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The ideas and experimental results within 350 references are marshalled to illustrate the design bases and application potential of
molecular luminescent sensing and switching devices that have appeared since the turn of the century. All of these molecules possess
lumophores and receptors connected or associated in some way.
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1. Introduction

Chemically induced switching of luminescence remains one
of the more dramatic visual phenomena to be found in a
laboratory. The past sliver of this century provides enough
evidence that this phenomenon continues to entertain
scientists in laboratories around the world in good numbers.
It is also natural that such a humanly comprehensible signal
would be put to good use in quantitating chemical species of
various kinds, that is, luminescence sensors serve real-life
needs in the wider world. Organic chemistry remains at
the centre of this overall enterprise, since design, synthesis
and characterization of mostly carbon-based molecules
precedes the demonstration of luminescence switching. Our
observation is that organic chemists as a community,
especially those at the higher end of molecular synthesis,
have largely remained aloof from luminescent sensors and
switches. Our aim in this review is to appeal to this skills-
base and to suggest that luminescent sensors and switches
can be a fitting creative output for hard-core organic
chemists. After all, even molecules as small as aspirin had
important enough social ramifications to inspire organic
chemists.

To keep this review within reasonable bounds, we will only
track the trends of the past 5 years. Even then, we will only
illustrate trends with those discoveries that caught our eye.
Older literature will be cited only in an effort to note the
foundations of these fresher discoveries. Readers wishing
more background have a string of older reports to consult.'*

1.1. Real-life case: from design to deployment

A victim of a car crash is lying in the street. Someone dials
the emergency number. The ambulance arrives within
minutes and the paramedics take a quick blood sample
from the victim while preparing him for transfer to the
hospital. Every minute counts. In 30 seconds, the patient’s
blood electrolyte levels are known thanks to a small portable
instrument. These are telephoned through to the hospital. A
blood bag is balanced with electrolytes to match the patient
and is ready for use as soon as the ambulance has fought its
way through the city traffic to the accident and emergency
centre of the hospital.

Those blood electrolyte levels are measured quickly and
reliably with a family of fluorescent PET sensors.'= The
sensor molecules 1%° for, say, Na® are covalently
immobilised on an aminocellulose fibre substrate. K™ is
tackled similarly with 2.>° The whole blood is filtered
through the cellulose fibre mat before encountering the
sensor molecules, so that only the relatively colourless
serum makes the crossing. The Na™ in the serum
equilibriates with the sensor molecules so that the

appropriate fraction of the sensor molecule population
becomes Na™-bound. A flash from an inexpensive blue
light-emitting diode excites all the sensor molecules. The
Na ™" -bound fraction is strongly fluorescent and replies with
a green-yellow flash. The Na™-free fraction remains
virtually silent. The intensity of the green-yellow light
flash is measured by an inexpensive photodiode and easily

converted into a blood Na™ level.
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The luminescent PET sensor principle'*> was particularly
attractive for the present application because of its
simplicity. A lumophore is attached to a receptor via a
spacer so that the terminal units act in a modular fashion,
that is, their properties are largely preserved. Except for one
thing: the luminescence of the lumophore is switched ‘off’
due to presence of the receptor. Arrival of the analyte which
is selected by the receptor causes the luminescence to be
switched back ‘on’ again. The ‘off-on’ nature of the
analyte-induced switching and the modular nature of the
system are two manifestations of simplicity. Equally simple
is the design, that is, the choice of the modules. How do we
choose the receptor from the wealth of ideas and examples
available in the literature?

A quick glance at a medical textbook?’ tells us the normal
levels of extracellular Na* and K™ in whole blood are 140
and 4 mM, respectively, and so the accurate measurement of
the Na® level requires matching of the Nat binding
constant of the chosen receptor to the reciprocal of the
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normal concentration as well as ensuring adequate
selectivity with respect to the other constituents. The
selectivity of binding is the province of coordination and
supramolecular chemists. Elegant solutions are available for
this situation following the developments in macrocyclic
chemistry.®

Crown ethers have a well-deserved reputation as Na™
binders.”® Adequate selectivity against K™ can be obtained
by choosing a 15-crown-5 derivative.”® Selectivity against
H* can be obtained with all-oxygen crowns, but an
N-phenyl monoazacrown would work just as well at
physiological pH values and have extra advantages. First,
they are more electroactive due to the lower oxidation
potential of the anilinic motif (0.8 V vs saturated calomel
electrode).30 Electroactivity is needed, since these sensors
rely on photoinduced electron transfer,”' ¢ and in fact, this
is the origin of the PET acronym. Such a transfer requires an
oxidation, say, of the receptor and a corresponding
reduction of the lumophore under the influence of
photoexcitation. This transfer is responsible for draining
the energy deposited in the lumophore upon excitation and,
hence, the lack of luminescence in the switched ‘off” state of
the sensor. Second, the N-phenyl motif can be outfitted with
a 2-methoxy substituent which swings into action when
Na™ is captured by the crown in order to increase the
number of oxygen atoms in the coordination sphere.
In effect, the 2-methoxy substituent serves to cap the Na™
corralled by the crown ether. This capping requires a
rotation about the aromatic C—N bond such that the nitrogen
electron pair is deconjugated from the benzene ring
m-system and so the oxidation potential of the Na™-bound
N-phenylazacrown is naturally raised. Of course, the very
presence of the Na™ raises the oxidation potential of the
aniline motif due to straightforward electrostatics.®”*® This
double boost of the oxidation potential is the reason why the
photoinduced electron transfer becomes energetically
impossible in the Na™-bound sensor. The excitation is
therefore unused by PET and returned as luminescence
emission—a clear switching ‘on’.

2. PET (photoinduced electron transfer) systems
2.1. Brief theory

Photoinduced electron transfer has had whole books
devoted to it,31’32’34_36 and luminescence switching with it
has also been reviewed.'”" It was also discussed above
concerning the case study. Nevertheless, the basic approach
can be summarised in a few sentences. A lumo/fluorophore
is connected to a receptor via a spacer, which can be virtual
or even absent. Known redox potentials®® can be used to
choose components so that the receptor will transfer an
electron to/from the excited lumo/fluorophore. This means
emission is absent at this stage. Binding of a target species
will now change the redox potential of the receptor so that
the electron transfer is no longer energetically feasible, and
the excited state energy of the lumo/fluorophore is therefore
dumped as a humanly visible emission. This is the target-
induced emission enhancement. Distinguishing features of
this method are its quantitative design and the predictability
of many observable parameters. The ‘on/off’ emission

intensity ratios can be easily useful at values of 2, can be
visually dramatic in the dark at values of 10, and can be
much larger than 100 when instrumental errors take over the
numbers. Values clearly less than 1 can also be useful, and
can be designed into the systems.

2.2. Proton targets

This survey begins with a special example which is based on
a common structural format. The imide nitrogen creates a
node in the molecular orbital system, and so Zang et al.’s
compound 3°° is clearly of the ‘fluorophore-spacer-
receptor’ format. Indeed, PET from the anilinic unit to the
perylenetetracarboximide leads to negligible fluorescence.
Protonation of the anilinic unit gives a strong fluorescence
enhancement (FE). Other binders of the anilinic nitrogen
such as ZnCl, also give a similar effect. The earliest PET
sensors by Morawetz in 1976 (not far from Zang et al.’s
premises in New York) also found this similar action
between H' and Zn? ™" .*° However, what distinguishes the
current study is the observation of the switching properties
at the single-molecule level by confocal scanning
microscopy. The time trajectory of fluorescence intensity
is similar to that seen in the one previous case of a
fluorescent ICT sensor (see below) for pH.41

The ‘fluorophore-spacer-receptor’ format is also clearly
recognisable in Fahrni et al.’s compound 4,** which
switches on its emission when the aniline unit picks up
H™. The structure and function of 4 is largely subsumed
within 5*° and 6** designed to respond principally to Ca* ™"
and Na™, respectively. Both 5 and 6 have been tested for
their response to H™' during selectivity studies. Indeed,
strong fluorescence switching ‘on’ is seen. PET from the
aniline unit to the pyrazoline fluorophore carrying electron-
withdrawing groups like CN was first appreciated by Pragst
and co-workers.*’

While the interactions of H' with naphthylmethylpoly-
amines were studied during the formative phase of PET
sensors, Pina et al.*® cleverly analyse the PET rates
extracted from 7 and its relatives as a function of the
electron-transfer distance. The former is derived from
fluorescence lifetime measurements, whereas the latter is
obtained from NMR data. This work contributes to the
understanding of the distance dependence of PET,*” and so
molecules like 7 enjoy a new life in a new field. Clear
isotope effects indicate a proton shift prior to PET or a
coupled proton—electron movement.*®

Tian et al.’s copolymer 8% includes the ‘fluorophore-
spacer-receptor’ system where H™ binding to the tertiary
aliphatic amine inhibits PET and switches on the emission
of the naphthalimide unit.’*~? This phenomenon is cleverly
combined with photogenerated acids, from precursors such
as triphenylsulfonium salts, to achieve ‘light writing’ of
fluorescent images.

Overall, acid-base interactions remain the simplest, most
convenient and most defined testing ground for sensor
designers.
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2.3. Alkali and alkaline earth cation targets
The opening cases of Na©™ and K™ blood analysers®>2°
belong here. A related case for Na* employing the same
receptor is also available from Gunnlaugsson et al.”® What
follows shows how much this sub-field has grown.

The amine donor, which is two methylene groups away
from the anthracene fluorophore, gives away the PET sensor
design of 9-11.°*° If one methylene group each were
shaved off 11 we would arrive at a classical PET sensor for
H".%° Both 9 and 10 form all three possible structures
[ML]**, [MLL]** and [ML']** (sandwich) for the alkaline
earth metal ions but only [ML] " and [M,L]*>" for the alkali
metals. Fluorescence would be switched ‘on’ only when
both tertiary nitrogen lone electron pairs are blocked by the
metal ions or H. The secondary nitrogen in 9 allows it to

Co,Et CO,Et

6
Me  COMe
n Me m
; O
0«N._O

better chelate metal ions than 10 to an extent that results in
higher stabilities of the complexes formed. While the
binding data can be useful, the poor selectivities reduce their
usefulness as sensors. Whereas these sensors operate in
acetonitrile, derivatives operating in water would be
generally more useful.

Another study from the Lincoln laboratory”’ compares PET
sensors with one or two crowns, as we did before for very
similar structures concerning H™.>® The mono-azacoronand
12 has a moderate fluorescence quantum yield of 0.25 in
acetonitrile. An Li"-induced FE of 3 is found, with larger
alkali cations performing less well. The stability constants
obey a similar trend. The bis-azacoronand 13 exhibits poor
quantum yields of less than 0.07, even when only one of the
receptors is occupied by an alkali metal, due to PET readily
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occurring from the uncomplexed receptor. The lower
fluorescence efficiency is due to the increased reducibility
of the fluorophore when 13 is mono-complexed. However,
when alkali metals occupy both receptor sites the quantum
yields are as high as 0.73.

()
969

O/_\O
R
S )

N
[Xj 12 @Nﬁ
9; X = NH (_O 0_7
10;X =S J
11;X=0 13

Kenmoku et al.*® found an Na*-induced FE of 5 for 14 with

a small binding constant of 2.5 under simulated physio-
loglcal conditions. This is clearly a virtually spaced PET
system® aided by the steric effect of the strategically placed
methyl group. Nice thermodynamic and quantum calcu-
lational arguments are offered to support PET in this case.
A very similar system was unveiled a few years ago by
Kollmannsberger et al.”® Older cases of benzocrown ether-
based PET sensors for Na™ are known.®® As an aside, a nice

electrochemical study of benzocrown ether is included and
shows the long-expected® Na ™ -induced anodic shift.

14

Sensing Li* in water via fluorescence remains a tough nut
to crack due to the unavailability of suitably selectlve and
strong receptors. Nevertheless, Gunnlaugsson et al.®' make
progress by developing 15 for use in acetonitrile. Compound
15 has a ‘fluorophore-spacer-receptor-spacer-fluorophore’
format. It produces an FE of 9 and a final quantum yield of
0.11. The relatively high pK, of the diazacrown ether (7.2 in
water) is a weak point, however.

Compound 16°* contains the boron- dipyrromethine fluoro-
phore, which is bu11d1ng up a considerable usage in sensor
studies®> ™ as well as in general b10chem1ca1 research.®
It is found to be selective for Ca>™ over other cations in
methanol solution. However, the fact that the fluorescence

quantum Yyield decreases rapidly as the amount of water is
increased to even 20% limits 16’s general usefulness. The
fluorescence of 16 switches ‘off’ in the presence of Ca’™
because of the increased oxidizabilit ;f of the phenolate part
of the calixcrown receptor. inclusion in the
calixcrown allows H* ejection from the proximal phenol
to produce the phenolate. This is reminiscent of older boron-
dipyrromethine -based PET systems responding to H™ via
their phenolate receptor.®’ It is notable, however, that 16
requires a particular pH range to see ‘on—off’ sw1tch1n
action, as found in the pioneering (non-fluorescent) case.’
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More examples using the boron- d1pyrr0meth1ne fluorophore
are avallable in the work by Gee et al.,* who connect
Tsien’s Ca®*-receptor BAPTA”® via a relatively long
spacer to produce a family of PET sensors like 17.
Acetoxymethyl esters of these are cell permeable as
expected and give order-of-magnitude FE in the cell
environment.

17

As might be expected, there are more crown ether- and
cryptand-based sensors to discuss in this section. For
instance, a large Ca’"-induced FE is seen for 18”'
compared to both 19 and 20, and 21 also shows a moderate
increase in ﬂuorescence with Ca®™, but is not as selective
against Mg” " as 18. Changing the electronlc properties of
the N-aryl group thus affects the selectivity of the
molecules—ion selection is not just a size-match scenario.
It is clear that the electron richness of the aromatic amine
m01ety 1s in the order: 21> 18>19=20. The aptitude of 21
for Mg>" seems to be due to the electron-rich phenylene-
diamine unit binding strongly with charge-dense Mg,

which has been noted in a previous report from the Pearson
group. 7273 NMR experiments suggest that Mg is too
small to fit snugly into the crown cavity and resides towards
the aliphatic amine side. This can be rationalised since the
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hard Mg avoids the softer aniline side. The large effect on
NMR chemical shifts near the anthracene, when compared
to the small FE for Mg®™ on 18, 19 and 20, suggests the ion
probably moves towards the aniline side of the molecule
during the anthracene’s excited state lifetime. Related
cation decoordination is known in ICT sensors which
develop a substantial cationic charge at the business end of
the receptor.”*’> The small amount of electronic coupling
between the anthracene and the amine across the methylene
spacer76 can create a small amount of ICT character which,
in turn, can serve the current purpose.
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18, R1,R2, R3=H
19; R1=CI;R2,R3=H

20; R1,R3=H; R2=Cl
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Most school chemical laboratory experiences include the
precipitation of white BaSO, from its water-soluble
components. From then on, however, a chemical test for
Ba”™ is hard to come by, so much so that developing optical
sensors for Ba?" is an important research goal for many.
The report of a fluorescent sensor for Ba** in aqueous
solution by Nakahara et al.”’ is therefore quite an event. The
‘fluorophore-spacer-receptor’ system 22 in water shows
poor binding to Ba®>* and thus poor FE. Water molecules
offer strong hydration and thus reduce the complexing
abilities of the ion. Adding the non-ionic detergent Triton
X-100 to the solution, such that the critical micelle
concentration is exceeded, allows the sensor to reside in a
less polar micellar location’® and therefore offers stronger
binding of the metal ion which cancels the PET process and
switches fluorescence ‘on’. The rigidity of the cryptand then
asserts itself by giving very good selectivity for Ba®>™ over
other alkali and alkaline earth cations. Of course, the
dielectric effect of the micellar environment which repels
ions to some extent’” is a mitigating factor. The significant
proton sensitivity of 22 also could bear improvement, with
the current experiments being conducted at pH 10. In spite
of this, 22 is a real advance on a previously intransigent
target. Interestingly, the successful micelle is the neutral
one, as also found by Bhattacharya and Gulyani (see
below).%°
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It is a particular pleasure to see how far PET sensors and
switches can go in the hands of inventive scientists. The
case under discussion does not deal with fluorescence at all,
but rather with scintillation counting. Both processes end up
with light emission from the lowest electronically excited
state. The two processes have very different starting points,
however. Of course, fluorescence requires the optical
pumping of the molecule, which is a sensor or a switch in
the context of this review. On the other hand, scintillation
begins with ionising radiation (o, B or 7) hitting the
scintillation solvent, usually an aromatic such as toluene.
The electron—hole pairs created therein can recombine to
give rise to high-energy excited states of the solvent. The
energy proceeds to run downhill by transferring from the
solvent to the scintillant solute. 2,5-Diphenyloxazole is a
common example of the latter. Once the lowest electronic
excited state is reached, we can apply PET principles as
usual. So PET will deactivate the excited state of the
scintillant 23*' non-radiatively. When Clapham and
Sutherland’s compound 23 captures K+ within the
azacrown cavity, PET is blocked in the time-honoured
way.®? So, in the presence of ionising radiation, 23 exhibits
an increase in the amount of scintillation upon addition of
K*. H" does the same thing.’® The generalisation is that
‘scintillant-spacer-receptor’ systems stand ready to bring
radiochemical techniques into the general sensing arena.

