filtration (CH,Cl, + 2% EtOAc + 0.5%
HOACc) and concentration of the appropriate fractions in vacuo
afforded the target compound 43 (27 mg, 97%) as a yellow solid,
Ry 0.51 (P-EtOAc, 4 : 1); [a]y +2.0° (¢ = 1.0, CHCL); Ana
(CH;CN)/nm 206.5 (Ige/dm’® mol™' cm™' 4.370), 238.5 (4.683),
266.0 (4.350) and 416.0 (3.914); v,,, (KBr)/cm™' 2979, 2932, 1673,
1651, 1582, 1556, 1453, 1390, 1373, 1298, 1271 and 1218; Jy,
(300 MHz, CDCl;) 12.9 (1 H, s, OH), 8.57 (1 H, s, 6-H), 7.79
(1 H,dd, J7.9 and 1.0, 10-H), 7.66 (1 H, t, J7.9, 9-H), 7.33 (1 H,
dd, J7.9,1.0 Hz, 8-H), 6.26 (1 H, s, 3-H), 5.19 (2 H, s, CH,0OCH,),
3.61(3H,s, OCH;),2.11 (1H, m, 1'-H), 1.98 (1 H, m, 2’-H,), 1.81
(1 H, m, 2-H,), 1.45 (3 H, d, J7.0, 1”-H;) and 1.00 (3 H, t, J7.6,
3-H;); oc (75.5 MHz, CDCl,) 187.4, 181.9, 179.3, 173.6, 162.7,
156.4,150.4, 136.7, 136.5, 132.5, 125.3, 124.9, 120.3, 120.2, 119.6,
117.0,111.2,73.34, 59.26, 40.68, 27.56, 18.04 and 11.95; m/z (ESI)
806.7 (100%, [2 x M + Nal*), 415.1 (30%, [M + Na]*) and 805.2
(100%, [2 x M — 2 x H + Na]"), 391.3 (20%, [M — H]"); Found
(ESI) [M + H]" 393.13316. C,;H,,0¢ + H* requires 393.13326. [M
+ Na]® 415.11513. C;;HO4 + Na* requires 415.11521.

(S)-Espicufolin  [((S)-2-2-methyl-propyl)-11-hydroxy-S-hydroxy-
methyl-6a,12a-dihydro-1-oxa-benzo|a]anthracen-4,7,12-trion)| (3).
A solution of anthraquinone 42 (39 mg, 78.7 umol) in conc. acetic
acid (5 mL) was treated with conc. H,SO, (15 drops) and stirred
for 1 h under reflux. The reaction mixture was poured into H,O
(30 mL) and sat. NaCl (30 mL) was added. After extraction with
CH,Cl, (3 x 30 mL), the combined organic layers were dried
(MgSO0,), filtered and concentrated under reduced pressure. The
crude material was subjected to silica gel filtration (CH,Cl, +
2% EtOAc + 0.5% HOACc) and concentration of the appropriate
fractions in vacuo afforded a yellow solid (8.0 mg, 19 pmol). The
latter was dissolved in MeOH (5 mL) and treated at 20 °C with
NaOMe (7.2 pL, 38 umol, 5.3 M in MeOH) (solution changed
from yellow into red). After being stirred for 1 h the solution
was treated with Amberlite® — IR-120 and the colour of the
solution changed into yellow again. The solution was filtered and
the residue was carefully washed with CH,Cl, and MeOH. After
evaporation of the solvents the residue was purified via silica
gel flash chromatography (CH,Cl, + 2% EtOAc + 0.5% HOACc)
and concentration of the appropriate fractions in vacuo afforded

(S)-espicufolin (3, 6.8 mg, 23% over two steps) as a yellow solid,
R; 0.22 (P-EtOAc, 7 : 3); [a]? —5.0° (¢ = 0.2, CHCL); Apaux
(CH;CN)/nm 206.5 (Ige/dm® mol™" cm™' 4.338), 238.5 (4.644),
266.0 (4.319) and 416.0 (3.869); vy, (KBr)/cm™ 3472, 2965,
2929, 1681, 1649, 1625, 1584, 1554, 1459, 1392, 1344, 1314, 1300,
1275 and 1224; 6, (300 MHz, CDCl;) 12.8 (1 H, s, OH), 8.28
(1 H,s, 6-H), 7.83 (1 H, dd, J7.6 and 1.0, 8-H), 7.70 (1 H, t, J7.6,
9-H), 7.38 (1 H, dd, J8.4 and 1.0, 10-H), 6.39 (1 H, s, 3-H), 5.07
(2 H, s, CH,0OH), 4.67 (1 H, brs, OH), 2.80 (1 H, m,, 1’-H), 1.99
(1 H, m, 2’-H,), 1.83 (1 H, m,, 2’-H,), 1.45 (3 H, d, J7.0, 1"-Hj;)
and 1.00 (3 H, t, J7.5, 3-H;); d. (75.5 MHz, CDCl;) 187.0, 181.5,
178.2,172.5,161.3, 155.6, 153.2, 136.6, 136.0, 132.1, 124.6, 124.0,
119.8, 118.7, 118.7, 110.5, 116.7, 62.19, 40.00, 26.68, 17.49 and
11.34; m/z (ESI) 379.1 (100%, [M + H]*); Found (ESI) [M + HJ*
379.11766. C,,H,50, + H* requires 379.11761.
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Novel solid-emissive indeno[1,2-b]benzo[4,5-¢]pyran-11-one-type fluorophores 3a-3c¢ having
non-planar structures with sterically hindered substituents (R = butyl, phenyl, and thienyl) have been
designed and conveniently synthesized. The fluorescence quantum yields of 3a-3c¢ in 1,4-dioxane were
3a (@ =0.053) > 3b (@ =0.013) > 3¢ (@ = 0.003). On the other hand, the solid-state fluorescence
quantum yields of the fluorophores were 3a (@ = 0.39) > 3b (@ = 0.15) > 3¢ (@ = 0.06). To elucidate
the large differences in the quantum yields in solution and in the solid state and among the
fluorophores 3a-3c¢, we performed time-resolved fluorescence spectroscopic measurements,
semi-empirical molecular orbital calculations (AM1 and INDO/S), and X-ray crystallographic
analyses of 3a—3c. The comparison of the values of the radiative and non-radiative rate constants
determined by the time-resolved spectroscopic measurements in solution and in the crystalline state
supported that non-radiative decay is reduced by restriction of the rotation of the phenyl and thienyl
rings in the solid state. In addition, the X-ray crystal structures demonstrated that, in 3a and 3b, the
non-planar structure with sterically hindered substituents prevents the fluorophores from forming short
n—71 contacts and produces strong solid-state fluorescence. On the other hand, in the crystal of 3¢, the
formation of continuous intermolecular CH - - - S bonding between neighboring fluorophores was
found to increase short m—m contacts and reduce the fluorescence intensity.

Introduction

Solid-state fluorescence of organic fluorophores has recently
attracted increasing interest because of their many uses both
in the fundamental research field of solid-state photochemistry!
and in the applied field of optoelectronic devices.> However,
organic fluorophores with strong solid-emissive properties are
rare, because most organic fluorophores undergo fluorescence
quenching in molecular aggregation states. Many efforts have
been carried out to avoid the concentration quenching. For
example, Chen et al. have recently reported the strong solid-
state fluorescence of diphenylfumaronitrile derivatives having non-
planar structures which inhibit the close packing of the molecules
that causes fluorescence quenching.'* On the other hand, Tohnai
et al.™ proposed the possibility of a tunable solid-state fluorescence
system consisting of an organic salt with a primary amine. In the
system, the fluorescence intensity can be controlled by changing
the alkyl chain length of the amine. In contrast, Yoshida et al.?
reported that quinol-type fluorophores exhibit significant changes
of color and a drastic fluorescence enhancement upon inclusion of
guest molecules in the crystalline state. From the relation between
the solid-state fluorescence properties and the crystal structures,
it was confirmed that the destruction of n—n interactions between
the fluorophores by guest enclathration is the main reason for
the guest-dependent fluorescence enhancement behavior. Strong
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intermolecular m—n interactions'#** or continuous intermole-
cular hydrogen bonding®*® between neighboring fluorophores
have been suggested as main factors of fluorescence quenching.
Ultimately, the key point in the design of strong solid-emissive
fluorophores is to eliminate the factors that induce concentration
quenching in molecular aggregation states.

In this paper, we report a molecular design and the convenient
synthesis of novel solid-emissive indeno[1,2-b]benzo[4,5-¢]pyran-
11-one-type fluorophores (3a—3¢)’ constructed with a non-planar
structure with sterically hindered substituents. To elucidate the
differences between the photophysical properties in solution and
in the solid state, we have performed time-resolved fluorescence
spectroscopic measurements, semi-empirical molecular orbital
calculations (AM1 and INDO/S), and X-ray crystallographic
analyses of 3a-3c. The relations between the observed photo-
physical properties and the chemical and crystal structures of the
fluorophores are discussed.

Results and discussion

Synthesis of indeno[1,2-b]benzo|4,5-¢|pyran-11-one-type
fluorophores by a photochemical rearrangement reaction

The synthetic pathway is shown in Scheme 1. We used
3-(dibutylamino)-6-hydroxy-6-phenyl-naphtho[2,3-b]benzofuran-
11(6H)-one 1% as a starting material. The reaction of 1 with
organolithium reagents gave 2a-2¢ in 60-70% yields. The
structures of 2a—2¢ were confirmed by X-ray diffraction analysis
(see ESIt). The proposed reaction mechanism is depicted in
Scheme 2: the 1,2-addition of organolithium reagents (RLi) to 1
forms diol derivative I and subsequently the rearrangement of the
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2 3
a:R=n-Bu a:R=n-Bu
b:R=Ph b:R=Ph
¢ : R = 2-thienyl ¢ : R = 2-thienyl

Scheme 1 Outline of the synthetic pathway.
Li
R OLi
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Scheme 2 Proposed mechanism for the reaction of 1 with RLi.

substituent (R) occurs to give the cyclohexadienone-type products
2. It is known that 1,4-disubstituented cyclohexa-2,5-diene-1,4-
diol derivatives undergo acid-promoted dehydration which
is followed by rearrangement to produce cyclohexadienone-
type compounds.*® Next, the conversion of 2a-2¢ to novel
heteropolycyclic fluorophores 3a-3¢ was performed in 90-100%
yields by a photochemical rearrangement reaction, which is a
new photoreaction we have found in this research. A possible
mechanism for the formation of 3a-3c from 2 is shown in
Scheme 3, which is similar to a photoinduced oxa-di-t-methane
rearrangement:'™'" first, the 1,2-diradical would be derived to
form a 1.4-diradical intermediate II with a cyclopropane ring.
Rearrangement of the intermediate II would form a 1,3-diradical
intermediate which would then undergo cyclization to give the
stable product, indeno[l,2-b]benzo[4,5-¢]pyran-11-one 3. As a
typical example, Fig. 1 shows (a) the absorption and (b) the
fluorescence spectral changes obtained by irradiation of 2b in
1,4-dioxane at 365 nm with a black light. Upon irradiation, a new
intense absorption band appeared at around 455 nm together
with isosbestic points 325 and 363 nm, and the corresponding
fluorescence band appeared at 520 nm. The appearance of the
strong absorption and fluorescence bands in the visible region
is ascribed to extension of m-conjugation by the photochemical
rearrangement.

A 0@

(0]
R

NBu,
—_—

14

Scheme 3 Proposed mechanism for the photoarrangement of 2 to 3.
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Fig. 1 (a) Absorption and (b) fluorescence spectral changes upon
photoirradiation of 2b in benzene. [2b] = 2.5 x 107> M.

Spectroscopic properties of indeno[1,2-b]benzo[4,5-¢]pyran-11-
one-type fluorophores in solution and in the solid state

The fluorescence spectra of 3a-3c in 1,4-dioxane and in the
crystalline state were recorded by excitation at the wavelength
of the longest absorption maximum. Fig. 2 and Table 1 show the
spectroscopic properties of 3a—3c in 1,4-dioxane. The absorption
maxima at around 447-460 nm and the fluorescence maxima at
around 497-532 nm are both red-shifted by conjugation with the
substituent (R) in the order of 3a < 3b < 3¢ (Fig. 2). On the other
hand, the fluorescence intensity decreases dramatically in the order
of 3a (&; = 0.053) > 3b (&; = 0.013) > 3¢ (®; = 0.003). The
time-resolved fluorescence spectroscopy of 3a—3c indicated that
the relatively high fluorescence quantum yield of 3a is mainly due
to a large radiative rate constant (k, = 8.28 x 107 s7!) compared to
those of the other compounds 3b (k, = 1.29 x 107 s7') and 3¢ (k, =
0.05 x 107 s7"). The ratio of non-radiative constant to radiative
constant (k,/k,) increases in the order of 3a (17.8) < 3b (75.7) < 3¢
(364), which is compatible with the order of fluorescence quantum
yield of 3a-3c. These results suggest that non-radiative decay is
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Table 1 Spectroscopic properties of 3a—3c in 1,4-dioxane

D /1M (£, /dm* mol~' cm™") Jmax/IM® D /ns k.c/107 s7! ko /107 87!
3a 447(32300) 497 0.053 0.64 8.28 148
3b 455(30500) 519 0.013 1.01 1.29 97.7
3c 460(28600) 532 0.003 5.47 0.05 18.2

“1.25 x 107° M. ? 1.25 x 107°® M. © @, values were determined using 9,10-bisphenylethynylanthracene (@, = 0.84, 1., = 440 nm) in benzene as a standard.
4 Fluorescence lifetime. ¢ Radiative rate constant (k, = @,/1;)./ Non-radiative rate constant (k,, = (1 — @)/7).
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Fig. 2 (a) Absorption and (b) fluorescence spectra of compounds 3a-3c
in 1,4-dioxane.

accelerated by free rotation of the phenyl ring and thienyl ring in
solution.

Of particular interest are the solid-state photophysical prop-
erties. Fig. 3 and Table 2 show the spectroscopic properties of
3a-3c in the crystalline state. The fluorescence quantum yields of
3a-3c are in the order of 3a (&; = 0.39) > 3b (&; = 0.15) >
3¢ (@; = 0.06) in the crystalline state. The fluorophors 3a-3c¢
exhibited much stronger fluorescence in the solid state than in
solution. Since the rotation of the substituents is restricted in
the solid state, the fluorescence quantum yields are higher in
the solid state than in solution. The longest wavelengths of the
absorption and fluorescence maxima of 3a-3c¢ are red-shifted in
the order of 3a ~ 3b < 3¢ in comparison with those of 3a—3c in
1,4-dioxane. The time-resolved fluorescence spectroscopy of 3a—3c
indicates that the fluorescence quantum yield depends on the ratio
of radiative rate constant to non-radiative rate constant: (k./k,.) =
3a (0.64) > 3b (0.18) > 3¢ (0.06). From the lower quantum yields
of 3¢ both in solution and in the solid state, it was considered that
strong electron-donating effect of the thienyl group caused not

Table 2 Spectroscopic properties of 3a—3c in the crystalline state

Jm/nm A /nm @ P/ns k</108 st k47108 57!
3a 485 522 0.39 1.08 3.61 5.65
3b 495 531 0.15 0.93 1.61 9.14
3¢ 537 567 0.06 0.59 1.02 15.9

“The solid fluorescence quantum yields (@;) were determined by using a
calibrated integrating sphere system (4., = 325 nm). * Fluorescence lifetime.
¢ Radiative rate constant (k, = @/t;). “ Nonradiative rate constant (k,, =
(I = Dy)/7).

Relative intensity

500 600 700

Wavelength/nm

Fig.3 Solid-state excitation (dotted line) and emission (solid line) spectra
of the crystals of 3a—3c.

only the red-shift of the absorption and fluorescence maxima but
also significant fluorescence quenching.

Semi-empirical MO calculations (AM1, INDO/S)

The absorption spectra of 3a-3c were analyzed by using semi-
empirical molecular orbital (MO) calculations. The molecular
structures were optimized by using the MOPAC/AMI1 method,"
and then the INDO/S method” was used for spectroscopic
calculations. The calculated absorption wavelengths and the
transition character of the first absorption bands are collected
with those of the observed spectra (Table 3). As shown in Fig. 4,
the optimized geometries of 3a—3¢ show that the heteropolycyclic
skeleton is non-planar because of the existence of the central sp’
carbon where the phenyl group is attached. Moreover, it was found
that the phenyl and thienyl substituents of 3b and 3c are able
to rotate freely compared to the butyl substituent of 3a, which
is compatible with the observed fluorescence properties in 1,4-
dioxane. The values of the dipole moments in the ground states are
6.18 for 3a, 6.13 for 3b, and 4.81 for 3¢ and the differences between
the dipole moments (Au) of the first excited and the ground states
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Fig.4 The optimized geometries of 3a-3c¢ by using the MOPAC/AM1 method: (a) side view, and (b) top view with the dipole moments in the ground
states (gray) and the difference dipole moments between the excited and the ground states (black).

Table 3 Calculated absorption spectra for the compounds 3a-3c¢

Absorption (calc.)
Quinol w/D* Ay /nm  f? CI component* Au/D?
3a 6.18 353 0.68 HOMO — LUMO (85%) 8.53
3b 6.13 362 0.61 HOMO — LUMO (87%) 8.42
3c 481 372 0.50  HOMO — LUMO (74%) 5.80

“The values of the dipole moment in the ground state. ® Oscillator strength.
¢ The transition is shown by an arrow from one orbital to another, followed
by its percentage CI (configuration interaction) component. ¢ The values
of the difference in the dipole moment between the excited and the ground
states.

are 8.53 for 3a, 8.42 for 3b, and 5.80 for 3c. The values of the dipole
moments of 3¢ are small compared to those of 3a and 3b. As shown
also in Fig. 4(b), although the directions of the dipole moment of
3a-3c in the ground state are similar, the direction of the dipole
moment of 3¢ in the excited state is different from those of 3a
and 3b. These results suggested that the thienyl group as electron
donor contributes significantly to the m-conjugated system of the
fluorophore, which affects the photophysical properties of 3c.
The calculated absorption wavelengths and the oscillator
strength values are compatible with the observed spectra in 1,4-
dioxane, although the calculated absorption spectra are blue

3a 3b

shifted. This deviation of the INDO/S calculations, giving high
transition energies compared with the experimental values, has
been generally observed.™ The calculations show that the longest
excitation bands for 3a—3c¢ are mainly assigned to the transition
from the HOMO to the LUMO, where the HOMO is mostly
localized on the dibutylaminobenzopyran moiety, and the LUMO
is mostly localized on the indenone moiety. However, the HOMO
of 3¢ is also localized on the thienyl ring. The changes in
the calculated electron density accompanying the first electron
excitation are shown in Fig. 5, which shows a strong migration of
intramolecular charge-transfer character of 3a-3c. Itis noteworthy
that the thienyl group of 3¢ as electron donor is taking part
in the intramolecular charge transfer, but the butyl group of 3a
and the phenyl group of 3b are not. These results indicates that
electron-donating effects of the n-conjugated thienyl group on the
intramolecular charge transfer cause red shifts of the absorption
and fluorescence maxima and significant fluorescence quenching
both in solution and in the solid state.

X-Ray crystal structures of indeno[1,2-b]benzo[4,5-¢]pyran-11-
one-type fluorophores

In order to investigate the effect of the crystal structure on
the solid-state photophysical properties, we have performed
X-ray crystallographic analyses of 3a—3c. The crystal systems

3c

Fig. 5 Calculated electron density changes accompanying the first electronic excitation of 3a—3c. The white and black lobes signify decreases and
increases in electron density accompanying the electronic transition. Their areas indicate the magnitude of the electron density change.
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were monoclinic with space group P2,/c¢ with Z = 4 for 3a,
orthorhombic with space group Pbca with Z = 8 for 3b, and
triclinic with space group P1 with Z = 2 for 3c. The packing
structures demonstrate that the molecules are arranged in a
“herring-bone” fashion in the crystal of 3a, and in a “bricks
in a wall” fashion in the crystals of 3b and 3c. As shown in
Fig. 6-8, the three crystals are built up by a centrosymmetric
pair unit of two enantiomers. Fig. 9 shows the schematic structure
of one of the enantiomers. The heteropolycyclic skeleton is non-
planar because of the existence of the central sp® carbon where
the phenyl group is attached. Good correlations were observed
between the bond lengths and bond angles of 3a—3c¢ from semi-
empirical MO calculations and those experimentally obtained
from X-ray crystal structures. We expected that such non-planar
structures with sterically hindered substituents (the phenyl, R, and
7-dibutylamino groups) prevent the fluorophores from forming
short n—7 contacts causing fluorescence quenching in the solid
state. In fact, the torsion angles between the indenone skeleton
and the benzopyran skeleton of 3a-3¢ are near 150.2°, 150.1°,
and 153.1°, respectively. The compounds 3a and 3b which exhibit
strong solid-state fluorescence have only one or two interatomic
contacts of less than 3.60 A between the neighboring fluorophores
in the crystal structure (Fig. 6 and 7). On the other hand, com-
pound 3¢ which exhibits unexpected weak solid-state fluorescence
has 15 interatomic contacts of less than 3.60 A between the
neighboring fluorophores (Fig. 8(d)). As shown in Fig. 8(b), the
fluorophores are linked continuously by intermolecular CH--- S
bonds between the adjoining benzene ring and thienyl ring of
neighboring fluorophores. Thus, the formation of continuous
molecular linking by CH - - - S bonds enables fluorophore 3¢ to
form such a massed molecular packing structure.
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Conclusions

Novel heteropolycyclic fluorophores (3a—3c¢) have been designed
and conveniently synthesized by a new photochemical rearrange-
ment reaction that we have found. The X-ray crystal structure
analysis demonstrated that, in the crystals of 3a and 3b, the
non-planar structure with sterically hindered substituents prevents
the fluorophores from forming short intermolecular contacts and
produces intense solid-state fluorescence emission. However, in
the crystal of 3c, the formation of continuous intermolecular
CH - - - S bonding between the adjoining benzene ring and thienyl
ring of neighboring fluorophores increases short n—n contacts and
reduce the fluorescence intensity. Thus, new useful information
concerning the solid-state fluorescence has been obtained.

Experimental

Melting points were measured with a Yanaco micro melting
point apparatus MP-500D. IR spectra were recorded on a
JASCO FT/IR-5300 spectrophotometer for samples in KBr pellet
form. Absorption spectra were observed with a JASCO U-
best30 spectrophotometer and fluorescence spectra were measured
with a JASCO FP-777 spectrophotometer. Single-crystal X-ray
diffraction was performed on a Rigaku AFC7S diffractometer.
Photoirradiation was carried out by using a UVP Model UVGL-
25 as the light source. Fluorescence lifetimes were determined with
a time-resolved spectrophotometer. The samples were exited by a
laser diode (4., = 375 nm). The fluorescence quantum yields (@)
were determined using 9,10-bisphenylethynylanthracene (@ =
0.84, A, = 440 nm)"”® in benzene as the standard. The solid-
fluorescence quantum yields (@) were determined by using a

C(3)-C(3)" 3.536(9) A

Crystal packing of 3a: (a) ORTEP diagram, (b) view of the molecular packing structure, (c) side view, and (d) top view of the pairs of fluorophores.
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(b) Pl (d

C(3)-0(1)" 3.433(10) A

Fig.7 Crystal packing of 3b: (a) ORTEP diagram, (b) view of the molecular packing structure, (c) side view, and (d) top view of the pairs of fluorophores.

calibrated integrating sphere system (A, = 325 nm). Elemental
analyses were recorded on a Perkin Elmer 2400 II CHN analyzer.
"H NMR spectra were recorded on a INM-LA-400 (400 MHz) FT
NMR spectrometer with tetramethylsilane (TMS) as an internal
standard. Column chromatography was performed on silica gel
(60N, spherical, neutral).

Synthesis of 11a-butyl-3-dibutylamino-6-phenyl-11aH-
benzo|b|naphtho|2,3-d|furan-11-one (2a)

To a THF solution (200 ml) of benzofuranoquinol 1 (1.0 g,
2.20 mmol) in Ar atmosphere was added an ethereal solution
of 1.6 M butyllithium (5.5 ml, 8.8 mmol) at —108 °C over
30 min. After stirring for 30 min at room temperature, the reaction
was quenched with saturated NH,Cl solution. The solvent was
evaporated and the residue was extracted with CH,Cl,. The
organic extract was washed with water. The organic extract was
evaporated and the residue was chromatographed on silica gel
(CH,C1, as eluent) to give 2a (0.75 g, yield 69%): mp 141-143 °C;
FTIR (KBr)/cm™ 1692; "H NMR (400 MHz, acetone-dq) 0 =
0.77 (3H, t), 0.93 (6H, t), 1.15-1.20 (2H, m), 1.33-1.44 (6H, m),
1.53-1.60 (4H, m), 1.83-1.90 (2H, m), 3.32 (4H, m), 6.29 (1H, d,
J=244Hz),6.44(1H,dd, J =2.44and 8.54 Hz), 7.08 (1H, d, J =
7.81 Hz), 7.33-7.37 (1H, m), 7.42-7.44 (5H, m), 7.49-7.57 (2H,
m), 7.90 (1H, dd, J = 1.46 and 7.56 Hz); *C NMR (400 MHz,
acetone-dg) 0 = 14.1, 14.2, 20.8, 23.0, 27.3, 42.8, 51.5, 61.0, 94.3,
107.11,111.6,112.7,126.7,126.8, 127.2,127.8, 128.5, 128.8, 129 .4,
131.3, 134.9, 135.3, 140.8, 150.5, 160.6, 162.0, 200.2. Found: C,
83.02; H, 8.26; N, 2.89. C;,H;NO, requires C, 82.72; H, 7.96; N,
2.84%.

Synthesis of 3-dibutylamino-6,11a-diphenyl-11aH -
benzo|b|naphtho|2,3-d|furan-11-one (2b)

To a THF solution (100 ml) of benzofuranoquinol 1 (1.0 g,
2.20 mmol) in Ar atmosphere was added an ethereal solution
of 1.8 M phenyllithium (4.9 ml, 8.8 mmol) at —108 °C over
30 min. After stirring for 30 min at room temperature, the reaction
was quenched with saturated NH,Cl solution. The solvent was
evaporated and the residue was extracted with CH,Cl,. The
organic extract was washed with water. The organic extract was
evaporated and the residue was chromatographed on silica gel
(CH,Cl, as eluent) to give 2b (0.84 g, yield 68%): mp 159-160 °C;
FTIR (KBr)/cm™ 1693; '"H NMR (400 MHz, acetone-dy) 0 =
0.91 (6H, t), 1.28-1.38 (4H, m), 1.48-1.56 (4H, m), 3.22-3.34 (4H,
m), 6.25(1H, d, J =2.44 Hz), 6.41 (1H, dd, J = 2.44 and 8.54 Hz),
7.05 (1H, d, J = 7.56 Hz), 7.19-7.33 (4H, m), 7.45-7.51 (2H, m),
7.55-7.59 (4H, m), 7.67-7.71 (3H, m), 7.76 (1H, dd, J = 1.46
and 7.56 Hz); ®C NMR (400 MHz, acetone-d) 6 = 14.2, 20.8,
51.5, 64.4, 94.4, 107.3, 114.5, 114.6, 126.1, 127.0, 127.6, 128.1,
128.8, 129.5, 129.6, 130.0, 131.3, 134.9, 135.1, 140.5, 140.9, 150.5,
158.8, 160.1, 198.3. Found: C, 84.34; H, 6.92; N, 2.60. C;;H;sNO,
requires: C, 84.18; H, 6.87; N, 2.73%.

Synthesis of 3-dibutylamino-6-phenyl-11a-thiophen-2-yl-11aH-
benzo|b|naphtho|2,3-d|furan-11-one (2c)

To a THF solution (100 ml) of benzofuranoquinol 1 (1.0 g,
2.20 mmol) in Ar atmosphere was added an ethereal solution
of 1.0 M 2-thienyllithium (8.8 ml, 8.8 mmol) at —108 °C over
30 min. After stirring for 30 min at room temperature, the reaction
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Fig.8 Crystal packing of 3¢: (a) ORTEP diagram, (b) view of the molecular packing structure, (c) side view, and (d) top views of the pairs of fluorophores.

was quenched with saturated NH,Cl solution. The solvent was
evaporated and the residue was extracted with CH,Cl,. The
organic extract was washed with water. The organic extract was
evaporated and the residue was chromatographed on silica gel
(CH,C1, as eluent) to give 2¢ (0.77 g, yield 68%): mp 132-134 °C;
FTIR (KBr)/cm™ 1699; "H NMR (400 MHz, acetone-dq) 0 =
0.92 (6H, t), 1.30-1.39 (4H, m), 1.51-1.58 (4H, m), 3.31 (4H, 1),
6.27 (1H, d, J = 2.44 Hz), 6.46 (1H, dd, J = 2.44 and 8.54 Hz),
6.86-6.87 (1H, m), 7.06-7.08 (1H, m), 7.13-7.14 (1H, m), 7.25—
7.27 (1H, m), 7.29-7.33 (1H, m), 7.46-7.58 (6H, m), 7.71 (1H,
d, J = 8.54 Hz), 7.82 (1H, dd, J = 0.98 and 7.56 Hz); “C NMR
(400 MHz, acetone-ds) 0 = 14.2,20.8, 51.5,60.9,94.3,107.4, 113.8,
113.8,125.8, 126.1, 127.0, 127.1, 127.8, 127.9, 128.5, 128.9, 129.0,
129.5,121.2,134.9, 135.2, 140.6, 144.9, 150.8, 159.3, 160.2, 196.6.
Found: C, 78.61; H, 6.39; N, 2.81. C3,H3;NO,S requires: C, 78.58;
H, 6.40; N, 2.70%.

Synthesis of 10-butyl-7-dibutylamino-9b-phenyl-9b H-indenol[1,
2-b]benzo|4,5-¢]pyran-11-one (3a)

A dichloromethane solution (80 ml) of 2a (0.1 g) was irradiated
with 365 nm light. The solvent was evaporated and the residue was
purified by silica gel column chromatography (CH,Cl, as eluent)

and by recrystallization from a mixture of dichloromethane—n-
hexane (1 : 1) to give 0.099 g of 3a in 99% yield as orange crystals:
mp 120-122 °C; FTIR (KBr)/cm™' 1679; '"H NMR (400 MHz,
acetone-d¢) 0 = 0.95-1.00 (9H, m), 1.35-1.51 (6H, m), 1.58-1.65
(4H, m), 2.04-2.09 (2H, m), 3.19-3.23 (2H, m), 3.39-3.43 (4H, m),
6.37 (1H, dd, J = 2.44 and 8.78 Hz), 6.53 (1H, d, J = 2.44 Hz),
7.11-7.15 (1H, m), 7.21-7.25 (2H, m), 7.34 (1H, d, J = 8.78 Hz),
7.48-7.56 (3H, m), 7.60-7.63 (1H, m), 7.71-7.77 (2H, m); “C
NMR (400 MHz, acetone-d¢) o = 14.2, 14.3, 20.8, 23.5,27.3, 33.3,
51.2, 82.5, 100.4, 107.3, 113.1, 123.7, 125.4, 126.2, 126.7, 128.2,
129.0, 129.2, 130.1, 134.8, 140.2, 144.8, 146.6, 152.3, 152.4, 158.8,
189.2. Found: C, 82.43; H, 8.25; N, 2.68. C;,H3NO, requires C,
82.72; H, 7.96; N, 2.84%.

Synthesis of 7-dibutylamino-9b,10-diphenyl-9bH-indeno|1,
2-b]benzo[4,5-¢]pyran-11-one (3b)

A dichloromethane solution (80 ml) of 2b (0.1 g) was irradiated
with 365 nm light. The solvent was evaporated and the residue was
purified by silica gel column chromatography (CH,Cl, as eluent)
and by recrystallization from a mixture of dichloromethane-n-
hexane (1 : 1) to give 0.098 g of 3b in 98% yield as orange crystals:
mp 157-159 °C; FTIR (KBr)/cm™' 1686; '"H NMR (400 MHz,
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acetone-dg) 6 = 0.96 (6H, t), 1.36-1.45 (4H, m), 1.59-1.66 (4H,
m), 3.40-3.44 (4H, m), 6.30 (1H, dd, J = 2.44 and 8.78 Hz), 6.61
(1H,d,J =2.44Hz),6.72(1H,d, J =8.78 Hz), 7.16-7.20 (1H, m),
7.28-7.31 (2H, m), 7.47-7.50 (SH, m), 7.62-7.68 (3H, m), 7.73—
7.78 (3H, m); *C NMR (400 MHz, acetone-d¢) 6 = 14.2, 20.8,
51.2, 83.1, 100.3, 107.2, 113.6, 113.7, 123.6, 125.5, 126.4, 128.2,
128.4,129.2,129.9, 130.2, 131.9, 134.9, 140.3, 144.3, 144.6, 152.2,
152.5,159.3, 187.1. Found: C, 84.34; H, 6.92; N, 2.60. C;,H;sNO,
requires C, 84.18; H, 6.87; N, 2.73%.