2.4. Transition metal ion targets

24.1. Zn*". Though hard-core inorganic chemists would
debate whether Zn”" should be considered as a transition
metal ion, we consider it here for organisational simplicity.
We also start Section 2.4 with it because Zn>" has been a
particular triumph of PET sensor design all the way to
practical use in physiology laboratories for neurochemical
investigations. Of course, the success can also be attributed
to the closed-shell nature of Zn>*, which simplifies design
greatly regarding the photophysics. Another contributor to
the success is the availability of rather selective receptors.
For instance, the dipicolylamine unit has been a recent
favourite with designers.®*®® Nevertheless, the tertiary
nitrogens are protonated at physiological pH causing high
background fluorescence. The pK, values of the tertiary
nitrogens are now tuned by Chang et al.** by changing
groups X and Y on the fluorophore unit of 24 to the more
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electronegative halogens in different comblnatlons This has
the extra benefit, known previously,®” of moving the
inherent pH sensitivity of the fluorophore away from the
physiological region. Though not directly attached, electro-
negative X groups influence the amine pK, value, since the
methylene spacers transmit field/inductive interactions quite
well. Of course, the fluorescein fluorophore allows
excitation and emission in the visible region to reduce the
possibility of tissue damage and also avoids auto-
fluorescence. The observation of a Zn”>"-induced FE of 6
for one derivative of 24 (X=F, Y =H) shows the success of
this combinatorial approach to structure optimisation.
Compound 24 is clearly a ‘fluorophore-spacer-receptor’
system operating PET from the tertiary amine to the
fluorophore until Zn?* blocks it. It permits imaging high
levels of neuronal Zn>" which have been associated with
Alzheimer’s disease and other neurological disorders.
Interestingly, 24 can be directly loaded into neurons by
passive diffusion without the usual membrane- -permeant
acetoxymethyl ester derivatives.®” Also notable is the
Zn** -binding contribution of the phenolate group of the
fluorophore which also brings a modicum of ICT character
to the sensory mechanism. Another contribution of the
phenolate is best discussed in Section 2.6.

24

The dipicolylamine unit also raises its head in 25®® and 26,*®
where the latter is an interesting ratiometric sensor for
Zn’** The value of ratiometric systems in intracellular
studles and the inability of most PET systems in this
aspect have been clear for some time. ICT systems naturally
produce ratiometric systems, even though their overall track
record in producing practically useful sensors for a variety
of targets is not as good with PET systems, partly because of
the predictive nature of the latter. Compound 25 is a
straightforward PET system of the ‘fluorophore-spacer-
receptor type which produces the fluorescence switching
‘on’ with Zn>*, as predicted, while 26 behaves differently,
since the part101pat10n of the lactone oxygen of coumarin in
complexing the Zn>™", directly perturbs the chromophore
and causes a red shlft of 21 nm, allowing for ratiometric
detection. This is the ICT contribution to this otherwise PET
system. Increasing amounts of water in the methanol solvent
reduce the shift, suggesting water is competing with the
lactone oxygen for co-ordination to the metal centre.
Unfortunately, this does not augur well for biological
studies. Also, 26 does not show a significant FE, and is
switched ‘on’ in the absence of Zn*Tin its free base form.
This is because the fluorophore in 26 is an aminocoumarin

with a higher reduction potential than the dimethoxy-
coumarin in 25. Therefore the variation in the position of the
chelate on the fluorophore is not the only change in going
from 25 to 26. Older examples of regiochemical effects on

fluorescent PET systems are available,”®>"*° along with
commentaries.**-*°

= | N

\N N | N =

N NS
MeO N N
| N

MeO o O =

25 26

Woodroofe and Lippard®' tackle the problem of building
ratiometric systems out of tried-and-tested PET systems for
intracellular use.® They build on their previous successes
by coupling their Zn** -sens1t1ve dlplcolylamlnomethyl-
fluorescein moiety to a Zn*" -insensitive coumarin unit to
produce 27. Upon entry into the cell, nonspecific esterases
cleave the ester linkage to yield two fluorescent molecules,
observable at separately distinct wavelengths. Upon binding
Zn**, the green fluorescein signal undergoes enhancement,
Wthh can be quantified against the blue coumarin s1gna1 as
the reference. This general approach of using two
unconnected fluorophores to feed two colour channels®
very useful, though as the authors indicate, co- locahsatlon
of the two fluorophores must be ensured, at least
microscopically. Approaches to build unimolecular ratio-
metric sensors out of polymeric’® and PET* systems in the
past have depended on long chains or carefully chosen
fluorophore pairs, respectively, to minimise energy transfer
between them.
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Bhattacharya and Gulyani’s compound 28%° displays weak
monomer and excimer emission due to aggregatlon in water.
The anthracenyl model®*> does not show excimers, partly
because of the shorter excited-state lifetimes, besides
differences in aqueous solubility. Incidentally, the latter
was described earher as a PET sensor by de Silva for Zn**

in acetonitrile.** The Zn?* sensor action of 28 is almost
non-existent, probably because the hydrated Zn®* ions
cannot access most of the sensor molecules locked within
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the aggregate. However, 28 can be molecularly dispersed in
membranes such as vesicles and micelles.”® Then, no
excimer emission is observed and the monomer emission is
enhanced. The bis(pyridylmethyl)amine receptor peeps out
into the water since the hydrophobic pyrene unit is held
within the membrane Normal PET sensor service is
resumed with Zn?*-induced FE, except that membrane-
bounded Zn>* is being sensed rather than bulk Zn>™

Previous PET sensors which targeted membrane- bounded
H™" showed similar effects.”” The intrinsic pH sensitivity of
the bis(pyridylmethyl)amine group shows up in the
anthracenyl version as a fluorescent ‘off—on—off” action®**®
and 28 itself does not dlsplay any major protonic
interference against Zn>" sensing if the bulk water phase
is buffered at pH 7. The dielectric effect of the micellar
surface region also disfavours protons to some extent.””
However, the negative surface charge of sodium dodecyl-
sulfate (SDS) micelles produces higher H* densities there
with respect to the bulk solution. pH buffering is complex in
the micelle-bounded regions. This can rationalise the lower
Zn**-induced FE in SDS. On the other hand, positively
charged cetyltrimethylammonium brom1de micelles show
no FE at all, due to the repulsion of Zn*" away from the
micellar surface region where 28 resides and so the neutral
Triton X-100 micelles emerge as the best performers.”’

Another ‘off—on’ fluorescent PET sensor for Zn>™" in water,
Gunnlaugsson et al.’s compound 29,°” has the appeal of
perhaps being the simplest receptor. Nevertheless, an
excellent FE of 50 is found with a final quantum yield of
0.21—a very respectable value. The sensor is pH
independent in the physiological pH range, though it is
switched on by 100-fold when the pH drops below 5.

Designed receptors for Zn** are frequently dogged by some
response towards Cd> " and so it is natural that the recegtor
used in 29 resurfaces in Gunnlaugsson et al.’s 30 and 31.”%%°
The latter 31 acts as a typical ‘off-on’ ﬂuorescent PET
sensor for Zn>", but titration of 30 with Zn”>" results in the
formation of an exmplex band at 468 nm. Hence, these cases
would have been equally at home in Section 5.2. The
exc Elex could arise from interaction of a receptor-bound
or the Zn®>*-bound receptor and the anthracene
m01ety Cd** produces exciplex emission at 500 nm for
both 30 and 31 with slightly stronger binding than for 29.
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2.4.2. Cu*". The best performer according to the Irving—
Williams series,'” Cu®™, is expected to yield more easily
than most metals to sensor designers’ efforts. Indeed,
several nice receptors are available for incorporation into
sensor and switch molecules. For instance, tripodal
structural motifs continue to be poli)ular in sensor
design.'®'%* The fluorescence of 32'%° is quenched
strongly by Cu®’* by usual PET/EET mechanisms, in
acetonitrile:water (4:1). Selectivity against Hg®t is not
great, but several other late- or post-transition metals are
successfully rejected. Though 8-hydroxyquinoline is a
versatile receptorl(m’m > (see below), its etherification within
32 should remove some of its versatility.

The majority of sensors and switches discussed within these
pages are molecules swimming free in solution. Many
applications prefer these molecules to be anchored on a
surface. An example of this was discussed in the case study
in Section 1.1.>32° It has also been our experience that
people are convinced more readily by a solid object they can
hold firmly in their hands rather than by a liquid swilling in a
vessel. Leblanc’s team'%® prepared monolayers of lipoidal
peptides by the Langmuir method and deposited the films by
the Langmuir-Blodgett techniques. Fluorophore 33,
receptor 34 and a ‘fluorophore-spacer-receptor’ system 35
are used, as well as mixed monolayers of 33 and 34. The
lipid-free version of 35 is known to be a selective sensor for
Cu®™,'%7 50 the success of films of 35 is not unexpected.
Both these cases, as well as other polyamines derivatised
with the same ﬂuorophore,m2 show fluorescence switching
‘off’. Cu?*-induced deprotonation of the sulfonamide
contribute to this phenomenon, besides the usual PET/
EET effects caused by the open-shell ion. Fluorescence
quenching with Cu®™ is also seen in the mixed monolayer,
indicating that intramolecularity is not necessary in such
pseudo-intramolecular situations. Multilayers of pure 33
(inner) and 34 (outer), respectively, with or without
intervening layers of a simple lipid, would provide a nice
counterpoint to these studies. Micelle-assembled sensors for
Cu™ are not dissimilar.'®®*~""! Brasola et al.’s silica-based
case''? is formally similar, too.
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The alkoxysilane side chains of fluorophore 36 and receptor
37 allow graftinig onto silica nanoparticles, as described by
Brasola et al.''> Foundational material is available
concerning fluorophores anchored on such nanoparticles.''?
Latex particle-based sensors are also similarly valuable.'™*
By varying the fluorophore-receptor ratio the sensitivity can
be tuned. This effect is not seen in solution for 36 and 37,
suggesting the pseudo-intramolecular arrangement of
fluorophore and receptor on the solid is critical. The pH
effect on the sensor action towards Cu®* is usual for such
metal-ligand interactions, as is the selectivity against Ni* ™.
The fluorescence quenching caused by Cu®" is due to the
PET/EET processes commonl?/ seen during fluorophore-
transition metal interactions.'’> Related systems grafted
onto macroscopic quartz surfaces also form a valuable
sensor configuration.''®

Calixarene 38''7 is interesting because of its mix of
functionalities, but its fluorescent sensory behaviour is not
unusual. Compound 38 itself has a moderate fluorescence.
Cu®™" switches fluorescence off due to PET/EET, whereas
closed-shell Zn*>" increases fluorescence somewhat. H™
also causes a small fluorescence increase. Acidification of
the complex 38 Cu” " ejects the metal, and hence emission
is switched on. Addition of base also switches on fluor-
escence to some extent because of the change of the Cu®™"
species into a mixed hydroxophenoxy species with attenuated
PET activity, before eventual ejection as Cu(OH),.
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2.4.3. Hg>*. The notoriety of Hg”> " as a toxic metal in the
environment has naturally brought it to the attention of PET
sensor designers. We are delighted how quickly solutions
have been attained, from not one but several, teams. One is
39, due to Nolan and Lijl)pard,1 '8 which shows fluorescence
switching ‘on’ with H™ in water with a pK, of 7.1. This
rather high pK, value can arise by protonation of the
aliphatic amine. Protonated aminomethyl groups are very
electron withdrawing''® and so the oxidation potential of
the aniline unit is raised sufficiently to stop PET. So 39 will
be partially switched ‘on’ under simulated physiological
conditions. Now, Hg?" binds strongly to the NS, donor
atom set and, by proximity, to the aniline nitrogen, too. So
fluorescence is strongly switched ‘on’, which means that the
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Hg” " -induced FE is not huge, but useful. Though Hg>"
normally sufficiently redox-active to spoil ‘off-on’ sensing
schemes, S-coordination tamps this propensity down to
manageable proportions.'*°

39

Another excellent example (40) is from Qian’s team.'?!

This also functions in neutral aqueous solution, but is built
from a 2,6-bis(aminomethyl)pyridine receptor. Two amino-
naphthalimide fluorophores are also incorporated,
apparently for synthetic convenience, within the classic
PET system. The two hydroxyethyloxyethyl groups assist
with solubility. A red shift of 8 nm is observed upon
addition of Hg”>", possibly due to some 1ntramolecu1ar
ex01mer formation. The selectivity for Hg* ' is very good.
Hg?* produces a FE of 17, whereas no 0ther cation
displayed a value greater than 3. Even 0.1 nM Hg could
be detected. The amine groups within 40 have a low enough
pK, value (5.2) to minimise protonic interference at pH 7.
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8- szdroxyqumolme is a classical fluorescent sensor e.g. for
122°of the ICT type and so it is interesting to see it
bemg empl 5yed as a receptor rather than as a fluorophore
within 41.'"> The fluorophore role is assigned to a boron
dipyrromethine unit, though the situation is unlikely to be so
clear-cut given the relative excited state energies of the two
components. The two components are joined via a virtual
spacer, given the steric forcing of a near- orthogonahty of the
two Tt-electron systems Such systems are ripe for TICT123
or PET behaviour.” Compound 41 is selective for Hg?"
an aqueous dioxane solvent with fluorescence sw1tch1ng
‘off” upon ion binding. However, 40% sw1tchmg ‘off” also
happens with Cu®". The 30 nm red shift in the UV-vis
absorption spectrum for Hg®* indicates the ICT contri-
butions to the emissive excited state.

41

The origin'** of the excellent ‘off-on’ Hg**-sensing ability
of 42'* (though in mixed agueous solution) is now analysed
further by Bronson et al.'** X-ray crystallography of the
complex, 42-Hg? ", clearly shows that the metal is only
bound by the pair of hydroxyquinolines and not by the
diazacrown. So the latter serves two important roles: (a) as a
scaffold for the ligating groups and (b) as an intramolecular
base to pick up the protons from the phenol upon metal
binding. PET from the amines would be inhibited in thls
way and strong fluorescence of the complex, 42-Hg>™
would be tolerated.
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2.4.4. Distinguishing between Hg>", Pb>" and Fe’*.
Martinez-Maiiez’s work'>® with 43 and 44 is distinguished
by applying three techniques to examine their heavy metal
coordination chemistry—UV-vis spectrometry (as seen in
classical analytical colour reagents % and cyclic volt-
ammetry (as found by Beer®’), in addition to fluorescence
spectrometry which is our main aim in this review. Sensor
behaviour can result from any, some or all of these three
methods. For 43, a blue Shlft is observed in the absorption
spectrum on addition of Pb®*only; an FE is also observed
with closed-shell ion Pb> ™, but the emission is quenched by
open-shell ions Cu?" and Fe’" by PET/EET effects.
Though 43 appears structurally to be an ICT ﬂuoro;z)hore,
such systems are known to have TICT excited states'>® due
to twisting about anilinic C-N or aromatic C-vinyl C
bonds."?” TICT phenomena have similar criteria as for PET
and so the FE with Pb®>* is not surprising. Anodic shifts are
observed during cyclic voltammetry for Hg”> ", Pb*" and
Fe*™, due to the cationic destabilization of the sensor
radical cation. These results show that one molecule 43 can
selectively detect three different ions via three separate
outputs. While this work involves multiple targets, it is
not considered along with logic systems (Section 2.11),
since the targets are not presented as sets to the molecular
device.
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2.4.5. Detecting various transition metal ions/protons.
Xiao and Qian’s 45'%® is just one example of a set of sensors
which possess amine receptors spaced from several
fluorophores, each of which have substantial ICT character
due to their donor—acceptor nature. Those with the cyclic
piperazine substituent, rather than acyclic groups, show
twisting about the aromatic C—N bond owing to a peri-effect.
Thus, the propensity for TICT state formation is increased.'*?
The strategy of the design is to assist PET by the electric field
of the TICT state, as has been found for the less dipolar ICT
states.>” Large FE values (>100) are seen with Fe’t and
Cr’* and significant enhancements are caused by Mn>™,
Co®™, Ni**, Cu®*, and Pb*", but not with Hg>* and Zn**.