Synthesis of 10-(2-thienyl)-7-dibutylamino-9b-phenyl-9bH-
indeno[1,2-b]benzo[4,5-¢]pyran-11-one (3c)

A dichloromethane solution (80 ml) of 2¢ (0.1 g) was irradiated
with 365 nm light. The solvent was evaporated and the residue was
purified by silica gel column chromatography (CH,Cl, as eluent)
and by recrystallization from a mixture of dichloromethane—n-
hexane (1 : 1) to give 0.099 g of 3¢ in 99% yield as orange crystals:
mp 129-131 °C; FTIR (KBr)/cm™' 1680; '"H NMR (400 MHz,
acetone-dq) 0 = 0.98 (6H, t), 1.36-1.46 (4H, m), 1.60-1.67 (4H,
m), 3.43 (4H, t), 6.35 (1H, d, J = 2.68 and 8.78 Hz), 6.60 (1H,
d, J =2.68 Hz), 7.11 (1H, d, J = 9.21 Hz), 7.16-7.19 (1H, m),
7.24-7.30 (3H, m), 7.48-7.52 (1H, m), 7.62-7.72 (6H, m), 7.75-
7.77 (1H, m); C NMR (400 MHz, acetone-d¢) 6 = 14.2, 20.8,
51.2, 83.4, 100.3, 107.2, 113.4, 113.5, 123.7, 125.5, 126.4, 127.5,
128.5,129.2,129.7, 130.3, 132.0, 133.6, 134.9, 135.1, 136.7, 130.3,
144.2,151.9,152.7,159.2, 186.6. Found: C, 78.56; H, 6.49; N, 2.82.
C3,Hi;NO,S requires C, 78.58; H, 6.40; N, 2.70%.

X-Ray crystallographic studies’

The data sets were collected at 23 + 1 °C on a Rigaku AFC7S
four-circle diffractometer by the 260—w scan technique, and using
graphite-monochromated Mo-Ka (4 = 0.71069 A) radiation at
50 kV and 30 mA. In all case, the data were corrected for Lorentz
and polarization effects. A correction for secondary extinction
was applied. Crystal data, data collection and refinement pa-
rameters are summarized in ESIf Table S1. A correction for
secondary extinction was supplied. The reflection intensities were
monitored by three standard reflections for every 150 reflections.
An empirical absorption correction based on azimuthal scans of
several reflections was applied. All calculations were performed
using the teXsan'® crystallographic software package of Molecular
Structure Corporation.

Crystal structure determination of compound 2a

Crystals of 2a were recrystallized from a mixture of
dichloromethane and n-hexane as air stable yellow prisms. The
one selected had approximate dimensions 0.40 x 0.40 x 0.50 mm.
The transmission factors ranged from 0.86 to 0.99. The crystal
structure was solved by direct methods using SIR 92.'7 The
structures were expanded using Fourier techniques.”® The non-
hydrogen atoms were refined anisotropically. Some hydrogen
atoms were refined isotropically, the rest were fixed geometrically
and not refined.

Crystal data. C;,H;,NO,, M = 493.69, monoclinic, a =
14.321(2), b = 11.583(3), ¢ = 17.877(2) A, f = 104.490(8)°, U =
2871.3(9) A%, T = 296.2 K, space group P2,/n (no. 14), Z = 4,

1#(Mo-K,) = 0.70 cm™', 5552 reflections measured, 5047 unique
(Ry = 0.042) which were used in all calculations. The final R
indices were R1 = 0.074, wR (F?) = 0.183 (all data).

Crystal structure determination of compound 2b

Crystals of guest-free 2b were recrystallized from a mixture
of dichloromethane and n-hexane as air stable yellow prisms.
The one selected had approximate dimensions 0.70 x 0.10 x
0.40 mm. The transmission factors ranged from 0.96 to 1.00. The
crystal structure was solved by direct methods using SIR 92."7
The structures were expanded using Fourier techniques.'® The
non-hydrogen atoms were refined anisotropically. Some hydrogen
atoms were refined isotropically, the rest were fixed geometrically
and not refined.

Crystal data. C;,H;;sNO,, M = 513.68, monoclinic, ¢ =
9.081(2), b = 20.626(4), ¢ = 15.6003) A, p = 98.69(2)°, U =
2888(1) A%, T = 296.2 K, space group P2,/c (no. 14), Z = 4,
u(Mo-K,) = 0.72 cm™', 5427 reflections measured, 5087 unique
(R = 0.059) which were used in all calculations. The final R
indices were R1 = 0.055, wR (F?) = 0.174 (all data).

Crystal structure determination of compound 2¢

Crystals of 2¢ were recrystallized from a mixture of
dichloromethane and n-hexane as air stable yellow prisms. The
one selected had approximate dimensions 0.60 x 0.50 x 0.10 mm.
The transmission factors ranged from 0.87 to 1.00. The crystal
structure was solved by direct methods using SIR 92.'7 The
structures were expanded using Fourier techniques.”® The non-
hydrogen atoms were refined anisotropically. Some hydrogen
atoms were refined isotropically, the rest were fixed geometrically
and not refined.

Crystal data. C;H;NO,S, M = 519.70, triclinic, a =
10.088(8), b = 16.317(6), ¢ = 9.031(6) A, a = 91.18(4)°, § =
97.28(6)°, y = 72.73(4)°, U = 1407(1) A3, T = 296.2 K, space
group P1 (no. 2), Z =2, u(Mo-K,) = 1.46 cm™', 6872 reflections
measured, 6463 unique (R, = 0.084) which were used in all
calculations. The final R indices were Rl = 0.094, wR (F?) =
0.194 (all data).

Crystal structure determination of compound 3a

Crystals of 3a were recrystallized from a mixture of
dichloromethane and n-hexane as air stable orange prisms. The
one selected had approximate dimensions 0.20 x 0.20 x 0.40 mm.
The transmission factors ranged from 0.97 to 1.00. The crystal
structure was solved by direct methods using SIR 92.7 The
structures were expanded using Fourier techniques.”® The non-
hydrogen atoms were refined anisotropically. Some hydrogen
atoms were refined isotropically, the rest were fixed geometrically
and not refined.

Crystal data. C;,H,NO,, M = 493.69, monoclinic, a =
9.471(5), b = 30.489(6), ¢ = 10.734(5) A, p = 114.03(3)°, U =
2830(2) A}, T = 296.2 K, space group P2,/a (no. 14), Z = 4,
u(Mo-K,) = 0.71 cm™', 5417 reflections measured, 4981 unique
(R, = 0.050) which were used in all calculations. The final R
indices were R1 = 0.053, wR (F?) = 0.117 (all data).
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Crystal structure determination of compound 3b

Crystals of 3b were recrystallized from a mixture of
dichloromethane and n-hexane as air stable orange prisms. The
one selected had approximate dimensions 0.20 x 0.10 x 0.45 mm.
The transmission factors ranged from 0.95 to 1.00. The crystal
structure was solved by direct methods using SAPI9L.” The
structures were expanded using Fourier techniques.” The non-
hydrogen atoms were refined anisotropically. Some hydrogen
atoms were refined isotropically, the rest were fixed geometrically
and not refined.

Crystal data. C;,H;;NO,, M = 513.68, orthorhombic, a =
20.947(7), b = 31.759(7), ¢ = 8.758(7) A, U = 5826(4) A3, T =
296.2 K, space group Pbca (no. 61), Z =8,u(Mo-K,)=0.71 cm™',
5385 reflections measured, 4786 unique (R;,, = 0.000) which were
used in all calculations. The final R indices were R1 = 0.055, wR
(F?) = 0.108 (all data).

Crystal structure determination of compound 3¢

Crystals of 3¢ were recrystallized from a mixture of
dichloromethane and n-hexane as air stable orange prisms. The
one selected had approximate dimensions 0.50 x 0.40 x 0.40 mm.
The transmission factors ranged from 0.87 to 1.00. The crystal
structure was solved by direct methods using SIR 92." The
structures were expanded using Fourier techniques.”® The non-
hydrogen atoms were refined anisotropically. Some hydrogen
atoms were refined isotropically, the rest were fixed geometrically
and not refined.

Crystal data. C;H;NO,S, M = 519.70, triclinic, a =
11.0092), b = 13.949(5), ¢ = 9.752(2) A, a = 97.99(2)°, § =
101.46(2)°, y = 72.82(2)°, U = 1397.1(6) A®, T = 296.2 K, space
group P1 (no. 2), Z =2, u(Mo-K,) = 1.47 cm™*, 6801 reflections
measured, 6426 unique (R, = 0.040) which were used in all
calculations. The final R indices were R1 = 0.0793, wR (F?) =
0.184 (all data).

SLC

NBu;

Fig. 9 Schematic representation of the molecular structures of 3a—3c.

Computational methods

All calculations were performed on a FUJITSU FMV-ME4/657.
The semi-empirical calculations were carried out with the Win-
MOPAC Ver. 3 package (Fujitsu, Chiba, Japan). Geometry
calculations in the ground state were carried out using the AM1
method.” All geometries were completely optimized (keyword
PRECISE) by the eigenvector following routine (keyword EF).
Experimental absorption spectra of the seven quinol deriva-
tives were studied with the semi-empirical method INDO/S
(intermediate neglect of differential overlap/spectroscopic).” All

INDOY/S calculations were performed using single excitation full
SCF/CI (self-consistent field/configuration interaction), which
includes the configuration with one electron excited from any
occupied orbital to any unoccupied orbital, 225 configurations
were considered for the configuration interaction [keyword
CI (15 19)].
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In this paper, a novel route to y-alkylidenebutenolides (y-AIBs) by way of stereoselective vinylogous
aldol reaction of the unactivated butenolide in simple and general conditions is reported.

Introduction

v-Alkylidenebutenolides (y-AIBs) are an important class of or-
ganic compounds, e.g., rubrolides 1 (Fig. 1), existing in natural
products.’* Most of them exhibit various interesting biological
activities, such as antibacterial, anticancer, antibiotic, phospho-
lipase A2 inhibition activity and so on.>* Over the past few
decades, great attention has been attracted to the development
of efficient synthetic strategies towards the y-AIBs, which were
reviewed comprehensively by Rao,® Negishi and Kotora,” and
Bruckner.’ The structural arrangement is available via three major
routes: (1) alkylidenation of five-membered heterocycles, such as
2-oxyfuran,®” y-lactones®® and maleic anhydrides® (Fig. 2); (2)
cyclization of y-hydroxy and y-oxoacids or their equivalents,' such
as y-oxoacylpalladium complexes;" (3) lactonization reactions of
alk-4-ynoic and alk-4-enoic acids.'”? The efficiency of the first two
strategies depends on the accessibility of suitable precursors (espe-
cially when more complex substitution on the desired butenolide
is required), and a number of the methods are non-stereoselective,
affording a mixture of E/Z isomers of the target y-AIBs.'"* Selec-
tive control has been achieved,'™"* for example, through the prepa-
ration of diastereopure y-(1-heteroalkyl)-substituted butenolide,
and subsequent stereospecific anti-elimination of a leaving group

XY z
A(1a) Br Br Br
B(1b) Br Br H
C(1e) H Br Br
D(1e) H Br H

Fig.1 Rubrolides 1.

O_oms 0= L 0=_°~__PPh,
£
Ri R Ry R> R4 R2

2-oxyfuran Y-lactones maleic anhydrides

Fig. 2 Alkylidenation of five-membered heterocycles can give y-AIBs.

New Drug Research & Development Center, Zhengzhou University, 75 Daxue
Road, Zhengzhou City, 450052, Henna Province, P.R. China. E-mail:
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located at C-1 of the alkyl moiety. The third strategy has become
increasingly popular in recent years.”> However, this approach
does not allow a single-step construction of y-AIBs. Besides, the
reaction conditions are comparatively harsh and not suitable for
application to the synthesis of andrographolide derivatives and
digoxin derivatives containing the y-AIB moiety.

Andrographis paniculata is extensively used as traditional Chi-
nese medicine. The extracts and the isolated constituents are
reported to possess a wide spectrum of biological activities.'®
2, 4 and 3f are natural diterpene constituents isolated from A.
paniculata, all of which contain an a-substituted-y-butenolide. Our
group implemented a program aimed at the preparation of y-AIBs,
analogues of 3f, from andrographolide derivative 2. Most of them
have selective a-glucosidase inhibition activity. Among them, 3c is
a good a-glucosidase inhibitor (ICs,,16 uM)."”

Digoxin is one of the constituents of digitalis, which has
been utilized medicinally in the treatment of cardiac diseases for
centuries.”® The synthesis of its analogues and the pharmacological
action have attracted some researchers’ attention.' The structure
of digoxin contains a B-substituted-y-butenolide. Digoxin substi-
tuted at the butenolide moiety probably regulates the intercellular
Na* concentration.?

Results and discussion

As a research of the direct vinylogous aldol condensation,
and in order to develop new drugs, our group developed an
efficient method for the construction of y-AIBs. Andrographolide
derivatives and digoxin derivatives containing y-AIB were stere-
oselectively synthesized which revealed that the conditions were
simple and general.

Our strategy involves the investigation of the effects of bases
and solvents in the aldol condensation of 2 with acetone and
benzaldehyde, respectively, at room temperature monitored by
TLC. At first, bases such as pyridine, 1,2-diaminoethane, DMAP,
NaHCO;, K,CO; and Na,CO; were used. Na,CO; proved to
be more effective in promoting the aldol condensation. The
catalyst 1,2-diaminoethane could also promote the reaction of
andrographolide derivatives with ketones. Solvents such as CHCl;,
CH;CN, THF and methanol were also investigated, which,
excepting methanol, proved to be ineffective in promoting the
aldol reaction. Interestingly, the desired (Z)-y-AlIBs (3, 5, 7, 9)
(Scheme 1, Table 1) were obtained as single isomers based on the
analysis of the NMR and NOE spectra. The stereoproperties of
3e, 3g and 11b, which were obtained as mixtures of isomers in
3:1,3:1,and 2 : 1 ratio respectively, were not confirmed. After

This journal is © The Royal Society of Chemistry 2007
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Table 1 Reactions of andrographolide derivatives with aldehydes and ketones

Entry Butenolides Carbonyl comps. Time/h v-AlBs Yield (%)
1 o 6 90
82
2 93
3 87
4 95
5 90
6 80
7 77
8 60(mix. 3 : 1)
9 85
10 77(mix. 3 : 1)
11 95
12 85(mix. 2: 1)

Reagents and conditions: methanol, Na,CO;, butenolide : aldehyde or ketone: 1 : 1.5-3, reflux.  Methanol, NH,CH,CH,NH,, butenolide : ketone: 1 :
1.5-3, reflux.
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methanol,
Na,CO;

aldehydes or
ketones, reflux

Scheme 1 Synthesis of 15-idene andrographolide.

extensive study, we found that the a-substituted butenolides (2, 4,
6, 8, 10) could react easily with most of the aldehydes and ketones
concerned. Following the aldol reaction, most of the products
could precipitate from the reaction solution.

In order to fully reveal the performance of the vinylogous
aldol reaction under these conditions, the aldol condensation
of digoxin to aldehydes or ketones concerned was investigated.
Fortunately, the aldol condensations of digoxin to aldehydes were
smoothly carried out in the conditions optimized above. After
chromatography, 13a—e were obtained as single isomers based
on the analysis of NMR in excellent yield (Scheme 2, Table 2).
Based on the andrographolide derivatives and the steric interaction
of the B-substituted group in the butenolide moiety, 13a—e were

assumed to be (Z)-y-AlIBs. However, the desired products of the
digoxin to ketone condensations were not obtained under these
conditions; this could be caused by the high steric hindrance of
the B-substituted group in the butenolide moiety and low reactivity
of the ketone.

Conclusions

The andrographolide derivatives and digoxin derivatives contain-
ing o- or B-substituted-y-AIBs were successfully synthesized in
a simple and general manner, providing a valuable way for the
synthesis of a- or B-substituted-y-AIBs.

¢}
methanol, [¢]
N32003
HO aldeh
ydes, HO
HO reflux HO /3 HO

Scheme 2

Table 2 Reaction of digoxin with aldehydes

13

Synthesis of 21-idene digoxin.

Entry Butenolide Carbonyl comps. Time/h v-AlBs Yield (%)
1 . o |o H 7 . o F 88
1298 /2 1 —d By /s T d M 13a
2 12 Q 7 80
\>4< >»OCH3
H
3 12 0 10 65
s
4 12 o] 5 o 90
H OH
HJ\©\ o\o= | o
F 0 H \ F
OH /3 HO 13d
5 12 Q 5 75
Cl

Reagents and conditions: methanol, Na,CO;, butenolide : aldehyde: 1 : 1.5-3, reflux.
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In our program for developing chirality manipulation systems, we synthesized bis(zinc porphyrin) 1,
with a dibenzodiaza-30-crown-10 as a linker unit. Two structural features were examined. The
aza-crown segment exhibited an intermolecular interaction with the zinc(1r) of the porphyrin, capable of
causing aggregation to form spherical nanostructures, as inferred by concentration-dependency of 'H
NMR as well as scanning electron microscopy (SEM) observation. We also consider the crown-based
conformation flexibility, in which accommodated K* tunes the porphyrin orientation into the tweezers
conformation, assisting chirality induction upon complexation with chiral diamine 2. The circular
dichroism (CD) intensity change essentially reached a plateau at a [(1R,2R)-2] : [1] ratio of 2 : 1 for
which a 45% enhancement in the amplitude of CD spectra was observed compared to the K*-free
conditions. Use of the crown linker of 1 is not limited to promoting chirality induction with diamines in
the presence of K*; chiroptical probing of unprotected amino acids (Lys, His, Trp, and Phe) using 1 was
attained through liquid (1 in CH,Cl,)-liquid (the amino acids in 1 N KOH) two-phase extraction. The
amphiphilic properties of the crown segment, as well as the K*-assisted tweezers conformation, make it

possible to explore a potent way to develop chirality sensors for amino acids in water.

Introduction

The design of systems which can manipulate chirality information
has become important in the interdisciplinary area between
supramolecular chemistry and chiral chemistry. As motivation,
the chiroptical outcome is predictable and immediately applicable
in chirotechnology.! Applications include sensors,> asymmetric
catalysis,® actuators such as molecular motors,* photochromic
materials,® nonlinear optical materials,® liquid crystalline systems,’
and other valuable products.®* A common methodology of chirality
induction (chirogenesis)’ at the molecular level would be of use
in the approach in which a chiral-orientated conformation is
created by the transfer of chiral information from an external
species by noncovalent interaction. Bisporphyrins are known to
be chiral receptors and circular dichroism (CD) reporters.”® If
a porphyrin bischromophore in the system, with known electric
transitions, can be arranged in a clockwise or anticlockwise
sense upon complexation with chiral guests, its behaviour will
allow us to determine the absolute configuration by means of
CD spectroscopy.®'* In such molecular architectures, synthetic
exploration of systems capable of controlling chirality induction
is still in its infancy. Use of allostery" in inducing chirality
is an interesting approach in which shape control of a system
that responds to an external stimulus may affect its function
controllably. In 2000, Mizutani et al. reported allosteric chirality
amplification using a zinc bilinone dimer.”® The zinc bilinone
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T Electronic supplementary information (ESI) available: Cooperative
association model, several spectroscopic data (Fig. S1-S5). See DOI:
10.1039/b701317¢

is a helical molecule which undergoes racemization between
right-handed (P) and left-handed (M) conformers in solution.
Since coordination of a chiral guest (e.g., L-Asp(OMe)-OMe)
to the zinc can induce helical chirality due to the shift in P—
M equilibrium, chirality is amplified allosterically in the system.
Recently, by taking advantage of homotropic allostery based
on a cerium double decker porphyrin, highly enantioselective
recognition has successfully taken place.’* Our approach is to
employ dynamic action based on heterotropic allostery which
should be easier to handle than homotropic allostery in molecular
manipulation.” It is well known that crown ethers are powerful
tools for constructing target systems because of their structural
topology and superior synthetic susceptibility.'® Conformational
flexibility increases with ring size,’” such that the crown ligands
(e.g., 30-crown-10) tend to wrap cations of small size. Accordingly,
we have focused on a highly flexible dibenzo-30-crown-10 scaffold,
in which K* is significantly wrapped to induce topological change
into a tweezers-like structure,”® and which generates a chiral
screw conformation.” The insight that chirality can be induced
in the highly flexible crown ether congener led us to synthesize a
bisporphyrin system possessing this unit as the linker.

Another intriguing issue is whether the crowned bisporphyrin
can be applied to chirality sensing of unprotected amino acids.”
Lipophilic zinc porphyrins are not capable of binding with free
amino acids. Thus, to attain significant interactions with amino
acids, it is crucial to insert water soluble groups into the porphyrin
scaffold to provide an electrostatic interaction.” CD probing
using the porphyrin systems has been therefore applicable mainly
to protected amino acids.*> However, Tamiaki et al. proposed
lanthanide porphyrin systems serving as excellent CD probes of
amino acids, which successfully extracted the amino acids from
neutral water.” The key factor is the strong binding property of
the lanthanide porphyrin with the COO~ site of the guest. As an
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alternative approach, the crown-assisted chiroptical properties of
1 should allow it to act as a CD probe of free amino acids in water.
Here we describe the synthesis of title compound 1, as well
as its spectroscopic properties.* In the latter section we begin
by addressing self-association of 1 through intermolecular Zn—
N interaction. Allosteric behaviour for chirality induction in 1 is
then discussed, in which the CD amplitude upon complexation
with chiral diamine 2 is enhanced by K* accommodated in the
crowned cavity. Further, taking advantage of the crown segment,
the chirality of several unprotected amino acids could be read out
by 1 when we employed liquid-liquid two-phase extraction using
1 N KOH solution. CD activity was not observed when crown
ether-free bisporphyrin tweezers were used, in place of 1.

Results and discussion
Synthesis

The synthesis is shown in Scheme 1. The key step in reaching
the target is to regioselectively insert porphyrin segments on
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the terminal benzene rings of the dibenzo-30-crown-10 skeleton.
Regioselective modification is usually not easy.® However, by tar-
geting a diaza-congener it is possible to regioselectively synthesize
dinitro-substituted 3 from a commercially available material, 5-
nitroguaiacol, in only three steps.”® Compound 3 was reduced to
the corresponding diamino derivative 4 with H,, and condensing
with tetraphenylporphyrin (TPP) acid chloride derivative 5* with
a small amount of NEt; in dry CH,Cl, then gave 6 in 48% yield.
Metallation using Zn(OAc),-2H,0 then gave the target 1 in 98%
yield.

Self-association

The structure of 1 was assigned according to various spectroscopic
data; Fig. 1 shows the '"H NMR data at room temperature using
CD,Cl,. The chemical shifts of the crown segment broadened
more than those due to the porphyrins even in low concentration
(0.1 mM) as a result of restricted mobility of the large-ring
crown, which increases the relaxation time in NMR. The spectra
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Scheme 1 Synthesis of 1. Reaction conditions: (a) 10% Pd/C, H, (2.5 atm), EtOH, r.t.; (b) dry CH,Cl, with a few drops dry Et;N, 0 °C, under Ar, 48%;

(c) sat. Zn(OAc),-2H,0 in MeOH, CH,Cl,, r.t., 98%.
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also show changes in the shift of protons in 1 with varying
concentration from 8§ mM to 0.1 mM; a significant down-field
shift, due to protons of the dibenzodiaza-30-crown-10 as well as
the amido-linked benzene units, was observed in which a large
shift difference of 0.526 ppm for N-CH; was clearly detected.
Self-association of 1 through intermolecular Zn-N coordination
between the porphyrins and the dibenzodiaza-30-crown-10 most
likely accounts for the observation at relatively high concentration
at room temperature. The change in chemical shift of protons
near to aza-segments of the crown ring can be therefore ascribed
to a ring current effect of porphyrin. Although this behaviour is
partly consistent with the observation in the case of dimerization
of diaza-18-crown-6-bridged zinc-free base bisporphyrin,” the
N-CH, resonances simply shifted, meaning that both nitrogens
interact with the central zinc (11) in the porphyrins to form extended
aggregates (vide infra). The '"H NMR dilution experiments in
CD,Cl, on 1 enable us to estimate an association constant (K,),
by monitoring the shift of the sensitive singlet (N-CH;) upon
changing the concentration (K, =440 4+ 32 M").® This parameter
indicates that 1 exists mainly as a monomer (98%) at 0.1 mM,
so that at a UV-vis or CD detectable concentration 1 does not
undergo self-association.

To obtain insight into the morphology of the association, a field
emission-scanning electron microscopy (FE-SEM) experiment
was carried out; spherical structures of 1 were formed after direct
casting of the toluene solution on an aluminium plate (Fig. 2). This
formation process was found to involve aggregation of 1, followed
by stacking of the aggregates to minimize the interfacial free energy
between the particles and solvent. No such nanostructure was
obtained in the case of zinc tetraphenylporphyrin (ZnTPP) as a
control. Intermolecular Zn—N coordination plays a key role in the
extended aggregation.
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Fig.2 FE-SEM images of 1 (1.2 mM). The scale bar corresponds to 6 pm.
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Cation-assisted chirality induction
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The conformational flexibility of the crowned spacer in 1 permits
switching of the porphyrin orientation into the tweezers-like
conformation upon complexation with a bidentate ligand. We
selected optically active N,N’-dimethylcyclohexane-1,2-diamines
2 as target guests, because these are simple C, symmetric molecules
suitable for investigation of crown-assisted chirality induction
using 1. Moreover, 1,2-diaminocyclohexane derivatives are useful

in both asymmetric synthesis® and as a building block of chiral
receptors.’®® A UV-vis titration of 1 upon adding incremental
amounts of (1R,2R)-2 in CH,C,-MeCN (4 : 1 v/v) at 25 °C
was first carried out, the result is shown in Fig. 3. The Soret band
at 423 nm did not show a clear spectral change with increasing
amounts of (1 R,2R)-2, possibly due to an intramolecular exciton
coupling interaction®" of the porphyrin-chromophores accompa-
nying the conformation switch which affects the Soret band (vide
infra). Thus, the complexation phenomenon can be quantified
based on the shift of the Q(1,0)-band, from 555 nm to 562 nm;
use of a Job plot*? suggests a 1 : 1 complex formation (Fig. S1),
and the association constant (log K,) was estimated to be 6.04 +
0.09 using a nonlinear curve fitting method. We thus investigated
CD properties of the system upon adding incremental amounts
of (1R,2R)-2 under similar conditions. While 1 is inherently CD
inactive, addition of the chiral guest gave bisignated Cotton effects
at433 and 422 nm (Fig. 4). The A value is in good agreement with
the 1 value of the Soret band of the porphyrin, leading to a clock-
wise twist between the chromophores. The presence of 6 equiv. of
(1R,2R)-2 allows us to detect positive exciton coupled CD spectra
[Ae +416 M~ cm™' (433 nm), —354 M~ cm™' (422 nm)], the total
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Fig.3 UV-visspectra of 1 upon adding (1R,2R)-2 in CH,Cl,-MeCN (4 :
1v/v)at25°C,[1]=2.0 uM, [(1R,2R)-2] = 0, 2.0, 4.0, 6.0, 8.0, 10, 12, 16,
20, 30 uM.
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Fig. 4 CD spectral changes of 1 upon addition of (1 R,2R)-2 (blue line)
or (1S5,25)-2 (red line) in CH,Cl,-MeCN (4 : 1 v/v) at 25 °C, [1] = 2.0 uM;
[2]=0,2.0,4.0, 6.0, 8.0, 10, 12 uM.
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amplitude being 770 M~! cm™'. This finding can be explained on
the basis of a steric repulsion mechanism between the coordinated
diamine 2 and the neighboring porphyrin rings, which generates a
chiral screw structure of 1. The complexation was verified by 'H
NMR spectra in which the proton resonances due to (1R,2R)-2
were entirely upfield shifted; the methyl resonances of 2 shifted
from 2.38 ppm to —3.71 ppm upon adding 1 (vide infra). On
the other hand, addition of (15,25)-2 into a solution of 1 gave a
negative exciton coupled CD spectrum (Fig. 4), indicating that the
chirality induced in 1 reflects the geometry of the chiral diamine.
Dynamic conformational change of the dibenzodiaza-30-
crown-10 skeleton by cation complexation leads us to investigate
heterotropic allostery in the chirality induction, it is expected
that K* can be wrapped by the crown segment to induce a
tweezers-like conformation. Indeed, UV-vis titration, monitoring
the Soret band of 1 upon adding KCIO, in CH,Cl,-MeCN
(4 : 1 v/v), showed a hypsochromic shift by 2 nm along with
significantly decreasing absorption intensity (Fig. 5a). The change
in absorption intensity at 423 nm is almost saturated upon adding
a stoichiometric amount of K*, indicating that cofacialization of
the porphyrin units takes place. This is supported by '"H NMR
experiments obtained after solid[KC1O,]-liquid[1.0 mM of 1 in
CD,CL,-CD;CN (4 : 1 v/v)] two-phase extraction, in view of
the low solubility of KCIO, in NMR detectable conditions. K*
coordination in the crown ring was inferred from the upfield-
shifted N-CH, and N-CH, resonances, as well as the downfield-
shifted CH,—O resonances (Fig. S2). The upfield-shift of protons
adjacent to the aza-segments could be explained on the basis of
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Fig. 5 (a) UV-vis spectral change of 1 upon adding KCIO, in
CH,CL,-MeCN (4 : 1 v/v) at 25 °C. [1] = 2.0 uM; [K*] = 0, 0.5, 1.0,
1.5, 2.0, 2.5, 3.0, 4.0 uM. (b) '"H NMR spectra of 1 and K*~1 complex in
CH,CL,-CD;CN (4:1v/v)at23°C.[1] = 1.0 mM.

hyperconjugation which was diminished by K*—N interactions.
Fig. 5b shows how porphyrin aromatic protons reflect the K*-
induced conformation change: upon interaction with K*, the
spectrum changed from broad signals to split patterns. The amide
protons shifted downfield by 0.75 ppm, whereas the changes
of pyrrole-resonances were greater and upfield. A 2D COSY
experiment (Fig. S3) led us to assign the signals as three pairs of
doubletsin a 3 : 3: 2 integral intensity ratio: 8.76 (/ = 4.4 Hz) and
8.58 (J/ = 4.8 Hz), 8.67 (J/ = 4.4 Hz) and 8.32 (J = 4.8 Hz) as well
as 8.53 (J = 7.6 Hz) and 8.34 (J = 8.0 Hz).** These observations
support the hypothesis that the dynamic conformational change
of 1 is restricted by encapsulated K* to the tweezers conformation,
where the terminal porphyrin units are close to each other. It is
interesting to see how the encapsulated K* could assist in chirality
induction. Fig. 6 shows CD amplitude changes as a function of
the incremental amounts of chiral 2 in the absence or presence
of 5 equiv. of metal ion (K* or Li*); presence of K* gave a
steeper ascending behaviour in the CD amplitude compared to
metal ion free conditions. It essentially reached a plateau at a
[(1R,2R)-2] : [1] ratio of 2 : 1, where a 45% enhancement in the
amplitude of CD spectra was observed. Similar enhancement was
also obtained in the case of (15,25)-2; the CD amplitude increased
by 43% upon adding 2 equiv. of the diamine. These results
suggest that the allosteric effect in which the K*-binding tunes
the conformation to bind chiral 2, can assist chirality induction
in 1. As a control experiment, when we measured CD spectra
under similar conditions using Li* instead of K*, there was no
enhancement in the CD spectra. Also use of Cs* induced some
CD enhancement but to a lesser degree than K*. We postulate
that the enhanced CD intensity in the presence of K* is due to
a cooperative association of K* and the chiral diamine toward
1. To verify this, we estimated the apparent association constants
with 2 in the presence or absence of K* (5 equiv.) by monitoring
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Fig. 6 Changes in CD amplitude [4 (= Ag; — Ag,)] of 1 (2 uM) upon
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the absorption intensity at 602 nm due to the perturbation of
the Q-band in the porphyrin-chromophore. As shown in Fig. 7,
a nonlinear curve-fitting procedure, assuming (K*—1-(1R,2R)-2)
complex formation, reproduces the experimental titration data
with a residual square sum of 2.81 x 1077, in which the estimated
association constant (log K,) is 6.27, being twice the value as
without K* (log K, = 5.98).
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Fig. 7 The change in absorption intensity at 602 nm as a function of
incremental amounts of (1R,2R)-2 in the presence (O) and absence (A) of
5 equiv. of K* in CH,Cl,-MeCN (4 : 1 v/v) at 25 °C.