CN CN

45

However, the rather basic amino receptor is likely to be
protonated by the acidic hydration shells of these transition
metal salts in (moist) organic solvents and caution must be
exercised about the interpretation of the FE.'* The same
caution is probably necessary concerning the rather basic
polyamidoamine (PAMAM) dendrimer 46,"** which con-
tains the 4-dimethylaminoethylamino-1,8-naphthalimide
“fluorophore-spacer-receptor’ system. FE values of 3—10 are
found for 46 in DMF in the presence of various transition
metals, notably Zn*>", Ni**, Fe>*, and Pb>*. The authors
suggest that the dimethylamino groups of the dendrimer
serve to complex the metals. Certainly, the pseudo-chelating
nature of these groups within the dendrimer must not be
ignored. The basic sensing unit which invoked caution in the
dendrimer 46'*° is included in the copolymer 47,"*' which
is also tested with various transition metals in DMF. The
latter study also finds that low-polarity solvents switch on
the fluorescence. We reported this polarity effect in 2001 for
a similar aminoethylaminonaphthalimide monomer.'*
Such polarity effects are also seen in related PET systems
with hydrocarbon fluorophores, since photoinduced charge
separation in neutral molecules is the main cause.’
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Compounds 48'** are another set where the problem of

amine protonation by the acidic hydration shell of the highly
charged metal ion rears its head. As the substituents
becomes more electron deficient within 48, Zn’t- or
Cr’*-induced FE in acetonitrile solution increases substan-
tially. The same order of FE values is seen when H is
added to 48 in mixed aqueous media.’®'¥'3® The fact that
the kinetically inert Cr’* cannot exchange an amine ligand
from 48 into its coordination shell during the conditions of a
typical fluorescence spectroscopic experiment is an added

complication.'?’
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2.5. Other metal ion targets

Compound 49'*® is a porphyrin-Zn(Il)-quinone dyad. PET
occurs in benzonitrile as expected from the corresponding
redox potentials and the fluorescence is switched ‘off’
initially. PET is confirmed by observation of the ESR
spectrum of the zinc porphyrin radical cation and the
quinone radical anion. Y>" produces a large FE in the
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porphyrin. Interestingly, the isomer with the linker amide
reversed shows no such switching. The quite selective
binding (and fluorescence switching) of Y> originates in
the correct size-fit to the two carbonyls of the dyad.
However, this makes the AGpgr (—1.7¢eV) even more
negative than in the Y3 free case (—0.9 eV). So how does
the Y>*-induced FE arise? Okamoto and Fukuzumi'®
attack this question by fitting measured PET rates to the
famed Marcus equation.'*” They find that the barrier to PET
(due to the reorganisation energy) is raised with increasing
driving force which slows its rate, allowing fluorescence to
compete—a case of entering the Marcus inverted region.'*’

tBu tBu

2.6. Anion targets

In the presence of Zn”, the ability of 50 to monitor the
biochemically vital phosphorylation reactions of peptides in
water'*” is quite rare and is likely to be very useful. Though
the choice of dipicolylamine as a zinc receptor within 50 is
not surprising (Section 2.4.1), the availability of two
receptors is crucial for its success. After the first Zn>" has
bound to one receptor, it is much harder to bind a second
metal ion into the second receptor due to electrostatic
repulsion. Binding of an anion to the first Zn>* is a common
behaviour of such dipicolylamine complexes with incom-
plete coordination shells. Importantly, Hamachi and
colleagues choose this anion as a phosphorylated peptide
sequence. This anion binding to the first Zn> " facilitates the
binding of a second Zn’*, by cutting down the afore-
mentioned electrostatic repulsion. Now both PET channels
from the benzylic nitrogens to the anthracene fluorophore
are blocked, and a large FE is seen. The preliminary
paper'*!' did not carry this mechanism, however. As has
been observed for a long time, blocking one PET channel
out of two is not sufficient to obtain a good FE.'**'%
Crucially, the complex, 50~2Zn2+, can discriminate
between phosphorylated and non-phosphorylated peptide
sequences since the former possess the all-important
phosphate unit. Also, the fluorescence response is shown
to be sequence dependent—the more negative the phos-
phorylated peptide sequence then the greater the fluor-
escence response. Naturally, dephosphorylation reactions
can also be monitored using the complex, 50-2Zn°", since
it is based on reversible interactions. The complex,
50-2Zn>*, has been cleverly applied by Koulov et al.'*
as a sensor for the anionic phospholipid phosphatidylserine
on the outer leaflet of cell membranes which in turn signals
that the cell has proceeded to the apoptotic phase. Given the

apocalyptic possibilities of the latter, Koulov et al.’s
application promises to be a particularly powerful one.
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Lakshmi et al."*® now extend the excitation wavelength of
these sensors to 470 nm with 51, so that it is compatible with
the specifications of the current generation of flow
cytometers. Indeed, 51 works well by being selective for
5% incorporation of phosphatidylserine in vesicle surfaces,
but not for related compounds in homogeneous solution.
Two other cases like this which only succeed in membrane
media are covered in this report.77’8 Here, the fluorescence
enhancement is at least partly due to 51 being bound to the
anionic vesicle surface of lower polarity than bulk water.
The ICT fluorophore is well known for fluorescence
switching ‘on’ in non-polar solvents.'*”'*® The probability
of PET involvement is lowered further when we consider
the length of the spacer in 51. The Hamachi et al.'** work
has an important relevance to several of the dipicolylamine-
based Zn“ " sensors discussed in Section 2.4.1. For instance,
Lippard’s cases®! use a fluorescein fluorophore which has
phenolate groups next to the dipicolylamine units. This
provides the negative charge which tamps down the positive
charge density caused by the first Zn>*, so that the second
Zn*7 can arrive at relatively low concentrations. Hamachi’s
case has no such anionic centre and, hence, depends on the
phosphate group of the peptide to provide it.
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Gunnlaugsson et al.’s compound 52'*"'°° contains a

thiourea receptor, a methylene spacer and anthracene as
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the fluorophore. The distal end of the thiourea has been
altered to modulate its binding strength towards a given
anion. The fluorescence in DMSO is switched ‘off” in the
presence of AcO™, HPO4, and F~ by 70, 50 and 90% of
the maximum quantum yield of 0.10. The work is smoothly
extended with 53'°' carrying two thiourea binding sites for
improved selectivity towards bidentate anions, e.g. P,O3 ™
and malonate. The plan, its implementation and the results
carry on the tradition of bisazacrown ether-'** and
bisboronate'**-based PET sensors. A related PET-based
ditopic sensor for P03~ itself'* is also available in the

literature.
H H
O p O
= N
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In a clutch of papers, Yoon, Kim and their co-workers
examine the sensory consequences of locating a pair of
hydrogen bond acidic sites near/on hydrocarbon fluoro-
phores. They succeed with F™ targets in most cases, and not
very well with H,PO; in others, but almost always in
aprotic solvent mixtures. The hydrogen bond acidic sites are
either imidazolium or urea | groups. Their first effort which
we consider is sensor 54'°% in aprotic solvent mixtures,
which shows significant F~ /Cl ™~ selectivity by chelating F—
between its urea groups. Such chelation can stretch H-N
bonds to the point of deprotonation. The consequent
increase in electron density of the ureas would allow them
to engage in PET with the excited anthracene and so a
substantial decrease (X 20) in the emission intensity is the
result. Then, they proceed to sensor 55'>° which is set up
with the imidazolium groups to bind with anions through a
tweezer-like conformation. Fluorescence quenching is seen
with H,PO, , though F is a significant interferent. The
anthracene moiety in the host acts not on only as a
fluorophore, but also as the origin of binding selectivity.
Such a dual role of anthracene in fluorescent-sensing
contexts has a decade of precedence,'**'** one of which
is from Yoon and Czarnik.'*® The binding can be assigned
to (C-H)"---X~ hydrogen bonding, which is clearly
indicated by NMR downfield shifts. It is hard to see how
PET can be the mechanism of sensory action, in spite of the
structurally obvious ‘fluorophore-spacer-receptor’ nature of
55. On the other hand, the bound H,PO, will present its
O-H bonds as hydrogen bond donors to the anthracene
T-system in its exc1ted state causing the observed
fluorescence quenching.'”* Interestingly, F~ does not
show consistent quenching, even though its calculated
binding strength is the best of all. Compound 56,'>> which is
the bifluorophoric and macrocyclic version of 55,'3
mitigates the F interference of the binding of H,PO,
somewhat, but there is still much room for improvement.
The reliance on aprotic solvents also has not been shaken
off. On the positive side, no excimer complications are seen.
Closel 6y related cases without spacers from this labora-
tory'>® and another'>” will be considered below.
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Yoon and Kim’s saga with anthrylmethylimidazolium
systems targeting anions continues with a welcome fora 5y
into neutral aqueous media.'>® Now, the macrocyclic 56"
is abandoned in favour of a more highly charged version of
55,'% that is, 57."°® The fluorescence of 57 is quenched by a
factor of 6 by guanosine triphosphate (GTP), whereas
several other anions including all three adenosine phos-
phates only show weak enhancements. The authors attribute
this behaviour to an enhanced fluorescence rate due to the
larger dipole component of GTP normal to the anthracene
plane in a theoretically optimised structure of the complex.
Unfortunately, no X-ray crystallographic structure is
available. However, chemical enhancements of radiative
rates of any substantial significance are very rare in our
experience 10 except for metal plasmon-enhanced fluor-
escence.'”” Anyhow, this can be checked by fluorescence
lifetime measurements on 57 with and without GTP.
Another rationale for the observation is the well-known
oxidisability of guanine, c.f. the other nucleic acid bases
leading to PET from GTP to the electron-deficient
anthracene fluorophore. Additional quenching can arise
from a hydrogen bond from the bound GTP to the
anthracene 7-cloud. Such hydrogen bonds from carboxylic
acids are known to quench the fluorescence of anthracene
derivatives."

Macrocyclic sensor 58'°" exhibits a naphthalene-like
emission spectrum with a FE of 12-fold in the presence of
2 equiv of F~. The stoichiometry is confirmed by NMR
studies. Cyclic voltammetry shows a 190 mV cathodic shift
in the oxidation potential of the ferrocene moiety upon
addition of F . H,PO, is a poorer performer, whereas other
anions such as Cl, Br—, and H,SO; showed no evidence
for complexation from any of the three techniques used in
this wide-ranging study. However, fluorescence quantum
yields cannot usually be expected to be high in systems
containing fluorophores and redox centres.



8564 J. F. Callan et al. / Tetrahedron 61 (2005) 8551-8588

zIIZ
S—

ZITZ

F
&
58

Boronic acids have played a valuable part in the growth of
the field of luminescent sensors, esPecially regarding their
. .. . . 61,162 .

applicability in aqueous media, something the
hydrogen-bonding systems still struggle with,'3%153:155.156.158
Therefore, it is a pleasure to welcome a new boron
compound to the field. Bis(bora)calixarene 59'% shows a
decrease in fluorescence upon encountering F .
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Being an important neurotransmitter, glutamate is an
important target for sensor designers. Now Bonizzoni et
al.'® achieve this goal with an indicator displacement
assay. The fragility of assembled systems means that they
are yet to be successfully operated in multi-compartmental
systems prevalent in biology. Nevertheless, the present
achievement deserves applause for its elegant design.
Fluorophore 60 binds partly electrostatically to the complex,
61-2Cu”", and is switched ‘off’ completely due to
quenching by the neighbouring Cu?* centres by EET/
PET. Glutamate displaces 60 into bulk water, so its
fluorescence switches back ‘on’ with a huge FE and an
apparent association constant of 10”. Other neurotransmit-
ters are almost silent, or in the case of glycine, respond with
much lower association constants (2><103). However,
glutarate binds with a constant of 10”. Overall, this is a
nice solution to a tough problem, at least for use in cuvet- or
well-based assays. This is just one example where Fabbrizzi
and his team have helped to popularise the indicator
displacement method, which is currently championed by
Anslyn and co-workers,'?! especially where transition metal
sites are involved. Such competitive displacement assays
have had a short, but fruitful, history in the luminescence
field, following the radiochemical archetype.'® Various
receptors such as cyclodextrins,mé’167 calixarenes,mg’169
crown ethers'’® and tripodal systems'®" have been co-opted
into it during this time.

61

2.7. Other organic targets

2.7.1. Schemes using reversible interactions. Compound
62'"" in acetonitrile displays a broad emission band
centred at 390 nm, red-shifted by 60 nm from the typical
naphthalenic emission. This is an intramolecular exciplex'
produced by interaction of the naphthalene excited state and
the proximal amines. Some related classical systems show
this behaviour,’®!” while others do not,'** since exciplex
formation and PET can be quite finely balanced. Protonation
of amine groups restores naphthalenic fluorescence,’®'”*
while removing the exciplex emission.'”* Even though 62
can be seen as a ratiometric sensor for H' in organic
solvents, the need for such targets is not great. It also
displays various FE values with different N-protected
amino acids, with L-phenylalanine showing the largest FE,
perhaps due to the w—m stacking between phenyl units of
the guest and naphthalene moiety of 62. Such results are
likely to be dominated by protonation effects rather than
more complex supramolecular interactions. The small
degree of enantioselective recognition of N-protected
amino acids found with 62 illustrates this problem.
However, such studies are interesting because of the
challenge.'”

i-Pr 0
NH  NH
NH NH
|-Pr¢ o
62
Bisbinaphthol macrocycles 63'7® with chiral subunits

display enantioselective recognition of amino acid deriva-
tives in mixed dimethoxyethane solution. The latter solvent
component is required to aid dissolution. The binaphthol
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fluorophore is clearly spaced from the electron-donor
amines, which occupy the rim of the macrocycle. Hence,
63 has the hallmarks of a PET system. Nevertheless, it also
has phenolic groups, which are receptor elements integral to
the fluorophore in the ICT manner. In particular, (+)-63
showed a FE of 5.7 on addition of p-N-benzyloxycarbonyl-
phenylglycine, but virtually no enhancement for the
L-analogue. Conversely, (—)-63 showed enhancement for
the L-amino acid derivative, but not for the p-form. The
general discussion concerning the work of Galindo et al.'”’
also applies here.
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As its name implies, calcein (64) is a classical fluorescent
sensor, which switches ‘on’ with Ca®* in water.'”” Suitably
alkaline solutions are needed for this action. PET underlies
this behaviour, since the methylene groups can play a spacer
role, though the coordination of the phenolic oxygens
introduces a modicum of ICT character. Compound 64 itself
is fluorescent at neutral pH when the amine groups pick up
H™. When this species coordinates with the open-shell ion,
Cu®", the resulting complex is non-fluorescent.'”’ In the
presence of amino acids, Cu”?" is pulled away from the
sensor, which recovers its fluorescence. Thus, a high-
throughput screen for proteases becomes possible.'”® The
screen is not suitable at acidic pH because of lowered
fluorescence quantum yield of the fluorescein fluorophore,
as well as the lowered coordinating ability to Cu”". Care is
also probably needed concerning the free Cu>™ in solution
to avoid interference with the protease.

64

James’ laboratory continues its expertise in sugar sensing by
developing a series of bis(aminomethylphenylboronic acid)
systems carrying various fluorophores such as 65.'”° These
are typical PET systems for glucose and its relatives.'®''?
However, the binding selectivity is controlled by the
solvation and/or sterics of the fluorophore. Some of
the earliest PET systems for protons also displayed this
kind of perturbation of the receptor properties by the fluoro-
phore.’®*® Compound 65 was most selective towards
glucose, probably due to the largest hydrophobic
m-surface displayed by pyrene. As the m-surface is reduced,

the selectivity among monosaccharides switches from
glucose to galactose. Unfortunately, the FE values do not
show much selectivity with respect to the monosaccharides,
at least in MeOH solution.

oH oH
Bon  HO®
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Fluorimetric detection of thiols, and those amino acids/
peptides that contain thiols, e.g. cysteine, in neutral water
remains an active area'®® because most of the older
detection systems rely on covalent bond formation. For
instance, several fluorescent PET systems employ electro-
philes such as malemides'®"'®* to react with thiols. No
reversible chemistry is involved and there is no contribution
from supramolecular or coordination interactions in these
cases. Therefore, true sensors for thiols (with reversible
action) are still needed. Compound 66'*° is therefore an
interesting entrant. Kimura’s prior work has established the
usefulness of Zn>*-cyclen for binding imide equivalents in
water.'®? The fluorescence of such structures has also been
reported by De Cola, Koenig and colleagues,'®* whereas the
imide itself is switched ‘off’. The mechanism probably has
to do with low-lying n7t* excited states in the imide, which
are destabilised upon Zn”> " binding. The fluorescence of 66
and its quenching upon thiol addition are, therefore, not
surprising. This is due to competition by thiols against the
imide for the Zn> " site. Competition assays are popular,'+1%*
but, in these cases, an intrinsically fluorescent dye is used to
compete with the analyte, and the dye-receptor complex is
switched ‘off’. Compound 66 is opposite in its fluorescence
behaviour. It is effective at measuring levels of the
tripeptide, glutathione. However, the fact that aspartic and
glutamic acids cause a reduction in fluorescence is a
warning that Zn?" complexes of this type can also bind
carboxylates at the axial position'®® to cloud the selectivity
profile of 66.