Direct evidence for the K*-assisted interaction between 1 and 2
was found by '"H NMR measurements; a CDCL;,-CD;CN (4 :
1 v/v) solution of (1R,2R)-2 (5 mM) was titrated with 1 in
the absence or the presence of K* (Fig. 8). The methylamino
group of 2 should become a useful probe for monitoring the
complexation motif. The spectrum in Fig. 8a shows protons due to
the guest diamine, where the singlets for NHCH; and NH Me were
detectable at 2.38 and 3.37 ppm, respectively. When adding 2 equiv.
of 1 (Fig. 8b), the proton resonances due to 2 were observed
wholly in higher magnetic field than 0 ppm with signal broadening,
indicating that the guest was located in the concave cavity between
porphyrin units. The observed broad signals can be ascribed to
the exchange between free and complexed species, which occurs

-NHCH;

3/ ppm

Fig. 8 'H NMR spectra of: (a) (1R,2R)-2; (b) (1R,2R)-2 with 2 equiv. of
1; (¢) (1R,2R)-2 with 2 equiv. of 1 in the presence of K*, in CDCl;—CD;CN
4:1v/v)at23°C.[1]=10mM, [(IR,2R)-2] = 5 mM.

at a rate observable within the NMR time scale. However, solid
[KCIO,Hiquid [1 (10 mM) and (1R,2R)-2 (5§ mM) in CDCl;—
CD;CN (4 : 1 v/v) solution] two-phase solvent extraction led to a
further upfield shift, sharpening the signals (Fig. 8c). In particular,
the resonances for NHCH; and NH Me shifted further upfield, by
0.40 and 0.49 ppm, respectively, than under K*-free conditions.*
This means that equilibrium was more shifted to the complex,
supporting the CD enhancement in the presence of K*.

Chirality sensing of unprotected amino acids

We have found that the crown-assisted chirality induction de-
scribed here is applicable to chirality sensing of unprotected amino
acids. This result is highlighted by the fact that hydrophobic
bis(zinc porphyrin) tweezers cannot sense the chirality of free
amino acids using CD spectroscopy.’ Insertion of the amphiphilic
crown segment in 1 allowed us to investigate an assay of several
enantiomer pairs of common amino acids by liquid-liquid two-
phase extraction and subsequent CD measurements. We first
selected basic L-Lys as a putative guest, based on our supposition
that ditopic binding with bis(zinc porphyrin) tweezers takes place.
There are no CD responses from the extraction of the amino acid
from neutral aqueous solution to a CH,Cl, solution of 1 (39 uM),
but use of 1 N KOH solution as an aqueous phase induced an
exciton-coupled bisignate CD curve [first Cotton, 434 nm (Ae
—101 M~ cm™'; second Cotton, 426 nm (Ae +123 M~ cm™)],
Fig. 9, line (b). The negative exciton coupling CD spectrum
suggests an anticlockwise screw sense of the porphyrin units,
consistent with that in the case of 1 with L-Lys—-OMe in CH,Cl,
(Fig. 9, line (e)). Of particular interest is that upon replacement
of KOH with LiOH or NaOH, the CD spectra remained silent
(Fig. 9, lines (c¢) and (d)), consistent with Fig. 6 in which the K*-
induced CD enhancement is more efficient than in the presence of
Li*. This strongly suggests that the K*-coordinated dibenzodiaza-
30-crown-10 linker assists the extractability from the aqueous
solution to CH,Cl,, accompanying K*-induced conformational
rearrangement in 1. Indeed, no CD sign was detected in a similar
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Fig. 9 CD spectra of 1 in CH,Cl, after shaking (30 min) with an aqueous
solution of L-Lys (a), with a 1 N KOH solution of L-Lys (b), with a 1 N
LiOH solution of L-Lys (c), with a I N NaOH solution of L-Lys (d). CD
spectrum of 1 with L-Lys-OMe in CH,Cl, (e). CD spectrum of 1 in CH,Cl,
after shaking (30 min) with a 0.1 N KOH solution of D-Lys (f). Conditions:
[1] = 13 uM, [L-Lys] = [D-Lys] = 0.1 M, [L-Lys-OMe] = 260 uM at 25 °C
and optical length of employed cell is 0.2 cm.
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liquid-liquid two phase extraction using crown-free bis(zinc por-
phyrin) tweezers, such as ethane-bridged bis(zinc porphyrin).3 We
tried to determine the amount of L-Lys extracted by 1 from the I N
KOH phase using ninhydrin colorimetry.*” Defining the extraction
(%) as the ratio of extracted amino acid concentration versus the
concentration of 1, the value is 61%.%® Also investigated was a sim-
ilar liquid-liquid two-phase extraction with the D-Lys enantiomer
to give a mirror image in the CD spectrum [Ae +124 M~ cm™
(434 nm), —117 M~" cm™' (426 nm)], see line (f) in Fig. 9.

His, possessing a basic imidazole sidechain, was also checked in
a similar extraction study, giving significant bisignate CD curves
[Ae +178 M~ cm™" (435 nm), —114 M~' cm™' (424 nm) for L-
His; Ae —160 M~' cm™' (435 nm), +119 M~' cm™' (424 nm) for
D-His] in which the CD intensity is somewhat larger than with
Lys (Fig. 10). The chirality signs induced by His are opposite
to those for Lys. The sign of the induced CD depends on the
steric bulkiness of the substituents at the chiral center, which play
the major role in the stereospecific orientation of the interacting
electric transitions in the complex. This forces the complex motif
to adopt the least sterically hindered conformations.” We suggest
that the Lys sidechain does not affect the porphyrin arrangement
in the complex, whereas the more rigid imidazole residue in His
mainly determines the chirality screw sense of the porphyrins.
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Fig. 10 CD spectra of 1 (13 uM) in CH,Cl, after shaking (30 min) with
a 1 N KOH solution of His (0.1 M) at 25 °C. Optical length of employed
cell is 0.2 cm.

The assay of various common amino acids was further inves-
tigated; it is interesting to note that chirality sensing for Trp and
Phe was implemented through an extraction study using 1 N
KOH solution, as shown in Fig. 11. The bisignate CD curves
are evidence for dipole—dipole electric interaction between the
two porphyrins. Despite *C NMR and IR measurements to gain
insight into the interaction between coordinated Zn(11)-COO-,
we have not obtained any evidence as to whether two-point
complexation between 1 and the aminocarboxylate takes place
through the extraction process. However, we postulate that K* in
the crown moiety guides the carboxylate into the concave cavity
in 1; significant hydrophobic interactions are believed to occur
between the hydrophobic side chains of Trp and Phe* and the
bisporphyrin tweezers. This effect is not expected for amino acids
with no hydrophobic side chain, such as L-Asp. As a control
experiment, we measured CD spectra of 1 (13 uM) in CH,Cl, upon
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Fig. 11 CD spectra of 1 (13 uM) in CH,Cl, after shaking (30 min) with
a 1 N KOH solution of Trp and Phe (0.1 M) at 25 °C. Optical length of
employed cell is 0.2 cm.

addition of incremental amounts of L-Trp—-OMe (0 — 20 equiv.);
there were no bisignate spectra based on the exciton coupling of
porphyrins (Fig. S5). Overall, the extractability of the amino acids
(Trp and Phe) as aminocarboxylate potassium salts is ascribed
to both the amphiphilic properties of the crown segment and the
K*-guided hydrophobic interactions between the guest and the
concave cavity of 1, allowing chirality sensing of the amino acids
in water.

Conclusion

The present results show a novel capability potential of bis-
porphyrin systems possessing a large ring-sized crown ether as
the spacer. Their highly flexible conformation property led us
to explore their utility as a chiral probe because of the ease of
the achiral-to-chiral transformation, along with complexation of
chiral diamines in the terminal porphyrin segments. In particular,
the combination of the crown and porphyrin units in the system
provides cooperative chiroptical properties in the presence of K+,
where K* accommodated in the crown ring acts as an allosteric
factor to tune the conformation to bind the diamines, resulting
in a CD enhancement. We further found that 1 provides an
extraction and chirality probing of unprotected amino acids
(aminocarboxylates) in 1 N KOH as a result of the amphiphilic
property of the crowned spacers, where encapsulated K* can
guide carboxylate into the tweezers. We believe that the success
of chirality sensing for amino acids using 1 would provide a new
way to develop porphyrin-based CD probes. Our results further
explore how to manipulate chirality at the molecular level, which
remains an intriguing challenge in supramolecular chemistry.

Experimental

General

NMR spectra were taken on Bruker DPX 400 or DRX 400
(400 MHz) spectrometers. Chemical shifts (0) are reported down-
field from the initial standard Me,Si. Matrix-assisted laser desorp-
tion/ionization time-of-flight (MALDI-TOF) mass spectroscopy
was performed with a CHCI, solution of dithranol (20 mg mL™") as
a matrix on a Shimadzu AXIMA-CFRTM. Electronic absorption
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spectra were recorded on a Shimadzu UV-3100 spectrophotome-
ter. Circular dichroism (CD) spectra were recorded on a JASCO
J-720 spectropolarimeter. Elemental analyses were obtained using
an EISON EA1108.

Materials

The starting materials were of available commercial grade and
were used without further purification. Dry solvents were pre-
pared according to standard procedures. Optically active N,N'-
dimethylcyclohexane-1,2-diamines as well as amino acids were
purchased from Tokyo Chemical Industry Co., Ltd, of which
L-Trp—-OMe was purchased as a hydrochloride salt and treated
with NaOH to convert the salt to the corresponding free amine.
The CH,Cl, and MeCN for UV-vis and CD measurements were
purchased as analytical grade and used as received.

17,37-Bis[4-(10,15,20-triphenyl-21 H ,23 H-porphine-5-yl)phenyl-
carbonylamino|-21,33-dimethyl-2,5,8,11,14,24,27,30-octaoxa-21,
33-diazatricyclo[ 32.4.0.0'%* Joctatriaconta - 1(38),15(20),16,18,34,
36-hexene (6). Regioselectively dinitro-inserted dibenzodiaza-
30-crown-10 3 (103.5 mg, 0.16 mmol) and 10% Pd/C (52.6 mg)
were dispersed in EtOH (80 mL). The mixture was stirred
for ca. 6 hrs at room temperature under a H, atmosphere
(2.5 atm). After filtration using Celite, evaporation to dryness
gave the corresponding diamino derivative 4. Subsequently, 4
and a tetraphenylporphyrin (TPP) acid chloride derivative 5
(183.1 mg, 0.27 mmol) were dissolved in dry CH,Cl, (15 mL).
After adding NEt; (0.3 mL) the mixture was stirred for 2.5 hrs
at 0 °C. The resulting solution was treated with water (50 mL)
and extracted with CH,Cl, (50 mL x 3). The organic phase was
evaporated, chromatographed on silica gel (Wakogel C-300) using
CH,CL,-AcOEt-MeOH (10 : 2 : 1 v/v) as eluent, and further
purified by GPC using CHCI, as eluent. In this way, 122 mg of
6 were obtained (48% yield). '"H NMR (400 MHz, DMSO-dq,
10 mM, 23 °C) § 10.44 (s, 2H), 8.82 (s, 8H), 8.81 (s, 8H), 8.34 (d,
J = 8.0 Hz, 4H), 8.29 (d, J = 8.0 Hz, 4H), 8.18 (d, J = 6.4 Hz,
12H), 7.83-7.76 (m, 18H), 7.58 (s, 2H), 7.47 (d, J = 8.0 Hz,
2H), 6.91 (d, J = 8.0 Hz, 2H), 4.14 (br s, 4H), 3.83 (br s, 4H),
3.66-3.60 (m, 12H), 3.52 (s, 8H), 3.23-3.20 (m, 4H), 2.79 (s, 6H),
—2.91 (s, 4H); *C NMR (100.7 MHz, DMSO-d,, 23 °C) 6 164.91,
150.41, 144.13, 141.12, 138.02, 134.61, 134.17, 133.21, 131.55,
131.34, 131.16, 128.07, 126.96, 126.13, 120.24, 120.12, 118.92,
117.64, 112.75, 106.05, 69.98, 69.89, 69.76, 69.17, 69.07, 67.33,
54.24; MALDI-TOF, m/z 1872 (M*), 1873 ([M + HJ*); elemental
analysis, anal. calcd for C,H,uN,0,0-2H,0: C, 7545, H, 5.70,
N, 8.80; found: C, 75.54, H, 5.47, N, 8.70%.

17,37-Bis{4-[(10,15,20-triphenylporphinato)zinc(i1)-5-yl|phenyl-
carbonylamino }-21,33-dimethyl-2,5,8,11,14,24,27,30-octaoxa-21,
33-diazatricyclo[32.4.0.0"* Joctatriaconta-1(38),15(20),16,18,34,
36-hexene (1). Compound 6 (71.2 mg, 0.038 mmol) was dissolved
in CH,Cl, (SmL). A Zn(OAc),-saturated MeOH solution (0.5 mL)
was added to the solution, and the mixture was stirred for 12 hrs at
room temperature. The resulting solution was treated with water
(30 mL) and extracted with CH,Cl, (300 mL x 3). The organic
phase was evaporated in vacuo, and then washed with MeOH. In
this way, 74.4 mg of 1 were obtained in 98% yield. "H NMR
(400 MHz, DMSO-d,, 10 mM, 23 °C) d 10.44 (s, 2H), 8.80 (s, 8H),
8.78 (s, 8H), 8.37-8.31 (m, 8H), 8.19-8.17 (m, 12H), 7.79-7.77 (m,

18H), 7.59 (d, J = 1.2 Hz, 2H), 7.47 (dd, J = 8.5 and 1.2 Hz,
2H), 6.92 (d, J = 8.7 Hz, 2H), 4.15 (br s, 4H), 3.84 (br s, 4H),
3.67-3.63 (m, 12H), 3.54 (s, 8H), 3.23 (t, / = 5.8 Hz, 4H), 2.80 (s,
6H); “C NMR (100.7 MHz, DMSO-dq, 23 °C) 0 165.11, 150.44,
149.39, 149.32, 148.97, 145.83, 142.68, 138.02, 134.14, 133.29,
131.83, 131.66, 131.39, 127.50, 126.60, 125.81, 120.60, 120.47,
119.23, 117.69, 112.76, 106.08, 70.00, 69.93, 69.91, 69.79, 69.20,
69.11, 67.36, 54.27; MALDI-TOF, m/z 1996 (M*), 1997 ((M +
H]*); elemental analysis, anal. calcd for Cj,0H,N,O0,,Zn,-2H,0:
C, 70.76, H, 5.15, N, 8.25; found: C, 70.67, H, 4.94, N, 8.16%.

FE-SEM measurements

The sample (10 mg) was dissolved in hot toluene (4 mL) and dried
at room temperature on an aluminum plate. It was shielded by Pt—
Pd and examined with a HITACHI S-4100 field emission-scanning
electron microscope.

Liquid-liquid two-phase extraction

The chirality sensing of amino acids by 1 was carried out by
adding a CH,Cl, solution of 1 (3.9 x 10 M, 0.8 mL) to an
aqueous solution of amino acids (0.1 M, 0.8 mL) in the absence or
presence of | N MOH (M = Li, Na, and K). After the mixture was
stirred for 30 min, the extracted organic phase (200 uL) was diluted
with 400 pL of CH,Cl,, and then measured by CD spectroscopy
where a 0.2 cm length cell was used. On another front, the
concentration of L-Lys in the organic phase was determined by
ninhydrin colorimetery;¥ the organic phase (20 mL) obtained by
stirring a mixture of a CH,Cl, solution of 1 (3.9 x 10> M) and a
1 N KOH solution of L-Lys (0.1 M) for 30 min was extracted by
water (10 mL x 3). The extracted water phases were collected and
evaporated in vacuo. The residue was dissolved in a pH 5 buffer
solution (AcOH and AcONa in 5 mL) containing ninhydrin (1.0 x
1072 M) under an Ar atmosphere, and was then heated to 110 °C for
20 min. The resulting solution was cooled to 25 °C and measured
by UV-vis spectroscopy.
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The interaction of 2-(phenylthiocarbamoyl) imidazolium inner salts with dimethyl acetylenedi-
carboxylate produced dimethyl 2-(imidazolin-2-ylidene)-3-thioxobutanedioates in moderate to good
yields. The process involved a tandem reaction comprising a 1,3-dipolar cycloaddition and an
unprecedented cheletropic elimination of the phenyl isonitrile from a 2-phenyliminodihydrothiophene
moiety. NMR and X-ray diffraction studies confirmed that the 2-(imidazolin-2-ylidene)-3-thioxo-
butanedioates are novel push—pull olefins and have potential applications in nonlinear optical materials.

Introduction

Modern synthetic design demands high efficiency in terms of mini-
mization of synthetic steps and maximization of complexity of the
products. Tandem reactions, which link several transformations
together in a single operation, offer a wide range of possibilities
for construction of highly complex compounds in one synthetic
step. Tandem reactions are thus one of the most valuable strategies
in organic synthesis,™ and have been widely used in elaboration
of multifunctional compounds and natural products.'” Pericyclic—
pericyclic sequences constitute an important branch of tandem
reactions. For example, tandem cheletropic elimination-Diels—
Alder cycloaddition reactions have been successfully applied in the
total syntheses of estra-1,3,5(10)-trien-17-one? and lycorine,* and
in assembling other polycyclic molecules.* A tandem Diels—Alder—
1,3-dipolar reaction has been the key step in the total syntheses of
alkaloids vindorosine and minovine.® Although numerous tandem
reactions have been documented in the literature, few cascade 1,3-
dipolar cycloaddition—cheletropic elimination processes have been
reported.

Imidazole, imidazoline and benzimidazole carbenes or their
dimers were reported to react with isothiocyanates to form 1 +
1 adducts 2-arylthiocarbamoyl imidazolium,* imidazolinium®=
and benzimidazolium inner salts® or the 1 + 2 adducts,
dithiohydantoins®’ under different reaction conditions. Recently,
we found that the imidazoline and benzimidazole carbene derived
2-arylthiocarbamoyl imidazolinium 1 and benzimidazolium inner
salts 2 were unique ambident C*~C-S~ and C*—~C-N~ 1,3-dipoles.?
They behaved as C-C-S dipoles undergoing highly efficient and
site selective cycloaddition with dimethyl acetylenedicarboxylate
(DMAD) or dibenzoylacetylene to furnish spiro[imidazole-2,3'-
thiophene] derivatives 3 or 4 in excellent yields. On reacting with
ethyl propiolate, methyl acrylate or acrylonitrile, they acted as C—
C-N dipoles to give spiro[imidazole-2,3'-pyrrole] derivatives 5, 6
or 7 in good yields (Scheme 1). In order to study the reactivity
and selectivity of various 1,3-dipoles derived from N-heterocyclic
carbenes, we undertook a study of the interaction of imidazole
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Scheme 1 Reaction of 2-arylthiocarbamoyl imidazolinium 1 and benz-
imidazolium inner salts 2 with electron-deficient alkenes and alkynes.

carbene-derived 2-arylthiocarbamoyl imidazolium inner salts with
DMAD. Interestingly, instead of formation of the expected spiro
heterocyclic compounds, novel push—pull olefins were obtained
in good yields. The formation of the products was the result of
an unprecedented tandem 1,3-dipolar cycloaddition—cheletropic
elimination reaction.

Results and discussion

In this work, imidazole carbenes 9 were generated in situ by
deprotonation of the corresponding imidazolium 8 salts using
sodium hydride at 20-30 °C. All of the N,N’-dialkylimidazole
carbenes reacted with phenyl isothiocyanates to form stable 2-
phenylthiocarbamoyl imidazolium inner salts 10 as sole products
in good yields (Scheme 2 and Table 1). At ambient temperature,
the reaction of dipoles 10 with DMAD in THF proceeded
smoothly and rapidly to produce yellow crystalline products,
dimethyl 2-(imidazolin-2-ylidene)-3-thioxobutanedioates 11, in
60-78% (Scheme 3). As indicated in Table 2, the substituents on
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Table 1 Preparation of 2-phenylthiocarbamoyl imidazolium salts 10

Entry Starting material 8: R', R? Product Yield (%)
1 8a: Et, Et 10a 78
2 8b: i-Pr, i-Pr 10b 85
3 8c: n-Bu, n-Bu 10c 76
4 8d: i-Pr, n-Bu 10d 80
5 8e: Bn, Bn 10e 85
6 8f: Et, Bn 10f 80
7 8g: i-Pr, Bn 10g 73
8 8h: n-Bu, Bn 10h 89

Table 2 Reaction of 2-phenylthiocarbamoyl imidazolium salts 10 with
DMAD

Entry Starting material 10: R, R? Product Yield (%)
1 10a: Et, Et 11a 69
2 10b: i-Pr, i-Pr 11b 62
3 10c: n-Bu, n-Bu 11c 71
4 10d: i-Pr, n-Bu 11d 74
5 10e: Bn, Bn 11e 60
6 10f: Et, Bn 11f 78
7 10g: i-Pr, Bn 11g 61
8 10h: n-Bu, Bn 11h 73
R1 R
N Br NaH/THF ArNCS
[ il [ S [@>—<@
20-25°C 20-25 °C NPh
R2 24h R2
8 9 10: 73-89%

Scheme 2 Preparation of 2-phenylthiocarbamoyl imidazolium inner
salts 10.

R‘I
MeO,CC=CCOMe
[@’ _— I — CO,Me
NPh CHCly/ 20-30°C N CO,Me
30 min R2
1° 11: 60-78%

Scheme 3 Reaction of 2-phenylthiocarbamoyl imidazolium inner salts
with DMAD.

the dipoles 10 have negligible effect on the outcome of the reaction.
The compounds 11 were fully characterized by spectroscopic data
and microanalysis, which indicated that they were the 1 + 1
combination of molecules of 10 and DMAD with loss of a PhNC
or PhCN moiety. To identify the products beyond doubt, the
structure of 11g was determined unambiguously by single crystal
X-ray diffraction analysis (Fig. 1).°

Having considered the cycloaddition reaction of 2-arylthio-
carbamoyl imidazolinium 1 and benzimidazolium inner salts 2
with DMAD (Scheme 1),* the mechanism for the formation of
product 11 can be best explained by a tandem 1,3-dipolar cyclo-
addition—cheletropic elimination reaction. The 2-phenylthio-
carbamoyl imidazolium salts 10 acted specifically as C-C-S
dipoles toward DMAD to produce cycloaddition intermediates,
spiro[imidazole-2,3'-thiophenes] 12, which underwent cheletropic
elimination of phenyl isonitrile from the 2-imino-2,3-dihydro-
thiophene moiety to afford the products 11 (Scheme 4). In the
reaction, the isolation of phenyl isonitrile as a by-product, which

<

o~ 40

O

Fig. 1 The ORTEP drawing of single-crystal structure of compound 11g
(50% probability was chosen for the ellipsoids).

Ph
RIN
N \
, DMAD | S
[@ =
Nph1 3-dipolar N CO,Me
cycloaddition R? CO,Me
10 12
cheletropic
elimination
c R" S
!
N N CO,Me
+ [ —
N CO,Me
R2
11
Scheme 4

has been identified by comparing the IR spectrum with that of
the authentic sample, further supported this mechanism.

To compare the current study with our previous reports,® it
was found that all the 2-phenylthiocarbamoyl imidazolium 10,
imidazolinium 1 and benzimidazolium inner salts 2 have similar
reactivity toward DMAD as all reactions proceeded quickly and
efficiently at room temperature. In addition, all reactions have
the same site selectivity triggered by the addition of C-C-S
dipolar species to DMAD. However, the products derived from
1,3-dipolar cycloaddition of imidazolinium 1, benzimidazolium
2, and imidazolium salts 10 with DMAD seem to have quite
different stabilities. For example, both spiro products 3 and 4
derived from imidazolinium 1 and benzimidazolium salts 2 are
stable compounds, however, the spiro intermediates 12 have never
been isolated under the reaction conditions. The reason for the
different stabilities is not very clear at this stage. Possibly, the
spiro system of 12 has higher ring strains than that of 3 or 4. The
formation of an aromatic imidazoline cation of 11 (see Fig. 2)
might be another driving force for the transformation of 12 to 11.

Cheletropic elimination is an important method for the gener-
ation of 1,3-dienes from a five-membered cyclic precursor. The
most synthetically useful cheletropic elimination is extrusion of
sulfur dioxide from sulfolene dioxides,>*'* although examples
of extrusion of nitrogen from diazenes," elimination of carbon
monoxide'*!? or nitrosobenzene'® from bridged cyclic compounds
are also known. To our knowledge, however, no cheletropic
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elimination of an isonitrile from a 2-iminodihydrothiophene
derivative has been reported previously.

Push-—pull alkenes have attracted much attention for their
special molecular structures,' physical properties,'® and potential
applications in nonlinear optical materials.’” Tmidazolidinylidene
and benzimidazolinylidene substituted ketones, esters and nitriles
constituted a small branch of push—pull alkenes.'® Consideration
of the structures, 2-(imidazolin-2-ylidene)-3-thioxobutanedioates
11 can be regarded as a new type of push—pull olefins. Indeed,
both *C NMR spectra and the X-ray diffraction analysis have
confirmed the push—pull characteristics of 11. For example, in
the “C NMR spectra of 11, C-2 signals of the double bond
appeared between 99-100 ppm while C-2' resonated downfield
in the range of 145-147 ppm (The numbering of atoms of 11
is shown in Fig. 2.) The Ao C=C is about 4547 ppm. The X-
ray diffraction showed that the N1'-C2’" and C2-C3 single bond
lengths of 11g are 1.340 and 1.377 A, respectively, which were
similar to the bond length of C4—C5' double bond (1.337 A). On
the contrary, however, the C2—C2' double bond length is 1.468 A,
being in the range of normal single bond lengths. All of these
data indicated the C2-C2" double bonds of compounds 11 were
highly polarized. In the un-symmetrically substituted compounds
11d, f, g, h, no Z and FE isomers were detected, and no rotational
isomerization was observed in their '"H NMR spectra recorded
from —70 to 25 °C. This appearance can be explained by the
single crystal molecular structure of 11g, which indicated that the
substituents attached respectively to C2 and C2’ are almost in two
perpendicular planes (Fig. 1). Therefore, the Z and E isomers of
11 are conformational isomers (Fig. 2).

Conclusions

In conclusion, we have shown that the reaction of 2-
phenylthiocarbamoyl imidazolium inner salts 10 with dimethyl
acetylenedicarboxylate proceeded rapidly and efficiently to give
dimethyl 2-(imidazolin-2-ylidene)-3-thioxobutanedioates 11 in
moderate to good yields. The formation of product 11 can be
best explained by a tandem reaction pathway, which comprised a
1,3-dipolar cycloaddition and an unprecedented cheletropic elimi-
nation of phenyl isonitrile from a 2-phenyliminodihydrothiophene
moiety. The 2-(imidazolin-2-ylidene)-3-thioxobutanedioates are a
new type of push—pull olefin, and their push—pull characteristics
were proved by both *C NMR spectroscopy and X-ray diffraction
analysis. This work not only enriches the chemistry of cheletropic

elimination, but also provides a very simple approach to novel
push—pull olefins with potential application as nonlinear optical
materials.

Experimental

Melting points are uncorrected. '"H NMR (500 MHz) and “C
NMR (125 MHz) were recorded on a Bruker Avance 500
spectrometer. J values are reported in Hz. IR spectra were recorded
using an AVATAR 360 FT-IR spectrometer. Mass spectra were
recorded on a Trace MS (EI) or Surveyor MSQ Plus (ESI)
instrument and elemental analyses were performed on a GMBH
Vario EL instrument.

1. General procedure for preparation of 2-phenylthiocarbamoyl
imidazolium inner salts 10

At ambient temperature, the imidazolium chloride (5 mmol) was
mixed with phenyl isothiocyanate (5 mmol) in dry THF (50 cm?).
Under nitrogen atmosphere, NaH (7.5 mmol, 50% in mineral oil)
was added in portions to the mixture at 1015 °C. The resulting
mixture was then stirred for 12 h at 10-15 °C. After the reaction,
the remaining sodium hydride was quenched by adding water
(10 cm®) dropwise. The solvent was removed and the residue
was extracted with dichloromethane (50 x 3 cm?). The combined
organic layer was dried over anhydrous MgSO, and concentrated
to give 2-thiocarbamoyl imidazolium inner salts 10 as yellow
crystals. The products 10 were further purified by recrystallization
from dichloromethane and petroleum ether (30-60 °C).

1,3-Diethyl-2-/N-phenylthiocarbamoyl imidazolium inner salt
(102). 78%, mp 85-86 °C; v, /cm~! 3131, 1589, 1522 and 1501;
04 (CDCly) 7.54(d, J 6.5,2H, 0-Ph-H), 7.42 (t, J 7.8, 2H, m-Ph-H),
7.14(t, J 7.3, IH, p-Ph-H), 7.01 (s, 2H, imidazolinyl-H), 4.38 (q, J
7.4,4H, 2 x N-CH,CH,), 1.60 (t, J 7.4, 6H, 2 x NCH,CH,); d
(CDCly) 167.3, 149.7, 146.2, 128.6, 124.0, 122.2, 118.2, 43.8, 15.1;
EI-MS m/z 77 (100), 135 (75), 258 (M*, 80), 259 (M + 1, 78%).
Anal. Calcd for C,,H;N;S: C 64.83, H 6.61, N 16.20; Found: C
65.06, H 6.93, N 15.94%.

1,3-Di(isopropyl)-2-/N-phenylthiocarbamoyl imidazolium inner
salt (10b). 85%, mp 185-186 °C; v,,,/cm™' 3159, 3133, 1592,
1521, 1494 and 1480; 5 (CD;0D) 7.65 (s, 2H, imidazolinyl-H),
7.37 (t, J 8.1, 2H, m-Ph-H), 7.25 (d, J 7.4, 2H, o-Ph-H), 7.11 (t,
J 7.4, 1H, p-Ph-H), 497 (m, 2H, 2 x NCH(CH,),), 1.61 (d, J
6.7, 12H, 4 x NCH(CH,),); o (CDCl;) 167.1, 151.1, 146.0, 128.6,
123.4,122.1,115.1, 50.6, 22.7; EI-MS m/z 134 (100), 287 (M*, 70),
288 (M + 1, 35%). Anal. Calcd for C,sH, N;S: C 66.86, H 7.36, N
14.62; Found: C 66.83, H 7.56, N 14.49%.