The fluorescence of polyanionic 67 is switched ‘off” by 68.
The distinguishing feature is its huge efficiency, brought
about by electrostatic concentration of 68 in the neighbour-
hood of 67 and subsequent PET, which, again, is amplified
by the extensive exciton length. This is superquenching, as
named by Whitten et al.1%¢ ‘Quencher-tether-ligand’” (QTL)
system 69 has an effect similar to 68. Now, the fluorescence
of 67 can be switched back ‘on’ by the protein, Avidin.
Avidin is well known to tightly bind to the biotin ligand
within 69 and sterically displaces the polymeric 67 and so
this is also an indicator displacement assay.'®'-!®+170

Yang et al.'"®” combine components from several previous
ditopic PET sensors'®*'%" within 70, which selectively
switches on in response to glucarate, but, as in a previous
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case,'®® the guanidinium unit does not play a major role in

the switching action. However, it does improve the binding

selectivity.
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2.7.2. Schemes using irreversible interactions. PET
switching is robust enough to deal with targets which
are covalently bound into the switch molecule upon first
encounter. Therefore, fluorescent derivatisation reagents
can benefit from the same design principles used for
sensors and switches. Imai’s team apply PET princilples
to design a reagent 71 for carboxylic acids.'”’ It
contains a primary amine, which readily reacts with
carboxylic acids to form an amide bond under a defined
protocol. The products are subjected to capillary
electrophoresis with laser fluorescence detection in
acidic aqueous acetonitrile. The acidic medium ensures
the protonation of the aliphatic tertiary amine and stops
PET. Older examples targetted isocyanates, for
instance.'”> Amine 71 contains a member of the family
of 4,7-disubstituted benzofurazan fluorophores favoured
by many workers. Indeed, the derivatives with a nitro
group and chlorine or fluorine have been used for years
as fluorescent reagents for amines,193 and the sulfona-
mide with fluorine as a selective fluorogenic reagent for
thiols."*® The reagent function is aided by the fact that
halide derivatives in the 4-position readily undergo
nucleophilic aromatic substitution with nucleophiles
such as amines and thiols. Several sensor designers
have also succumbed to the pull of the benzofura-
zans.'>* 19419 However, their photophysics could do
with more clarity."*” Uchiyama et al. now take up the
challenge,'*® by studying benzofurazans with various
substituents on the 4- and 7-positions with a range of
methods including time-resolved thermal lensing. They
find that replacement of 4-halide by amines removes an

intersystem crossing channel caused by a triplet nm*
state. The major deactivation pathway turns out to be
internal conversion, but its nature still remains veiled.

68
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Fluorescent PET reagents, though not recognised as such,
have existed for longer than sensors. For instance, cases
which undergo a large fluorescence increase in the presence
of thiols have been known since 1973.'%* An early instance
of isocyanate detection is also available.'®® Deliberately
designed cases for thiols appeared in 1998."®' Now, Imai’s
laboratory comes up with a good reagent for hydro-
peroxides®® building on older work by Akasaka et al.?"!
Free 72 has a very low quantum yield of fluorescence in
solvents such as acetonitrile or methanol, because of PET
from the diphenylphosphine unit to the benzofurazan
fluorophore across the dimethylene spacer. Upon addition
of micromolar quantities of #-butyl hydroperoxide or cumyl
hydroperoxide, the reagent reacts quantitatively at 50 °C,
resulting in the oxidation of the phosphorus atom, and thus
preventing PET as observed by FE values of 30. As is usual
with PET reagents, it is not easy to reverse the fluorogenic
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reaction. The same laboratory has unveiled another reagent
for peracids based on sulfur instead of phosphorus,*** but
this does not react with simple hydroperoxides.

Following his'® and Plater’s**® success with PET reagents
for NO which are excited and emit in the visible region,
Nagano and his group now tackle those which can function
in the near-infrared.”®* It has long been appreciated that
near-infrared radiation can penetrate deeper into tissue. The
cyanine fluorophore within 73°** engages in PET from
the o-phenylenediamine unit. NO reacts as usual with the
diamine reactive site within 73 to yield the corresponding
benzotriazole.'® A nice FE of 12 is seen. We must not forget
that, essentially, the fluorophore and the aniline-based Tsien
receptor for Ca>* were successfully used by Ozmen and
Akkaya previously in a PET sensing context,”’” so that the
success of 73 is to be expected. Nevertheless, the ability to
apply NO reagents deep in tissue is laudable.

so; S0,

73

2.8. Reaction targets

The availability of luminescent reagents which bind
covalently with target molecules can be viewed from a
slightly different perspective as a way of monitoring a
particular type of reaction. The latter approach will thus
provide a new avenue of application for old luminescent
switches.

PET systems based on the ‘fluorophore-spacer-receptor’
format have been previously used to track reactions at
carbon-based functional groups by fluorescence switching
‘on’. For instance, Michael additions of thiols to enones
were handled in this way.'®! Virtually spaced PET systems
are even older.'® Now, Tanaka et al.>’® show that poorly
fluorescent aldehyde 74 undergoes the aldol reaction with
acetone in aqueous buffer (pH 7) with 1% cosolvents to give
75, which is strongly emissive. Though an EET mechanism
is assigned in this paper, we feel this is unlikely for several
reasons. The lowest excited singlet state of benzaldehyde is
higher in energy than that of phenanthrene, so the latter
cannot be an EET donor.?’” Benzaldehyde also has a small
extinction coefficient for excitation to its lowest excited
singlet, which also disfavours EET to it. The emission of the
amidophenanthrene unit (>350 nm) does not overlap well
with the benzaldehyde absorption band (ca. 330 nm)—
another requirement for EET. On the other hand, PET
fits the bill very well due to the electron-rich

amidophenanthrene and the electron-poor benzaldehyde.
In fact, we estimate AGpgt to be —0.6 eV from available
redox potentials,”® which is a very favourable value.
Of course, aldol formation removes the electron-with-
drawing aldehyde from the benzene ring. Thus, the benzene
ring is no longer sufficiently electron deficient to allow PET.
We have seen a similar PET switching ‘on’ when benzoic
acid with its electron-withdrawing carboxylic acid unit is
changed to benzoate.”*®

74 I

75 I

2.9. Physical property targets

All of the previous discussion has concerned interactions
between a designed molecule with a chemical species which
switches a fluorescence signal ‘off’ or ‘on’. The latter effects
can also be achieved by taking advantage of the weak
interactions offered by solvation, for instance. A case of this
type was mentioned in passing concerning Grabchev et al.’s
compound 47.13! However, chemical effects can also arise
from non-chemical entities such as light. Photochemistry
can thus give rise to fluorescence signals. Indeed, Zwei%
developed this general approach over three decades ago.*’

It is notable that light dose, rather than light intensity, is the
real input variable.

The photochemistry of the azobenzene and the tetraphe-
nylporphyrin units in 76*'° can be individually addressed.
Irradiation at 345 nm achieves the classical trans to cis
azobenzene transformation. The fluorescence (excited at
565 nm) of the cis form is less than that of the corresponding
trans form, which, in turn, is less than that of a simple
porphyrin control. The photoswitching function of the
molecules survives many irradiationl/dark relaxation cycles,
and is probably due to the different distance of the cis or
trans form of the axial azoarene from the porphyrin, giving
different PET rates. PET is clearly thermodynamically
feasible, but no decomposition is seen from this pathway.
Different donor—acceptor orbital overlap in the two states
may also contribute.
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Perez et al.>'! designed the ‘bead on a string’ rotaxane 77—
78 such that the bead sits on the frans fumaric diamide
station due to a hydrogen-bond array of high strength in
dichloromethane solution. Then, the anthracenamide fluoro-
phore is remote from the electron-acceptor pyridinium units,
so that PET is absent and the fluorescence is switched ‘on’.
However, light irradiation input at 312 nm isomerises the
trans fumaric diamide into the cis maleic diamide.
The hydrogen-bond array is disrupted in this new station
geometry and so the bead moves across to the glycylglycine
station, which allows hydrogen-bond array with inter-
mediate strength. Now, PET is strong at this small distance
of separation between the PET pair and the fluorescence is
switched ‘off’. The ‘on—off’ intensity ratio is 85. This
constitutes a lovely example of light writing with
fluorescence readout somewhat related to Tian’s case
using photogenerated acid.*’
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An equally beautiful example of a rotaxane based on a
cyclodextrin bead and an azobenzene station with two
different naphthalimides as stoppers is also available from
Tian’s laboratory.*'* This shows switching ‘on’ and ‘off’ in
two different colours upon irradiation to cause the cis—trans
isomerisation in either direction. The same group has also
demonstrated light-induced fluorescence switching by
substituting rotaxane-type machiner%/ with phthalo-
cyanine—dithienylethene photochromics.”'"

2.10. Nanoparticle targets

Even though metal nanoparticles are considered to be
efficient quenchers of fluorescence, Thomas and Kamat>'#
managed to overcome this with 79, the fluorescence of
which is switched ‘on’ with gold nanoparticles capped with
quaternary ammonium ions. This is attributed to the
blocking of PET from the amine to the pyrene fluorophore
by coordination to the gold surface. Even cases of voltage-
induced fluorescence switching ‘on’ under electrochemical
conditions for similarly functionalised nanoparticles are
now known.?'* The nanoparticle effect on fluorescence is
more complicated with the discovery of metal-enhanced
fluorescence, which is thought to be surface plasmon-
induced acceleration of the fluorescence radiative rate.'

The story so far is a clear illustration of the vitality and value
of PET sensors in the hands of designers in far-flung parts of
the world. A big reason for this popularity is the
quantitatively predictive nature of PET designs.’

2.11. Multiple targets

The past decade has started to I:Z)rovide examples of how
molecules can begin to achieve™*'>7'? at least some of the
computational functions developed in silicon technology.**°
The recognition”' that two-way communication with
molecular logic devices can be achieved with chemical
species and light signals has allowed movement down this
road. The use of PET systems based on the ‘fluorophore-
spacer;-receptor;-spacer,-receptor,’>*' and ‘receptor,-
spacer;-fluorophore-spacer,-receptor,’''* format allowed
AND logic gates with fluorescence output to be demon-
strated. More recent AND gates of this type concern Na™
and various phosphate species,”?* K and F~,*** and Na™
and transition metal ions.*** Schneider’s group even
interpret gel swelling in terms of AND logic.** It is
perhaps worth reiterating that AND logic is not confined to a
computer. It can be seen at work in human cooperation, for
instance.

Connecting two photoactive switches opens up the danger
of EET destroying the photoactivity of the higher-energy
excited state. For instance, azobenzene—porphyrin conju-
gates do not show si%niﬁcant cis—trans isomerisation of
the azobenzene unit.>*® Guo et al.**’ have managed to
overcome this situation with 80, where the usual sg)iropyran
photochromic ring opening to merocyanine®® can be
achieved by uv irradiation, in spite of the presence of the
perylenediimide. The merocyanine can complex with
Fe**,%?° moving its absorption spectrum to higher energies
and stopping EET acceptance from the perylenediimide
fluorophore. The aniline moiety of the spiropyran can bind
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to H' and stop its PET donor action towards the
perylenediimide fluorophore. Indeed, the fluorescence is
switched ‘on’ only if UV light, Fe*" and H* are all
supplied in THF. This constitutes a three-input AND logic
gate. Interestingly, the authors do not report irreversibilities
arising from any Fe®'-induced oxidation of the aniline
moieties. Fe’ " -induced oxidative electroconversion of
related compounds with similar oxidation potentials is
known.*’
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Though AND logic is perhaps the easiest to appreciate, it is
only one of many gate types.”*’ For instance, INH logic has
one input holding a veto over the other. A nice example,
81,7 has its fluorescence switched ‘on’ by H™, but only as
long as K™ is absent. The 1,3-dialternate calixcrown binds
K™ via ion-dipole and cation-7 interactions.>*' The bound
K™ electrostatically ejects H* from the anilinium moiety
@if it had been previously protonated), but is apparently
incapable of sufficient direct interaction with the aniline
nitrogen lone pair and so PET is re-established from the
aniline to the anthracene.

Though several INH logic gates are known,>*%->32-23¢ §2%3°
is special because PET produces an observable charge
transfer (CT) emission when the N-oxide attaches onto an
H™. In all cases discussed in this report, PET causes only
the loss of the characteristic emission of the fluorophore
from a locally excited (LE) state. However, in the present
instance, the PET is arrested by attaching K™ to the
benzocrown ether and so the CT emission subsides as well.
K™ is therefore the disabling input of this INH gate. The
fact that 82’s emission can be observed from the CT or LE
states, or even at intermediate wavelengths, is notable and
that it can receive HT or Zn>" at the N-oxide, besides
receiving K™ orBa’™ at the crown, is an added distinction.
Such flexibility in inputs and outputs smoothly leads to

reconfigurability of the logic function in several ways—
some of these even simultaneously. Such achievement of
reconfigurable or even superposed logic has only a short
history.******° From another viewpoint, 82 combines PET
with ICT processes (since the N-oxide is integrated into the
fluorophore). Such combined switching mechanisms are
rare, t0o.'*

Now, we move to other logic types. Compound 83°* is

composed of a calix[4]arene-18-crown-6 receptor and two
pyrene fluorophores linked to it via two amide linkages. In
its free form in acetonitrile, normal pyrene monomer
emission is seen. Upon Pb>* binding to the crown and the
carbonyl oxygens, fluorescence is switched ‘off’” due to PET
from pyrene to the electron-deficient amide. Also, addition
of acid to the free 83 causes quenching of fluorescence due
to PET from pyrene to the protonated amide. Addition of
base, however, removes the amidic proton, resulting in PET
from this electron-rich moiety to pyrene. The availability of
three inputs allows logic functions such as NOR and XNOR
to be demonstrated, though stoichiometric amounts of acid
and base need to be maintained.**' Several earlier examples
of molecular NOR***?*? and XNOR>** logic are available.
An original molecular logic function obtained by Lee et
al.>*” is a nice disabled XNOR, which is perhaps best
represented as an XNOR gate (driven by acid and base
inputs) feeding a two-input AND gate, the other input of
which is the output from a NOT gate driven by Pb* ™ input.
The disabling input is therefore Pb?". Such disabling

lines have only been demonstrated within INH gates
before 230-232-235,244

Mohr has developed the idea of fluoro/chromoreactands,**’

where a reversible reaction leads to a change in the
fluorescence or absorption spectrum of a sensor. Many of
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his cases function best in a polymer membrane reminiscent
of ion-selective electrodes, when the analyte is extracted out
of bulk water solution. Yang et al.’s compound 84°*® is an
anthracenylmethylbenzidine. The anthracene is clearly a
fluorophore spaced from the -electron system of the
benzidine which contains integrated amines. The latter is
also a fluorophore emitting in the same region as the
anthracene, though it needs excitation at shorter wave-
lengths. Both amines can act as receptors for H" and the
distal amine can act as a reactive site for the analyte
aldehyde. Both receptors inhibit PET to anthracene when
protonated, and the distal amine inhibits PET to anthracene
upon forming a Schiff base in the presence of aldehydes.
Compound 84 is particularly interesting because it mixes a
protonation and a more complex reaction. The full logic
ramifications of cases like it are yet to be explored.

84

Raymo and Giordani**’ used non-luminescent dyes to show
how the output of one molecular switch could be fed as
input into another—via protons. Guo et al.**® now
demonstrate a case involving fluorescence. Compound 79
is a simple PET pH sensor’® the fluorescence of which is
switched ‘on’ when protonated. As noted before, the
spiropyran photochromic 85 converts into the merocyanine
86 via UV irradiation. The increased basicity of 86 leads to
the acceptance of a proton from 79-H™, thus switching ‘off’
fluorescence. Irradiation with visible light converts the
cation 86- H™ back into the spiropyran 85 and releases the
proton, allowing it to join 79 again and switch fluorescence
back ‘on’. At least formally, two inputs of UV and visible
light doses are involved.

Older textbooks concerning computing show how two
diodes can be wired to produce AND logic activity.*** Two
nanosheet diodes built from polymer Langmuir—Blodgett
films are now operated at different wavelengths to produce
an AND logic gate.”>” One nanosheet is constructed with a
phenanthrene- and an electron-acceptor-based (dinitro-
benzene) acrylate—acrylamide copolymer film and the
other with an anthracene- and an electron-donor-based
(dimethylamine) acrylate—acrylamide copolymer film. The
input signals are the excitation wavelengths for the two
chromophores, phenanthrene and anthracene, each of which
can be selectively excited. When the phenanthrene layer is
excited at 300 nm, PET occurs to the dinitrobenzene-
containing film, and a photocurrent of 70 pA, similar to the
dark current, is recorded. When the anthracene layer is
excited at 380 nm, ET occurs from the dimethylamino layer
to the anthracene film, again with a low photocurrent of
70 pA. However, when both chromophore-containing
polymers are excited simultaneously, charge transport
occurs from the phenanthrene to the dinitrobenzene to the
dimethylamino to the anthracene layer with a high
photocurrent of 190 pA. Thus, AND logic is demonstrated
with two optical inputs and an electrical output. We note
that the first experimental molecular AND gates®*' also used
two PET processes, but with a single acceptor which was
responsible for the fluorescence output. The two inputs were
also chemical, rather than optical. Yet older proposals for
AND gates, which never reached the primary literature,”"
did discuss two optical inputs and an optical output. Matsui
et al. now extend this nanosheet approach to include XOR
logic as well.®> Even though these nanosheets are
molecule-based, it is clear that logic behaviour at the level
of a single molecule is not attainable by this approach. Of
course, single-molecule logic is not essential for many
imagined applications.

To conclude this general section, we are delighted to note
the widespread success of PET systems whether they are
chasing single or several targets. Luminescent sensors and
logic gates of various descriptions arise naturally from this
general mechanistic approach.

3. ICT (internal charge transfer) systems

3.1. Brief theory

In contrast with PET systems, a lumo/fluorophore can be
directly integrated with a receptor® so that their orbitals
overlap to such an extent that the seam does not show. Then,
one terminal tends to be electron rich and the other electron
poor. In such ‘push—pull’ cases, excitation leads to a serious
redistribution of electron density, so that a substantial dipole
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is created. Binding of a target species, especially a charged
one, into the receptor naturally causes an interaction with
this excited state dipole.'® This interaction energy shows up
in the emission signature, that is, a repulsive interaction is
seen as a blue shift. Even if the emission does not show this,
the excitation spectrum of the emission will betray this
effect.”*”> Spectral shifts allow analysis by ratioing
intensities at two separated wavelengths—a trick much
used in intracellular sensing.®” PET systems do not give
such shifts, which can be a blessing (in terms of simplicity)
or a curse (in terms of being tricky to use in undefined
environments). We note that many, many fluorescent pH
indicators that have been discovered over the years®” are
now seen to be ICT systems.
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3.2. Metal ion targets

The structure 87°°* suggests an ICT sensor with a
m-electron system spreading over a pyrene moiety, a
terpyridine (tpy) receptor and a 2,5-diethynylated thiophene
connector. Zn>* binding is visualised not only by a
switching ‘off’ of the fluorescence in acetonitrile, but also
by shifts in the UV-visible spectrum and in the cyclic
voltammogram. The latter point suggests that the ICT will

be so extensive in the Zn>*-bound state as to border on
complete electron transfer. A little later, Jimenez et al.'?®
analyse the patterns emerging from these three analytical
techniques for various analytes. Of course, the terpyridine
receptor is quite promiscuous and this shows up in the
quenching of fluorescence of 87 with many ions, as well as
H™. The Zn®>"-tpy interaction has also been exploited for
sensing by the groups of Sauvage and Barigeletti.>>

The water solubility of the yhenoxazinone fluorophore is a
plus foint of the sensor 88,2 % which is selective for 10~ M
Hg? ™. The ICT nature of the sensor is clear from the colour
change from pink to yellow on coordination with Hg?*. The
emission spectra also show a small blue-shift, besides a
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degree of quenching. This allows ratiometry in absorption,
as well as emission channels. Rurack’s previous experience
with Hg” " sensors would have aided this work.'?

By combining an ICT fluorophore with a calixarene
receptor, Métivier et al.*>’ found a useful Pb**-induced
blue shift (52 nm) for 89 in 40% aqueous acetonitrile at pH
5.2. The latter pH value is crucial since protonation
equilibria concerning the N-H group control fluorescence
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to a high degree. Good selectivities versus Cu’™, Zn?™,
Cd** and Hg?™" are notable.

Br— (in excess) is the agent which reacts with P>t in
acetonitrile to produce a nice fluorescence switching ‘on’.
As Dutta and Perkovic®® perceptively note, the analyte is
more responsible for the emission than the agent. However,
the emission arises from a state delocalised over both atom
types with considerable charge transfer.”® Also, the
formation of the emissive cluster Pb4Br? | does not use
organic sensors, as in the rest of this report. Early Russian
work concerning the fluorescent detection of Pb>" with
concentrated HBr must not be forgotten,”®® even though
Pb,Br}; does not survive water.

Quinizarin (90) is a member of the classical hydroxy-
anthraquinone family of fluorescent sensors. Quinizarin
itself was used to detect boron and beryllium.?®" Quinizarin-
2-sulfonic acid was similarly employed with regard to Be* "
and AI** 2% All of these can now be rationalised as being
ICT fluorophores with intramolecular hydrogen bonds as
their de-excitation channels. Analyte-induced FE arises
when these offending hydrogen bonds are replaced with
dative bonds to the analyte. It is interesting that such sensors
still hold the attention of 21st century researchers. Ga®* or
In** binds to 90 in alcoholic solutions and an FE of about 7
is observed, though A’ produce even larger values.*®

The fluorophore component of the sensors 91°°* and 927
has dual fluorescence, originating from a locally excited
(LE) state and a TICT state, as found in the archetypal
dimethylaminobenzonitrile.123 In acetonitrile:water (1:1),
The TICT emission of 91 blue shifts and disappears upon
alkalinisation. Acidification gives a red shift and dis-
appearance of 92’s TICT band, whereas both bands of 91
are quenched. Given its dominant position in the Irving—
Williams series,'”'?” it is no surprise that Cu”™ is the only
transition metal to affect fluorescence. The quenching (by a
factor of 2) of 91 seen in the 2:1 (ligand:metal) complex is
due to the usual PET/EET, as well as sulfonamide
deprotonation. In the case of 92, only the TICT band is
quenched for the 1:1 complex. On the other hand, d'%zn**
greatly enhances the LE band. Sensor 92 shares several
features with the prior work by Corradini et al.'®

Morozumi et al.’s compound 93°%° is not a simple ICT
system, but is best viewed as an extreme case based on
TICT.'” Such systems have the same thermodynamic
criteria as PET and behave like the latter cases but with
virtual spacers.>*%® Compound 93 shows an FE of 37 with a
broad spectrum, suggesting some residual ICT character
when confronted with Ca®™ in acetonitrile. Ca®" binds to
the podand and both carbonyl oxygens to prevent the
twisting necessary for the population of a TICT state. Sr* ™"
is less effective, whereas Ba®>" and Mg®" show nothing
at all.

Ca®*-induced colour changes in non-fluorescent ICT
sensors are worthy of discussion, since they display aspects
of quantum computing. This is a startling conclusion®’
because any sensory molecule which shows a colour
change, e.g. a simple pH indicator, would do the same.
Nevertheless, observations of such target-induced trans-

mittance changes at four clearly chosen wavelengths are
seen to exhibit the four different logic types for a single
input-single output device, i.e. PASS 0, PASS 1, YES and
NOT. The fact that the four wavelengths can be
simultaneously observed then leads us to conclude that
four different computational operations can be run
concurrently. Here is a trick barred to electronics devices
because colour is meaningless to electrons in wires.

3.3. Anion targets

The interaction of F~ with the urea units of Cho et al.’s
compound 94'%% in acetonitrile:DMSO (9:1, v/v) shows a
broad peak at 445 nm in the emission spectrum. However,
with other halide ions, the emission remains at 379 nm
(as expected for such a naphthalene derivative) with only
small intensity changes. The stronger hydrogen-bond
basicity of F~ stretches both the naphthyl N—-H bonds
enough to distort the mt-electron cloud of this ICT system,
which can be produced from the PET system 54'°% by
deleting the two methylene spacers and the central benzene
ring. The F~ selectivity of 94 in aprotic solvent mixtures
features again in work from another group,'®’ but now only
an FE (of 3) is claimed. The different observations in the
two reports can be assigned to the change of the
acetonitrile:DMSO ratio from 9:1 to 4:6 in the present
work. Rigidification by F~ complexation may contribute to
the FE. Other halide ions only show a slight fluorescence
quenching. In contrast, quenching for 95'>7 was observed
with all halide anions, including F~. The 2,3-diamino-
naphthalene unit is sterically incapable of accommodating a
F~ between them.

NH HN N,:Q
O=<NH HN>=o NH

94

Though no fluorescent effects are involved, we note an
interesting study concerning 96.%%” Since it also involves
F™ -induced stretching/breaking of H-N bonds to increase
m-delocalization as seen in Ref. 156. A yellow colour
formation is visible evidence of this and the stoichiometry is
found to be 1:1.
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A A A
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Though the fluorescence of 97 could have been exploited,
Zhang and Anslyn®®® use its ICT chromophore properties to
develop a nice indicator displacement assay for
O-phosphoserine. An orange-to-yellow colour change is
observed as 98-bound 97 is released into bulk water when
the stronger-binding O-phosphoserine arrives at 98.
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Naturally, the absorption spectrum of 97 is affected when it
is held close to the Cu® " centre and the guanidinium groups.
The Anslyn laboratory has given the indicator displacement
method a new lease of life.'"!
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In closing this short section, we note that many anion-
receptor interactions depend on hydrogen bonds.?%%*7°
Then, new anion sensory systems based on ICT systems
will benefit from the fact that fluorescence can be strongly
quenched when the excited state energy is drained via strong
hydrogen-bond arrays by vibrational loss.?”!

3.4. Other organic targets

We exploited the electron-withdrawing nature of the
carboxylic acid group to design fluorescent switches based
on PET.?”® The boronic acid group is now similarly used by
DiCesare and Lakowicz?’* with 99 and its ICT nature. The
fluorescence spectra show blue shifts (45 nm) upon
basification with a pK, value of 9.1. A similar blue shift is
found, but with a gKa of 6.6, in the presence of fructose.
Yoon and Czarnik?”® found a similar sugar-induced pK,
shift for anthrylboronic acid with much less ICT character.
Thus, 99 allows saccharides to be measured by ratioing
intensities at two chosen wavelengths.

o)
O oo

99

Compound 100 is a venerable fluorescence ‘off—on’ switch
for ds-DNA?"* occurring by intercalation. Its ICT excited
state deposits considerable positive charge on the NH,
groups leading to strong hydrogen bonding to water with
subsequent de-excitation by vibrational loss. The inter-
calation offers protection from this loss channel. It is not
surprising, then, that the DNA-type short hairpin 101 will do
the same with 100.2>*’® Now, any other potential inter-
caland will compete with 100 for the binding site(s) on 101,
and the fluorescence of 100 will decrease, owing to its
displacement into bulk water. The magnitude of this
decrease is analysable to yield the binding affinity of
the intercaland. Older examples of fluorescent/coloured
indicator displacement assays exist.'®*~!7°

A A
HN O O NH, 5'-CGATGCAC
=N+ 3-GCTACGTG ,
Ph Et
100 101

We can draw together the examples discussed in these
sections concerning ICT systems in one sentence. Modern
sensor and switch researchers appear to spend less effort on
ICT designs than PET, but the former continues be a very
fruitful mechanism, too.

3.5. Multiple targets

Komura et al.’s experiment®’’ involves the common dye
102 which is normally monoprotonated in aqueous media
and is fluorescent. This is switched off upon diprotonation at
high acidities as the ICT nature is lessened. Compound 102
is held in a polyanionic Nafion® film on an ITO (indium tin
oxide) electrode. Upon reduction, 102 switches ‘off’ its
fluorescence because the exciting wavelength is no longer
absorbed. Fluorescence is observed when 102 is in an
oxidised state, and only one of the amine groups is
protonated. Thus, electrochemical (oxidation) and chemical
(H") inputs combine in AND logical fashion to produce
fluorescence output.”?'

Ph
L2
H,N N3 NH, Ph Ph
Ph
102
Ph
103

Though not principallg/ a fluorescence study, the report by
Langford and Yann?’® about 103 is interesting for several
reasons. First, it is the first molecular demonstration of the
primeval mathematical operation of subtraction. Second, it
achieves this within one compound. Third, the compound
itself can be bought from almost any chemical supply house.
The interest in this work is sharpened by the fact that the
first numerical operations performed by a small molecule
(or two) had only been accomplished five short years ago.”””
This was the case of addition. Similar half-adders (which
can only count qu to 2) were soon demonstrated within one
compound.”®**" One of these was also commercially
available,”®® but required laser methods for the numeracy
demonstration. The numerical function of 103, however, is
exposed with simple UV-visible spectrometry and fluor-
escence spectrometry. The value of both these techniques in
this general pursuit had been revealed earlier.?*!-236-279-280.282
Compound 103 also requires the small binary numbers to be
input in chemical form. The trick of using stoichiometric
amounts of acid and base as inputs which can annihilate
each other for building XOR logic gates had previously
been achieved by Langford, along with Balzani, Stoddart
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and Credi.>*! Half-subtractors are built from INHIBIT and
XOR logic gates in silicon technology.**’

The free base porphyrin 103 can form either dicationic or
dianionic species on addition of H* or fBuO ~, respectively,
in DMF solvent. In its free base form, 103 absorbs strongly
at 417 nm. Addition of acid or base leads to red shifting of
about 15 nm. This behaviour is not unlike a pH indicator
with an ICT excited state.”®? Monitoring transmittance (7)
at 417 nm, a ‘difference’ output can be observed (XOR
logic). Monitoring fluorescence emission (F) yields
INHIBIT logic or the ‘borrow’ output (Table 1). The free
base displays a weak emission band at 395 nm. Notably, this
is not the normal fluorescence of porphyrins such as 103.7%*
Deprotonation causes a red shift to 440 nm and protonation
a red shift to 405 nm. Monitoring emission at 440 nm thus
yields the Borrow output. The origin of the anomalous
fluorescence would deserve further examination, especially
because one of the emissions is anti-Stokes in nature—a
further anomaly.

Table 1. Truth table for half-subtractor 103

Input Output
Acid Base F T
0 0 0 0
0 1 1 1
1 0 0 1
1 1 0 0

A non-fluorescent, but interesting, approach by Sivan et
al.?®> to AND logic uses an enzyme (o-chymotrypsin), as it
hydrolyses 104 to the coloured phenolate product. The
integration of the reactive group of 104 with the
chromophore gives it an ICT designation in the current
context. Judicious replacement of 104 would easily give a
fluorescent product in order to conform to the remit of this
report. The hydrolysis implies that there is an aspect of
irreversibility here, but the conceptual value is not
diminished. A lysine unit on the gateway to the active site
of the enzyme is modified by derivatisation with 105 to form
an amide. Irradiation at 334 nm converts the trans form of
the derivatised 105 into its cis version which blocks the
gateway. Thus, the substrate 104 and the inhibitor 106 are
rendered unemployed, since the enzyme is disabled.
Irradiation at 420 nm restores the trans form of 105
amide, opens the gateway for 104 and 106 to reach the
active site and, so, if the inhibitor is reduced to a non-
inhibitory version, 104 can be processed (output high).
Reduction of 106 is achieved photochemically (436 nm) in
the absence of air. The corresponding oxidation back to 106
can be accomplished by simple aeration and, so, the
reduction of 106 and the 420 nm radiation to give the
trans 105 amide are the two inputs (high states) of the AND
gate. Some cross talk is unavoidable at such close
wavelengths of photochemical irradiation.

The distinguishing feature of ICT systems is the integration

of receptors with fluoro/chromophores.® Appreciating the

presence of a receptor integrated within a photochromic
: :286

such as a spiropyran, first seen by Tamaki“®” and also by

Buncel,**° was developed by Raymo and Giordani into a

nice approach towards molecular logic systems containing

small-scale integration.”®® Guo et al. apply this idea by
using Fe** as an input which is also an oxidising agent to
demonstrate half-adder action in 85.%%' This differs from our
older example,””® since we needed separate molecules for
AND and XOR gates. Remacle et al. also showed half-adder
action within the simple fluorophores 107 and 108.7*
A case by Guo et al.**’ involving PET was discussed earlier
in this report.
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Deliberately building-in a receptor to a photochromic is
another way to tackle related logic problems, first done by
Inouye with spiro}Pyrans287 and later by Diederich for
dihydroazulenes.”®® Earlier cases by Inouye et al. without
logic interpretations are also available.”®” Now, Tian et
al.?*° modify Irie’s celebrated dithienylethene photo-
chromics®' with pyridyl groups, so as to benefit from a
Zn*" input. An ICT behaviour can be assigned, owing to the
‘fluorophore-receptor’ integration. Compound 109 allows
small-scale integration, especially when different emission
and absorption wavelengths are observed™® to achieve
superposed logic configurations.*®

We conclude this general section as follows: though the
number of modern ICT sensor and switch systems may not
be huge, some of these are among the most imaginative.