1,3-Dibutyl-2- N-phenylthiocarbamoyl imidazolium inner salt
(10c). 76%, mp 115-116 °C; v, /cm™" 3107, 1593, 1528 and
1497; 6, (CDCly) 7.37-7.42 (m, 4H, o-Ph-H + m-Ph-H), 7.10
(t, J 6.9, 1H, p-Ph-H), 6.94 (s, 2H, imidazolinyl-H), 4.33 (t,
J 7.6, 4H, 2 x N-CH,CH,CH,CH,), 1.95 (quintet, J 7.5, 4H,
2 x N-CH,CH,CH,CH;), 1.45 (sextet, J 7.6, 4H, 2 x N-
CH,CH,CH,CH,), 0.98 (t, J 7.4, 6H, 2 x N-CH,CH,CH,CH,);
Jc (CDCLy) 166.6, 151.1, 147.0, 128.6, 123.5, 122.0, 118.4, 48.6,
31.8, 19.8, 13.6; EI-MS m/z 135 (75), 282 (90), 315 (M*, 100%).
Anal. Calcd for C,sH,sN;S: C 68.53, H 7.99, N 13.32; Found: C
68.34, H 7.95, N 13.04%.
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1-Butyl-3-isopropyl-2-/N-phenylthiocarbamoyl imidazolium inner
salt (10d). 80%, mp 144-145 °C; v, /cm™' 3109, 1593, 1515,
1492 and 1477; oy (CDCL) 7.41 (br s, 4H, o-Ph-H + m-Ph-
H), 7.11 (br s, 1H, p-Ph-H), 7.03 (d, J 1.2, 1H, imidazolinyl-
H), 6.97 (s, 1H, imidazolinyl-H), 5.25 (br, 1H, NCH(CH,),),
430 (t, J 7.6, 2H, N-CH,CH,CH,CH;), 1.97 (quintet, J 7.7,
2H, N-CH,CH,CH,CH;), 1.59 (d, J 6.7, 6H, NCH(CH5),), 1.46
(sextet, J 7.6, 2H, N-CH,CH,CH,CH;), 1.00 (t, J 7.4, 3H, N-
CH,CH,CH,CH,); dc (CDCl;) 166.8, 151.0, 146.7, 128.6, 123.5,
122.1, 118.7, 114.5, 50.8, 48.4, 31.8, 22.8, 19.9, 13.6; EI-MS m/z
77 (100), 135 (75), 301 (M*, 75), 302 (M + 1, 45%). Anal. Calcd
for C;;H,;N3S: C 67.74, H 7.69, N 13.94; Found: C 67.62, H 7.82,
N 13.76%.

1,3-Dibenzyl-2-N-phenylthiocarbamoyl imidazolium inner salt
(10e). 85%, mp 191-192 °C; v, /cm™' 3051, 1592, 1535 and
1497; 6y (CDCl,) 7.51(d, J 5.9,4H, Ph-H), 7.41-7.45 (m, 10H, Ph-
H), 7.11 (t, J 7.0, 1H, Ph-H), 6.69 (s, 2H, imidazolinyl-H), 5.52 (s,
4H, 2 x NCH,Ph); 6 (CDCl;) 166.4, 150.6, 147.1, 133.4, 129.30,
129.27, 129.2, 128.7, 123.8, 122.2, 118.4, 52.1; EI-MS m/z 135
(100), 169 (35), 247 (35), 383 (M*, 9%). Anal. Calcd for C,,H,,N;S:
C 75.16, H 5.52, N 10.96; Found: C 75.10, H 6.15, N 10.93%.

1-Benzyl-3-ethyl-2- N-phenylthiocarbamoyl imidazolium inner
salt (10f). 80%, mp 160-161 °C; v,,,/cm™' 3131, 1589, 1529 and
1500; 0 (CDCl;) 7.51 (d, J 6.1 Hz, 2H, Ph-H), 7.40-7.46 (m, 7H,
Ph-H), 7.12 (t, J 7.1 Hz, 1H, Ph-H), 6.93 (s, 1H, imidazolinyl-H),
6.76 (s, 1H, imidazolinyl-H), 5.51 (s, 2H, NCH,Ph), 4.42 (q, J
7.3 Hz, 2H, NCH, CH,), 1.61 (t, J 7.3 Hz, 3H, NCH,CH,;); J.
(CDCl;) 166.3, 150.9, 147.0, 133.4, 129.3, 129.24, 129.19, 128.4,
123.6, 122.2, 118.2, 118.0, 51.9, 44.0, 15.1; EI-MS m/z 185 (100),
321 (M*, 80), 322 (M + 1, 35%). Anal. Calcd for C,yH;y)N;S: C
70.99, H 5.96, N 13.07; Found: C 70.94, H 6.15, N 13.00%.

1-Benzyl-3-isopropyl-2- N-phenylthiocarbamoyl imidazolium in-
ner salt (10g). 73%, mp 143-144 °C; v,,,,/ecm™' 3120, 1592, 1523
and 1491; 0y (CDCl;) 7.51 (d, J 5.5, 2H, Ph-H), 7.38-7.43 (m, 7H,
Ph-H), 7.10 (t, J 7.0, 1H, Ph-H), 6.97 (d, J 2.0, 1H, imidazolinyl-
H), 6.74(d, J 1.9, 1H, imidazolinyl-H), 5.47 (s, 2H, NCH,Ph), 5.26
(m, 1H,NCH(CH5;),), 1.59(d, J 6.7, 6H, NCH(CH),); 6 (CDCl;)
166.6, 151.0, 146.9, 133.3, 129.4, 129.3, 129.2, 128.6, 123.6, 122.2,
118.3,114.7, 51.8, 51.0, 22.8; EI-MS m/z 134 (100), 335 (M*, 67),
336 (M + 1, 30%). Anal. Calcd for CH, N;S: C71.61, H6.31, N
12.53; Found: C 71.64, H 6.70, N 12.48%.

1-Benzyl-3-butyl-2-N-phenylthiocarbamoyl imidazolium inner
salt (10h). 89%, mp 165-166 °C; v,,./cm™" 3116, 1594, 1575,
1526 and 1495; 6 (CDCl;) 7.51 (d, J 5.6, 2H, Ph-H), 7.41 (br s,
7H, Ph-H), 7.11 (br s, 1H, Ph-H), 6.89 (d, J 1.7, 1H, imidazolinyl-
H), 6.74(d, J 1.7, 1H, imidazolinyl-H), 5.52 (s, 2H, NCH,Ph), 4.36
(t, J 7.6, 2H, N-CH,CH,CH,CH,), 1.98 (quintet, J 7.5, 2H, N-
CH,CH,CH,CHy;), 1.47 (sextet, J 7.5, 2H, N-CH,CH,CH,CH,),
1.00 (t, J 7.3, 3H, N-CH,CH,CH,CH,); - (CDCl;) 166.4, 151.0,
147.1, 133.4, 129.30, 129.25, 129.2, 128.6, 123.6, 122.1, 118.6,
118.1, 52.0, 48.7, 31.8, 19.8, 13.6; EI-MS m/z 135 (100), 349 (M*,
68), 350 (M + 1, 25%). Anal. Calcd for C,H,;;N;S: C 72.17, H
6.63, N 12.02; Found: C 72.01, H 6.94, N 12.05%.

2. General procedure for the reaction of 2-phenylthiocarbamoyl
imidazolium inner salts 10 with dimethyl acetylenedicarboxylate
(DMAD)

At20-30°C, the solution of DMAD (1 mmol) in THF (10 cm®) was
added dropwise to the yellow solution of the imidazolium inner salt
10 (1 mmol) in THF (20 cm?®). The reaction mixture was stirred at
20-30 °C for half a hour. After removal of the solvent, the products
11 were isolated by chromatography on silica gel eluting with a
mixture of petroleum ether (30-60 °C) and ethyl acetate (5 : 1).

Dimethyl 2-(V,N’-diethylimidazolin-2-ylidene)-3-thioxobutane-
dioate (11a). 69%, mp 187-189 °C; v,,./cm™" 3098, 3055, 1722,
1691, 1503, 1464, 1442 and 1429; 54 (CDCly) 7.22 (s, 2H,
imidazolinyl-H), 4.07 (q, J 7.4, 4H, 2 x NCH,CH,), 3.93 (s, 3H,
OCH,;), 3.67 (s, 3H, OCH;), 1.50 (t, J 7.4, 6H, 2 x NCH,CH);
Jc (CDCl;) 191.8,170.3, 163.2, 146.3,119.4,99.4, 52.5, 51.4,43.5,
15.0; ESI-MS m/z 299 (M + 1). Anal. Calcd for C3H;4N,O,S: C
52.33, H 6.08, N 9.39; Found: C 52.11, H 6.18, N 9.31%.

Dimethyl 2-[NV,N’-di(isopropyl)imidazolin-2-ylidene]-3-thioxo-
butanedioate (11b). 62%, mp 197-198 °C; v, /cm™' 3178, 1729,
1689, 1573, 1503, 1475 and 1447; 64 (CDCly) 7.26 (s, 2H,
imidazolinyl-H), 4.55-4.60 (m, 2H, 2 x NCH(CH,),), 3.94 (s, 3H,
OCH,), 3.65 (s, 3H, OCH), 1.57 (d, J 6.6 Hz, 6H, NCH(CH>),),
1.42 (d, J 6.6 Hz, 6H, NCH(CH,),); 6. (CDCl;) 192.1, 170.5,
163.2,144.7,117.1,99.4, 52.5, 51.2, 50.8, 23.2, 23.0; ESI-MS m/z
327 (M + 1). Anal. Calcd for C;sH,,N,0O,S: C 55.20, H 6.79, N
8.58; Found: C 55.34, H 6.97, N 8.64%.

Dimethyl 2-(/V,N'-dibutylimidazolin-2-ylidene)-3-thioxobutane-
dioate (11c). 71%, mp 130-131 °C; v,,./em™" 3126, 1725, 1680,
1576, 1501 and 1443; 6y (CDCl;) 7.18 (s, 2H, imidazolinyl-
H), 3.94-4.03 (m, 4H, 2 x N-CH,CH,CH,CH;), 3.92 (s,
3H, OCH;), 3.65 (s, 3H, OCH;), 1.81 (sextet, J 7.1, 4H,
2 x N-CH,CH,CH,CH;), 1.37 (sextet, J 7.3, 4H, 2 x N-
CH,CH,CH,CH,;), 0.95 (t, J 7.3, 6H, 2 x N-CH,CH,CH,CH,);
Jdc (CDCLy) 191.7, 170.4, 163.3, 146.5, 120.0, 99.5, 52.5, 51.2,
48.3, 31.4, 19.6, 13.5; ESI-MS m/z 355 (M + 1). Anal. Calcd
for C,;H,xN,O,S: C 57.60, H 7.39, N 7.90; Found: C 57.66, H
7.48, N 7.94%.

Dimethyl 2-[/N-butyl-/V'-isopropylimidazolin-2-ylidene]-3-thioxo-
butanedioate (11d). 74%, mp 144-145 °C; v, /cm™' 3160, 3135,
1726, 1684, 1570, 1501, 1483, 1460 and 1428; 64 (CDCl;) 7.23
(d, J 2.0, 1H, imidazolinyl-H), 7.21 (d, J 1.9, 1H, imidazolinyl-
H), 4.53-4.59 (m, 1H, NCH(CH,)), 3.94-4.05 (m, 2H, N-
CH,CH,CH,CH,), 3.93 (s, 3H, OCH;), 3.65 (s, 3H, OCH,),
1.78-1.84 (m, 2H, N-CH,CH,CH,CH;), 1.55 (d, J 6.7, 3H,
NCH(CH)), 1.42 (d, J 6.7, 3H, NCH(CH.)), 1.35-1.40 (m, 2H,
N-CH,CH,CH,CH,), 0.95 (t, J 7.4, 3H, N-CH,CH,CH,CH); d
(CDCl) 191.9, 170.4, 163.3, 145.6, 120.6, 116.5, 99.5, 52.5, 51.2,
51.0, 48.1, 31.5, 23.3, 22.9, 19.6, 13.5; ESI-MS m/z 341 (M + 1).
Anal. Calcd for C,H,,N,0,S: C 56.45, H 7.11, N 8.22; Found: C
56.39, H 7.13, N 8.19%.

Dimethyl 2-(/V,N'-dibenzylimidazolin-2-ylidene)-3-thioxobutane-
dioate (11e). 60%, mp 167-168 °C; v,,../em™" 3138, 1729, 1685,
1577, 1497 and 1452; 6 (CDCl;) 7.38-7.39 (m, 6H, Ph-H), 7.34—
7.36 (m, 4H, Ph-H), 6.95 (s, 2H, imidazolinyl-H), 5.16 (d, J 14.7,
2H, 2 x N-CH \Hjy), 5.12(d, J 14.7, 2H, 2 x N-CH, H}), 3.94 (s,
3H, OCH,), 3.51 (s, 3H, OCH,); - (CDCl,) 191.5, 170.3, 163.1,

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 1282-1286 | 1285





147.0,133.1,129.2,129.1, 129.0, 120.2, 99.7, 52.5, 52.2, 51.2; ESI-
MS m/z 423 (M + 1). Anal. Calcd for C,;H,,N,0,S: C 65.39, H
5.25, N 6.63; Found: C 65.27, H 5.59, N 6.58%.

Dimethyl 2-|N-benzyl-N’-ethylimidazolin-2-ylidene]-3-thioxo-
butanedioate (11f). 78%, mp 166-167 °C; v,,,./cm™' 3125, 1718,
1693, 1492, 1458 and 1440; 6, (CDCl;) 7.38-7.40 (m, 3H, Ph-H),
7.34-7.36 (m, 2H, Ph-H), 7.18 (s, 1H, imidazolinyl-H), 7.10 (s,
1H, imidazolinyl-H), 5.16 (d, J 15.5, 1H, N-CHHjp), 5.13 (d,
J 154, 1H, N-CH, H}), 4.05-4.10 (m, 2H, NCH,CH;), 3.94 (s,
3H, OCH,), 3.58 (s, 3H, OCH,), 1.49 (t, J 7.4, 3H, NCH,CH);
Jc (CDCly) 191.5, 170.4, 163.1, 146.5, 133.2, 129.2, 129.1, 129.0,
120.3, 119.6, 99.6, 52.5, 52.1, 51.2, 43.7, 15.0; ESI-MS m/z 361
(M + 1). Anal. Calcd for C;3sH,N,0,S: C 59.98, H 5.59, N 7.77;
Found: C 59.93, H 5.72, N 7.76%.

Dimethyl 2-[/V-benzyl-N'-isopropylimidazolin-2-ylidene]-3-thi-
oxobutanedioate (11g). 61%, mp 162-163 °C; v,,./cm~' 3100,
1723,1690, 1574, 1488 and 1457; 6y, (CDCl;) 7.37-7.40 (m, 3H, Ph-
H), 7.34-7.36 (m, 2H, Ph-H), 7.20 (d, J 2.0, 1H, imidazolinyl-H),
7.03 (d, J 1.8, 1H, imidazolinyl-H), 5.14 (s, 2H, NCH,Ph), 4.55-
4.60 (m, 1H, NCH(CH,)), 3.94 (s,3H,OCH), 3.56 (s, 3H, OCH,),
1.55(d, J 6.7, 3H, NCH(CH,)), 1.43 (d, J 6.7, 3H, NCH(CH,));
Jc (CDCly) 191.6, 170.4, 163.1, 145.8, 133.3, 129.2, 129.1, 129.0,
120.7, 116.6, 99.7, 52.5, 52.0, 51.2, 23.4, 22.7; ESI-MS m/z 375
(M + 1). Anal. Calcd for C,yH,,N,0,S: C 60.94, H 5.92, N 7.48;
Found: C 61.05, H 6.28, N 7.43%.

Dimethyl 2-[N-benzyl-/V'-butylimidazolin-2-ylidene]-3-thioxo-
butanedioate (11h). 73%, mp 113-114 °C; v,,./cm~' 3130, 3109,
1715, 1693, 1577, 1503, 1466 and 1437; Jy (CDCl;) 7.38-7.39
(m, 3H, Ph-H), 7.34 (d, J 7.4 Hz, 2H, Ph-H), 7.15 (s, 1H,
imidazolinyl-H), 6.99 (s, 1H, imidazolinyl-H), 5.15 (d, J 15.0 Hz,
1H, N-CH \Hj), 5.12 (d, J 15.0 Hz, 1H, N-CH, H3), 3.99 (t, J
6.2Hz,2H, N-CH,CH,CH,CH;), 3.93 (s, 3H, OCH;), 3.57 (s, 3H,
OCH;), 1.79-1.86 (m, 2H, N-CH,CH,CH,CH;), 1.37 (quintet,
J 7.4 Hz, 2H, N-CH,CH,CH,CH,;), 0.95 (t, J 7.3 Hz, 3H, N-
CH,CH,CH,CH,); 6 (CDCl;) 191.6, 170.4, 163.1, 146.7, 133.3,
129.2, 129.1, 129.0, 120.1, 99.6, 52.5, 52.2, 51.2, 48.4, 31.4, 19.6,
13.5; ESI-MS m/z 389 (M + 1). Anal. Calcd for C, H,,N,0O,S: C
61.84, H 6.23, N 7.21. Found: C 61.87, H 6.35, N 7.27%.
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The replacement of the amide bond in a peptide backbone is a promising strategy in peptidomimetic
drug research. Over the various amide bond surrogates, the fluoroolefin moiety has been successfully
developed as an effective mimic. Today, fluorine-containing compounds account for a large proportion
of new active molecules in life sciences. The synthesis of fluoroolefin peptide mimics is not a trivial task

and innovative approaches often need to be addressed, in particular for the stereocontrol of the double
bond configuration and the chiral centres adjacent to the fluoroalkene. These fluorinated

peptidomimetics have been synthesised and evaluated as metabolically stable and/or conformationally
constrained analogs of enzyme inhibitors, and as tools for probing the function, structure, and binding

process of receptors.

Introduction

Peptides are promising candidates for the development of novel
therapeutic agents for the treatment of human diseases. The idea
of treating disease with molecules that the body itself synthesises is
very attractive, since high activity is expected. Progress in peptide
chemistry has made the synthesis of small peptides a routine task
but, despite interesting in vitro activity, their therapeutic use is
often hampered by a poor bioavailability and short physiological
half-lives. The design of small protein-like chains to mimic
peptides and their development as drug-like compounds is of
ongoing interest for both peptide and medicinal chemists. Indeed,
peptidomimetics have emerged as valuable tools since they offer
significant advantages over peptide-based drugs.! In particular,
a peptidomimetic that no longer has an enzymatically scissile
peptidic bond is not exposed to proteolytic cleavage by enzymes
in the digestive system and consequently possesses an extended
lifetime. The design of peptidomimetics as potential drugs requires
the incorporation of structural elements possessing functionalities
able to reproduce favorable geometry, electrostatic interactions,
polarity, and hydrogen bonds. The identification of functional
groups that can act as bioisosteric replacements of the amide
bond led to numerous syntheses of peptidomimetics.> Of the
functionalities that can effectively mimic the amide bond, the
carbon—carbon double bond of alkenes has been the subject of
several studies.® Peptide bonds exist in cisoid—transoid equilibrium
whereas alkene mimics do not isomerise and act either as a cisoid
equivalent for Z-alkenes or as a transoid equivalent for E-alkenes.
Peptides with olefin units are conformationally locked peptide
bond isosteres and also have increased lipophilicity, however, the
olefin bond is of very low polarity and intramolecular hydrogen
bonds are lost. Fluorine is the most electronegative atom, its
introduction onto the olefin moiety preserves the dipolar nature
of the peptide linkage and may participate in hydrogen bonding

UMR CNRS 6014, ECOFH, IRCOF, INSA de Rouen, 1 rue Tesniere,
F-76131, Mont-Saint-Aignan, France. E-mail: Xavier.pannecoucke@insa-
rouen.fr; Fax: +33-2-3552-2962; Tel: +33-2-3552-2427

between the backbone and the peptide bond surrogate even if the
interaction energy is weaker than in native peptides.* The hydrogen
bond notion has been supported by recent studies despite the
controversy on the existence of hydrogen bonds between the C-F
group and ~OH or ~NH donors.* Advantageously, fluoroolefins
have steric and electronic properties that provide closer structural
similarities with an amide bond. The electronic distribution
significantly differs in fluoroolefins compared to simple alkenes,
so the dipole moment of the zrans-fluoroolefin unit has the same
orientation as the amide bond but has a smaller value.® In
addition, the superior lipophilicity brought by the fluorine atom
may facilitate the membrane penetration, in particular the blood—
brain barrier passage. For these reasons, the fluoroolefin moiety is
considered as an excellent mimic for the peptide bond (Scheme 1).

Native dipepfide

P R /H.,

R

R‘I
;\N/H(H\ihl/‘l‘; _— ;\NJWNH 2
H . H H
o R

0]

z

tmnsoid“
1
P AVARS
H ;2 H H
R

F

Z-fluoroolefin E-fluoroolefin

Scheme 1

In 1990, Allmendinger et al. applied this concept.” Their pio-
neering work led to the synthesis of Gly-¥[(Z)CF=CH]-Gly and
racemic Phe-¥[(Z) or (E)CF=CH]-Gly dipeptide mimics.” They
also synthesised both enantiomers of the Phe-¥[(Z)CF=CH]-Gly
dipeptide mimic as fluoroolefin dipeptide isosteres of the Phe-Gly
region of the neuropeptide substance P (Fig. 1).”

In this synthetic route, the Z configuration of the alkene is
brought by the starting fluoroenaldehyde. The construction of
the stereogenic centre at the N-terminal residue is the result
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Scheme 2
of a diastereoselective aldol reaction at the C-terminal side (in

the B-position of the ester moiety) followed by chirality transfer
to the N-terminal side through the [3,3] sigmatropic Overman

rearrangement (Scheme 2). The substance P analogs were obtained
by elongation of the dipeptide mimics by a solid phase approach
and receptor binding assays were conducted. The full sequence
analog having the natural amino acid (Phe) configuration showed
equipotent activity to substance P whereas its diastereoisomer had
a 10 times lower binding affinity. This result clearly demonstrated
that fluoroolefin peptides can efficiently mimic endogeneous
peptides, provided alkene configuration and adequate absolute
configuration of stereogenic centres are synthetically controlled.

Consequently, the utilisation of fluoroolefin dipeptide mimics
requires the construction of the fluoroolefin with not only
regio- and stereocontrol, but also the control of the absolute
configuration of the stereogenic centres on both sides of the olefin
moiety. This field has become very dynamic in the past few years
with the involvement of many research groups, including ours, in
fluoroolefin dipeptide mimics. Synthetic methods for fluoroolefin
dipeptide mimics are presented in this article as well as results of
biological evaluations.
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Access to dipeptide mimics containing a fluoroolefin
moiety

Since Allmendinger’s pioneering work, numerous syntheses of
molecules bearing a fluoroolefin moiety have been reported in
the literature. In this article, only the synthesis of fluoroalkenes as
amide bond substitutes will be discussed. Essentially, two method-
ologies are known to get fluoropeptidomimetics: the olefination
reaction pathway that is the most applied and documented one,
and the more recent reductive defluorination reaction.

The various olefination reactions produce o-fluoro-a,f-
unsaturated esters as common intermediates towards fluoropep-
tide mimics. Bartlett and Otake have developed a synthesis based
on the condensation of the in situ generated diethylfluoroox-
aloacetate with a chiral aldehyde.® The stereoisomers of the
fluoroacrylate were separated by column chromatography and the
Z isomer was further transformed into Cbz-Gly-¥[(Z)-CF=CH]-
LeuXaa (Xaa = different amino acids) (Scheme 3).

N NaH EtOOC
07 " “~omeoms T " 0TBDMS

3 FCH,CO,Et g
CO,Et
Y (COED, Z/E(2.3:1)\(
COOH
NHCbzw
F Y
Scheme 3

Welch et al. used the Peterson olefination to prepare both Ala-
Y[(Z)-CF=CH]-Pro and Gly-¥[(Z)-CF=CH]-Pro fluoropep-
tidomimetics (Scheme 4).° On similar targets, Augustyns et al. ap-
plied the Horner—Wadsworth-Emmons (HWE) strategy to form
the fluoro skeleton of Gly-W[CF=CH]-Pro analogs (Scheme 4)."°
These two methods gave a mixture of stereoisomers Z and E that
could be separated by column chromatography.

_ (0]
Si
RO)K( ~ /LDA
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"HWE" : R = Et, Z/E (1:1.3); Y = CONHOAr, CN; R' = Ar, Alk; R?=H

Scheme 4

Sano and Nagao also developed a synthetic route to Gly-
Y[CF=CH]-Gly based on phosphonate chemistry."* Depending
on the reaction conditions, the £ or Z fluoroolefins can be obtained
selectively. A HWE reaction provided the E stereoisomer as a
major product whereas a tandem reduction—olefination reaction
gave the Z stereoisomer predominantly (Scheme 5).

Our group developed another approach to o-fluoro-a,p-
unsaturated esters based on a Wittig-type reaction with com-

non F
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ZIE (91:9 to 100:0)

Scheme 5

mercially available ethyldibromofluoroacetate followed by a
reduction of the ester group and a Mitsunobu reaction to get
the Gly-¥[(Z)CF=CH]-Gly dipeptide analog (Scheme 6).

0o EtO,C F F
—_— p—
H OR pph, / ZnEt, H OR H OH
ZIE (1:1)

Scheme 6

Other useful intermediates in the synthesis of dipeptide mimics
could be the gem-bromofluoroolefins. A synthetic route towards
these compounds was recently developed by our group.'® The first
step, which is the access to bromofluoroolefins, was envisioned
through a Wittig-type reaction reported by Burton er al** We
modified the initial experimental procedure changing the acti-
vating agent Zn to the more efficient ZnEt,. This minor change
has major consequences as the reaction became efficient for all
type of aldehydes as well as for ketones."** Then, a Nozaki—
Hiyama-Kishi (NHK) reaction was conducted on the bromofluo-
roalkene intermediates.’ Interestingly, only £ bromofluoroolefins
were reactive under the reaction conditions to get fluorinated
allylic alcohol whereas unreactive Z bromofluoroolefins could be
recovered (Scheme 7). A further Mitsunobu reaction revealed to
be difficult, as discussed in the literature,” and allowed us to get
two transoid racemic fluoropeptidomimetics, Val-W[(Z)CF=CH]-
Gly and Phe-¥[(Z)CF=CH]-Gly) with quite moderate yields. The
catalytic and enantioselective version of the NHK reaction is
currently under investigation in our group.

o CBr3F Br F CrCl, / NiBry

)J\/\ PPh, / ZnEt, “E/\ R2CHO

—_— —_—
4
H OR OR!
ZIE (1:1)
OH NHz
F. Br

F F

R2 R? (0]
OR OR! OH
R =/-Pr, Bn
Scheme 7

A complementary access to fluorodipeptide mimics was de-
veloped independently by the groups of Fujii and Otaka'® and
Taguchi.”” The method is a so-called reductive defluorination
reaction and led quasi-exclusively to Z fluoroolefins. The reac-
tion is based on a redox reaction on v,y-difluoroacrylates with
organometallic reagents: copper complexes, copper-aluminate
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derivatives or samarium diiodide (Scheme 8). Based on this
chemistry, Fujii and Otaka’s group recently developed a syn-
thetic route leading to a cyclic intermediate yielding only the E
fluoroolefin.!é¢

FEF R,Cu(CN)Li,.2LiBr.2LiCl F R
R’ = or Me,CulLi/RX R
%/\COZRz X"Nco,R?
or RzAl / Cul.2LiCl

Y Yy @
or Sml, / Electrophile
Y = OH, NHR?

Scheme 8

Recent progress in the asymmetric synthesis of
dipeptide mimics

Most of the methodologies described earlier in the text provide
achiral or racemic compounds. Nevertheless, some of them
lead to chiral non-racemic dipeptide analogs and many recent
publications in this area are devoted to the asymmetric synthesis
of fluoropeptidomimetics.

The most studied part of the dipeptide mimics for the stereo-
controlled introduction of a chiral centre is the C-terminal moiety.
Indeed, we can easily imagine modifying the acid function with
a chiral auxiliary to allow diastereoselective reactions. Bartlett
and Otake exploited the Evans chiral auxiliary to prepare the o-
hydroxymethyl aldehyde that is the substrate in the olefination
reaction described in Scheme 3.® Then, Waelchli et al. combined
the same strategy with Allmendinger’s work to create two stereo-
centres at the C-terminal moiety (Scheme 9).'®

O 0 (nBuyBTf oH O o
NEt : /l(
AN N + N/[( 43- AN - N
o [ — : 0
E R 2\/ F R 2\/
Ph o Ph
BocHNWOH R': Me, i-Pr, Bn

F ]

B —
—_—

Scheme 9

The stereogenic centre 3 to the carbonyl function was subjected
to an Overman rearrangement in order to transfer the chirality to
the N-terminal residue. The overall process, although not further
illustrated since 1996, is nevertheless a general method to introduce
stereocontrolled chiral centres on both sides of the fluoroolefin
moiety. About the C-terminal side, the modification of the acid
function with a chiral auxiliary could be envisioned as a simple
and general method to control a stereocentre a to the C-terminal
atom. Indeed, this reaction has been applied successfully by Kelly
et al. as the key step in the synthesis of a peptide analog bearing
a double bond as a peptide bond mimic, Phe-¥-[(E)CH=CH]-
Phe.”

As illustrated earlier in the text, the reductive defluorination
reaction involves the use of organometallic reagents and so seems
to be well-defined for the asymmetric addition of alkyl groups
or electrophilic reagents. Unfortunately, the reaction proved to
be non-stereoselective in most cases. Nevertheless, one interesting
case described by Taguchi about the Cu(1)-mediated reaction of
E-4,4-difluoro-5-hydroxyallylic alcohol with AIR; has to be noted.

In this reaction, good yields with diastereoselectivity syn—anti
superior to 95 : 5 and with the major formation of a Z double
bond (Z-E ratio > 95) were obtained allowing the preparation of
depsipeptide or dipeptide isosteres after chemical transformations
(Scheme 10).'7«17

OH ARy OH
Cul.2LiCl H
R X"oH T RN o
FF F R
OH 0
_—, R*WJ\OH
F R
Scheme 10

If we now take a closer look at Scheme 8, we see an ester
function that could be substituted to a chiral auxiliary allow-
ing asymmetric induction during the reductive defluorination
reaction process. Preliminary results in that way were given by
Taguchi et al. by means of different chiral auxiliaries, including
phenylmenthol, camphorsultam and oxazolidinone derivatives.'™
Only the camphorsultam auxiliary proved to be efficient in terms
of asymmetric induction with high diastereoselectivity (dr =
19 : 1) although in a quite low yield. Further developments of
this synthetic approach were reported by Fujii et al. in 2006.%°
Improved experimental conditions provided a more efficient and
general synthetic route to introduce a stereocentre at the C-
terminal side. Various electrophiles were introduced at the o-
position by a sequence of reduction—-transmetalation—alkylation
in good yields and with high diastereoselectivities (Scheme 11). In
addition, starting from an enantiopure é-amino-N-enoyl sultam,
this method provided an access to chiral dipeptide mimics with
controlled stereogenic centres on both sides of the molecules. In
particular, the synthesis of Val-¥[(Z)CF=CH]-Phe-OH dipeptide
mimic was realised.

F F 1) Me,CuLi.Lil F R
2) HMPA
P Y
NHBaoc 0 3) PhaSnCl NHBoc 0

4) RX
R = Me, Bn, CH,CO,t-Bu, Allyl
Y = (R) or (S)-N-camphorsultam

69-99% yield
80->95 % de

Scheme 11

Concerning the N-terminal moiety, only a few strategies of
asymmetric synthesis controlling the creation of a chiral centre
on this side of the molecule were described. Allmendinger et al.
were the first to get a chiral side chain on the N-terminal
part of the dipeptide. Nevertheless, as already discussed in the
text, this methodology set up initially the chirality at the C-
terminal side on the B-position before stereospecific transposition
to the N-terminal side by Overman rearrangment.” In 2004, Fujii
and Otaka introduced the chirality directly on the N-terminal
side of the dipeptide in the first step of the synthetic plan.
Ethyl ester derivatives of L-Val-¥[(Z)CF=CH]-Gly and D-Phe-
Y[(Z)CF=CH]-Gly were synthesised (Scheme 12).1%

In the search for an alternative and versatile method to introduce
chiral centres at the N-terminal side of the dipeptide mimics,
we recently reported the use of a fluoroenone as an advanced
intermediate that could be further transformed into the desired
dipeptide mimics (Scheme 13).
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To obtain the key fluoroenone, we developed a Negishi type cou-
pling reaction between bromofluoroolefins and alkoxyvinylzinc
species. The palladium coupling reaction proved to be very efficient
and highly chemical tolerant. Moreover, controlling the reaction
temperature, this reaction allowed us to get stereospecifically the
Z (transoid) as well as the E (cisoid) fluoroenones (Scheme 14).!

R2
o)
Fo, B JIA F R2 Br_ _F
Lﬁi cizn” DOEt | \/l[
- . +
Pd], THF, r.t.
R'™ “H (Pl R _“H R';H o
2) hydrolysis z R2 F
1A, [Pd], THE |
reflux R! H
2) hydrolysis E

Scheme 14

From these fluoroenones, an asymmetric reductive amination
was expected to lead to the desired peptide analogs. First,
we attempted an enantioselective process using oxazaborolidine
reduction of ether ketoxime derivatives (Scheme 15).%2

o R3O\N NH,
Chiral
e~ F ORGPy I oxazaborolidine gzt -F
| —— R2 | e |
R1 EtOH - R'

ee: up to 88%

Scheme 15

Unfortunately, the enantioselective reduction was only effective
for aromatic substrates but not for aliphatic substrates. We then
turned our attention to a diastereoselective process using fert-
butanesulfinamide as a chiral auxiliary. A one step procedure
was developed, involving the formation of fert-butanesulfinyl
ketimines followed by direct reduction using metal hydrides. This
method led to yields of up to 86% and is highly diastereoselective
(de up to 99%) (Scheme 16).%

An important feature is the possibility to get a complete reversal
of stereoselectivity changing the nature of the reducing agent
(Scheme 17).%

¢
9 $
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The fluoroolefin geometry or the presence of a chiral centre on
the C-terminal moiety did not disrupt the reduction process. We
applied this methodology to synthesise three chiral dipeptide mim-
ics: Fmoc-Ala-Y[(Z)CF=CH]-Gly, Fmoc-Ala-¥Y[(Z)CF=CH]-
Ala and Fmoc-Phe-¥[(Z)CF=CH]-Gly (Scheme 18).

0
i NHFmoc
But/S\NH :
S 1) HCI 4N/Dioxane R2 F
2 F 2) Fmoc-OSu/ NaHCO3 |
R /I/\ 3) Jones oxidation H COOH
H v~ “OTBDPS &

R! a: R1=H, R2=CHj
b: R'=H, R2=CH,Ph
c: R'=CHj3, R2=CHj

Scheme 18

Biological results and perspectives

Fluoroolefin-containing compounds could be used in various
biological applications such as binding affinity studies, enzyme
inhibition, enhancement of bioavailability, improvement of bio-
logical activity and conformational studies. Nevertheless, since
Allmendinger’s work,” there have only been a few biological
reports concerning fluoropeptidomimetics essentially because of
the lack of general methods leading to these products. Our recent
contribution and that from other groups provide new synthetic
tools for the rapid development of useful fluoropeptidomimetics.

Most of the reports are devoted to enzyme affinity and
biological consequences: agonism or antagonism. Bartlett and
Otake studied (some) fluoropeptides Cbz-Gly-¥[(Z)CF=CH]-
Leu-Xaa (with Xaa = Gly, Ala, Leu, Phe and NH,) in a structure—
activity relationship study with zinc peptidase thermolysin. These
peptide surrogates were found to be modest inhibitors.® In 1996,
Waelchli et al. studied a series of peptidomimetics of hPTH(1-
36), a parathyroid hormone (PTH)." They studied the role of the
first dipeptide residue Ser-Val of hPTH(1-36)-NH, changing the
peptidic bond by different isosteres. Among the different analogs
tested, a single fluoroolefin-containing compound displayed a
better binding affinity than natural substrates and better stim-
ulation of adenylate cyclase production in three different cell lines
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constituting highly potent analogs of hPTH(1-36)-NH,. Welch
et al. designed new molecules as potent inhibitors of dipeptidyl
peptidase IV, an enzyme involved in many biological processes,
which could serve as a target for the treatment of diabetes. The Ala-
Y[(Z)CF=CH]-Pro analog (with a cyano group on the pyrrolidine
ring) was revealed to have enzyme affinity with a very good
inhibition factor and stability.>* Augustyns et al. studied the
same kind of molecules, Gly-¥[(Z)CF=CH]-Pro analogs. They
demonstrated that the results were not conclusive for dipeptidyl
peptidase IV whereas their fluoroolefins were as good an inhibitor
of dipeptidyl peptidase II as the native peptides, and with better
solution stability."

Leumann and Hollenstein have introduced the fluoroolefin
moiety in peptide nucleic acids (PNA’s). Decamers containing
one modified amide bond as well as fully modified decamers and
pentadecamers in the Z locked rotameric form were synthesised for
evaluation of the base-pairing properties with DNA. The stability
of duplexes was found to be highly dependent on the number and
the position of the fluoroolefin(s); in particular, fully modified
polymeric PNA’s have reduced affinity to DNA, probably due to
self-aggregation caused by the enhancement of the hydrophobic
nature.”® In 2006, Fujii ef al. tested some fluoroalkene dipeptide
isosteres in a structural study of the di/tri-peptide transporter
PEPT1, amembrane protein for which the recognition mechanism
is still not fully elucidated. So, they used fluoroalkene and alkene
isosteres to find the preferential bioactive conformation and found
that, in each case, the transoid-amide analogs were more than
10 times more active than cisoid mimics with a receptor affinity
slightly lower than that of the parent peptide.'®

In the cases described above, the in vitro activity of the
fluoropeptides is sometimes lower compared to the activity
of the parent peptides. However, the lower biological activity
could be compensated for in vivo by better stability and greater
bioavailability. Research focused in this area is still in progress
and further developments are imminent. We recently initiated
a research programme aimed at synthesising fluoroanalogs of
biologically important peptides, such as the 26RFa neuropeptide,
which plays a crucial role in the regulation of appetite and food
consumption.*

Conclusions

The biological use of dipeptide mimics, although in rapid pro-
gression, remains too low with respect to the high potential of
small protein-like drugs. This is probably due to non-general
and/or non-asymmetric access to dipeptide analogs. Over the past
few years, the fluoroalkene moiety as a peptide bond surrogate
has gained high interest and should become more and more
employed thanks to recent synthetic developments. As a matter of
fact, different methodologies are now more efficient and general.
The variety of available chiral dipeptides is increasing. It has
to be noted that a lot of synthetic challenges are still under
investigation. The use of fluoroolefins as amide bond analogs
is becoming a tool of choice for different applications owing
to their versatility and their potential utility. The fluoroalkene
moiety could be used to design new bioactive compounds with
promising enzyme/receptor affinity and good bioavailability, not
only in the field of peptidomimetics but also as a replacement of the
amide bond in any other type of molecule in the pharmaceutical

domain. Finally, fluoroolefin-containing molecules could be used
as powerful tools in conformational analysis of bioactive peptides
and proteins. Indeed, the cis—trans isomerisation of peptide bonds,
which plays a crucial role in biological activity, could be better
studied using fluoroolefins to lock the configuration of the peptide
bond mimic.
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Density functional theory has been employed in investigating the efficiency of a series of bicyclic
analogues of proline as stereoselective organocatalysts for the aldol reaction. Three classes of
conformationally restricted proline analogues, as part of either a [2.2.1] or [2.1.1] bicyclic framework,
have been studied. Transition states for the stereoselective C—C bond formation between enamines
derived from [2.2.1] and [2.1.1] bicyclic amino acids and p-nitrobenzaldehyde, leading to enantiomeric
products, have been identified. Analysis of the transition state geometries revealed that the structural
rigidity of catalysts, improved transition state organization as well as other weak interactions influence
the relative stabilities of diastereomeric transition states and help contribute to the overall
stereoselectivity in the aldol reaction. These bicyclic catalysts are predicted to be substantially more
effective in improving the enantiomeric excess than the widely used organocatalyst proline.
Enantiomeric excesses in the range 82-95% are predicted for these bicyclic catalysts when a sterically
unbiased substrate such as p-nitrobenzaldehyde is employed for the asymmetric aldol reaction. More
interestingly, introduction of substituents, as simple as a methyl group, at the ortho position of the aryl
aldehyde bring about an increase in the enantiomeric excess to values greater than 98%. The reasons
behind the vital energy separation between diastereomeric transition states has been rationalized with
the help of a number of weak interactions such as intramolecular hydrogen bonding and Coulombic
interactions operating on the transition states. These predictions could have wider implications for the
rational design of improved organocatalysts for stereoselective carbon—carbon bond-forming reactions.

Introduction

The search for metal-free organocatalysts has been in the forefront
of research in organic chemistry in recent years."! Proline has
evolved as a prototypical example of an organocatalyst with
capabilities for a diverse range of asymmetric transformations.?
The last couple of years have witnessed increasing activities
toward identifying improved proline analogues as well as other
organocatalysts for asymmetric catalysis.® Both theoretical and
experimental studies have been reported that propose proline
analogues capable of catalyzing stercoselective aldol reactions.*
The synergy between experimental and theoretical studies has
contributed to the evaluation of the mechanism of proline-
catalyzed asymmetric reactions.’

In one of the earliest examples, reported more than three
decades ago, namely the Hajos—Parrish-Eder—Sauer—Wiechert
reaction, proline was found to be effective in catalyzing the
intramolecular asymmetric cyclodehydration of an achiral ketone
to the unsaturated Wieland—-Miescher ketone.* Whereas a number
of mechanisms were initially considered for this reaction, the
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one involving two molecules of proline in the catalytic process,
proposed by Agami et al., received early acceptance.” Recently,
Houk and co-workers have examined the involvement of different
mechanisms for this reaction using density functional theory
(DFT) methods.*® A number of possible transition states for
the key C-C bond formation step, which determines the stere-
ochemistry of the reaction, has been proposed. A carboxylic acid
assisted enamine mechanism involving only one proline molecule
was found to be favourable. In fact, this mechanism, originally
proposed by Jung,' was overlooked due to the widespread
acceptance of Agami’s mechanism. The single-proline-catalyzed
mechanism for aldol reactions was subsequently re-examined
by Houk, List and co-workers with the help of more accurate
experimental methods." Proline-catalyzed aldol reactions showed
a first-order kinetic dependence on the catalyst concentration,
and also exhibited a linear relationship between the enantiomeric
excess of proline and that of the product.’**! Thus, the latest
experimental results, in concert with DFT studies, support the
single-proline-catalyzed mechanism for aldol reactions.
Computational investigations have been used both in con-
junction with experimental studies and independently to gaining
insights into stereoselective organic reactions. The concurrence be-
tween the predicted and experimentally determined enantiomeric
excess has generally been quite impressive. Some such examples
include the studies on proline-catalyzed aminoxylations,> Man-
nich reactions,* and o-alkylations.*>* DFT calculations, in par-
ticular those using the B3LYP functional,’® have been effectively
employed in probing the differential interactions in diastereomeric
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TSs that contribute to the vital energy differences responsible for
enantioselectivity in these reactions.” Through their studies on
the proline-catalyzed asymmetric aldol reaction, Houk and co-
workers have demonstrated that enantiomeric excesses predicted
using the B3LYP transition state calculations are in remarkable
agreement with those obtained experimentally.”® Weak hydrogen
bonding as well as other electrostatic interactions are reported to
be crucial in stabilizing the transition states.'®!

Mechanistic investigations into the proline-catalyzed direct
aldol reaction between ketones and aldehydes using DFT have
been reported previously.'” The stereoselectivity has been iden-
tified as being controlled by the crucial C-C bond formation
step, which involves the nucleophilic addition of the enamine
to the electrophilic aldehyde and concomitant proton transfer
from the carboxylic acid group to the developing alkoxide ion
(Scheme 1).5='® Finally, hydrolysis of the resulting adduct, with
defined stereochemistry, furnishes the desired B-hydroxy ketone as
the product.

0 0 0
Q{ Q—( Ar-CHO Q—-?

OH = OH . 9
N A A
Syn-enamine  Anti-enamine NE
Ar” H
H,0 HO O
Ar/\/[K
Scheme 1 Addition of enamines to the electrophilic aldehyde in the

selectivity-determining step.

The prochiral faces of the electrophile and the syn and anti
conformations of the enamine could give rise to four different
stereochemical modes of approach between the reactants. Addi-
tionally, a number of possible TSs with varying dihedral angles
between the substituents around the incipient C-C bond can
also be envisaged. The lower energy TSs have been suggested to
possess intramolecular hydrogen bonding between the developing
alkoxide ion and the carboxylic acid group.™ The product ratio
and the enantiomeric excess calculated using such lower energy
TSs was found to be in good agreement with experimental
observation. In particular, the computed enantiomeric excess
using the gas-phase enthalpy of activation (AH ) was found to
be in close agreement with the experimental results. Furthermore,
the activation enthalpies have shown minimum error with respect
to the experimentally determined kinetic parameters.*

DFT methods have been successfully applied to gain better
insights on reaction mechanisms as well as towards rationalizing
experimental stereoselectivity in a number of cases other than
those described above.” We believe that the predictive potential
of theoretical models can be further exploited in accelerating this
burgeoning area of chemical research. From a slightly different
perspective, one can identify an underlying parallelism between the
virtual screening protocols adopted in rational drug design and our
DFT-based approach to designing new organocatalysts described
in the present context. Computer-aided methods using scoring
functions and related parameters have significantly contributed
to drug discovery, as well as to organic chemistry?! In the
present thesis, we intend to convey the use of quantum chemical
calculations as a virtual screening tool for designing improved
organocatalysts.

Among the increasing number of proline analogues reported
as potential organocatalysts, the major changes include con-
version/replacement of the carboxylic acid group as well as
elaborations at the B and y positions.? All such attempts thus
far have revolved around monocyclic proline analogues, except
for couple of reports on 4,5-methanoprolines.** The pyrrolidine
ring conformation in proline is believed to be important in chirality
transfer,® which could play a vital role in organizing the transition
state that is formed between the substrate and catalyst along the
most enantioselective path.'* The pyrrolidine ring is also known
to be better suited to aldol reactions than other cyclic secondary
amines such as pipecolic acid and 2-azetidinecarboxylic acid.*
Primary amino acids have also been studied as catalysts for aldol
reactions, but good enantiomeric excesses were observed only
when the substrates employed were cyclic ketones with reduced
conformational flexibility.**

Proline can exist in different interconvertible conformations by
virtue of the puckered pyrrolidine ring.*® Therefore, it is logical
to anticipate that restricting the conformational freedom of the
pyrrolidine ring could have a direct impact on the stereoselectivity
of reactions. Greater rigidity of the catalyst could impart improved
stability and organization of the transition states, and help keep
the entropy loss to a relatively minimal level. Moreover, detailed
knowledge on the controlling elements such as structure, confor-
mation and energetics of catalyst, substrate and transitions states
will be very valuable towards designing improved catalysts.'?2

We reasoned that introducing geometrical constrains on the
catalyst can lead to relatively ordered transition states capable
of influencing the stereochemical outcome of the reaction. One
of the broader objectives at this juncture is to propose how a
standard stereoselective aldol reaction can benefit from complete
modeling of the reaction and by close inspection of the selectivity-
determining transition state. In the present investigation, we
have designed a series of novel bicyclic-bifunctional analogues
of proline. These catalysts are evaluated for their ability to
promote the stereoselective aldol reaction between acetone and
p-nitrobenzaldehyde (Scheme 2), using DFT methods.

(o} OH
H
¢HO Major
(e} 1) Catalyst
)J\ * * NO,
M0 g on
NO -

2 )J\/\©\ Minor

NO,

Scheme 2 General scheme of the model aldol reaction investigated in the
present work.

Results and discussion

As described above, the mechanism of the organocatalyzed aldol
reaction has been proposed to proceed through an enamine inter-
mediate. In this study, we have entirely focused on the selectivity-
controlling C—C bond formation step in the aldol reaction between
acetone and p-nitrobenzaldehyde. This step involves the attack of
the enamine formed between acetone and the catalyst (a secondary
amine) on the electrophilic aldehyde. Since the aldehyde offers two
prochiral faces, the stereoselectivity of the overall reaction will be
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critically dependent on this step. In the present study, re and si
facial attack on p-nitrobenzaldehye by anti- and syn-enamines are
investigated. The TSs corresponding to attack of the anti-enamine
on the re and si faces of the aldehyde are respectively denoted as
a-re and a-si, and that of the syn-enamine are referred to as s-re
and s-si. These stereochemical modes of addition are depicted in
Scheme 3. The relative energies between the diastereomeric TSs are
then calculated, in order to obtain the kinetic preference for the
formation of one enantiomer over the other. This energy difference
is then translated into enantiomeric excess (ee) using the absolute
rate theory.™

Minor NO;

Major NO;

Scheme 3 Different possible stereochemical modes of addition for the
anti-enamine (derived from catalyst 3 and acetone) with benzaldehyde.

The catalytic ability of bifunctional amino acids, when tailored
onto a rigid bicyclic framework, in the aldol reaction is studied in
detail below. We have considered three important conformations
of proline contained within a bicyclic framework (Scheme 4). The
first set has an envelope conformation in which the -NH is out-of-
planeina[2.2.1]or[2.1.1] bicyclic system and its various analogues
(1-7). In the second set (8), C-7 heads the envelope conformation
of the proline skeleton. In the third set, the conformation of
proline has been constrained as part of a [2.2.1] or [2.1.1] bicyclic
system (9, 10). Additionally, a [2.1.1] bicyclic system having a 1,3-
relationship between the amino and the carboxylic acid groups
(11) is also investigated. Interestingly, the synthesis and other
applications of a few of these proposed azabicyclic compounds

N+ N N N
+_COOH COOH COOH COOH
Me. 2 5 l<;
Me
345 (0]
COOH
><;FOOH LC£%€SOOH }<;?°°H 2%}55
COOH
el:k%g/COOH ‘ii}j7/COOH g:

Scheme 4 Bicyclic bifunctional asymmetric catalysts for the stereoselec-
tive aldol reaction.

are known.”” Some of these azabicyclics have been reported to
be useful as peptidomimetics, since they are capable of inducing
conformational changes in peptides, which could be useful in
studying receptor recognition.?®

The pyrrolidine envelope conformer with an out-of-plane
-NH group, when contained within a bicyclic framework as in
1 and 2, will apparently lose its inherent chirality due a plane of
symmetry. While restricted conformers, such as that in a [2.2.1]
bicyclic system, could have significant nitrogen inversion barriers
(AG..p = 13.77 kcal mol ™), the molecule will be achiral under most
practical conditions.? Such a high barrier probably arises due to
the repulsion between nitrogen lone pairs and bonding electrons
on the two carbon—carbon bridges and the lack of flexibility at
the C-N-C bond angle. To impart inherent chirality to these
catalysts and also as an early step towards investigating the effect
of substituents, we introduced methyl groups at suitable positions
on the bicyclic system, as shown in Scheme 4 (1 and 2). The
azanorbornyl systems bearing a nitrogen at the 7-position (see the
numbering for compound 1, Scheme 4) are known to be highly
pyramidal around the nitrogen atom.** The orientation of the
carboxylic acid group at the bridge-head position is therefore
expected to be restricted due to the intramolecular hydrogen
bonding with the amino nitrogen.** Another logical extension at
this juncture is to restrict the amino group to an out-of-plane
position with the help of a methylene bridge, as in a [2.1.1] bicyclic
system. This will result in catalyst 3. The predicted enantiomeric
excesses for the asymmetric aldol reactions obtained using these
bicyclic catalysts, along with the underlying factors responsible for
the stereoselectivity, are summarized below.

As described earlier, the stereoselectivity is controlled by the
addition of enamines to the electrophile. We have therefore
considered two important enamine conformations as a starting
point. On the basis of the computed energies, the lowest energy
conformer of the enamine derived from different catalysts could
either be syn or anti with respect to the carboxylic acid group.
The syn-enamines formed from catalysts 1-7 are found to be
more stable than the anti-enamines.*> More importantly, the
TSs for the addition of enamines to aldehydes are found to
be energetically more favourable for the syn-enamines than for
the corresponding anti-enamines. As a representative example,
optimized TS geometries for four possible addition modes of
enamine 1 to p-nitrobenzaldehyde are provided in Fig. 1.

When the enamine adds to the aldehydic group, the developing
alkoxide ion tends to abstract the proton from the carboxylic
acid group (Scheme 1). The analysis of the TSs revealed that the
geometry for such proton transfer is optimal for TSs involving the
syn-enamine.*® Further, the geometric distortion suffered by the
resulting iminium ion in the case of the syn-enamines is found to
be minimal when compared with an ideal planar geometry around
the nitrogen atom, exhibiting closer resemblance with the product
geometry. These factors would undoubtedly contribute toward
improved stabilization for the syn-enamine TSs. The planarity of
the putative iminium moiety for each TS is analyzed in detail
using the C,;,,~N-C—Ci,ium dihedral angles, described as 0,— 0,
(inset, Fig. 1).** Interesting correlations between the activation
barriers and these dihedral angles emerge when different TSs are
compared. Larger deviations from planarity are generally found
for additions involving higher activation barriers. For instance,
the 6, and 6, values in the lower-barrier s-re and s-si TSs for
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Fig. 1 The B3LYP/6-31G*-optimized transition state geometries for
four unique stereochemical modes of addition for enamines derived from
catalyst 1 to p-nitrobenzaldehyde. Only selected hydrogens on the catalyst
are shown for clarity. Activation barriers AET were obtained at the
CPCM/B3LYP/6-311+G**//B3LYP/6-31G* level using DMSO as the
solvent. Angles are given in degrees and distances in A.

catalyst 1 imply a nearly planar geometry around the iminium
nitrogen. The deviation for the syn-enamine additions are found
to be only about +5°, whereas the corresponding values for
the a-re and a-si TSs are of the order of £35°, indicating a
larger geometric distortion for the developing iminium ion. Such
deviations lead to reduced electrostatic stabilization in the TSs
and perhaps result in higher activation barriers for anti-enamine
additions than for syn-enamines. Interestingly, the differences in
activation barriers between the syn- and anti-enamine additions
are much more pronounced in [2.1.1] bicyclic catalysts (3, 5
and 7) than in [2.2.1] bicyclic systems. It may be noticed that
the rigidity of the [2.1.1] bicyclic framework leads to a less
favourable proton transfer from the carboxylic acid group to
the developing alkoxide in the anti-enamine TSs. Such a proton
transfer is facilitated at the expense of greater geometric distortion
around the developing iminium nitrogen.** Another contributing
factor helping to achieve additional stabilization for the s-re TSs
presumably originates from the C-H - - - 7t stabilizing interaction
between the CH;-hydrogens of the enamine/iminium with the
aryl group of the aldehyde (Fig. la).** Other stereoisomeric
TSs involved in this example (i.e., s-si as well as a-re/a-si TSs)
lack such interactions. The relative activation barriers would
eventually depend on the presence or absence of all these stabilizing
interactions. The relative activation enthalpies calculated based on

Table1 Computed activation barriers (AE) obtained at the
CPCM puso,/B3LYP/6-311+G™ //B3LYP/6-31G* level for the addition
of enamines to p-nitrobenzaldehyde, and the corresponding enantiomeric

excess for catalysts 1 to 7¢
R R <

o) o) 0
Noo Noo oo oo
N /\H /j\\\ofH )\\OfH

\O,

Ar/l\H H/j\Ar Ar)\H H)\Ar
a-re a-si s-re s-si
AE"/kcal mol~' ®
Mode of
Catalyst approach Absolute Relative ee (%)
1 a-re 4.52 (6.77) 2.09 (2.20) 87 (87)
a-si 7.40 (9.59) 4.97 (5.02)
s-re 4.13(6.16) 0.00 (0.00)
§-si 5.73(7.75) 1.60 (1.58)
2 a-re 0.59 (3.95) 2.38 (2.84) 85 (85)
a-si 3.56 (6.79) 5.35 (5.69)
s-re 4.93 (6.69) 0.00 (0.00)
s-si 6.43 (8.21) 1.50 (1.52)
3 a-re 12.22 (15.35) 13.04 (14.57)  82(87)
a-si 15.28 (18.25) 16.11 (15.86)
s-re 0.59 (6.29) 0.00 (0.00)
S-si 1.96 (7.89) 1.37 (1.60)
4 a-re 8.26 (10.47) 3.75 (4.02) 91 (92)
a-si 11.22 (17.24) 6.72 (10.79)
s-re 7.16 (8.94) 0.00 (0.00)
S-si 8.99(10.87) 1.82(1.93)
5 a-re 12.15 (15.69) 13.31 (14.28) 92 (89)
a-si 31.32(2.21) 32.48 (2.91)
s-re 3.25(6.71) 0.00 (0.00)
S-si 5.18 (8.43) 1.93(1.72)
6 a-re 22912575  20.59(20.52) 90 (91)
a-si 10.17 (13.30) 7.85 (8.08)
s-re 11.02 (8.06) 0.00 (0.00)
s-si 12.81 (9.88) 1.79 (1.81)
7 a-re 21.66 (22.33) 16.10 (16.24) 84 (85)
a-si 24.87 (25.43) 19.31 (19.34)
s-re —0.97 (1.16) 0.00 (0.00)
s-si 0.49 (2.67) 1.47 (1.50)

“The graphic shows a schematic representation of the TSs corresponding
to the attack of the anti/syn-enamine on the re/si face of the aldehyde
(for catalyst 3). * Gas-phase activation barriers AH" o including scaled
zero-point energies obtained at the B3LYP/6-311+G" /B3LYP/6-31G*
level are given in parentheses.

the lowest-energy TSs and the corresponding enantiomeric excess
for all the proposed catalysts in this series are summarized in
Table 1.

On the basis of the calculated absolute and relative activation
barriers, it is noticed that the syn-enamines (s-re) derived from
catalysts 1-7 tend to exhibit a general preference for re-face
attack on the aldehyde. The TSs belonging to this series enjoy an
additional C(B)H --- O hydrogen bonding stabilization between
the developing alkoxide and a suitably aligned C(f) hydrogen,
as depicted in Fig. 1. The conformation of pyrrolidine in the
bicyclic systems aids the formation of these favourable weak
interactions, which could influence the relative stabilization of the
diastereomeric TSs. As a rational design strategy, we envisaged that
fine-tuning the acidity of C(f)H might have a direct bearing on
the relative energies of the TSs. Thus, replacement of adjacent C(y)
methylene group of the azabicyclic system by more electronegative
heteroatoms was considered. The presence of an o-heteroatom
will impart enhanced acidity to the C(f8) hydrogen and thus will
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improve its ability towards stabilizing the developing alkoxide in
the TS.*” We have studied a series of o-heteroatom-substituted
azabicyclic catalysts (4 to 7). Computed enantiomeric excesses with
these catalysts are indeed found to be encouraging (Table 1). The
enantiomeric excess is consistently higher than the corresponding
unmodified bicyclic catalysts as well as the parent proline. For
example, the predicted enantiomeric excess for catalyst 3 is 82%,
while that for 5 is as high as 92%. These values are noticeably
higher than the experimental values (as well as the DFT-predicted
values) for the proline-catalyzed direct aldol reaction.®®

The nature and position of the substituents on the catalyst
could be employed as an effective method in fine-tuning the
stereoselectivity. This is evident from the modest improvement in
the enantiomeric excess noticed for catalyst 1 when compared to 2.
When the methyl substituent is placed closer to the enamine, as in
1, the stereoselectivity is found to be better. Further elaborations
using larger substituents could be valuable for improving the over-
all selectivity, even for sterically unbiased substrates. Examination
of the optimized TS geometries provided in Fig. 1 clearly shows
that the C(}') substituent can directly influence the orientation of
the carboxylic acid group, which in turn can affect the crucial
proton transfer process. To confirm the existence of any such
effects, the C(B')H in a representative case (catalyst 4) is substituted
by a chlorine atom. As in the previously described approach, all
four TSs for this modified catalyst are identified.

Geometric comparison between these catalysts can be per-
formed with the help of the optimized geometries provided in
Fig. 2. The orientation of the carboxylic acid group in the TSs
when C(f)-H is substituted with chlorine, labeled as 4/, is found
to be different from that in catalyst 4 ((a) and (b) in Fig. 2).* The
computed enantiomeric excess for 4 is found to be quite similar
to that for the corresponding unsubstituted system (4). Another
critical position on the catalyst framework is the C(f) position. In
the lowest energy addition TSs for the [2.1.1] and [2.2.1] catalysts,

© Nitrogen
w=<N4CC504

w5=<N;C;C405 @ Oxygen

0=-65.7
0= 118.0
(a)ds-re =

(b)4C(p)Cls-re

Fig. 2 The B3LYP/6-31G*-optimized lowest-energy TSs of catalysts 4
and 4’ (with Cl at the C(f') position) and 5. Only selected hydrogens on the
catalyst are shown for clarity. Angles are given in degrees and distances
inA.

the C(B)H - - - O° interaction is found to be stronger in the [2.1.1]
catalyst, according to the optimized distances (Fig. 2a.c).* The
effect of the C(f)H---O=C-O interaction in influencing the
carboxylic acid group orientation is found to be nearly nonexistent
with the [2.1.1] system (a distance as large as 3.3 A is noticed in the
case of catalyst 5). Interestingly, both these catalysts (4 and 5) are
predicted to give nearly the same enantiomeric excess (Table 1).
Therefore, the orientation of the carboxylic acid group does not
seem to directly relate to the stereoselectivity, while the activation
barriers are found to be different in catalysts 4 and 5.

Computed activation barriers of the C—C bond formation step
with the syn-enamine derived from [2.1.1] catalysts are found to
be much lower than that with the [2.2.1] catalysts. Further, the
energy differences between the TSs for syn- and anti-enamine
additions to the electrophile are more pronounced in the [2.1.1]
system. Inspection of the imaginary frequencies pertaining to the
desired reaction coordinate convey interesting facts. While the
imaginary frequency in the case of anti-enamines corresponds to
the concomitant C-C bond formation and the proton transfer,
it is dominated by the C—C bond formation in the case of the
syn-enamines. On the basis of the C—C bond distances (in the
range 1.95-2.10 A with syn-enamines and 1.75-1.85 A with anti-
enamines)* and the proton transfer distances in the TSs, it is
evident that the syn-enamines proceed through a relatively early
transition state, whereas late transition states are noticed for the
anti-enamines.

Another structurally different type of catalyst considered in this
study has the C-B (C-7) of the pyrrolidine ring at the apical position
in the [2.2.1] bicyclic system (8). The syn-enamine generated
from catalyst 8 is found to be marginally more stable than
the corresponding anti-enamine. Among the four stereochemical
modes of addition of enamine to the electrophile, the a-re TS is
the lowest energy TS leading to C-C bond formation (Fig. 3).
Geometrical features provided additional insights on the factors
contributing to the energy differences between these TSs.

A network of stabilizing weak interactions is found to be
relatively in favour of the anti-enamine TSs. These include (i) a
hydrogen bonding interaction between the developing alkoxide
and the partially positive hydrogen of carbon adjacent to nitrogen
(Fig. 3,*NC(0)H - - - O*~ = 2.62 A in a-re/a-si), (ii) intramolecular
hydrogen bonding between C(B)H and the developing alkoxide
(2.76 A in a-re and 2.81 A in a-si), and (iii) a Coulombic interaction
between the incipient iminium nitrogen (N*") and the alkoxide
(2.67 A in a-re and 2.68 A in a-si). In an effort to achieve optimal
proton transfer distance between the carboxylic acid group and the
developing alkoxide in syn-enamine TSs, change in orientation of
the substituents around the incipient C—C bond takes place and
results in lowering of intramolecular stabilizing interactions. The
orientation of substituents around the forming C-C bond is more
eclipsed in the syn-enamine TSs. The highest-eclipsing interactions
are found with the s-si TS. (Fig. 3, o = —118° in s-si) In all
the TSs (derived both from syn-enamines and anti-enamines), the
orientation of the carboxylic acid group is found to be assisted by
an additional interaction between the -COOH group and C(f)H
(Fig. 3).

The computed activation barriers for the addition of syn-
enamines derived from catalysts 8 are much higher than that for the
corresponding anti-enamines. Now, among the two lower energy
diastereomeric TSs from anti-enamines, the a-re TS is found to
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Fig. 3 The B3LYP/6-31G*-optimized transition state geometries for
four unique stereochemical modes of addition for enamines derived from
catalyst 8 to p-nitrobenzaldehyde. The key weak interactions contributing
to the transition state stabilization are shown. Only selected hydrogens on
the catalyst are shown for clarity. Activation barriers, AE", are obtained at
the CPCM/B3LYP/6-311+G**//B3LYP/6-31G* level using DMSO as
the solvent. Angles are given in degrees and distances in A.

be the lowest energy TS, where the phenyl substituent is in the
least-hindered position (Fig. 3). The energy difference between
the two lower energy TSs (a-re and a-si) leading to diastereomeric
products is found to be 2.12 kcal mol™', corresponding to an
enantiomeric excess of 95%. Comparison of activation barriers
and enantiomeric excesses for this series of catalysts (8, 9 and 10)
are grouped together in Table 2.