4. EET (electronic energy transfer) systems

4.1. Brief theory'#182%2:2%3

The argument starts with the fact that energy runs downbhill
and so an excited state of high energy will donate its
excitation to a lower-energy excited state. Since each
excited state can emit its own signature, we have here the
conditions for a two-colour sensory system. The intensities
of the two wavelengths can be ratioed. Singlet energy
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transfer is our concern in most, though not all, cases in this
report. Its efficiency is crucially dependent on the distance
of separation of the two states concerned. At biorelevant
distances of, say, 0.5 nm or larger, dipoles of the two states
can interact. This is the Forster resonance energy transfer
(FRET). At smaller distances, orbital overlap between the
two states dominates. Either way, the amount of overlap
between the absorption spectrum of the acceptor and the
emission spectrum of the donor controls the efficiency of
EET.

4.2. Various targets

AI** is one of those ions for which fluorescent sensors are
available from classical analytical chemistry.””* A weak-
ness, however, is that careful pH adjustment is needed for
the success of many of these phenolic compounds. Never-
theless, this weakness is quite hard to avoid. Phenols 110>
and 111%*° are likely to need pH adjustment, too. The
importance of this work arises from the use of EET in 110 to
increase a FE value, which is inherently low with 111, by
optically pumping the latter fluorophore. The classical
mechanism of FE in these ICT-type phenols, including 111,
is that AI’" replaces the phenolic hydrogens which
vibrationally couple the excited state to water, leading to
fluorescence loss.””' The emission of 111-A13+, however,
overlaps well with the absorbance of the aminocoumarin
unit. Direct excitation of the aminocoumarin shows no
AP’ -induced FE, confirming that the aminocoumarin is not
involved in the binding process. How does the FE increase
take place? The beginning of an explanation may be that, in
the AP -free state, the phenolic unit has a very small
excited state lifetime owing to the vibrational coupling.
Hence, the EET process is very inefficient and gives very
little emission from the aminocoumarin. On the other hand,
the AI’*-bound state has a much longer lifetime for the
phenolic unit, which allows excellent EET to the amino-
coumarin. We also note that the exact type of EET at these
short distances is not as clear-cut as that found in biological
systems with their larger size scales. Dexter-type electron
exchange comes into its own at chemically relevant
distances, whereas the Forster-type dipole resonance
interaction (FRET) revels at biologically relevant scales.?*>
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Hydroxamates are under-used receptors in luminescent
sensor research, with the notable exception of Shanzer’s

work.”® Now, De Costa and Jayasinghe’s ‘fluorophore-
spacer-receptor’ system 112*°° switches ‘off’ its naphtha-
lene-like fluorescence upon binding Fe* in 50% aqueous
methanol at pH 3. There is also an appearance of a CT
absorption band at longer wavelengths. The latter is the
probable sink for the EET process, though, a contribution
from PET to this redox-active ion is probable, too.

NHOH

112

Wagner, Johnson and Lindsey’s compound 113%7 is

cleverly exploited by Otsuki et al.>*® as an EET switch.
Axial coordination of phenylazopyridine (PAP) to the Zn(II)
centre provides an internal PET channel for the porphyrin-
Zn(IT) unit, which is much faster than EET to the free base
porphyrin unit of 113. A previous example of PET/EET
competition within a switch context is known,94 and so the
fluorescence signature of the latter is perhaps 10-fold lower
in intensity. Addition of a stronger axial ligand like
dimethylaminopyridine (DMAP) displaces the offending
PAP into bulk dichloromethane solution and the fluor-
escence switches back ‘on’. Addition of dichloroacetic acid
protonates just the DMAP, so that the PAP can sneak back
into the Zn(II) site to switch fluorescence ‘off’ again.

The assembly'?®"''%f the hydrophobic pyrene fluorophore
and the receptor 114 within Triton X-100 micelles in water
is quenched by Cu®* via EET, as found in the case of the
corresponding ‘fluorophore-spacer-receptor’ system 115.'"
Unsurprisingly, the micelle structure is not perturbed by the
small mole fraction of the fluorophore and receptors
included in it. The convenience of the assembly approach
is clear, since synthetic procedures are simplified or even
avoided. The only price to be paid is in terms of the fragility
of these multicomponent systems, especially in multi-
compartmental host environments. Above all, we must not
forget the closely related studies of enhanced quenching of

stilbene in sodium dodecylsulfate micelles by Cu**."!!

The fluorescence of 116 is strongly switched ‘off’ by 117 if
it is held close by. The usual mechanism is EET, even
though the distortions seen in the UV—vis spectra suggests
CT, or even PET, components. If 116 and 117 grace the
termini of a DNA-type hairpin (with a short stem and a large
loop), the fluorescence of 116 can be switched back ‘on’ by
straightening out the stem-loop by hybridisation to a long
complementary DNA single strand. The fluorescence
switching ‘on’ seen here is nothing extraordinary from a
sensory/switching viewpoint, though DNA’s obvious
glamour is probably behind the catchy descriptor,
‘molecular beacon’.”*>*% Many clever applications are
available already.*®
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Raymo and Giordani have recently made valuable contri-
butions to the field of molecular logic devices*'>>'? by
considering the chemical response of photochromics in
addition to their photoeffects.”®**!7 However, the time
scales of the state interconversions need to be borne in mind,
so that we are clear whether a given discussion concerns
data processing or storage, especially since photochromics
were treated in a data-processing context from their
inception.”®® Since this review is restricted to luminescent
systems, we will only consider cases where emission
processes hold an important key. Raymo and Giordani**®
report cases involving intermolecular EET and fluorescence
output. Upon irradiation with UV light (at 365 nm), the
colourless spiropyran passes to the coloured merocyanine.
This gives different degrees of overlap between the
fluorescence emission spectrum and the absorption spectra
of the two photochromic states. The EET mechanism here
should be the emission—reabsorption mechanism, owing to
the large distance of separation between the energy donor and
acceptor. Different light-transmittance patterns can there-
fore be achieved with different fluorophores. Even though
the same binary patterns (logic descriptors) can be generated
by using different wavelengths of a spectrophotometer, the
molecular communication ideas are imaginative.

115

117

Guo et al*”' use the connected fluorophore-spiropyran
system 118, so that intramolecular EET can confront
the fluorophore excited state with the two states of the
photochromic. Spiropyran 118 is complicated, since the
fluorophore is a fluorescein mono-ether,’* rather than a
simple fluorescein. Further, the environments the two
spiropyrans are not equivalent. Nevertheless, the mero-
cyanine absorption band overlaps well with the emission
band of the fluorescein fluorophore, but the protonated
merocyanine does not. Of course, the spiropyran with its
rather high-energy absorption will not overlap either and so
EET would be strong for the merocyanine only. The
emission spectrum of 118 in THF when excited at 430 nm is
the typical fluorescein band at 550 nm. Upon irradiation
with UV light, the spiropyran isomerises to the mero-
cyanine, which reduces the fluorescein intensity due to EET.
Addition of an acid (to produce the protonated mero-
cyanine) or irradiation with visible light (to regenerate the
spiropyran) re-establishes the normal intensity, as neither
of these forms absorb at the emission wavelength of
fluorescein. The fact that the two inputs, H* and visible
light can produce the same fluorescence effect in some
situations will probably limit the logic capabilities of 118.
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Shanzer’s group exploit their experience of siderophore-
based fluorescent sensors for Fe’* to develop the first
arithmetic processor 119,%%7 which is ca})able of both
elementary binary addition and subtraction.”®* Monomole-
cular processors described previoule could do each of these
operations before, but not both. 78,280.281  pimolecular
systems have an even older vintage?’® and only decimal
numbers 0, 1 and 2 are recognised. As we have seen,
addition needs AND logic for the carry digit and XOR for
the sum digit. Subtraction needs INH logic for the borrow
digit and XOR for the difference digit. By using a small
menu of input chemicals (acetic acid, acetate as base and
EDTA as complexant), several 2-input logic gates can be
configured. These inputs interact with hydroxamate,
carboxylate and phenolate, as well as Fe’" sites. The
variety of logic configurations is magnified further, since
blue (pyrene) or green (fluorescein) output channels are
available for reading the signal patterns. The arithmetically
significant logic gates mentioned above are all included.
PET and EET are involved in the fluorescence quenching by
the open-shell Fe*". EET is also present to take away
pyrene’s blue fluorescence and producing green fluor-
escence instead. Such EET collapses in media acidic
enough so as to convert fluorescein into a less-delocalised
Tt-system. Another critical point is that Fe> ¥ loses its usual
quenching ability towards fluorescein in basic solution.
Ligation of the base to Fe*> will reduce its ability to engage
in PET from the fluorophore. It is notable that the XOR logic
function is constructed by summing two complementary
INH functions arising in the blue and green output channels.
This algebraic option has been used by two other groups.*****
We are also delighted to note that arithmetic operations with
numbers larger than 2 have also recently been accomplished
by using ideas from small-molecule logic**' and
implemented in DNA oligomers, but using strand scission,
instead of fluorescence, as the output channel.*®

An excellent example of the potential of fluorescent
molecular logic is found in the work of Stojanovic and
Stefanovic.?°® The analysis of the board game of tic-tac-toe
in terms of all possible moves to produce a tree is
available.® 1In the spirit of the famed chess contests
between Kasparov and the Deep Blue computer, Stojanovic
and Stefanovic implement ideas of small-molecule logic?*!
in DNA oligonucleotides to play tic-tac-toe against a human
opponent on a 3 X3 array of wells. Twenty three logic gates
are involved, the most complex being a 3-input INH, like
our old case.”*> However, as done by children everywhere,
the network of molecular logic systems makes the first move
and thus avoids defeat. The moves available to the human
opponent are thus restricted to sides or corners of the 3 X3
array. As in any productive communication between
individuals, the language must be agreed beforehand.
Each human move is coded in terms of a DNA
oligonucleotide, which is applied to all wells. The molecular
logic network responds with its countermove after 15 min
by switching ‘on’ fluorescence in a particular well. What is
the molecular basis here? The substrate is designed as a
DNA oligonucleotide with one key ribonucleotide as the
weakest link, as well as a fluorescein and a tetramethyl-
rhodamine at its termini. The latter pair serves as
fluorophore and quencher in an EET process. A stem-loop
deoxyribozyme (a DNA catalyst called E6) cleaves this
substrate following hybridisation to separate the fluoro-
phore—quencher pair. The fluorescence is recovered by
stopping EET in the sense of a molecular beacon.*”® We
note that an element of irreversibility is unavoidable in this
approach, though its elegance is not in doubt. The logic
gates are constructed by adding to this basic structure, e.g. a
YES gate has part of E6 protected with a new stem-loop.
Addition of the correct input oligonucleotide opens this
stem-loop to expose the E6 structure to do its hydrolytic
work. A carefully chosen combination of logic gates is
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placed in a given well. The network arises, since the
combination differs from well to well.

To summarise, EET systems have plenty to offer chemi-
cally-oriented designers, whether they are focussed on small
molecules or large. As alluded to at the start of this section,
EET has largely been the preserve of biochemists, so far.
The bunch of examples above are a clear signal to chemists
that they, too, are welcome in this domain.

5. Excimer and exciplex systems

5.1. Brief theory®”*

To put it bluntly, excited states are sticky. In more scientific
language, excited states possess half-filled orbitals that
can interact attractively with other ground-state orbitals.
This leads to t—rt overlap and these delocalised states show
up in red-shifted and broad emission signatures. The latter
are due to the instability of the corresponding ground states,
i.e. extremely short lifetimes. Heisenberg’s uncertainty
principle does the rest. The energy of the state becomes ill-
defined. The cliché that excimers are excited dimers and that
exciplexes are excited complexes is true. Naturally, the
latter have dipoles owing to their hetero nature. We can then
appreciate exciplexes as frustrated PET systems.

5.2. Various targets

Dendrimeric sensor 120°°® has a cyclam core built up with
naphthalene fluorophores via 1,3-dimethoxybenzene
branching units. Emissions corresponding to excimer,
exciplex and locally excited fluorophore are seen in
acetonitrile:dichloromethane (1:1) solution. The medium
is not polar enough to support PET processes in this multi-
‘fluorophore-spacer-receptor’ system. Naturally, fast EET
from the dimethoxybenzene to naphthalene units precludes
any emission from the former. Protonation of 120 with
trifluoroacetic acid eliminates exciplex formation with a
concomitant increase in the naphthyl LE emission at
340 nm. Similar H7-induced switching between the
exciplex and LE states of naghthalene in a non-dendrimeric
case is available from 1984."7* Only two of the basic sites in
the cyclam core are protonated because of the low polarity
there.

The excimer-based sensor 121°°° for ATP effectively
targets the high charge on ATP, which, with its charge of
—4 is electrostatically bound to a polycation 122. This
mediates the association of the fluorophore-derivatised
boronic acid 121 with ATP, which contains the monosac-
charide with the crucial diol, via a boronic ester bond. The
aggregation of monomer subunits leads to an excimer.
Selectivity is only slightly greater for ATP over trianionic
ADP, but much greater over dianionic AMP. The high pH
needed for the phenomenon is another limitation. The
concentration of 122 also needs careful optimisation, since
an excess would dilute the 121 along the 122 chains, as seen
before in DNA sensmg OTt is important to note a pyrene—
guanidinium system with related design 1deas targetting
pyrophosphate reported by Nishizawa et al.?

o
' Cm“bo
> s
. O

Me Me

121 122

Instead of wrapping one long ligand around a metal ion,>'"?

two shorter ligands can be assembled around the metal to
bring the T-systems within reach of each other. Licchelli et
al. use the ‘fluorophore-spacer-receptor’ system 123.>'* The
naphthahmlde fluorophore has seen successful use as
excimer systems.’'**'> Compounds 123 (n=23-5) exhibit
1:3 metal/ligand ratios at low metal concentration.
Fluorescence quenching is observed with d® to d” transition
metal ions, due to the usual PET/EET effects. On addition of
Zn** and Cd*™, an additional long-wavelength emission is
seen, due to excimer formation. However, as the concen-
tration of Zn?t and Cd** increases, the excimer band
decreases to almost nothing. The excess metal ions result in
the consecutive formation of complexes with 1:2 and then
1:1 metal/ligand stoichiometries. Compound 123 (n=2)
does not show excimers, due to limitations of the short
connectlng chalns but it also exhibits fluorescence quench-
ing with d® to d° transition metal ions in acetonitrile.
However, at higher concentrations of Zn>" and Cd?>" the
equilibrium shifts to form a 1:1 complex and, a FE of 6 is
then observed. This can arise from the interaction of the
metal with the carbonyl groups, which increases the energy
of the nm* excited state, and thus prevents intersystem
crossing.'#!8:2%3
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Functionalised pyrenes can produce 2:1 complexes with
divalent analytes. This gives enhanced excimer emission
which permits ratiometric detection, e. g Prodi’s compound
124°'° targets Zn**. Compound 125°'7 in 50% aqueous
ethanol does the same for AgJr and, to a lesser extent, for
Hg?". The necessity of the rather elaborate functionality in
the present case is not proven, though the phenol moiety is
shown to be essential. Transition metal ions quench the
monomer fluorescence, but with no enhancement in the
excimer emission. Interestingly, the lifetimes of the pyrene
monomer and excimer are similar, with values of 11.6 and
14.4 ns, respectively. No excimer emission is observed with
Ag" in aqueous solutions in excess of 70% ethanol
suggesting that hydrophobic stacking®'® of the pyrene
units is important.

o

125

Guo et al.*' continue their combination of ion-sensitive
photochromic switches?®* with other photochemical
phenomena by addressing excimer formation. The output
is the intensity of the intramolecular excimer band of 126.
The classical spiropyran photochrome®® ring opens to the
merocyanine on irradiation with UV light, and can then
complex with Zn>*. Previous work on metal-complexing
photochromics is available.?***%¢-*%7-320 EET occurs from
the excimer to the metal complex, due to good spectral
matching of the excimer emission to acceptor absorption.
A significant decrease in the excimer emission is seen.
Other logical combinations of the two inputs (UV light
and Zn’>") do not show this effect. This corresponds to
molecular NAND logic.>*' The third input is visible
light, which converts the complex back into the initial
spiropyran, but the output excimer state is not affected
by visible irradiation. We also note that a simpler
fluorophore emitting similar wavelengths (around 478 nm)
should have achieved the same end result,238 even though a
broader band and a longer excited-state lifetime are
available from 126.