In another group of catalysts considered in the present study,
the envelope conformer of the parent proline is maintained, as part
of a bicyclic system, as in 9 and 10. These catalysts also exhibited
a preference towards anti-enamine addition involving the a-re TS
as the lowest energy pathway. A more staggered arrangement of
substituents around the new C-C bond is noticed with the anti-
enamine TSs, while it is more eclipsed with the syn-enamine TSs.*
Such geometric features evidently lead to a higher-energy TSs
for the syn-enamine addition pathway. Between the anti-enamine
TSs, the re-facial attack on the aldehyde is favoured over the
corresponding si-facial approach, since the aryl substituent on the
aldehyde in the former is found to be sterically better positioned.*

Perhaps the most striking feature emerging from the present
investigation relates to the correlation between the catalyst struc-

Table 2 Computed activation barriers AET obtained at the CPCM ppso)/
B3LYP/6-311+G™ //B3LYP/6-31G* level for the addition of enamines
to p-nitrobenzaldehyde, and the corresponding enantiomeric excess for 8
to 11

AE"/kcal mol™' @

Mode of
Catalysts approach Absolute Relative ee (%)
8 a-re 6.55 (4.56) 0.00 (0.00) 95 (95)
a-si 8.68 (6.76) 2.12(2.20)
s-re 15.34 (13.94) 8.15 (8.61)
s-si 14.47 (12.23)  7.28 (6.90)
9 a-re 3.56(5.95) 0.00 (0.00) 75 (88)
a-si 4.69 (7.62) 1.12 (1.66)
s-re 15.55(13.03) 10.48 (2.77)
S-si 7.92(13.91) 2.86 (3.64)
10 a-re 7.90 (6.74) 0.00 (0.00) 80 (91)
a-si 9.21 (8.62) 1.31 (1.87)
s-re 5.67(9.23) 1.19(2.02)
S-si 6.54(10.06)  2.06(2.84)
11 a-re 7.87 (13.30) 3.62(7.57) 5(65.2)
a-si 8.57 (12.88) 4.32(7.16)
s-re 4.72 (5.95) 0.06 (0.00)
S-si 4.66 (6.88) 0.00 (0.92)

* Gas-phase activation barriers AH "¢ including scaled zero-point ener-
gies computed at the B3LYP/6-311+G™ /B3LYP/6-31G* level are given
in parentheses.

ture and stereoselectivity. The agreement between the computed
enantiomeric excess with that obtained experimentally for proline-
catalyzed aldol reaction is found to be excellent. The ee pre-
dicted by DFT and the experimental value are 75% and 76%
respectively.’»® Tt is worthwhile to compare the enantiomeric
excess calculated for catalysts 9 and 10 with that of proline, from a
structure-selectivity point of view. The predicted ee for catalyst
9 is conspicuously quite close (74%) to the parent proline. In
compounds 9 and 10, even though the same proline conformation
can be thought of as being constrained in a bicyclic framework,
the increased rigidity of the [2.1.1] system is found to be good in
improving the enantiomeric excess in 10 (Table 2).*

The position, orientation and acidity of the carboxylic acid
group are known to be important in contributing to the catalytic
ability of proline and its derivatives in promoting aldol reactions.
For instance, proline and pyrrolidine-3-carboxylic acid have been
reported to yield products of opposite stereochemistry in the
Mannich reaction between 3-pentanone and N-PMP-protected a-
iminoester.* To verify how a bifunctional variant of proline (with
a 1,3 relationship between the amino group and the carboxylic
acid) performs compared to other bicyclic catalysts, we considered
a [2.1.1] bicyclic system (Scheme 4, catalyst 11). The computed
activation barriers and the enantiomeric excess are given in Table 2.
Though the carboxylic acid group is not adjacent to the enamine
nitrogen, the distance is found to be close enough to facilitate the
crucial proton transfer to the developing alkoxide.* In the case of
catalyst 11, the syn-enamine is found to be more stable than the
anti-enamine. Further, the TSs resulting from the syn-enamines
are much stable than those formed from the anti-enamines, but
the energy difference between the syn-enamine TSs is very low.
Hence the overall enantioselectivity of this catalyst is found to
be the lowest among the present series of catalysts investigated.
Based on the computed enantiomeric excess, it seems evident that
the 1,2-relationship between the secondary amino group and the
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carboxylic acid group is a highly desirable feature for amino acids
to act as potential asymmetric catalysts for aldol reactions.
Encouraged by the enhanced stereoselectivity predicted for the
bicyclic variants of proline, we have decided to examine how
substrate-level changes (electrophilic aldehyde) will respond to
these catalysts. Different substitutions on the aromatic aldehyde
are therefore studied for their reaction with the enamine derived
from a representative catalyst (2). Methyl substitution at the 2,6-
positions of the aromatic aldehyde are found to be quite effective,
increasing the enantiomeric excess up to 99%. Furthermore, the
role of electronically active substituents (at the para-position) on
the energetics of addition has also been investigated. The calcu-
lated activation barrier, as well as the enantiomeric excess, showed
little variation compared to the original p-nitrobenzaldehyde.*

Conclusions

The possible role of azabicyclic compounds (1-10) as potential
organocatalysts in asymmetric aldol reaction between acetone
and p-nitrobenzaldehyde are investigated. The stereoselectivity-
determining step, similar to that of the established proline-
catalyzed aldol reactions, are carefully examined by locating all
stereochemically pertinent transition states using DFT methods.
The calculations showed that these catalysts could be highly effec-
tive for aldol reactions, compared to popular organocatalysts such
as proline. The simplest bicyclic analogues of proline are predicted
to give better enantiomeric excesses. Suitable substitutions on
these bicyclic frameworks are found to be a superior protocol in
modulating the stereoselectivity of bifunctional secondary amino
acids. Catalysts 1-8, which are predicted to give enantiomeric
excess from 82 to 95%, are expected to be superior over proline, for
which the calculated enantiomeric excess is only 75%. The reaction
is expected to proceed with greater ease, as the predicted activation
energies are lower. Analysis of various intramolecular interactions,
such as Coulombic and hydrogen bonding interactions, operating
in the diastereomeric transition states, are found to be helpful
in rationalizing the predicted stereoselectivity induced by these
catalysts.

Computational methods

Geometry optimization of reactants, intermediates, and transition
states were carried out at the B3LYP/6-31G* level of theory'**
using the Gaussian 98 and Gaussian 03 suites of quantum
chemical programs.*® All the stationary points on the respective
potential energy surfaces were characterized at the same level of
theory by evaluating corresponding Hessian indices. Enthalpies
were obtained by adding scaled zero-point vibrational energy
corrections (ZPVE)* and thermal contributions to the gas-
phase energies using standard statistical mechanics procedures
as implemented in the Gaussian suite. Careful verification of
the unique imaginary frequencies for the transition states has
been carried out to check whether the frequency indeed pertains
to the desired reaction coordinate. Further, intrinsic reaction
coordinate (IRC) calculations were carried out to authenticate
the transition states.*™' Activation barriers refer to the enthalpy
of activation, obtained as the energy difference between isolated
reactants and the corresponding transition state structures. En-
thalpies are calculated by adding scaled ZPVE (0.9806)* and

thermal contributions to the ‘bottom-of-the-well’ energy values.
Single-point energies were then calculated using a more flexible
triple zeta quality basis set, namely the 6-311+G** (with 6d-
functions) with the continuum solvation model, using the SCRF-
CPCM method,” with the united-atom Kohn-Sham (UAKS)
radii. DMSO was used as the continuum solvent dielectric (¢ =
46.7). All the SCRF calculations were performed with the default
options implemented in Gaussian 03. These energy values include
the solvent polarity effects, in the form of electrostatic terms, on
the gas-phase-computed energies. Earlier reports have suggested
that the electrostatic contributions are more important than the
non-electrostatic terms in the continuum models.*®* The estimates
based on these values are also found to be in very good agreement
with the experimentally available selectivity known for proline.*®
Unless otherwise specified, the values reported within the SCRF-
CPCM framework pertains to the free energy of solvation G¢, with

sol

all the electrostatic terms (denoted as E in the text). Full geometry
optimizations with the continuum solvation model might lead
to changes in geometries and energetics. Unfortunately, such
calculations are prohibitively expensive on larger molecules (with
regard to the level of theory) reported here. Further, the focus is
on the relative energies of diastereomeric transition states than on
the absolute activation parameters. One can therefore expect that
the computed values should be sufficiently reliable to be able to
draw meaningful conclusions.
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Intracellular uptake of a lipid-membrane-incorporated Cg,
with a cationic surface into Hela cells was found to induce
cell death under visible light irradiation in high efficiency.

Recently, liposomes have been of great interest as materials for
drug delivery systems (DDSs), such as photodynamic therapy
(PDT) and in gene therapy.’? Advantages of utilising liposomes
include the lack of immune and/or inflammatory responses, lower
cost, and ease of large-scale manufacture. Moreover, because
most photosensitising drugs (PSs) are hydrophobic, e.g. porphyrin
derivatives,* the liposomes act as solubilising agents for the drugs.
Although most sensitisers currently under clinical evaluation
for PDT are porphyrins or porphyrin-based molecules,® the
combination of absorption of visible light by fullerenes and the
formation of a long-lived triplet state allows fullerenes to act
as PSs.’ Therefore, we employed lipid-membrane-incorporated
Cg®” (LMI[60]fullerene; Scheme 1) as PSs for three reasons:
(1) unmodified Cq in vesicles can generate 'O, through energy
transfer or a Cy anion radical by electron transfer more efficiently
than other chemically modified Cg derivatives;*® (ii) various
vesicles with positively charged, negatively charged, non-ionic
and zwitterionic surfaces can be prepared through a selection
of lipids such as phospholipids, aminolipids and glycolipids,
which might confer a function as a drug carrier;'® and (iii) large
vesicle formation is promising for enhanced permeability and
retention (EPR) effects.>!! Recently, we reported that various types

Scheme 1 Scheme of the LMI[60]fullerene structure.
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T Electronic supplementary information (ESI) available: Average particle
sizes, detection of 'O, generation by a chemical method, cell’% stained by
PI, fluorescence microscopy. See DOI: 10.1039/b701767¢g

of LMI[60]fullerene with ‘high C4 concentrations’ are readily
prepared in several hours using the C, exchange method from
the y-cyclodextrin (y-CDx) cavity to vesicles.® Furthermore, this
method can be treated as a homogeneous system which requires
no separate incorporated and insoluble C, by gel exclusion chro-
matography because all Cy, are transferred from the y-CDx cavity
to lipid membranes to yield vesicle-incorporated Cq. The DNA
photocleaving activities of these LMI[60]fullerenes depend on the
surface charges of their vesicles. Particularly, the photocleaving
activity of cationic LMI[60]fullerenes was considerably higher
than that of the Cq-y-CDx complex. In this study, we assayed
biological activities of various types of LMI[60]fullerenes under
visible light irradiation.

All liposomes were prepared through sonication of an aqueous
dispersion of dimyristoylphosphatidylcholine (1) only, 1 and a
cationic lipid 2 or an anionic lipid 3 in a 9 : 1 molar ratio with
a cup-type sonicator at 50 W for 1 h. All LMI[60]fullerenes were
prepared using an exchange reaction between the liposomes and
the Cg-y-CDx complex™? by heating at 80 °C for 1 h, as described
in previous works.*"* Size distributions of the liposomes were
studied using dynamic light scattering (DLS). Table S1 (see ESI 1)
shows the average diameters of all liposomes before and after the
exchange reaction of C4. Final concentrations of the respective
components were evaluated using integral intensities of their 'H
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NMR spectra, where [y-CDx] = 1.02 mM, [Cg] = 0.10 mM and
[lipids] = 1.00 mM (y-CDx—Cg—lipids = 10.2 : 1 : 10). On the other
hand, lipid-membrane-incorporated fluorochromes (LMIF) were
prepared using lipids containing 0.5 mol% 4.

We confirmed 'O, generation using a chemical method with the
disodium salt of 9,10-anthracenedipropionic acid as a detector.'
The decrease in absorbance at 400 nm (absorption maximum
for disodium salt of 9,10-anthracenedipropionicacid) is shown in
Fig. S1 (see ESIY), in [lipids] = 146 uM of LMI[60]fullerenes of
1+ 2,1and 1+ 3, as a function of the time of light exposure.
The plots for the LMI[60]fullerenes of 1 + 2, 1 and 1 + 3 showed
decreased absorbance concomitant with the increased time of light
exposure, indicating the generation of 'O, with efficiency in each
of the LMI[60]fullerenes.'®

The intracellular uptake of LMIFs by HeLa cells was observed
with fluorescence microscopy at the emission wavelength of
fluorochrome. The HeLa cells were incubated with LMIFs of 1
+2,1and 1 + 3 at a lipid concentration of 50 pM on 24-well
culture plates for 24 h in air containing 5% CO, at 37 °C (Fig. 1).
Consequently, one can conclude that only the ‘cationic’ LMIF
of 1 + 2 delivers a fluorochrome into HeLa cells. On the other
hand, the ‘neutral’ and ‘anionic’ LMIFs of 1 and 1 + 3 cannot
deliver a fluorochrome into HeLa cells (Fig. 1d-1f). Efficiency of
incorporation of LMIFs of 1 + 2 to HeLa cells was 100%, as judged
by flow cytometric analysis (data not shown). Similar results were
obtained in a study for the ‘neutral’ Cy-y-CDx complex and the
‘neutral’ Cq-PVP complex. Effects of the surface densities were
consistent with those described in previous reports.”’

Fig. 1 Phase contrast (a—c) and fluorescence (d-f) images of LMIFs in
HeLa cells. (a) and (d): LMIFs of 1 + 2, (b) and (e): LMIFs of 1, (c) and
(f): LMIFsof 1 + 3.

These LMI[60]fullerenes were evaluated in culture for photo-
dynamic activity toward HeLa cells. Cell cultures were incubated
for 24 h in the dark with [lipids] = 50 uM of LMI[60]fullerenes of
1+ 2,1and 1 + 3 on 35 mm culture plates with 5% CO,. After
incubation, the plates were rinsed with sterile PBS and replaced
by fresh medium. The plates were immediately exposed to light
at 350-500 nm for 2 h each. The power at the cell level was 19
mW cm~2. Cells treated with the LMI[60]fullerene of 1 + 2 showed
abnormal shape after light irradiation, whereas other treatments
induced no apparent change (Fig. 2a-2i). This morphological
change was probably caused by cell death because the cell was
unable to exclude the propidium iodide (Fig. 2d-2f). Hoechst
33342 was used to visualise all cells. The number of cells was
the same for each set of conditions (Fig. 2g-21). The quantitative
data of cell viability are shown in Fig. 3, and Fig. S2 and Table

Fig. 2 Photodamage from LMI[60]fullerenes in HeLa cells. The cells
were exposed to light (350-500 nm) for 2 h at 19 mW cm~? and observed
using microscopy: phase contrast images (a—c), exclusion of propidium
iodide (d-f) and staining with Hoechst 33342 (g-i). For (a), (d) and (g):
LMI[60]fullerene of 1 + 2. For (b), (¢) and (h): LMI[60]fullerene of 1. For
(¢), (f) and (i): LMI[60]fullerene of 1 + 3.

S1 (see ESIT). In all cases, 84.8% of cells were stained with PI by
treatment of the LMI[60]fullerene of 1 + 2 in combination with
light irradiation, but few cells were stained by other neutral and
anionic LMI[60]fullerenes (3.8% for 1 and 0.9% for 1 + 3), or by the
LMI[60]fullerene of 1 + 2 without light irradiation (0.1%). These
results are consistent with those for the intracellular uptake of
LMIFs, indicating that intracellular LMI[60]fullerenes can act as
photosensitisers. No LMI[60]fullerene showed dark cytotoxicity
to HeLa cells after 24 h incubation (Table S1; 0.0-1.3%7).
Apoptotic dead cells were evaluated using an Annexin V-Biotin
apoptosis detection kit (R & D Systems, Inc.) to examine the
mode of cell death in the LMI[60]fullerene of 1 + 2. The procedure
was conducted according to the manufacturer’s recommendations.
Analyses were done immediately after light irradiation for 0.25,
0.5, 1 and 2 h. Fig. S3e, 3j and 3071 show that, after light irradiation
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Fig.3 Cell percentages stained by PI of HeLa cells treated with liposomes
alone as a control and LMIFs of 1 + 2, 1 and 1 + 3 before and after 19
mW cm light irradiation for 2 h at 35 °C. Each experiment was repeated
five times; the average is shown.
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for 2 h, dead cells stained with propidium iodide were completely
identical to those stained with Annexin V. The result suggests that
almost all cells quickly undergo apoptosis by PDT treatment.

In conclusion, results of this study show that the
LMI[60]fullerene of 1 + 2 with a cationic surface show a low
dark toxicity that engenders cell death by photoirradiation.
Furthermore, to the best of our knowledge, we demonstrated for
the first time the photo-induced cell death of unmodified Cy."*
These findings imply, therefore, that the concepts of cultivated
lipid-membrane-incorporated Cq and its homologues can be
applied more fruitfully to medicinal chemistry.
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A new family of n-extended TTF analogues (3a—c) and D-n—A chromophores (5a—c), in which the
electroactive units (1,3-dithiole rings and 2,2-dicyanovinyl groups) are connected through a pyridine
bridge with a meta substitution pattern, is reported. The redox behavior of these compounds has been
investigated by cyclic voltammetry and theoretical calculations performed at the B3P86/6-31G** level.
Unlike many m-extended TTF derivatives, the 1,3-dithiole rings in compounds 3a—c¢ do not behave
independently and two oxidation processes are observed with an anodic separation ranging from 50 to
150 mV. Calculations show that electrons are equally extracted from both dithiole rings. A biradical
structure is predicted for the dication state due to the near-degeneracy of the HOMO and HOMO — 1
orbitals. The presence of both donor (D) and acceptor (A) fragments in conjugates 5 results in
irreversible oxidation and reduction processes associated with the 1,3-dithiole ring and with the
2,2-dicyanovinyl moiety, respectively. An electrochemical-chemical-electrochemical (ECE) process
takes place for all the compounds reported. The chemical process implies the dimerization of the
radical cation for compounds 5 and the oligomerization of the biradical dication for compounds 3. The
ECE process therefore generates new neutral dimeric (5) or oligomeric (3) species that incorporate the

TTF vinylogue core.

Introduction

The construction of nanosized devices and machines, capable
to be developed for different functions like data storage, signal
processing, etc., represents a key stage in the miniaturization
process required for the implementation of the so-called molec-
ular electronics.! Although illustrative examples of such devices
at nanoscale dimensions, like molecular wires,? logical gates,®
switches* and organic field effect transistors (OFETs),® have
been successfully reported, further investigations about important
parameters like redox properties, conjugation, molecular size
and geometry of the molecular components are required.® The
processes involved in the correct operation of molecular electronic
devices, such as electron transfer/transport or n-/p-doping, are
strongly influenced by these parameters. Molecular geometry
conditions the assembly and orientation of the molecules in
the solid state and thereby the properties of the devices.” The
conjugation length of the constituent materials is directly related
to their redox behaviour because it determines the energy position
of the HOMO/LUMO levels and, hence, the electron-donating
and/or electron-accepting properties.

In order to achieve good electron-donor and electron-acceptor
abilities within a readily accessible potential window, i.e. a low
HOMO-LUMO gap, two different synthetic strategies are being
used: /) the extension of m-conjugation and i) the coupling in the
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same molecule of both donor (D) and acceptor (A) fragments
linked by different chemical spacers.® Whereas conjugated poly-
mers exemplify the success of both strategies,” obtaining such an
amphoteric redox behaviour has been a hard challenge in small
organic molecules. Oligoacenes and o-/n-linked D—A ensembles,
including fullerene materials, exemplify the first and the second
approaches, respectively.?

The tetrathiafulvalene (TTF) molecule, firstly reported by Wudl
more than three decades ago,' represents a paradigmatic case of
a chemical building block to attain molecules bearing narrow
HOMO-LUMO gaps.*"' Different research groups have been
actively working on the synthesis of TTF derivatives by applying
both of the above mentioned strategies. A wide variety of m-
extended TTF systems, where conjugated vinylene units," five-
membered heterocycles™ and quinoid acenes' have been used
as conjugated units bridging the two 1,3-dithiole rings of TTF,
exemplify the first strategy. In most of these examples the extension
of the n-system renders a smaller HOMO-LUMO gap.

TTF as well as its p-quinoid congeners have been chemically
modified to generate several families of TTF-bridge—A conjugates.
The nature of the chemical spacer can be modified by using
well-established synthetic methodologies and the properties of
the final TTF-spacer—A assemblies stem directly from the nature
of the linker unit.”® Interfacing TTF or m-extended TTFs with
different acceptor fragments separated by n-conjugated spacers,
like multiple C-C bonds or aromatic rings, give rise to D-n—
A push—pull structures exhibiting second-order nonlinear optical
(NLO) properties, which hold promise in optoelectronics and all-
optical data processing technologies.'® The NLO properties of this
kind of compounds can be tuned introducing different electron-
acceptor fragments like dicyano- and tricyanovinylene units,
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barbituric derivatives or tricarbonyl chromium arene complexes
to name a few."” Molecules endowed with only one 1,3-dithiole
ring as D unit and connected by a m-spacer to an A moiety have
been reported as useful prototypes for NLO materials despite their
weaker electron-donor character.'®

In the quest for new TTF prototypes bearing enhanced
electronic and geometrical features we report herein on the
synthesis of a new family of pyridine-bridged n-extended electron
donors (3a—c) and push-pull chromophores (5a—c), in which
both electroactive units, i.e., the 1,3-dithiole rings or the 2,2-
dicyanovinyl fragment, are in a relative meta position. Recent
studies on meta-linked phenylacetylene derivatives have shown
that whereas the meta linkage leads to electronic decoupling of the
electroactive groups in the ground state, an enhanced electronic
coupling results in the excited state." As a consequence, the bridge
would act as a wire or a resistor when it is in its excited or ground
electronic state, respectively. Furthermore, the presence of chlorine
atoms on C-2 and C-6 positions of the pyridine ring could allow a
further chemical functionalization or their incorporation in more
complex systems.”” The redox properties of pyridine-bridged m-
extended-TTF donors (3a—¢) and D-n—A chromophores (4a—c
and 5a—c) have been investigated by cyclic voltammetry. A detailed
theoretical study on the geometry and the electronic properties at
the density functional theory (DFT) level complements this work.

Results and discussion
Synthesis and molecular structure

The synthesis of the target compounds 3a—c and 5a—c (see
Scheme 1) started from 2,6-dichloropyridine-3,5-dicarbaldehyde
(1), which could be readily prepared in three steps by following
the experimental procedure previously reported in the literature.?!
A Wadsworth-Emmons olefination protocol between the bis-
aldehyde 1 and different stoichiometric ratios of phosphonate
esters 2a—c? led to pyridine-bridged m-extended donors 3a—c or
mono-aldehyde D-n—A dyads 4a—c in moderate yields. The final
step towards the m-conjugated DA structures Sa—c consisted in

R R R R
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RS Plome) =

(o]
2a-c (5 eq) 3a: 33%
NS . 10/
n-BuLi/ THF /-78 °C | P g:: :goj:
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OHC N CHO c: S(CH,),S
XX
cI” N” ¢l
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RISXH
RS P(OMe), S 5 S NC
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2a-c (1eq) C|'|OC|.|2(C|\|)2
n-BuLi/ THF /-78 C AcOH
Cl /AcONH4 ClI
4a. 28% 5a: 65%
4b: 28% 5b: 70%
4c: 35% 5¢: 68%

Scheme 1 Synthesis of donors 3 and push—pull chromophores 4 and 5.

a Knoevenagel-type reaction by using malononitrile, acetic acid
and ammonium acetate with azeotropic elimination of water.

All the new synthesized compounds were unambiguously char-
acterized by using analytical and spectroscopic techniques. For
compound 3a, diagnostic resonances atd 7.85, 6.76, 6.48 and 6.38
in its "H NMR spectrum clearly support the proposed structure.
The presence of the aldehyde functionality in compounds 4a—
¢ was confirmed by a band centered at 1700 cm™ in the IR
spectrum and a resonance at around ¢ 180 in the *C NMR
spectrum. Analogously to 4a—c, the IR spectra of compounds 5a—
¢ are indicative of the proposed structures since the characteristic
band at around 2225 cm™' due to the stretching vibration of
the cyano groups could be observed. In addition, a new set of
resonances at 0 ~ 8.1 corresponding to the vinylic proton of the
2,2-dicyanovinyl unit appeared in the "H NMR spectra of 5a—c.

The molecular structure of compounds 3-5 was theoretically
investigated by performing DFT calculations at the B3P86/6-
31G** level. DFT calculations include correlation effects at a
relatively low computational cost and are known to provide
accurate equilibrium geometries.”

The molecular structure of 3a was optimized under different
symmetry restrictions. The minimum-energy conformation corre-
sponds to the C, structure sketched in Figs. 1a and 1b, in which
the dithiole rings are twisted by 21.3° around the C2-C3 bonds
(see Fig. la for atom numbering) and are situated slightly above
and below the plane of the pyridine ring. The resulting structure is
calculated to be 0.64 kcal mol~ more stable than the fully planar
C,, structure, in which the S5 atoms are at a shorter distance
of 3.68 A and, is almost isoenergetic (AE = 0.18 kcal mol ™)
of the C, conformation in which both dithiole rings lie above
the pyridine plane. For compound 5a (Fig. 1c), the dithiole ring
and the C(CN), group adopt a cis orientation and prefer to be
situated on the same side of the pyridine plane. This is due to the
stabilizing electrostatic interaction between the positively charged
S5 atom (+0.43e) and the negatively charged N10 atom (—0.31e)
situated at 3.22 A. Atomic charges were calculated using the
natural population analysis (NPA) approach.

Fig. 1 Minimum-energy conformations calculated at the B3P86/
6-31G** level for 3a [top view (a) and side view (b)] and 5a (c). Interatomic
distances are given in A. Atomic numbering is also indicated.
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Electronic characterization

Despite the m-deficient character of the pyridine spacer, the
electronic spectra of compounds 3a—¢ maintain high resemblance
to the spectra of other previously reported n-extended TTF-based
electron donors and show a strong absorption at A, ~ 370-
400 nm (Fig. 2). The absence of a low-energy band in the visible
region of the spectrum is indicative of a highly energetic HOMO-
LUMO gap. In contrast, the weak bands observed in the 500
600 nm range for compounds 4a—c and Sa—c suggest an electronic
interaction between the 1,3-dithiole ring, acting as electron donor,
and the aldehyde or 2,2-dicyanovinyl moieties, acting as electron
acceptors.

Absorbance (a.u.)

Fig.2 UV/Visabsorption spectra of derivatives 3c (solid line), 4¢ (dashed
line) and 5S¢ (dotted line) in CH,Cl,.

Fig. 3 shows the atomic orbital (AO) composition of the highest-
occupied molecular orbitals (HOMO and HOMO — 1) and the
lowest-unoccupied molecular orbitals (LUMO and LUMO + 1)
of 3a. The HOMO spreads over the whole molecule and results
from the antibonding interaction of the HOMO of the pyridine
moiety with the HOMOs of the 1,3-dithiol-2-ylidene units. The
HOMO — 1 is symmetric and is localized over the 1,3-dithiol-
2-ylidene groups. The LUMO and LUMO + 1 correspond to

LUMO+1 (-2.00 eV)

T A

LUMO (-2.20 eV)

HOMO-1 (-6.23 eV) HOMO (-5.87 eV)

Fig. 3 Electron density contours (0.03 ¢ bohr~*) and energies (within
parentheses) calculated for the frontier orbitals of 3a.

the LUMO and LUMO + 1 of pyridine antibondingly and
bondingly interacting with the LUMOs of the 1,3-dithiol-2-ylidene
units.

To investigate the nature of the electronic transitions that
give rise to the absorption bands experimentally observed in the
UV-visible spectra, the electronic excited states of compounds
3 were calculated in CH,Cl, by using the time-dependent DFT
(TDDFT) approach, the B3P86/6-31G** optimized energies and
the polarized continuum model (PCM) to take into account
the interaction with the solvent. Calculations predict that the
absorption band observed around 400 nm (Fig. 2) is quite complex
in nature since it involves the electronic transition to four different
electronic states. As shown in Fig. 3, the HOMO and HOMO —
1 are close in energy and the same is found for the LUMO
and LUMO + 1. One-electron excitations between these orbitals
therefore give rise to four electronic excited states that are very
close in energy. For compound 3¢, the electronic transitions to
these states are calculated at 2.92 eV (424 nm, HOMO — 1 —
LUMO), 3.04 ¢V (408 nm, HOMO — LUMO), 3.11 ¢V (399 nm,
HOMO — LUMO + 1) and 3.32 ¢V (373 nm, HOMO — | —
LUMO + 1) and have oscillator strengths (f) of 0.15, 0.26, 0.32
and 0.19, respectively. The occurrence of several intense electronic
transitions at similar energies explains the broad shape of the
absorption observed experimentally (see Fig. 2 for 3c).

The energy and topology of the frontier orbitals are significantly
different for compounds 4 and 5. As shown in Fig. 4 for
5a, whereas the HOMO is mainly localized on the 1,3-dithiol-
2-ylidene unit, the LUMO extends over the electron-acceptor
C(CN), group and the pyridine ring, both orbitals being separated
by more than 1.2 eV from the HOMO — 1 and LUMO +
1, respectively. This causes the fact that the absorption band
observed at around 400 nm for compounds 4 and 5 now originates
in the HOMO — 1 — LUMO and HOMO — LUMO + 1
excitations. For compound 5e, these excitations give rise to two
electronic transitions calculated at 2.97 eV (417 nm, f = 0.33)
and 3.07 eV (403 nm, / = 0.15), in good agreement with the
intense band observed at 422 nm (Fig. 2). On the other hand, the
HOMO — LUMO one-electron promotion implies an electron-
density transfer from the dithiole ring to the rest of the molecule
and gives rise to a low-energy charge-transfer state. The electronic
transition to this excited state has a low intensity (/' = 0.02-0.04)
and causes the appearance of the new weak absorption in the 480
600 nm range for compounds 4 and 5 (see Fig. 2). This absorption
therefore corresponds to a photoinduced charge transfer from the
1,3-dithiole ring, acting as electron donor, to the aldehyde (4) or
2,2-dicyanovinyl (5) groups, acting as electron acceptors.

T

HOMO (-6.34 eV)

T

LUMO (-3.94 eV)

Fig. 4 Electron density contours (0.03 e bohr~) and energies (within
parentheses) calculated for the frontier orbitals of 5a.
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Table 1 Oxidation and reduction peak potentials of donors 3a—c and
dyads 4a—c and 5a—c (CH,Cl,, in mV vs. Ag/AgNO;)

Compound E'" E*,c E'. E'2 o otigomer”
TTF* +179 +530 — —
exTTF? +238 — — —
3a +596 +750 — +487
3b +640 +729 — +477
3c +624 +673 — +484
4a +707  — 1620  +455
4b +732 — —1567  +457
4c 37— —1560  +457
5a +708  — —1010  —
5b - —995 +495
5c +735 —978 +499

“Irreversible oxidative processes, anodic peak potentials are re-
ported. ® Irreversible reductive processes, cathodic peak potentials are
given. © Reversible oxidation processes, standard electrode potentials
are reported. ¢ 2-[9-(1,3-Dithiol-2-ylidene)anthracen-10(9 H)-ylidene]-1,3-
dithiole.

Redox properties

The electrochemical properties of the new pyridine-bridged m-
extended donors 3a—c and the n-conjugated D-A dyads 4a—c and
5a—c were studied by cyclic voltammetry (CV) at room temperature
in dichloromethane solutions (see Table 1).