O CH,O(CH,),,OCH,
O 126 O

In the presence of Ca’" and Ba’™, 127-130°?? exhibit
intramolecular exciplexes in acetonitrile, but not when
metal free. Compound 130 displays the greatest FE and
selectivity for Ca?*. The length of the polyether spacer is
chosen to form a suitable podand receptor for these alkali
earth cations, with the carbonyl oxygens also playing a
ligating role. Wrapping the podand around the cation will
bring the terminal 7-systems within reach of each other.
The main fluorophore is the naphthoate, with the benzoate
serving an auxiliary capacity. In the absence of cations, the
fluorescence quantum yield of 130 is the lowest in the set by
far, due to the considerable electron deficiency of the
cyanobenzoate moiety leading to PET. This work is the
most recent in a long line of papers from this laboratory,
beginning in 1996.°%

il
O ~P-Ph
L i
0
ot O
0
X
S

Ph—Ps
127; X =H Ph
128; X = Cl
129; X = CF, 131
130; X=CN
Compound 131%%* and its O (but not Se) derivative exhibit

fluorescence in the dry solid state, and 131 exhibits a
significant FE when exposed with toluene, but not other
organic solvents including benzene. Its X-ray crystal
structure has a groove suitable for binding toluene by a
C-H-- -7 interaction, which allows for exciplex formation.
The corresponding O and Se derivatives are devoid of this
feature and hence do not display the fluorescence effect.
Fluorescence of 131 in solution is negligible. Rationalis-
ation of solid-state luminescence phenomena is still not
easy, however. Nevertheless, selective and reversible
detection of an organic vapour by fluorescence of single
crystals remains appealing.

6. Systems based on metal-containing excited states

6.1. Brief theory

We cannot hope to do justice where entire books on
inorganic photochemistry*>>~27 struggle to cope with the
diversity of phenomena thrown up by the various metal
complexes. All we can do is to offer a few pointers.
Polypyridyl-Ru(II)/Re(I) continues to exercise many
researchers, but there are not many sensors and switches
that have not been reviewed before.'>* The metal-to-ligand
charge transfer (MLCT) excited states in these metals with
low oxidation states is an axiom in many studies.**’ As has
been noted often,ngf331 the luminescence of lanthanide
complexes has the appeal of rather long lifetimes and line-
like emissions which allows easy extraction from contami-
nant fluorescence signals and so it is perhaps not surprising
that a large fraction of the following discussion concerns
these.
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New antennae are always welcome in lanthanide lumi-
nescence research. Compound 132°* is interesting, since it
is a nitro derivative, which is unusual in emissive work.
Unfortunately for the sensor community, Eu®>" and Tb> "
complexes of 132 are not emissive in water. However,
switches that can tolerate ethanol could benefit. The spectra
show poor EET from the antenna to Eu3+, since some
ligand emission survives. Metal-centred luminescence from
more unusual lanthanide emitters such as Nd> ™, Yb** and
Er’" has recently been reported when complexed with a
calix[4]arenetriamide receptor carrying a quinoline-based
fluorophore in acetonitrile following fast EET.?**

OH
7] NO,

132

6.2. Various targets

To begin with polypyridyl-Ru(II)/Re(I) systems, Charbon-
niere et al.*** find Li " -induced luminescence enhancement
of ca. 2 for 133 with a small binding constant of 23, even in
acetonitrile. As noted above,®' Li™ sensing is still a very
hard target. This is a clear ‘lumophore-spacer-receptor’
system with PET known in a closely related pH sensor,>*”
and so this example could have equally well belonged in
Section 2.3. Pratt and Beer’>® find a significant (88%)
reduction in luminescence of 134 when confronted with
H,PO3 ™ in acetonitrile. DMSO is too competitive and
destroys the luminescence effect. As the authors note, small
luminescence effects of metal complexes are still difficult to
rationalise, but the MLCT nature of the excited state must
play some part. The bipyridyl-Re(I) tricarbonyl lumophore
is coupled to an amide hydrogen bonding site in Sun et al.’s
compound 1357 The triplet MLCT luminescence is
quenched when presented with CN~ or halides in
dichloromethane. This is probably due to the coupling of
the halide---H-N vibrator to the excited state, as seen in
organic systems.?”!

“ | I X
N N~
s (0]
Qf @
| = AN l N\©\)
2

133

N /N = S)\S—
Ru (Il) _
N S S
| | b
= XN N N.
) N—" "n-Bu
O
134
W g
COZRe=N )=N" ™
CcO cO N =~
O~ 'NH
t-Bu t-Bu ~ |
—~ - - \N .CO
NN= 7 \ /) |
N N N;Ii{e(l)—CO
N' co
135
Pyrocatechol violet 136 complexes with Yb> " in neutral

aqueous solution, provoking a colour change from yellow to
blue.>8 Upon addition of ATP (or HPOZ "), the colour
change reverses as it competes for Yb>Tand 136 is
liberated. The ensemble demonstrates good selectivity
towards phosphate anions and ATP over many common
anions, as well as AMP and to some extent, ADP. Though
this competitive displacement assay'®' does not use
luminescence, 136 can probably be replaced with
fluorescent versions. Also, a venerable detector for
oligonucleotides and DNA is based on luminescence
switching ‘on’ of Tb>*,*° where the use of Yb’* may
extend the method to give emission in a different
wavelength region.

The macrocycle with the trivial name 12aneN, has a good
history of supplying ligands for lanthanide ions. Lumi-
nescent sensors and switches built from such complexes
have arisen particularly from the laboratories of Parker’>’
and Gunnlaugsson.****? Tetra-amide ligands 137 in the
form of their Eu®" complexes show the typical lumines-
cence spectrum. The intensity ratio of the peaks at 613 and
594 nm can be used for EH determination, since the
coordination sphere for Eu®" changes as the bound water
molecule is deprotonated under alkaline conditions. The
613 nm band is known to be sensitive to the nature of the



J. F. Callan et al. / Tetrahedron 61 (2005) 8551-8588 8581

coordination sphere,328 whereas the 594 nm band is not.
Modifying the pyridyl pendants to hydroxypyridyl produces
clear PET effects, due to the electron richness of the
phenolate derivative, i.e. luminescence switches ‘off’ at
alkaline pH. Related lanthanide-based PET sensors for pH
are known.>*°

137

Gunnlaugsson et al.’s compound 138>

known fluorescent pH-controlled ‘off—-on—off” switches
to lanthanide luminescence to result in added advantages.
Though still few in number, ‘off—on—off’ systems®"
continue to illustrate how relatively complex switching
behaviour can be built up rationally and logically. At pH 11,
the sensor is in an ‘off” mode, since the metal-bound amide
N-H is deprotonated and the amide anion launches PET to
Eu’™. Upon acidification, the Eu’" emission becomes
switched ‘on’ with a pK, of 8.1, increasing to a maximum at
pH 6, since the amide anion regains a proton. On further
acidification, the emission switches ‘off” with a pK, of 3.8
and levels off at pH 2, since the aminophenanthroline
monoprotonates, lowering its triplet energy and losing
EET efficiency towards Eu’™t. Thus, a well-defined bell-
shaped curve results. We note that H ™ -driven fluorescent
‘off-on—off” systems have been enabled with Na™*3* or,
later, with Ca”>™.'>* Gunnlaugsson et al.>*! use 138 again to
demonstrate a Cu’>™ ‘on—off’ sensor, since the phenanthro-
line unit is a venerable receptor for the transition metals.
The Irving—Williams series ensures a good binding for
Cu®*. The Cu?*-induced quenching can be attributed to
PET/EET, though detailed experiments would be worth-
while to test this sensory mixed-metal system.>*! Com-
pound 138 is thought to form a 3:1 complex, due to Cu**’s
demand for an octahedral coordination sphere.

nicely extends the
84,96

MGZN OH —|3+
=0/ [
N x N
NN
OETb ko
5 (1) oy
Me,N X
o=
NMe,
138

Gunnlaugsson and Leonard®*? use their experience of

lanthanide-based sensors to build efficient ‘off-on’ sensors
for alkali cations in water in simulated physiological
conditions, e.g. 139 produces an FE of 40 for Na™. The
corresponding diaza-18-crown-6 derivative targets K™
nicely. These are PET systems,**! even though the
spacer is hard to pinpoint.

tBuO
—0 OH, Me

@ﬁﬂN@%OE

O N O-Me
OtBu

tBuO

139

The growing collection of INH logic gates?0-232-236-278.304.306

is expanded with 140 in an interesting way.>** It receives
Eu’" as an input above a certain threshold concentration if
we observe the emission from the bound lanthanide itself as
the output. Compound 140 has had a previous life as a
fluorescent PET sensor.*** Eu’" complexes with it in
acetonitrile to give an FE of 3.5 in the fluorophore’s normal
fluorescence, as well switching ‘on’ its triplet—triplet
absorption. The latter observation in particular, suggests
complexation, given that FE can arise from protonation due
to the acidic hydration sphere of trivalent cations.'*’ The
complexes 140-Eu’™, but not 140,. Eu®", luminesces
following EET from the 140 triplet to the lanthanide,
provided that O, is excluded. Such quenching by O, is
known to arise in lanthanide complexes because of the
energetic proximity of the emitting state of the metal to
the triplet state of the antenna ligand and so O, becomes the
disabling input of the INH gate.

NMe,

0._N__O

140

We close this general section concerning metal-based
systems by pointing out a consequence of the long-lived
emissive excited states of polypyridyl-Ru(II) and porphyrin-
Pd(I) complexes: the major success in sensing O, in real-
life situations, i.e. critical care diagnostics in hos itals>* as
well as wide-area barometry in wind tunnels.*****” Another
observation concerning metal ions is that they can serve as
the lumophore®*® or the receptor site'®*18%-208:348 op the

stimulus, 48 4 versatility which is hard to match.

7. Perspectives

We hope the reader will be left with the same feeling that we
were left with: this field has a wealth of examples to admire
and learn from, even though only five years of the new
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century have gone by. We can all build on that feeling by
constructing new luminescent sensors and switches equally
or more deserving of similar feelings of admiration and
education. After all, many targets yet lie unfulfilled without
a suitable sensor or switch system. Even the targets which
have begun to be addressed still exist in other situations for
which the corresponding systems have not been constructed.
Also, some of these constructions will need new design
principles, like those developed recently for thermo-
metry.>**=! Additionally, logic and gaming, as well as
other computational systems, have only begun to explore
the possibilities with only a few target species. Surely, these
issues will be interesting challenges for us all as the 21st
century rolls on.
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Abstract—The tin-mediated 6-exo-trig radical cyclization of the acetylenic B-alkoxy acrylates proceeded smoothly to give fully substituted
tetrahydropyrans in good yields with high equatorial selectivity irrespective of the stereochemistry of the propargylic position.
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1. Introduction

The tetrahydropyran nucleus is an integral structural
component of an increasing number of biologically
significant marine polycyclic ether toxins.! The synthesis
of such a fused ring system is receiving a great deal of
attention, and a variety of approaches have been developed.”
Among them, radical cyclization methods developed for the
stereoselective synthesis of trans-fused tetrahydropyrans
include the intramolecular addition of acyl,® ketyl,* and
vinyl radicals’ to B-alkoxy acrylates. However, these
methods were limited to the construction of the general
structure I, and the formation of fully substituted tetra-
hydropyrans such as structure II has not been studied
(Fig. 1). The ring system II would serve as a potent
precursor of 4-hydroxy-3-methyl-tetrahydropyrans III and
IV.® which correspond to the I ring of yessotoxin’ and
adriatoxin® and the H ring of gambieric acids,” respectively.
An efficient and straightforward construction of II is
envisioned by the 6-exo-trig cyclization of vinyl radical V
generated from a propargyl alcohol derivative.

Of particular concern is the influence of the alkoxy group
adjacent to the vinyl radical on the cyclization. The
stereochemistry and the protecting group of the hydroxy
group might influence the reaction course of the radical
reaction, such as cyclization, premature reduction (hydro-
stannation), and elimination.'® We report here a tin-

Keywords: Radical cyclization; Tetrahydropyrans; Polycyclic ethers;
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Figure 1.

mediated radical reaction of propargyl alcohol derivatives
to construct multi-substituted tetrahydropyrans.

2. Results and discussion

The synthesis of radical cyclization precursors is summar-
ized in Scheme 1. Treatment of (2S,3S5)-3-(fert-butyl-
dimethylsilyloxy)tetrahydropyran-2-carboxaldehyde'" with
ethynylmagnesium bromide gave a separable mixture of
propargyl alcohols 1 and 2 in 63 and 33% yield,
respectively. The protection of each alcohol with methoxy-
methyl or p-methoxybenzyl groups, desilylation, and the
hetero-Michael reaction with methyl propiolate in the
presence of N-methylmorpholine afforded (E)-alkoxy
acrylates 3 and 4.
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H H
T8
= _ > =
o = o
0y oYy

1 3a R=MOM (72%)
3b R=PMB (62%)

H H
oTBS a,b,c o\/\COZMe

o z 4 o z

A A

OH OR
2 4a R=MOM (67%)
4b R=PMB (60%)

A\

Scheme 1. Reagents and conditions: (a) MOM—CI, NaH, DMF or PMB-Cl,
NaH, DMF; (b) BuyNF, THF, 1t; (c) methyl propiolate, NMM, CH,Cl,, rt.

Reaction of the acetylenic B-alkoxy acrylates 3 with
Bu;SnH and AIBN in toluene at a concentration of
0.05 M and at 110 °C for 40 min and the subsequent acidic
destannylation of the products gave the 6,6-bicyclic ethers 6
having equatorial CH,CO,Me and OR groups in good yields
(Table 1). The radical cyclization of the other isomers 4 also
proceeded under the same reaction conditions to provide the
bicyclic products 8, which have equatorial CH,CO,Me and
axial OR substituents (Table 2). The stereochemistry of the
cyclization products was determined by an NOE interaction
between the axial Ha and Hb protons of the newly formed
tetrahydropyran ring (9% NOE for 6a, 10% NOE for 8a).
Interestingly, the 6-exo-trig radical cyclization reaction of
both isomers 3 and 4 proceeded with high diastereo-
selectivity and in good yields in such a way as to give
products with an equatorial CH,CO,Me, irrespective of the
stereochemistry of the alkoxy group at the propargylic
position. It is worthwhile noting that the present reaction
conditions (a 0.05 M solution in toluene at 110 °C) led the

Table 1. Radical cyclization of 3

H Ha Hb
BuzSnH
072 % 2

i toluene o7 : A

OR 110°C, 40 min H éR X
3 5 X =SnBuj
TsOH, MeoH [ ¢\,
Substrate 5/Yield (%)* 6/Yield (%)* dsP
3a R=MOM 5a/90 6a/91 95:5
3b R=PMB 5b/75 6b/72 94:6

# Isolated yield after flash chromatography.
® Determined by 'H NMR analysis.

Table 2. Radical cyclization of 4

H Bu-SnH Ha__ Hb
o Uzsn (o)
~ZCoMe  AIBN CO,Me
(o )E \\ toluene o’ X
Hor 110°C, 40 min HorR x
4 7 X =SnBu,

TsOH, MeoH [ o

Substrate 7/Yield (%)* 8/Yield (%)* dsP
4a R=MOM Ta/87 8a/92°¢ 95:5
4b R=PMB 7b/90 8b/69 94:6

? Isolated yield after flash chromatography.
® Determined by "H NMR analysis.
¢ Isolated as R=H.

cyclization to be completed within 60 min. The reported
radical cyclizations of B-alkoxy acrylates were carried out
by the slow addition of a benzene solution of Bu;SnH and
AIBN ogzeszr a period of hours by a syringe pump (80 °C,
~12h).>

The high stereoselectivity and good yields of the radical
cyclization prompted us to extend this study to more
functionalized precursors. The synthesis started with the
known bicyclic alcohol 9,'% which was prepared in five steps
according to our oxiranyl anion strategy.'” Protection of the
alcohol with the triethylsilyl group, hydrogenolysis of the
benzyl ether, and oxidation with Dess—Martin periodinane
afforded aldehyde 10 (Scheme 2).

. H H
53% tBu\Si,o 2 ~C OTES
- Bu”
o t-Bu Cl) =
=—MgBr H O H ¥
tBu, o " or, OH
si 1
t-Bu” |
°© o TR
H ™ H 2 B H o
449 TBUNG O~ OTES
9 Ry =H, R,=CH,0Bn +Bu” ] _
10 R, =TES, Ry = CHO 0 o =
H - H
OH

12
1. Ac,0, pyr or tBu, o H H o

NaH, PMBCI DSiTNY Y N co,Me
11 t-Bu” 1 =
o =
2. 80% AcOH o T

3. methyl propiolate HoH 6R

NMM 13a R=Ac (60%)
13b R=PMB (31%)

H H
1. Ac,0, tBu, o - B
C2 by i OO co,me
12 t-Bu” 1 >
2.80% AcOH (@) o =
3. methyl propiolate H H

NMM OAc
14 (85%)

Scheme 2.