Donors 3a—c¢ show two irreversible oxidation peaks due to
the oxidation of the 1,3-dithiole rings (see Fig. 5a for 3b). The
oxidation processes are shifted towards more positive potential
values when compared with reference TTF or 2-[9-(1,3-dithiol-2-
ylidene)anthracen-10(9 H)-ylidene]-1,3-dithiole (exTTF) systems.
Theoretical calculations predict that the HOMOs of TTF and
exTTF are located at similar energies of —5.19 and —5.24 eV,
respectively, whereas the HOMO of 3a lies at —5.87 eV. This
stabilization accounts, in a first approach, for the more positive
oxidation potentials measured for compounds 3. As expected,
substitution on the 1,3-dithiole rings with the SMe or S(CH,),S
groups leads to higher oxidation potentials and, thereby, to
poorer electron-donor character.’* More interestingly, the two
1,3-dithiole rings do not behave independently despite the meta
linkage and the extraction of the first electron from one of the 1,3-

10 uA a)

Current

T T T T T T T T T T T
1.0 0.5 0.0 -0.5 -1.0 -1.5

Potential (V vs Ag/AgNO,)

Fig.5 Cyclic voltammograms for the pyridine-bridged n-extended donor
3b (a) and for the dyads 4b (b) and 5b (c) in CH,Cl, containing TBACIO,
(0.1 M) as supporting electrolyte.

dithiole rings affects the second oxidation process, which appears
positively shifted by 50-150 mV. As discussed below on the basis
of theoretical calculations, both dithiole rings are indeed involved
in the two oxidation processes.

Compounds 4a—c and 5a—c show one irreversible oxidation
process due to the oxidation of the 1,3-dithiole ring. The oxi-
dation potentials appear positively shifted when compared with
donors 3a—c, most probably due to the presence of the electron-
withdrawing carbonyl or dicyanovinyl groups within the same
structure. On the reduction side, an irreversible wave to form
the radical anion is observed (see Figs. 5b and 5c for 4b and
5b, respectively). This reduction wave is anodically shifted in
compounds 5a—c, in comparison with their carbonyl containing
precursors 4a—c, due to the better acceptor ability of the 2,2-
dicyanovinyl chromophore.!™

A closer inspection of the oxidative behaviour of these
derivatives evidenced an interesting electrochemical-chemical—
electrochemical (ECE) process. As discussed above, one (4, 5)
or two (3) irreversible oxidation peaks were observed on the
first anodic scan. Upon successive scans, the intensity of these
anodic peaks decreases and a new reversible redox system appears
at remarkably lower oxidation potential values (see Fig. 6).
This voltammogram shape indicates an ECE process: the initial
electrochemical oxidation (E), corresponding to the oxidation of
the 1,3-dithiole rings to the cation radical, is followed by a chemical
reaction (C) leading to a new chemical species, which is further
oxidized (E) at less positive potentials.

The above electrochemical mechanism has been previously re-
ported for other related dithiafulvene derivatives*? and has been
thoroughly investigated by cyclic voltammetry.® For compounds
4a—c and Sa—c, the radical cation generated after the first electron
transfer undergoes dimerization into a protonated dimer (see
Scheme 2). Then, this protonated dication deprotonates into the
non isolated TTF vinylogue (6), which is reversibly oxidized at
lower potentials. The broad irreversible oxidation wave observed
for 4a—c and 5a—c on the first scans indeed persists after 100 scans

Scheme 2 ECE-Dimerization coupling proposed for push—pull chro-
mophores 5.
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Fig. 6 a) Cyclic voltammogram of compound 3b after one (dashed line) or 40 (solid line) scans. b) Cyclic voltammogram of compound 5b after one

(dashed line) or 40 (solid line) scans.

and coexists with the reversible oxidation wave emerging at lower
values corresponding to the formation of the dimer.

For compounds 3a—c, an oligomeric TTF vinylogue should
be formed after successive oxidation-reduction scans due to the
presence of two 1,3-dithiole-2-ylidene units. After 40 scans, the
reversible wave corresponding to the oxidation of the oligomer
species is the only one observed in the CV (see Fig. 6a). This
contrasts with the behaviour of 4a—c and 5a—c and is due to the
higher proportion of radicals that can be generated for compounds
3a—c. From the half-wave oxidation potentials measured for
dimeric and oligomeric species (see Table 1), the oxidation of
these species appears to be almost insensitive to the nature of
the substituents on the central spacer or on the 1,3-dithiole rings.

Oxidized/reduced species

Charged species (cations and dications for compounds 3 and
cations and anions for 4 and 5) were calculated to get a
deeper understanding of the oxidation/reduction processes and
to investigate how these processes affect the molecular structure
and the electronic properties. Fig. 7 compares the optimized bond
lengths calculated for 3a, 3a** and 3a**.?” Oxidation affects the

Fig. 7 B3P86/6-31G**-optimized bond lengths (in A) calculated for a)
3a, b) 3a'*, c) 3a’* (closed-shell singlet state) and d) 3a’* (triplet state). All
the species show a C, symmetry.

whole molecule by modifying the lengths of the bonds in which
the electron density in the HOMO (that is, the orbital from which
electrons are removed) is concentrated. Only the bonds involving
the pyridine nitrogen and the C1 atom remain almost unaffected
because these atoms show no contribution to the HOMO (see
Fig. 3).

The electron in 3a"* is equally extracted from both dithiole
rings, which remain twisted by 10.9° around the C2-C3 bonds
and accumulate a net charge of +0.45e. All the attempts to find
a localized structure, in which the electron was mainly removed
from one dithiole ring, converged to the delocalized C, structure
depicted in Fig. 7b. This result suggests that both rings are
electronically linked through the pyridine ring and do not behave
independently upon oxidation. This explains the occurrence of
two separated oxidation processes in the CVs of compounds 3,
unlike many other n-extended TTF derivatives in which it is not
possible to distinguish both oxidation processes.'*

The dication of 3a was first calculated as a closed-shell species in
which both electrons are extracted from the HOMO. The resulting
species (Fig. 7c) has an almost planar structure and accumulates a
charge of +0.79¢ on each dithiole moiety. Taking into account that
the HOMO and HOMO — 1 are close in energy for 3a (Fig. 3),
3a’* was recalculated as an open-shell triplet species in which one
electron is removed from the HOMO and the other is extracted
from the HOMO — 1. The dithiole rings in the resulting species
(Fig. 7d) are twisted by 26.4° and have a charge of +0.89¢ each.
The triplet dication is computed to be 7.43 kcal mol~" more stable
than the closed-shell singlet dication in CH,Cl, (4.59 kcal mol™!
in gas phase). This result suggests that, upon oxidation to the
dication state, the biradical species sketched in Fig. 8a is formed
for compounds 3. In contrast to 3a'*, for which the unpaired
electron is delocalized over both the dithiole and the pyridine
rings, the unpaired electrons in 3a** are mainly localized on
the dithiole environment with maximum spin densities of 0.49
at the vinylene C3 atoms. We have therefore to conclude that
compounds 3 undergo the oxidative dimerization reaction to form
TTF vinylogues at the dication stage. Compounds 3 would actually
give rise to oligomeric TTF vinylogues, such as that depicted in
Fig. 8b, because two positions involving the two radical species
are liable to undergo coupling reactions. The formation of these
oligomers is accounted for by the appearance of a new oxidation
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Fig. 8 a) Biradical structure of dications 3** in the triplet state. b) Oligo-
meric TTF vinylogues obtained upon oxidation of compounds 3.

wave cathodically shifted in comparison to compounds 3 (see
Fig. 6a).

As suggested by the atomic orbital composition of the HOMO
(Fig. 4), oxidation of compounds 5 only affects the electron-donor
1,3-dithiol-2-ylidene moiety. For 5a°*, this moiety accumulates a
charge of +0.93e and presents a geometry similar to that obtained
for the dithioles of 3a** (Fig. 7¢). In a similar way, reduction of
compounds 5 mainly affects the electron-acceptor C(CN), group,
but it also introduces noticeable changes in the pyridine ring. For
5a°~, the C(CN), group has a charge of —0.66e and the pyridine
ring accumulates a charge of —0.4le. The energy required to
oxidize compound 5a to the radical cation in CH,Cl, solution was
calculated to be 6.00 eV.*® This value is similar to that computed
for 4a (5.97 eV), thus justifying the almost identical oxidation
potentials measured for 4a and 5a (see Table 1) and is slightly
higher in energy than that obtained for 3a (5.69 eV). All these
values are larger than those calculated at the same theoretical
level for TTF (5.12 eV) and exTTF (5.14 ¢V) in agreement with
the higher oxidation potentials measured for compounds 3-5 (sce
Table 1).

The unpaired electron in 5a’* is mainly localized on the vinylene
C3 atom which has a maximum spin density of +0.48 similar
to that found for 3a®* and in accord with the radical species
formulated in Scheme 2. Fig. 9a displays the minimum-energy
conformation calculated for the TTF vinylogue 6a resulting from
the dimerization of 5a’* after deprotonation (see Scheme 2). The
steric interactions due to the bulky substituents attached to the
central conjugated moiety prevent the TTF vinylogue from being
planar. The neutral dimer shows a severely distorted structure
in which the dithiole rings adopt a cisoid disposition forming

(@)

3.30'\

3.32

Fig. 9 Minimum-energy conformations calculated at the B3P86/6-
31G** level for compound 6a in the neutral state (a) and as a dication
(b). Interatomic distances are given in A.

a dihedral angle of 54.8° with respect to the central single bond.
The structure predicted is similar to those experimentally reported
for substituted TTF vinylogues from X-ray crystallographic
analysis. 23!

Oxidation strongly affects the structure of the dimer 6a.
Contrary to the twisted conformation found for the neutral form,
the TTF vinylogue core adopts an almost planar structure in
the radical cation and the dication with the pyridine substituents
perpendicularly oriented (C; structure, see Fig. 9b for the dication).
The conformational change is due to the modifications occurred
on the conjugated system S,C=C-C=CS, whose carbon-carbon
bond lengths are inverted upon oxidation changing from 1.370
and 1.471 A in the neutral system to 1.409 and 1.414 A in the
radical cation and to 1.455 and 1.378 A in the dication. The energy
required to oxidize compound 6a to the radical cation in CH,Cl,
solution was calculated to be 5.46 eV. This value is smaller than
those computed for 4a (5.97 eV) and 5a (6.00 eV) and explains the
lower oxidation potential measured for the dimers (see Table 1).
Compared with the unsubstituted TTF vinylogue, for which a
fully planar structure is predicted and the oxidation to the radical
cation costs 4.94 ¢V at the B3P86/6-31G** level, the dimers of
compounds 4 and 5 present higher oxidation potentials due to
the conjugation inhibition associated with their highly distorted
structures.

Conclusions

In summary, we report on the synthesis of a new family of =-
extended TTF donors (3) and push—pull analogues (4 and 5),
in which an electron-defficient pyridine bridge connects the elec-
troactive units (1,3-dithiole rings and 2,2-dicyanovinyl groups).
In contrast to many other n-extended TTF derivatives, electro-
chemical investigations on compounds 3 show the appearance
of two oxidation waves. This finding reveals that the two 1,3-
dithiole rings do not behave independently despite their meta po-
sition on the pyridine bridge. Successive oxidative scans evidence
an electrochemical-chemical-electrochemical (ECE) process to
yield oligomeric TTF vinylogues. A similar electrochemical be-
haviour is observed for the D-n—A hybrids 4 and 5. Theoretical
calculations—performed at the B3P86/6-31G** level—support
these findings and show that, in the oxidation process of donors
3, clectrons are equally extracted from both dithiole rings. The
biradical structure predicted for 3** is proposed to be responsible
for the ECE process resulting in the oligomeric TTF-vinylogue.
Theoretical calculations show that the ECE oxidative process
undergone by hybrids 5 results in the formation of a highly
distorted dimeric TTF-vinylogue. The oxidation of such dimers
to form dication species strongly affects their structure and the
TTF vinylogue core adopts a nearly planar geometry with the
pyridine units perpendicularly oriented.

Experimental
General

All solvents were dried and distilled according to standard
procedures. Reagents were used as purchased. Compound 1* and
phosphonate esters 2a—¢** were obtained by previously reported
procedures. All air-sensitive reactions were carried out under an
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argon atmosphere. Flash chromatography was performed using
silica gel (Merck, Kiesegel 60, 230-240 mesh or Scharlau 60,
230-240 mesh). Analytical thin layer chromatography (TLC)
was performed using aluminium coated Merck Kieselgel 60
F254 plates. Melting points were determined on a Gallenkamp
apparatus. NMR spectra were recorded on Varian XL-300 (‘H:
300 MHz; *C: 75 MHz) spectrometer at 298 K using partially
deuterated solvents as internal standards. Coupling constants (J)
are denoted in Hz and chemical shifts (J) in ppm. Multiplicities
are denoted as follows: s = singlet, d = doublet. IR spectra were
recorded on a Perkin-Elmer 257. UV-Vis spectra were recorded
in a Varian Cary 50 spectrophotometer by using CH,Cl, as
solvent. Mass spectra by electronic impact (EI) were recorded
on a HP1100MSD spectrometer. Electrochemical measurements
were performed on an Autolab PGStat 30 equipment using a
three electrode configuration system. The measurements were
carried out using a CH,Cl, solution 0.1 M in tetrabutylammo-
nium perchlorate (TBACIO,). A glassy carbon electrode (3 mm
diameter) was used as the working electrode and a platinum
wire and an Ag/AgNO; electrode were employed as the counter
and the reference electrode, respectively. Both the counter and
the reference electrodes were directly immersed in the electrolyte
solution. The surface of the working electrode was polished with
commercial alumina prior to use. Solutions were stirred and
deaerated by bubbling argon for a few minutes prior to each
voltammetric measurement. Unless otherwise specified the scan

rate was 100 mV s,

Computational details

All theoretical calculations were carried out within the DFT
approach using the C.02 revision of the Gaussian 03 program
package.® DFT calculations were performed using Becke’s three-
parameter B3P86 exchange—correlation functional®® and the 6-
31G** basis set.** The B3P86 functional has been recognized
as providing equilibrium geometries for sulfur-containing com-
pounds in better accord with experimental data and ab ini-
tio post-Hartree-Fock (HF) calculations than the more widely
used B3LYP functional.** The radical cations were treated as
open-shell systems and were computed using spin-unrestricted
UB3P86 wavefunctions. Vertical electronic excitation energies
were determined by means of the TDDFT approach.* Numerous
hitherto reported applications indicate that TDDFT employing
current exchange—correlation functionals performs significantly
better than HF-based single-excitation theories for the low-lying
valence excited states. Net atomic charges were calculated using
the NPA analysis* included in the natural bond orbital (NBO)
algorithm proposed by Weinhold and coworkers.*® Solvent effects
were considered within the SCRF (self-consistent-reaction-field)
theory using the polarized continuum model (PCM) approach
to model the interaction with the solvent.** The PCM model
considers the solvent as a continuous medium with a dielectric
constant ¢ and represents the solute by means of a cavity built
with a number of interlaced spheres.*’

General procedure for the synthesis of compounds 3a—c

n-Butyllithium (1.6 M, 5.1 mmol) was added dropwise to a
solution of the corresponding phosphonate ester 2a—c (5 mmol) in

dry THF at —78 °C under argon atmosphere and the resulting
mixture was stirred for 30 minutes at —78 °C. After that, a
solution of bis-aldehyde 1 (1 mmol) in dry THF was added. The
resulting mixture was stirred at —78 °C for 2 h and then allowed
to attain room temperature for 12 h. Evaporation of the solvent
gave a yellowish residue which was dissolved in CH,Cl, and then
washed with water, dried (MgSO,) and concentrated in vacuo.
The product was purified by column chromatography (silica gel,
hexane-CH,Cl,).

3,5-Bis|(1,3-dithiol-2-ylidene)methyl]-2,6-dichloropyridine (3a).
(33%); mp 216-219 °C (Found: C, 41.69; H, 1.96; N,
3.74. C;H;CLNS, requires C, 41.49; H, 1.86; N, 3.72%);
Vmax (KBr)/cm™" 3060, 2920, 2840, 1560, 1520, 1490, 1380, 1220,
1100, 1040, 930, 820, 760 and 650; 6,;(300 MHz, CDCl;) 6.38 (2H,
dd, J 6.66 and 1.5), 6.48 (2H, dd, J 6.66 and 1.5), 6.76 (2H, d,
J 1.5), 7.85 (1H, s); 6(75 MHz, CDCl;) 107.62, 128.76, 129.59,
130.92, 139.51, 142.92; UV-Vis (CH,Cl,) A, (nm): 232, 370. m/z
(ED) 375 (M™).

3,5-Bis|(4,5-bis(methylthio)-1,3-dithiol-2-ylidene)methyl]-2,6-
dichloropyridine (3b). (40%); mp 166-169 °C (Found: C, 36.60;
H, 2.90; N, 2.55. C,;H,5sCI,NS; requires C, 36.42; H, 2.70; N,
2.50%). Vina (KBr)/cm™" 2940, 2880, 1570, 1560, 1500, 1480, 1460,
1430, 1380, 1220, 1100, 970, 960, 940, 890, 850, 810, 790, 740 and
720; 04(300 MHz, CDCl;) 2.46 (6H, s), 2.48 (6H, s), 6.66 (2H, s),
7.65 (1H, s); *C NMR (CDCl;, 75 MHz) d: 19.05, 19.37, 107.60,
128.79,129.64, 131.03, 139.47, 142.89; UV-Vis (CH,Cl,) .« (nm):
232,284, 385. m/z (EI) 559 (M"*).

3,5-Bis|(4,5-bis(ethylenedithio)-1,3-dithiol-2-ylidene)methyl]-2,
6-dichloropyridine (3¢c). (48%); mp > 350 °C (decomp.) (Found:
C,36.99; H,2.10; N, 2.60. C,;H,,CI,NS; requires C, 36.68; H, 1.99;
N, 2.529%). v (KBr)/ecm™' 2930, 2840, 1580, 1560, 1520, 1490,
1410, 1380, 1290, 1220, 1100, 930, 890 and 800; 6,,(300 MHz,
CDCl;) 3.36 (8H, s), 6.67 (2H, s), 7.61 (1H, s); UV-Vis (CH,Cl,)
Amax (NM): 232,265, 398. m/z (EI) 557 (M*).

General procedure for the synthesis of aldehydes 4a—c

n-Butyllithium (1.6 M, 1.1 mmol) was added dropwise to a
solution of the corresponding phosphonate ester 2a—c (1 mmol) in
dry THF at —78 °C under argon atmosphere and the resulting
mixture was stirred for 30 minutes at —78 °C. After that, a
solution of bis-aldehyde 1 (1 mmol) in dry THF was added. The
resulting mixture was stirred at —78 °C for 2 h and then allowed
to attain room temperature for 12 h. Evaporation of the solvent
gave a yellowish residue which was dissolved in CH,Cl, and then
washed with water, dried (MgSO,) and concentrated in vacuo.
The product was purified by column chromatography (silica gel,
hexane-CH,Cl,).

5-[(1,3-Dithiol-2-ylidene)methyl]-2,6-dichloropyridine-3-carbal-
dehyde (4a). (28%); mp 187-190 °C (Found: C, 41.59; H, 1.89;
N, 4.86. C,(H;CL,NOS, requires C, 41.39; H, 1.74; N, 4.83%).
Vmax (KBr)/cm=": 3080, 2950, 2860, 1700, 1560, 1520, 1400, 1380,
1330, 1260, 1205, 1110, 1090, 1040, 940, 890, 820, 800, 750, 730,
680, 660, 640 and 630; 6;(300 MHz, CDCl;) 6.45 (1H, dd, J 6.9
and 1.2), 6.55(1H, d, J 6.9), 6.79 (1H, s), 8.29 (1H, s), 10.41 (1H,
s); 0c(75 MHz, CDCl;) 103.69, 117.39, 118.85, 127.29, 131.49,
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133.48, 188.22; UV-Vis (CH,ClL,) /.. (nm): 234, 277, 389, 488.
m/z (EI) 289 (M").

5-[(4,5-Bis(methylthio)-1,3-dithiol-2-ylidene)methyl]-2,6-dichlo-
ropyridine-3-carbaldehyde (4b). (28%); mp 183-185 °C (Found:
C, 37.77; H, 2.79; N, 3.23. C,,H,CL,NOS, requires C, 37.70; H,
2.37; N, 3.66%). Vpax(KBr)/cm="' 1790, 1580, 1560, 1490, 1430,
1390, 1370, 1330, 1190, 1100, 1040, 990, 930, 880, 810, 740, 720
and 640; 0,(300 MHz, CDCl;) 2.44 (3H, s), 2.48 (3H, s), 6.68 (1H,
s), 8.17 (1H, s), 10.40 (1H, s); dc(75 MHz, CDCl;) 19.08, 19.20,
105.57,127.32,130.99, 134.24, 138.77, 142.56, 146.86, 188.04; UV-
Vis (CH,Cl,) Ay (nm): 232, 324, 389, 551. m/z (EI) 381 (M*).

5-1(4,5-Bis(ethylenedithio)-1,3-dithiol-2-ylidene)methyl]-2,6-di-
chloropyridine-3-carbaldehyde (4c). (35%); mp 214-215 °C
(Found: C, 38.10; H, 2.00; N, 3.52. C,,H,;CL,NOS, requires C,
37.90; H, 1.86; N, 3.68%). v (KBr)/cm™" 2980, 2950, 2880,
1700, 1590, 1570, 1520, 1470, 1390, 1370, 1340, 1200, 1230, 1210,
1180, 1130, 1110, 1080, 1040, 990, 950, 890, 800, 760 and 740;
0u(300 MHz, CDCl;) 3.67 (4H, s), 6.71 (1H, s), 8.15 (1H, s), 10.40
(1H, s); UV-Vis (CH,Cl,) Ay, (nm): 248, 282, 410, 592. m/z (EI)
379 (M").

General procedure for the synthesis of 2,2-dicyanovinyls Sa—c

To a solution of the corresponding aldehyde 4a—c (2 mmol) in
toluene (200 mL), malononitrile (4 mmol), ammonium acetate
(110 mg) and acetic acid (5 mL) were added. The resulting mixture
was refluxed for 24 h with azeotropic elimination of water by using
a Dean—Stark apparatus. After this time, the mixture was allowed
to reach room temperature and the solvent was removed under
reduced pressure. The final D-nt—A compounds were purified by
column chromatography by using a hexane-CH,Cl, as eluent.

2,6-Dichloro-5-(2',2'-dicyanovinyl)-3-[(1,3-dithiol-2-ylidene)-
methyl|pyridine (5a). (65%); mp 172-175 °C (Found: C, 46.55;
H, 1.79; N, 12.20. C;3;H;CL,N;S, requires C, 46.15; H, 1.48; N,
12.43%). v (KBr)/cm™ 2924, 2237, 1559, 1520, 1506, 1500, 1383,
1102 and 668; 04(300 MHz, CDCl;) 6.50 (1H, dd, J 6.6 and
1.5), 6.57 (1H, d, J 6.6), 6.79 (1H, s), 8.15 (1H, s), 8.41 (1H,
s); 0c(75 MHz, CDCl;) 102.96, 112.63, 117.82, 119.10, 128.68,
129.28,129.28,130.75,131.41,132.01, 132.63, 148.25, 153.69; U V-
Vis (CH,Cl,) A (nm): 243, 322, 484. m/z (EI) 337 (M*).

2,6-Dichloro-5-(2',2'-dicyanovinyl)-3-[4,5-bis(methylthio)-(1,3-
dithiol-2-ylidene)methy)]pyridine (5b). (70%); mp 169-171 °C
(Found: C, 42.03; H, 2.33; N, 10.20. C,;sHy,CI,N;S, requires C,
41.86; H, 2.11; N, 9.76%). vy (KBr)/cm™ 2923, 2852, 2232, 1595,
1580, 1560, 1544, 1488, 1383, 1200, 1179, 1065, 971, 910, 879 and
786; 04(300 MHz, CDCl;) 2.47 (6H, s), 6.67 (1H, s), 8.14 (1H, s),
8.34 (1H, s); dc(75 MHz, CDCl;) 29.58, 104.53, 111.20, 112.60,
124.33, 130.98, 132.68, 144.11, 151.47, 153.45; UV-Vis (CH,Cl,)
Amax (nm): 232,287,410, 555. m/z (EI) 429 (M*).

2,6-Dichloro-5-(2',2'-dicyanovinyl)-3-[4,5-bis(ethylendithio)-(1,3-
dithiol-2-ylidene)methyl]pyridine (5¢). (68%); mp 179-182 °C
(Found: C, 42.33; H, 1.80; N, 9.69. C;sH,CL,N;S, requires C,
42.06; H, 1.65; N, 9.81%). Found: v,,,.(KBr)/cm™"' 2990, 2960,
2890, 2240, 1590, 1520, 1480, 1420, 1400, 1310, 1050 and 940;
0u(300 MHz, CDCl;) 3.37 (4H, s), 6.69 (1H, s), 8.14 (1H, s), 8.31
(1H, s); (75 MHz, CDCl;) 29.66, 104.59, 111.24, 112.66, 142.44,

134.28, 142.21, 144.07, 145.45, 151.64, 153.64; UV-Vis (CH,Cl,)
Amax (MM): 252,292,422, 424, 564. m/z (EI) 427 (M*).
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The evaluation of a chiral Schiff base ligand in the zinc-
catalyzed asymmetric addition of 1-ethynylcyclohexene to
both aromatic and heteroaromatic ketones is reported (with
up to 83% enantioselectivity and up to 88% isolated yield).

The asymmetric addition of metalated terminal alkynes to car-
bonyls is one of the most important methods for producing chiral
propargylic alcohols. The resulting optically active propargylic
alcohols are versatile building blocks for the synthesis of many
natural products and pharmaceuticals.! In recent years, asymmet-
ric addition of terminal alkynes to aldehydes has been studied
extensively.? Comparatively, asymmetric addition of alkynes to
ketones is much more complicated because of the inertness of
ketones and controlled facial stereoselectivity.®

The first general method that allowed the enantioselective
addition of acetylenes to unactivated ketones was introduced
by Cozzi.* He employed Salen-metal complexes 1 (Fig. 1) as
the bifunctional Lewis acid—Lewis base catalyst. However this
protocol was proved to be more effective with aliphatic ketones.
Another pioneering work was done by Chan ef al.’ They found
that the coordinated complexes of chiral camphorsulfonamide
ligand 2 (Fig. 1) and a strong Lewis acid Cu(OTf), was very
efficient in the addition of terminal phenylacetylene to aromatic

Lewis acid center R

N ""V?\oj i

2 R

Lewis base center

R=1- naphthylmethyl O ‘

Fig. 1 Structures of ligands for the asymmetric alkynylation of ketones.
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ketones with up to 97% ee. Almost at the same time, Cozzi® and
our group™ developed a practical protocol using commercially
available BINOL as ligand 3 (Fig. 1) and good to excellent
enantioselectivities were achieved. Recently we have reported that
an easily prepared Schiff-base amino alcohol ligand 4 (Fig. 1)
is an outstanding chiral director in the asymmetric addition of
phenylacetylene to aromatic ketones.” When the loading of 4 was
1 mol%, up to 95% ee value was obtained.

For possible further transformations of the alkene group, such
as epoxidation, hydroxylation, ozonolysis, addition of carbenes,
the asymmetric addition of 1-ethynylcyclohexene to aromatic and
heteroaromatic ketones should have more potential applications
than phenylacetylene for the synthesis of complex bioactive
natural products. However, to our knowledge, the addition of
functionalized alkynes to ketones is a rather undeveloped field,
and the catalytic asymmetric addition of 1-ethynylcyclohexene to
unactivated aromatic and heteroaromatic ketones has not been
reported.

The reaction products of heteroaromatic carbonyls with alkynes
are very useful in the synthesis of highly functionalized organic
molecules. For example, 2-furyl alcohols can be transformed
into 6-hydroxy-2-methyl-pyran-3(6H)-ones, important building
blocks for the synthesis of bioactive natural products, through
an oxidative rearrangement (Fig. 2).* On the other hand, the
thiophene ring in the resulting thienyl alcohols can be desulfurized
with Raney nickel acting as a masked four-carbon synthon
(Fig. 2).° Recently, Pedro et al. reported the alkynylation of
furane- and thiophenecarbaldehydes catalyzed by mandelamide-
zinc complexes.'” However, to our knowledge, the alkynylation of
2-acetylfuran and 2-acetylthiophene has not been explored and
remains an interesting challenging reaction.

(¢} R
R z
W ¢~/
o —_— O
OH
OH
6-hydroxy-2-methyl-pyran-3(6H)-one
R
Bt
s OH OH

Fig. 2 Modification of heteroaromatic propargylic alcohols.

In this paper, we wish to report the use of Schiff-base amino
alcohol 4 as a chiral ligand in the alkynylation of both unactivated
aromatic and heteroaromatic ketones with 1-ethynylcyclohexene.
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Table 1 Asymmetric addition of 1-ethynylcyclohexene to acetophenone promoted by ligand 4 (1 mol%)

(0]
Ph)J\ ¥ Q%H Et,Zn, ligand 4 (1mol%) OH//
Solvent Ph

Entry Solvent T/°C Time/h* Et,Zn/mL* Yield (%) Ee (%)*
1 Hexane rt 2 0.75 39 57
2 Hexane rt 4 0.75 50 63
3 Hexane rt 6 0.75 52 65
4 CH,Cl, rt 6 0.75 21 3
5 Toluene rt 6 0.75 55 34
6 Hexane rt 6 0.50 49 59
7 Hexane rt 6 1.0 60 64
8 Hexane —18 6 0.75 48 79

“Reaction times of 1-ethynylcyclohexene with Et,Zn before the addition of acetophenone (0.25 mmol). * 1.0 M Et,Zn in hexane, the amount of Et,Zn
used in entries 1-5 and 8 is 3 equiv. ¢ Yields of isolated products, the reaction times after the addition of acetophenone were 24 hours.  The enantiomeric
excess was determined by HPLC (Chiralcel OD-H column, IPA-hexane = 1 : 120, 228.5 nm).

Preliminary studies were carried out with the model reaction
of acetophenone and 1-ethynylcyclohexene. The reactions were
conducted by a procedure similar to that with phenylacetylene. The
active zinc catalyst for these reactions was generated by the sequen-
tial treatment of chiral ligand 4 and Et,Zn at room temperature,
and then I-ethynylcyclohexene was added and stirred for 2 hours
to prepare the active zinc alkynylide. Finally, acetophenone was
added to the resultant reaction mixtures at 0 °C, and the reaction
mixture was stirred for several hours at room temperature. Under
these conditions, the product was obtained only in a low yield and
with low enantioselectivity (Table 1, entry 1).

Further investigation revealed that prolonging the treatment
of 1-ethynylcyclohexene with Et,Zn in the presence of ligand 4
at room temperature before the addition of acetophenone led
to the desired product in moderate yield and with increased
enantioselectivity (Table 1, entries 2 and 3).

The solvent effects were also examined in this reaction, for
example, the reaction proceeded readily in hexane with good
results, but the polar solvent CH,Cl, led to a practically racemic
result (3% ee; Table 1, entry 4). Increasing the amount of Et,Zn
from 2 equivalents to 3 equivalents showed improvement in the
enantiomeric excess of the product (Table 1, entry 6 and 3). The
use of low temperatures slowed the reaction down, but increased
the enantioselectivity (Table 1, entry 8).

Under the optimized reaction conditions of entry 8 (Table 1),
ligand 4 was employed to catalyze the asymmetric addition of 1-
ethynylcyclohexene to both aromatic and heteroaromatic ketones.
The results are summarized in Table 2. For most aromatic ketones,
the enantiomeric excess of the product was in the range 71-83%
(Table 2, entries 1-9). Among them, 2-naphthacetophenone gave
the best enantiomeric excess (83% ee; Table 2, entry 3). From
Table 2, it can be seen that the yields for the addition to acetophe-
none derivatives were relatively low compared with the case of
the furan or thiophene derivative. This could be explained by the
increased electron density of the furan or thiophene derivative,
which significantly enhanced the coordination of the carbonyls
to the catalyst. As we know, furan or thiophene derivatives have
one electron-rich atom (O, or S). On the other hand, they have
1 less ring atom than benzene to hold the same number of ©

Table 2 Asymmetric additions of 1-ethynylcyclohexene to both aromatic
and heteroaromatic ketones promoted by ligand 4 (1 mol%)*->-

(e} Ligand 4 (1 mol%)
)k*_ A\ — y Et,Zn (3 equiv.) OH//
R; < > (3equiv) Hexane Ry
5 6 7
Entry R, Product Yield (%) Ee (%)¢
1 Ph 7a 55 79
2 0-FC¢H, 7b 62 81
3 2-Naphthyl Tc 63 83
4 m-BrC.H, 7d 59 75
5 m-MeC¢H, Te 63 80
6 p-MeOC H, 7t 63 82
7 p-MeC¢H, 7g 51 74
8 p-CIC{H, 7h 49 74
9 p-FC.H, 7i 45 71
10 T\ 7 88 80
S
(6]
11 I 7k 85 65
O
o
1 I 7 66 83
S
o
13/ /) 7m 70 67
O
o}

« Ligand-ketones—Et,Zn—1-ethynylcyclohexene = 0.01 : 1 : 3: 3. ® All the
reactions conducted at —18 A in 1 mL hexane. © Yields of isolated products.
?The enantiomeric excess was determined by HPLC (see ESIY). ¢ All the
reactions were carried out for 48 hours.” The substrate is phenylacetylene.
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electrons (6). In the asymmetric additions of 1-ethynylcyclohexene
to 2-acetylthiophene and 2-acetylfuran, high yields were achieved
(88 and 85% yield, respectively; Table 2, entries 10 and 11). We
also studied the asymmetric additions of phenylacetylene to 2-
acetylfuran and 2-acetylthiophene. Good enantioselectivities (80
and 83% ee, respectively; Table 2, entries 10 and 12) were obtained
in the additions of both alkynes to 2-acetylthiophene.

In summary, we have evaluated our new chiral Schiff-base amino
alcohol ligand 4 in zinc-complex catalyzed asymmetric reactions
of 1-ethynylcyclohexene with both aromatic and heteroaromatic
ketones. When the loading of 4 was 1 mol%, up to 83% ee value
was obtained. The promotion of the reaction required no other
metal, other than Et,Zn, and the alkynylzinc does not need to be
prepared in advance.

Studies are currently underway to improve the enantioselec-
tivities that can be obtained with this new type of exceptionally
promising chiral Schiff-base amino alcohol ligand, in various
metal-catalyzed asymmetric processes, by screening within various
amino acid derived Schiff-base amino alcohols.
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The synthesis of brussalexin A, the first phytoalexin contain-
ing an allyl thiolcarbamate group, and its selective inhibitory
activity against fungal plant pathogens is described.

Plants under stress biosynthesise de novo antimicrobial secondary
metabolites which are known in general as phytoalexins.! Due
to a pivotal importance in plant fitness, phytoalexins and their
interaction with economically important pathogens are the subject
of many ongoing studies.> Phytoalexins containing dithiocar-
bamate or thiolcarbamate functionalities such as brassinin (1),
brassitin (2), I-methoxybrassinin (3), 1-methoxybrassitin (4), and
4-methoxybrassinin (5) are produced by many species of crucifer
plants.** Coincidentally but worthy of note, dithiocarbamate- and
thiolcarbamate-containing compounds have been used for decades
in a broad range of pesticides. For example, Mancozeb is a broad
spectrum fungicide,® Thiobencarb® is a widely used herbicide, and
Cartap’ isan insecticide known to block the nicotinic acetylcholine
receptor/ion channel complex of insects (Fig. 1).

.
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Fig. 1 Selected phytoalexins (1-5) from crucifers and pesticides.

Crucifers are widely studied because of their considerable
economical importance as oilseed crops [canola (Brassica napus
and B. rapa)], vegetables [cabbage (B. oleracea var. capitata),
caulifiower (B. oleracea var. botrytis) and turnip (B. rapa ssp.
rapa)], and condiments [brown mustard (B. juncea)]. Furthermore,
convincing evidence of the protective effect of crucifer vegetables
against cancer® and other physiological problems continue to drive

Department of Chemistry, University of Saskatchewan, 110 Science Place,
Saskatoon, SK, S7TN 5C9, Canada. E-mail: s.pedras@usask.ca; Fax: +1
306-9664730; Tel: +1 306-966-4772

T Electronic supplementary information (ESI) available: Experimental
details, synthesis and spectroscopic data of all new compounds (9 and
15-19). See DOI: 10.1039/b702156a

investigations on the production/degradation and role of their sec-
ondary metabolites, namely glucosinolates and isothiocyanates.’
Brussels sprouts (B. oleracea var. gemmifera), a vegetable
consumed worldwide, are known to produce a great variety of
aromatic and aliphatic glucosinolates, including glucobrassicin
(6) and sinigrin (7)." In addition, 3,3’-diindolylmethane (8) is
a naturally occurring product derived from glucobrassicin (6)."
Nonetheless, the phytoalexins of Brussels sprouts have not been

reported to date.
Qs T
N N
H H
8
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In this study, Brussels sprouts under stress were shown to pro-
duce a very intriguing thiolcarbamate that we named brussalexin
A (9). Brussalexin A is the first naturally occurring thiolcarbamate
in which the sulfur atom is attached to the 3-methylindolyl moiety.
Here we report the first isolation, synthesis, and antifungal activity
of this phytoalexin.

Brussels sprouts were irradiated under UV light (elicited) and
incubated as described in the ESIf. After 72 hours, tissues were
ground and extracted with ethyl acetate. HPLC chromatograms
of extracts of elicited sprouts indicated the presence of several
peaks not present in control tissues (non-elicited). Several of these
peaks corresponded to known phytoalexins; however, one of the
peaks (tx = 17.1 min) found no match in our libraries (DAD
and MS).” To obtain amounts of this unidentified compound
sufficient for structural identification, larger amounts of sprouts
were elicited, incubated, ground and extracted. The organic
extract was separated by multiple chromatography to yield the
unidentified compound (ca. 2 mg from 3.9 kg of fresh tissue). The
HR-EI-MS} of this unknown compound indicated the molecular
formula C;;H4,N,OS; the NMR spectroscopic data§ indicated a
monosubstituted indole with a methylene at C-3, an exchangeable
proton attributable to N-1 (CoHgN), and an allyl substituent
coupled to an exchangeable proton (C;Hs). The remaining atoms
(HCNOS) required to fulfil the molecular formula were used to
connect the methylene and allyl groups. Since the allyl group
showed coupling to an exchangeable proton, the only possible
structural arrangement was deduced to be that shown by structure
9. This structure was confirmed by synthesis, as described below.

The synthesis of thiolcarbamates has been achieved using a
variety of methods. Palladium-catalysed reactions of disulfides
with amines and carbon monoxide,* reaction of amines with
chlorothioformates™ or with phosgene' and thiols are among

OH

HO 0
Ho s. R
o m/

H NOSO; K*
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the most frequently used preparative methods. Likely due to the
significance of the biological activities of thiolcarbamates, the
patented literature has described several efficient preparations as
well.’® In spite of these wide range of methodologies, preparation
of a thiolcarbamate by coupling of a thiol with an isocyanate
has been used only in a few instances. Nonetheless, this method
appeared a reasonable strategy, since the required allyl isocyanate
(11) was commercially available and indolyl-3-methanethiol (10)
(Scheme 1) could be obtained by hydrolysis of indolyl-3-methyl

thioacetate (12)."
SN S
e . i
DI N +
N N _
10
Scheme 1 Retrosynthetic analysis of brussalexin A (9).

N/

H
_—
9

In our hands, however, hydrolysis of indolyl-3-methylthio-
acetate (12) under a variety of conditions yielded diindolyl-
3,3-methylsulfide (14) as a major product, along with indolyl-
3-carbinol (13) (Scheme 2). The key intermediate indolyl-3-
methanethiol (10) could be obtained only as the N-Boc-protected
thiol (17), in excellent yield (89%) from hydrolysis of 15 with
KOH/THF under argon atmosphere and at room tempera-
ture. When KOH/THF hydrolysis was carried out at higher
temperatures (>50 °C), formation of only bis(I-Boc-indolyl-
3-methyl)monosulfide (16) was observed (Scheme 2). 1-Boc-
indolyl-3-methanethiol (17) was stable enough to be characterised
spectroscopically, as reported in the ESIf. Next, 1-Boc-indolyl-
3-methanethiol (17) was coupled with allyl isocyanate (11), in
KOH/THF at 70 °C, to yield 18 quantitatively. Finally, deprotec-
tion of 18 in neat TFA at room temperature yielded 19, which after
solvent removal and heating of the residue at 50 °C for 2 h, afforded
compound 9 quantitatively (Scheme 2). In conclusion, compound
9 was efficiently synthesised from indolyl-3-methylthioacetate (12),
requiring only one chromatographic separation in the last step, in
73% overall yield. Compound 9 was identical in all respects to the
natural metabolite isolated from UV-elicited Brussels sprouts.

With compound 9 available in sufficient amounts, its effect on
the important fungal crucifer pathogens Leptosphaeria maculans
(BJ 125, isolate virulent on canola; Laird 2, isolate virulent
on mustard), Rhizoctonia solani, Sclerotinia sclerotiorum, and
Alternaria brassicicola was determined. Mycelial growth inhibition
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Scheme?2 Synthesis of brussalexin A (9). Reagents and conditions: i, KOH,
THE, argon, rt; i, (+-Boc),0, 4-DMAP, THF, 60 min, 99% yield; iii, KOH,
THE, argon, rt, 4 h, 88% yield; iv, KOH, THF, argon, 70 °C, 4 h, 44%
yield; v, allyl isocyanate (11), KOH, 70 °C, 20 min, 88% yield; vi, TFA, rt;
vii, 50 °C, 2 h, 91%.

bioassays, as described in the ESIT, established that compound 9
displayed a higher inhibitory effect against S. sclerotiorum, causing
89% inhibition at 5.0 x 10~* M, than against the other three
species (Table 1). Brussels sprouts are susceptible to L. maculans,
R. solani and A. brassicicola, and appear to be more tolerant to
S. sclerotiorum; however, since this is a commercial variety, the
degree of disease susceptibility to each species is not known.

Compound 9 is a plant metabolite with antimicrobial activity
that is biosynthesised in response to abiotic stress (UV), and is not
detectable in non-stressed plants. Consequently, this metabolite is
a new phytoalexin, for which we propose the name brussalexin Aq
9).

The structure of brussalexin A (9) is rather puzzling, as its
biosynthetic origin does not appear to fit in the currently known
biosynthetic pathway of most crucifer phytoalexins.* Production
of allyl isothiocyanate (20) in crucifers results from hydrolysis of
sinigrin (7) by a plant enzyme(s) generally known as myrosinase(s)
(thioglucoside glucohydrolases, EC 3.2.1.147, Scheme 3),'® which
appears to be the major glucosinolate of Brussels sprouts.’” Thus
it is proposed that brussalexin A (9) could result biosynthetically
from addition of thiol 10 (likely generated in situ due to its high
reactivity) to isothiocyanate 20, followed by desulfurisation.

Table 1 Inhibitory activity of brussalexin A (9) against commercially important plant pathogens: Leptosphaeria maculans, Rhizoctonia solani, Sclerotinia

sclerotiorum and Alternaria brassicicola

Growth inhibition® (%)

Fungal species

At5x 10° M At25x 10* M At5x 10* M
A. brassicicola® 30+ 11 47+6 56+6
L. maculans® isolate BJ-125 10+ 1 2847 47+ 5
L. maculans® isolate Laird-2 10+ 1 21+1 3243
R. solani* 22+3 45+ 4 5442
S. sclerotiorum? 65+2 82+2 89 +3

“The percentage inhibition was calculated using the following formula: Percentage inhibition = 100 — [(growth on treated/growth in control) x 100].
The results are the mean of at least three independent experiments. ® Results after 5 days of incubation. ¢ Results after 3 days of incubation. ¢ Results after

1 day of incubation.
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Brussels sprouts are cultivated in many regions of the world,
and thus are expected to show great variation in the degree of
susceptibility to different fungal diseases. Therefore, to determine
the significance of brussalexin A (9) in defence reactions against
pathogenic fungi, it would be necessary to analyse its production
in various horticultural regions. Notwithstanding this lack of
information, the reactions of the various pathogens to brussalexin
A (9) are expected to provide further insights into its role in
plant defence mechanisms.? Finally, considering the uniqueness
of the allyl thiolcarbamate group of 9, it would be of interest
to investigate its potential anticarcinogenic and antioxidative
properties.
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Notes and references

1+ HR-EI-MS: calc. for C;;H;N,OS (M*) m/z 246.0826, found 246.0824;
EI-MS (m/z, %): 246 (9), 130 (100).

§ '"H-NMR (500.1 MHz, CD;CN): 6 9.17 (br s, 1H), 7.62 (d, J = 8 Hz,
1H), 7.42 (d, J = 8 Hz, 1H), 7.23 (d, J/ = 2 Hz, 1H), 7.18 (dd, J = 8 Hz,
1H), 7.09 (dd, J = 8 Hz, 1H), 6.48 (br's, 1H), 5.87 (m, 1H), 5.17 (dd, J =
17, 1.5 Hz, 1H), 5.11 (dd, J = 1.5, 11 Hz, 1H), 4.36 (br s, 2H), 3.86 (br s,

2H). "H-NMR (500.1 MHz, CDCl;): ¢ 8.05 (brs, 1H), 7.69 (d, J = 8 Hz,
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122.4 (d), 119.8 (d), 119.0 (d), 116.9 (t), 112.3 (s), 111.3 (d), 43.7 (1), 25.5
(V).

€ The name brussalexin A is proposed because additional elicited
compounds appear to be produced in Brussels sprouts, although their
structures remain to be determined.
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The synthesis and photochemical characterization of bi-
component molecular switches based on covalently tethered
dithienylethene photochromes is described. Both photo-
chromic units undergo complete switching between the fully
cyclised and fully non-cyclised states despite a significant level
of electronic communication between the individual units and
their proximity.

The photochromic properties of diarylethenes continue to receive
considerable attention,' in particular those based on heterocyclic
aryl rings, due to their efficient switching between a coloured
(closed) and non-coloured (open) molecular state with high fatigue
resistance and excellent thermal stability over multiple cycles.”
These properties make them excellent candidates for application
in optical memory,® photoswitching,* molecular electronics® and
display devices.® Recently efforts have been directed towards the
construction of multicomponent molecular systems for multi-
mode switching based on the diarylethene photochromic unit
by connecting two or more switches covalently. These multi-
functional systems offer the possibility of increasing the number
of photochromic states available from two {i.e., open (o) and
closed (c¢)} to three {ie., 0-0; c-0; c—c} or more, allowing
for the possibility of achieving higher logic operations than
possible with a two state system (Fig. 1). Ultimately multicolour
materials or multifrequency optical memories might be developed.
However, to achieve operations of a higher order of logic,
the systems should behave in a supramolecular manner. That
is, both photochromic units must show a significant level of
intercomponent interaction ie. that the first ring closing event
is ‘felt’ by the remaining open photochrome, while still retaining
the photochemical reactivity of the individual units.

Several bi- and tri-component organic photochromic based
systems have been reported, which employ a bridging single
bond,” phenyl,® phenylene,” ethynylene,” or diyne,'' as well
as a combination thereof.”> The photochemical behaviour of
these multicomponent systems has proven to be sensitive to
the nature of the bridging unit. In the case of dithienylethene
based photochromic switches, substitution of the thienyl rings
with conjugated units (e.g., phenyl, thienyl and pyridine rings,
alkenes and alkynes)™ can result in stabilisation of the LUMO
of the dithienylethene photochromic unit in the closed state. This
stabilisation has the effect of reducing the quantum efficiency of
the ring opening reaction' and, in multicomponent systems, can

Laboratory of Organic Chemistry, Stratingh Institute for Chemistry &
Zernike Institute for Advanced Materials, University of Groningen, Nijen-
borgh 4, 9747 AG, Groningen, The Netherlands. E-mail: b.l. Feringa@rug.nl;
Fax: +31 50 3634296, Tel: +31 50 3634235

T Electronic supplementary information (ESI) available: Synthesis, an-
alytical data and UV-vis spectra changes upon photolysis. See DOI:
10.1039/b702417¢g

(0-0)

Fig. 1 Photochromic reactions of diarylethene dimer.

lead to more efficient energy transfer from an open component
to a closed component, inhibiting and even preventing full ring
closure of the multicomponent system.'

Indeed, in the majority of multicomponent dithienylethene
systems reported to date only one of the diarylethene units can
convert to the closed-ring form upon irradiation with ultraviolet
light. When the c—o form of the dimer is irradiated with UV light,
intramolecular energy transfer from the open dithienylethene unit
to the closed unit prevents the formation of the c—c state.

A number of diarylethene dimers have been prepared which
can, upon UV irradiation, convert to the c—c closed state,
using phenyl”® or fluorene' based spacer units to separate the
photochromic units. The absence of communication between the
photochromic units in these systems is either complete and the c—
o intermediate state cannot be accessed independently of the c—c
state or the first ring closing step results in a significant perturba-
tion of the electronic structure of the second chromophoric unit.®*3

In this report we focus on examining the communication
between two proximately connected diarylethene units, which are
bridged via a single silicon atom {e.g., 2H(0-0), Fig. 2}. Of special
interest is how close the two photochromic units can be brought to-
gether to allow for intercomponent communication without a loss
of the photochromic properties of each component. A key aspect
of through bond communication between photochromic units is
the overlap integral of the orbitals of the bridging unit with the
two photochromic units. If this overlap can be reduced (as in the
case of a dimethylsilyl bridge) then through bond interaction can
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Fig. 2 Monomeric (1) and dimeric (2) and (3) photochromic switches.

be minimised resulting in through space interactions dominating
any communication between the components observed.

The diarylethene dimer 2H(0—0) was prepared as outlined in
Scheme 1. Starting with the dichloro compound 5Ho, 6Ho was
prepared by a Suzuki coupling reaction of the boronic ester'” of
5Ho with 4-iodoanisole. Lithiation of 6Ho with 7-BuLi and sub-
sequent silylation' by dichlorodimethylsilane yielded compound
2H(0-0). 1Ho, 2F(0-0), 3H(0-0) and 3F(0—0) were prepared by a
similar route (see electronic supplementary information).

Photolysis of the monomeric switch 1Ho at 312 nm resulted
in formation of the ring closed forms of the compounds with a
photostationary state (PSS, by HPLC) of 37 : 63 (1Ho : 1Hc, sce
ESIY).

Photolysis of 2H(0—-0) at 312 nm in hexane converts the colour-
less solution to a coloured solution, with the appearance of
new absorption bands in the visible region (Table 1, Fig. 3). The
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Scheme 1 Syntheses of monomeric and dimeric

dithienylethene
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Fig. 3 a) UV-vis spectral changes of 2H(0—0) upon irradiation with
312 nm light. b) Photochromic bleaching of 2H(c—c) (isolated by thin
layer chromatography) upon irradiation at >455 nm.

OMe

based switches. (i) »-BuLi/THF, (i) B(OBu);, (iii)

4-iodoanisole/Pd(PPh;),/Na,CO;/THEF, (iv) --BuLi/THE, (v) Me;SiCl, (vi) #~-BuLi/THF, (vii) Me,SiCl,.

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 1170-1174 | 1171





Table 1 UV-vis absorption data“

(O) Znan (&) (C) Amax (&) PSS;15mm
IH  275(24.5) 296 (25.5), 500 (10.43)  37:63
2H 274 (50.0) 300, 506 (21.8) 7:37:56¢
2F 256 (45.0), 294 (50.7) 340 (37.7), 578 (26.5) 1:99¢
3H  233(44.0),270 (45.0) 345 (15.6), 518 (21.9) 8:36:56°
3F 256 (53.0), 282 (48.0) 369 (13.0), 568 (21.0) 1:99¢

“in nm, ¢ in mM~"' cm™". In heptane solution. ® Ratio by HPLC of 1Ho :
1Hc. ¢ Ratio by HPLC of 0-0 : ¢-0 : c—c isomers. ¢ Ratio by HPLC of 0-o
: (c-0 + c—) isomers. (O) = open form; (C) = closed form.

absorption bands are typical of the formation of the closed-
ring forms, 2H(c—0) and 2H(c—c). Irradiation with >455 nm
light leads to a complete reformation to the colourless 2H(0—0)
state. A single isosbestic point at 292 nm was maintained during
both ring closing and opening. The photostationary state (PSS)
was determined by HPLC to be a mixture of all three forms
in the ratio of 7 : 37 : 56 {2H(0o—0) : 2H(c—0) : 2H(c—¢)}.I
Similar results were obtained for 2F, 3H and 3F, however, as
chromatographic separation of all three isomers was achieved only
for 2H, the remainder of the discussion will focus on this com-
pound. The lower PSS of 2Ho compared with 2Fo is as expected
by comparison with related symmetrically substituted systems
(Table 1)."”

2H(c-0) and 2H(c—c) were generated photochemically and
isolated by preparative thin-layer chromatography (see ESI for

isolation and characterisationt). Fig. 4 shows the 'H NMR spectra
in the range of 3.6 to 8.0 ppm of the three isomers. For 2H(c-o),
the heterocyclic proton absorptions of 2H(o—0) at 6.84 and
6.96 ppm are replaced by a new set of four singlets at 6.04,
6.25, 6.87, and 7.03 ppm (Fig. 4b), two of which appear close
to the absorptions of 2H(o-o0). The absorptions at 6.04 and
6.25 ppm are shifted significantly upfield as expected for the ring-
closed state.® The asymmetric nature of this product confirms
that the singly-closed ring isomer 2H(c-0) has formed. Moreover,
Fig. 4c shows only two heterocyclic proton signals at 6.17 and
6.25 ppm confirming that both diarylethene units are in the closed
state i.e., 2H(c—c).

In contrast to the '"H NMR spectra of the three isomers of
2H, the UV-vis spectrum of the singly closed form 2H(c-o) is
identical to a 1 : I mixture of the fully open {2H(0-0)} and closed
{2H(c—c)} forms. The visible absorption spectra (i.e. >400 nm)
of both 2H(c—0) and 2H(c—c) are identical except with respect
to the molar absorptivity (¢ 11.0 and 21.8 mM™" cm™' at A,
506 nm, respectively). Hence, although it is clear from '"H NMR
spectroscopy that the two dithienylethene photochromic units
show considerable through space steric interaction (as evidenced
by the difference in the chemical shift of the thienyl protons
of the open and closed units in the three isomers), UV-vis
spectroscopy shows that the extent of electronic communication
between the units is, at most, minimal.

The PSS of 2H indicates that the efficiency of photochemical
ring closing to the c-o state is good (>93%), and it is higher than
observed for the monomeric model compound 1He. However,
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the efficiency of the second ring closing step is considerably
reduced, presumably due to through space quenching of the
excited state of the open photochromic unit by the closed unit,
reducing the quantum yield of the photochemical ring closing
reaction and hence the equilibrium point reached with the reverse
photochemical ring opening reaction.

Although photochemical ring closure is an essentially temper-
ature independent process above 80 K, the reverse process, that
of ring opening, is a thermally activated process and typically
below 130 K ring opening of dithienylethenes is not observed even
under prolonged visible irradiation.'*?! In order to confirm that
the low photostationary state between the c-o and c—c forms at
298 K (Table 1) is due to impedance of the second photochemical
ring closing step, photochemical ring closure of the o—o form was
carried out under conditions designed to avoid photochemical ring
opening. Hence the photochemical ring closure of both 2H(0—0)
and 2H(c—o0) was followed by visible spectroscopy at 120 K. For
both, complete conversion to 2H(c—c) was observed, and although
the ring closure is monoexponential for 2H(c—o0), it is distinctly
biexponential for 2H(0-o0) ring closure, with the initial ring closing
step (0—0 to c-0) being three times faster than the second step
(c-o to c—¢, Fig. 5). In addition to this, the photostationary state
reached at 120 K was >98% in favour of 2H(c—c). Thus the
lower PSS achieved at room temperature (Table 1) provides strong
evidence that although the two photochromic units do not show
through bond interaction,i.e. delocalisation, they nevertheless
show modest through space electronic communication.

0.0+

T I T
0 200 400 600 800 1000
Time (s)

T
1200

Fig. 5 Formation of 2H(c—) from 2H(o-0) at 120 K (4, 312 nm)
in isomethylpentane monitored at 510 nm (data: circles, bi-exponential
growth; fit: solid line).

In summary, we have demonstrated that multicomponent
dithienylethene based switches in which the components are con-
nected via a very short Me,Si spacer unit can undergo ring closing
and opening between three distinct photochromic states even
with a small but significant electronic communication between
the photochromic units present. By introducing asymmetry in the
bicomponent system, this approach may allow for the develop-
ment of functional systems for incorporation into molecular logic
devices. Furthermore the present system demonstrates that spatial
proximity between components can be achieved independently of

electronic communication. It is apparent that the silicon atom
spacer? precludes effective through bond interaction presumably
due to poor orbital overlap with those of the dithienylethene
components.
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Methyl (R)-o-chloromandelate ((R)-1), which is an interme-
diate for a platelet aggregation inhibitor named clopidogrel,
was obtained in >99% ee by the asymmetric reduction of
methyl o-chlorobenzoylformate (2) (up to 1.0 M) with recom-
binant E. coli overproducing a versatile carbonyl reductase.

Clopidogrel is a platelet aggregation inhibitor widely administered
to atherosclerotic patients with the risk of a heart attack or
stroke caused by the formation of a clot in the blood. Worldwide
sales of Plavix (clopidogrel bisulfate) amounted to $6.4 billion
per year (data for the 12 months ending June 2006), which
ranks second.! The key enantiomer, methyl (R)-o-chloromandelate
((R)-1), can be prepared from the corresponding (R)-carboxylic
acid,? which can be obtained by the fractional crystallization of
the racemic mixture. A more advanced method for obtaining
(R)-1 would be the direct asymmetric reduction of a-keto ester
2. Surprisingly, only one report on the asymmetric reduction
of 2 has been disclosed; Genet and co-workers have reported
the Ru-catalyzed asymmetric hydrogenation of 2 to afford (R)-
1 with 50% ee at most.> Zhang and co-workers have reported
the asymmetric hydrogenation of the corresponding ethyl ester
with enantioselectivity of up to 76% ee.* No biotransformations
of 2 to 1 have been reported. Although an alternative synthetic
route to clopidogrel via the asymmetric hydrocyanation of o-
chlorobenzaldehyde using R-selective hydroxynitrile lyases has
been proposed,*® the asymmetric reduction of 2 is much safer,
more straightforward, and more advantageous because of the
asymmetric induction in the step closer to the final product.

Our research has centered on versatile biocatalysts capable of
showing high enantioselectivity and broad substrate specificity
simultaneously. A carbonyl reductase called SCR showed catalytic
activity for various ketones, such as o-chloro ketones, a-acetoxy
ketones, a-keto esters, f-keto esters, y-keto esters, and -diketones,
and 13 out of 20 alcohols obtained had enantiomeric purities of
>98% ee.”® The gene encoding SCR has recently been cloned
and expressed in E. coli, and the asymmetric reduction of
various ketones with the recombinant E. coli cells has afforded
20 synthetically useful alcohols, 11 of which had enantiomeric
purities of >98% ee.*'® We considered the asymmetric reduction
of 2 as a good test for the further evaluation of the power of the
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versatile biocatalyst. Here we report the highly enantioselective
and efficient synthesis of (R)-1 using the recombinant E. coli
(Scheme 1).

The E. coli strain coproducing SCR and GDH (glucose
dehydrogenase) (BL21(DE3) harboring pESCR and pABGD),
which has previously been reported,® was used in this study. a-
Keto ester 2 (0.60-1.98 g, 3.0-10.0 mmol), which was prepared by
the one-pot oxidation of methyl o-chlorophenylacetate according
to the literature," was added to a mixture of glucose (2 equiv.),
NADP* (10 mg, 12 pmol), and E. coli wet cells (2.0 g) in 0.1 M
phosphate buffer (pH 7.0, 10 mL). The mixture was stirred at a
regulated temperature for 24 h, during which 2 N NaOH was added
to neutralize the solution acidified upon formation of gluconic
acid. The product was extracted with EtOAc and purified by
column chromatography. The results are shown in Table 1.

We first employed the reaction conditions previously optimized
for B-diketones." To our delight, the desired alcohol (R)-1 was

Table 1 Asymmetric reduction of 2 with recombinant E. coli*

Entry [2/M [2//gL"' T/°C C (%) Yield (%)  Ee (%)
1 0.3 60 30 92 76 >99
2 0.3 60 25 >99 88 >99
3 0.6 120 25 94 88 >99
4 1.0 198 25 90 85 >99
5 1.0 198 20 99 89 >99
6 1.0 198 15 86 82 >99

“Conditions: 2 (0.60-1.98 g, 3.0-10.0 mmol), wet cells of E. coli
BL21(DE3) harboring pESCR and pABGD (2.0 g), glucose (2 equiv.),
NADP* (10 mg, 12 umol), 0.1 M phosphate buffer (pH 7.0, 10 mL).
® Conversion determined by 'H NMR. ‘Isolated yield of (R)-1.
4 Determined by HPLC (Chiralpak AD-H, hexane/i-PrOH (9 : 1)).
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obtained in 76% yield with >99% ee (entry 1). This result was
surprising because the sterically demanding chlorine atom at
the ortho position might hinder the reaction and deteriorate the
enantioselectivity and because o-hydroxy ester 1, bearing the three
electron-withdrawing groups at the stereocenter, might be subject
to racemization. Indeed, the difficulty of asymmetric reduction of
2 can be inferred from the fact that Genet and co-workers gained
(R)-1 with 50% ee at most despite various attempts to increase the
enantioselectivity in the Ru-catalyzed asymmetric hydrogenation
of 2.

In view of the industrial utility of (R)-1 as a synthetic in-
termediate for clopidogrel, we next turned our attention to the
efficiency of this biotransformation. We tried to find the best
reaction temperature, at which the enzyme denaturation caused
by a large amount of substrate/product as well as temperature
is suppressed well, and at which the asymmetric reduction of
2 proceeds smoothly, giving the highest productivity of (R)-1.
Table 1 outlines how we optimized the productivity by changing
the substrate concentration and the reaction temperature. When
the reaction temperature was decreased by 5 °C, the conversion
and isolated yield increased (entry 2), which prompted us to double
the substrate concentration. Even at the substrate concentration
of 0.6 M, the conversion reached 94% (entry 3). Therefore,
we further increased the substrate concentration up to 1.0 M,
which resulted in 90% conversion (entry 4). Finally, we further
lowered the reaction temperature (entries 5 and 6) to find the best
temperature giving the highest conversion at the same substrate
concentration. Thus, the whole-cell reduction of 1.0 M of 2 at
20 °C gave 99% conversion and 1.78 g of isolated product (R)-
1 (entry 5), which corresponds to a productivity of 178 g L'
(weight of isolated product per litre of initial reaction volume).
Such a remarkable temperature effect on productivity was beyond
our expectation although other researchers had gained the highest
productivity at 20 °C in the whole-cell asymmetric reduction
of ethyl 4-chloroacetoacetate.”> Because only a few examples of
microbial reduction systems capable of giving productivity higher
than 100 g L' have been reported,”®® the present whole-cell
reduction is quite promising. Moreover, the enantiomeric purities
of (R)-1 obtained under various conditions in Table 1 were
>99% ee in all cases.

Previously, we have obtained ethyl (R)-mandelate ((R)-3) with
92% ee using recombinant E. coli overproducing SCR." The fact
that the (R)-enantiomer of 3 was obtained could not be explained
well by the stereochemical trend observed for a series of products.?
Before the attempt to reduce 2, therefore, we could not predict
how the enantioselectivity would change due to the structural
modifications in the analogous compound. To investigate the
factors responsible for the highly enantioselective production
of (R)-1, we determined the enantiomeric purities of 4 and 5
obtained by the whole-cell reduction of the corresponding ketones
at 30 °C. As a result, (R)-4 and (R)-5 were obtained in good
yields with 96 and 99% ee, respectively (Scheme 2). Clearly, the
presence of the chlorine atom and the replacement of the ethyl
group by the methyl group each contributed to the enhancement of
enantioselectivity, and the two modifications led to the production
of (R)-1 with >99% ee.

OH OH Cl OH
CO,Et COMe CO,Et
(R)-3 (R)-4 (A5
92% ee'? 96% ee 99% ee
Scheme 2

In summary, the present biotransformation provides an ef-
ficient and green method for the synthesis of methyl (R)-o-
chloromandelate ((R)-1). The hydride source is glucose, which is
cheap biomass, and the catalyst is E. coli, which can be multiplied
easily and inexpensively. The reaction is performed in an aqueous
solution under air. This is the first example of the direct asymmetric
synthesis of (R)-1 with >99% ee. Excellent productivity as high as
178 g L~" has been achieved. Because of the pharmaceutical value
of the downstream product, clopidogrel, this bioprocess has good
potential for an industrial application.
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