The reaction with ethynylmagnesium bromide gave a
mixture of diastereoisomers 11 and 12, which were easily
separated by flash chromatography. The stereochemistry of
both isomers was determined by the 'H NMR analysis of the
corresponding acetonide derivatives. After protection of the
propargyl alcohol with an acetyl group, the triethylsilyl
group was removed and then an acrylate moiety was
introduced with methyl propiolate to give acetylenic
B-alkoxy acrylates 13a and 14 in 60 and 85% yield,
respectively. A partial 1,3-migration of the acetyl group was
observed during the hetero-Michael reaction with methyl-
propiolate: the extent of the migration was 1:3.5 for 13a and
1:9 for 14. The p-methoxybenzylation of 11 resulted in a
low yield of the product due to the 1,3-migration of the
triethylsilyl group and the partial decomposition of the
silylene group under the reaction conditions.

Treatment of 13 and 14 with Bu;SnH and AIBN in refluxing
toluene furnished the tricyclic ethers 15 and 16 in good
yields with high stereoselectivity (Table 3). The stereo-
chemistry of 15a and 16 was determined by the NOE
experiments. An 11.6% NOE was observed between the Ha
and Hb of 15a, and in the case of 16, 10.2 and 5.1% NOEs
were detected between Ha and Hb and between Hb and Hc,
respectively. The results showed again that the
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Table 3. Radical cyclization of 13 and 14

1. BuzSnH, AIBN
toluene

110°C, 40 min
13 or14
2. TsOH, CH,Cl, g
R4 R,
15a R; =H, R, = OAc
15b R, =H, R,=OPMB
16 R;=0Ac, R,= Hc
Substrate Product Yield (%)* ds®
13a 15a 78° 92:8
13b 15b 82 96:4
14 16 81 93:7

# Isolated yield after flash chromatography.
® Determined by 'H NMR analysis.
¢ Corrected yield based on pure 13a.

stereochemistry of the substituent at the propargylic
position did not affect the radical cyclization.

We next examined the protecting group of a propargyl
alcohol to prevent the 1,3-migration of the acetyl and
triethylsilyl groups in the synthesis of 13 and 14. As the
hetero-Michael reaction of an alcohol with methyl
propiolate proceeded in an excellent yield, we decided to
introduce two acrylate groups, one for a protecting group of
a propargyl alcohol and the other for a radical acceptor.
Removal of the triethylsilyl group of 11 followed by the
reaction of the resulting diol with methyl propiolate in the
presence of N-methylmorpholine gave bis(B-alkoxy
acrylate) 17 in 94% yield (Scheme 3).

tBu, 1. TsOH tBu, o

.0 OTES NN
COZMe
t-Bu tBu
2 NMM

methyl propiolate

o\/\
94% COMe
1.BusSnH, AIBN | 2. TsOH, CH,Cl,
toluene 76% (two steps)
110°C, 40 min ds= 946
t- Bu A t-| Bu o.-
’ CO,Me
n- C12H258H
CH3CN O\/\CO Me
82% 18
t-Bu, - t-Bu

‘ Z>Co,Me O CO,Me
t-Bu’ v\l(jl/\l/ 2 1Bu38nHtBu m 2l

O\/\COZMe 64% O come
Scheme 3.

Although 17 could suffer radical cyclization in 4-exo and
6-exo fashions, leading to an oxetane and a tetrahydropyran,
respectively, we anticipated that a group-selective cycliza-
tion via a 6-exo pathway would occur for an obvious steric
reason. Indeed, the treatment of 17 with Bu;SnH and AIBN
in refluxing toluene followed by acidic destannylation
furnished the desired tetrahydropyran 18 in good yields with
high diastereoselectivity.

The following hydrolysis of the B-alkoxy acrylate group of
18 in the presence of the silylene group was carried out
effectively with p-TsOH in the presence of n-dodecanthiol"*
in acetonitrile at 80 °C, giving the desired tetrahydropyran
19 in 82% yield. The principle of the group-selective radical
cyclization also applied to the other isomer 20 and the
functionalized tetrahyropyran 21 was constructed in good
yield.

3. Conclusion

In summary, we developed a straightforward approach
towards multi-substituted tetrahydropyrans via a vinyl
radical generated from an acetylenic P-alkoxy acrylate
moiety. We also demonstrated interesting group-selective
radical cyclizations and the efficient thiol-mediated depro-
tection of B-alkoxy acrylate group. The tetrahydropyran ring
constructed contains methoxycarbonylmethyl, hydroxy, and
exocyclic methylene groups, which are useful for the partial
and total synthesis of the related structurally and biologi-
cally interesting class of polycyclic ethers.

4. Experimental
4.1. General

IR spectra were recorded in CHCI'; solution on a JASCO
FTIR-420 spectrometer. 'H and '*C NMR spectra were
recorded on a JEOL A-400 or A-600 spectrometer in CDCl;
solution using TMS and CDCIl; (77.00 ppm) as internal
standards, respectively. EI and FAB mass spectra were
obtained on JEOL JMS-700 and HX-110 mass spec-
trometers, respectively. Optical rotations were determined
on a JASCO DIP-370 digital polarimeter. All air- and
moisture-sensitive reactions were carried out under an argon
atmosphere in dry, freshly distilled solvents under
anhydrous conditions. Flash chromatography was carried
out with E. Merck silica gel 60 (230-400 mesh). The term
‘dried’ refers to the drying of an organic solution over
MgSO, followed by filtration.

4.1.1. (S)-1-[(2R,3S)-3-(tert-Butyldimethylsilyloxy)tetra-
hydropyran-2-yl]prop-2-yn-1-ol (1) and (R)-1-[(2R,3S)-
3-(tert-butyldimethylsilyloxy)tetrahydropyran-2-yl]-
prop-2-yn-1-0l (2). To a stirred solution of 0.5 M
ethynylmagnesium bromide in Et,O (14.5 mL, 10.5 mmol)
at 0°C was added a solution of (2S,35)-3-(tert-butyl-
dimethylsilyloxy)tetrahydropyran-2-carboxaldehyde''
(857 mg, 3.51 mmol) in THF (18 mL), and the reaction
mixture was stirred for 1 h. The reaction was quenched with
saturated aqueous NH4Cl and the mixture was extracted
with EtOAc. The extract was washed with water and brine,
dried, and concentrated. Purification by flash chromato-
graphy (20% EtOAc in hexane) gave alcohols 1 (599 mg,
63%) and 2 (313 mg, 33%). Compound 1: colorless oil;
[a]f +25.4 (¢ 1.0, CHCLy); IR (CHCl3) 3564, 3306, 1472,
1234, 1162, 837 cm ™~ '; "H NMR (400 MHz, CDCl3) 6 0.10
(3H, s), 0.12 (3H, s), 0.89 (9H, s), 1.49 (1H, m), 1.62-1.71
(2H, m), 2.07 (1H, m), 2.45 (1H, d, J/=2.0 Hz), 2.76 (1H, d,
J=10.2 Hz, OH), 3.19 (1H, dd, J=8.8, 1.9 Hz), 3.45 (1H,
m), 3.77 (1H, ddd, /=10.7, 8.8, 4.4 Hz), 4.00 (1H, m), 4.58
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(1H, ddd, J=10.7, 1.9, 1.9 Hz); >*C NMR (100 MHz,
CDCl;) 6—4.8, —4.0, 17.8, 25.2, 25.6, 25.7 (2XC), 33.0,
61.5, 67.3, 68.2, 72.6, 83.2, 83.6; HREIMS m/z calcd for
C14H2603Si 270.1650, found 270.1692. Compound 2:
colorless oil; [a]d +65.2 (¢ 1.0, CHCl3); IR (CHCls)
3563, 3306, 1472, 1254, 1104, 861 cm™'; 'H NMR
(400 MHz, CDCl5) 6 0.08 (3H, s), 0.10 (3H, s), 0.87 (9H,
s), 1.47 (1H, dddd, J=13.2, 13.2, 10.7, 4.4 Hz), 1.62-1.79
(2H, m), 2.05 (1H, m), 2.49 (1H, d, J=2.4 Hz), 2.87 (1H, d,
J=10.2 Hz, OH), 3.26 (1H, dd, J=9.3, 3.4 Hz), 3.37 (1H,
ddd, J=11.7, 11.7, 2.9 Hz), 3.64 (1H, ddd, J=10.7, 9.3,
4.9 Hz), 4.02 (1H, m), 4.65 (1H, ddd, J=10.2, 3.4, 2.4 Hz);
3C NMR (100 MHz, CDCl3) 6—4.9, —4.0, 17.8,25.0, 25.7
(3XC), 33.1, 62.8, 68.0, 68.4, 74.1, 81.7, 83.7; HREIMS
m/z caled for C14H,605Si 270.1650, found 270.1269.

4.1.2. (E)-3-{(25,35)-2-[(S)-1-(Methoxymethoxy)prop-2-
ynyl]tetrahydropyran-3-yloxy}acrylic acid methyl ester
(3a). (i) O-Methoxymethylation. To a stirred solution of 1
(76 mg, 0.281 mmol) in THF were added NaH (60% in
mineral oil, 79 mg, 1.976 mmol) and MOM-CI1 (0.28 mL,
3.670 mmol), and the reaction mixture was refluxed for 1 h.
After cooling to rt, the mixture was extracted with EtOAc.
The extract was washed with water and brine, dried, and
concentrated. Purification by flash chromatography (20%
EtOAc in hexane) gave methoxymethyl ether (72 mg, 81%)
as a colorless oil; [a]f +101.6 (¢ 1.0, CHCl3); IR (CHCI5)
3306, 1464, 1253, 1104, 1029, 838cm '; 'H NMR
(400 MHz, CDCl3) 6 0.087 (3H, s), 0.094 (3H, s), 0.89
(9H, s), 1.45 (1H, dddd, J=13.2, 13.2, 10.7, 4.4 Hz), 1.62—
1.79 (2H, m), 2.12 (1H, m), 2.45 (1H, d, J=2.0 Hz), 3.24
(1H, dd, J=8.8, 1.5Hz), 3.42 (1H, ddd, J=11.7, 11.7,
2.4 Hz), 3.43 (3H, s), 3.80 (1H, ddd, J=10.7, 8.8, 4.4 Hz),
4.06 (1H, m), 4.71 and 4.97 (each 1H, d, J=6.8 Hz), 4.75
(1H, t, J=2.0 Hz); '*C NMR (100 MHz, CDCl;) 6—4.7,
—3.3,17.9, 25.0, 25.8 (3 XC), 33.5, 56.4, 64.5, 66.4, 68.5,
73.6, 81.3, 84.3, 95.3; EIMS m/z 314 (M ™).

(i) Desilylation. The product obtained above (72 mg,
0.228 mmol) was dissolved in THF (2.3 mL), and 1.0 M
TBAF in THF (0.3 mL, 0.300 mmol) was added at 0 °C. The
reaction mixture was stirred at rt for 1.5h and then
concentrated. Purification by flash chromatography (50—
60% EtOAc in hexane) gave alcohol (42.3 mg, 93%) as a
colorless oil; [a]y +157.1 (¢ 1.0, CHCl;); IR (CHCI5)
3536, 3306, 1465, 1348, 1153, 1099, 1026 cm ™~ '; "H NMR
(400 MHz, CDCls) 6 1.47 (1H, dddd, J=12.7, 12.7, 10.7,
4.4 Hz), 1.63-1.81 (2H, m), 2.17 (1H, m), 2.52 (1H, d, J=
2.0 Hz), 2.63 (1H, br, OH), 3.27 (1H, dd, J=9.3, 3.4 Hz),
3.40 (1H, ddd, J=11.7, 11.7, 3.0 Hz), 3.42 (3H, s), 3.89
(1H, ddd, J=10.7, 9.3, 49 Hz), 4.02 (1H, dddd, J=11.2,
4.4, 1.5, 1.5Hz), 4.67 and 4.98 (each 1H, d, J=6.8 Hz,),
4.75 (1H, dd, J=3.4, 2.0 Hz); '*C NMR (100 MHz, CDCl5)
0 24.9, 31.8, 56.0, 66.5, 66.7, 68.2, 75.3, 79.6, 81.7, 94.4;
EIMS m/z 201 (MH™).

(iii) Reaction with methyl propiolate. To a stirred solution of
the alcohol obtained above (42.3 mg, 0.212 mmol) in
CH,Cl, (2.1 mL) were added methyl propiolate (76 pL,
0.846 mmol) and N-methylmorpholine (NMM) (47 pL,
0.423 mmol). After stirring at rt for 4 h, the reaction
mixture was extracted with EtOAc and the extract was
washed with water and brine, dried, and concentrated.

Purification by flash chromatography (40% EtOAc in
hexane) gave 3 (58 mg, 96%) as a colorless oil; [a]2D5+
114.5 (¢ 1.0, CHCl3); IR (CHCl3) 3306, 1705, 1645, 1623,
1438, 1335, 1147, 1070, 1022 cm~'; "H NMR (400 MHz,
CDCl3) 6 1.56 (1H, dddd, J=17.6, 12.7, 11.2, 5.4 Hz),
1.73-1.85 (2H, m), 2.32 (1H, m), 2.49 (1H, d, /=2.0 Hz,),
3.34 (3H, s,), 3.47 (1H, ddd, J=11.2, 11.2, 3.4 Hz), 3.48
(1H, dd, J=5.4, 2.0 Hz), 3.69 (3H, s), 4.10 (1H, m), 4.16
(1H, ddd, /=10.7, 9.3, 4.9 Hz), 4.61 and 5.01 (each 1H, d,
J=6.8 Hz),4.67 (1H,t,J=2.2 Hz), 5.32 and 7.51 (each 1H,
d, J=12.2 Hz); "*C NMR (100 MHz, CDCl5) 6 24.6, 29.1,
51.1, 56.2, 63.4, 68.4, 74.9, 75.6, 79.3, 80.8, 94.3, 98.1,
160.8, 167.9; HREIMS m/z calcd for C14H,00¢ 284.1259,
found 284.1265.

4.1.3. (E)-3-{(25,35)-2-[(S)-1-(p-Methoxybenzyloxy)
prop-2-ynyl]tetrahydropyran-3-yloxy}acrylic acid
methyl ester (3b). To a solution of alcohol 1 (100 mg,
0.37 mmol) in DMF (1.8 mL) were added NaH (60% in
mineral oil, 45 mg, 1.85 mmol) and PMB-CIl (0.15 mL,
1.11 mmol), and the reaction mixture was stirred at 0 °C for
17 h. The reaction was quenched with saturated aqueous
NH,4CI1 and the mixture was extracted with Et,O. The extract
was washed with water and brine, dried, and concentrated.
Purification by flash chromatography (30% EtOAc in
hexane) gave PMB ether (95 mg, 65%). The desilylation
of the PMB ether and the reaction with methyl propiolate
were carried out in the same manner as described for 3a to
give 3b (82 mg, 95% for two steps) as a colorless oil;
[a]f +124.2 (¢ 1.0, CHCl5); IR (CHCls) 3306, 1705, 1643,
1622, 1514, 1157, 1076 cm ™~ '; "H NMR (400 MHz, CDCl5)
0 1.49 (1H, dddd, J=12.7, 12.7, 12.7, 5.4 Hz), 1.62-1.81
(2H, m), 2.02 (1H, m), 2.53 (1H, d, /J=2.4 Hz), 3.37 (1H,
dd, /=8.8, 2.4 Hz), 3.41 (1H, ddd, J=11.2, 11.2, 3.4 Hz),
3.72 (3H, s), 3.78 (3H, s), 4.05-4.18 (2H, m), 4.26 (1H, t,
J=2.4Hz), 4.44 and 5.77 (each 1H, d, /J=11.7 Hz), 5.16
and 7.33 (each 1H, d, J=12.2 Hz), 6.83 and 7.24 (each 2H,
d, J=8.8 Hz); '*C NMR (100 MHz, CDCl;) ¢ 24.7, 29.2,
51.1, 55.1, 65.0, 68.4, 70.4, 74.9, 75.8, 79.8, 80.9, 97.7,
113.7 2XC), 128.6, 130.5 (2XC), 159.5, 161.2, 168.0;
HREIMS m/z calcd for C,oH,4O¢ 360.1571, found
360.1554.

4.1.4. (E)-3-{(25,35)-2-[(R)-1-(Methoxymethoxy)prop-2-
ynyl]tetrahydropyran-3-yloxy}acrylic acid methyl ester
(4a). The procedure used for the preparation of 3a was
employed. An experiment starting with alcohol 2 (102 mg,
0.378 mmol) provided 4a (72 mg, 67%) as a colorless oil;
[a]5 —56.0 (c 1.0, CHCl,); IR (CHCl5) 3305, 1701, 1645,
1623, 1438, 1150, 1028 cm ™~ '; '"H NMR (400 MHz, CDCl;)
6 1.59 (1H, dddd, J=17.5, 12.2, 10.7, 5.4 Hz), 1.73-1.85
(2H, m), 2.30 (1H, m), 2.53 (1H, d, /=2.4 Hz), 3.40 (3H, s),
3.45 (1H, m), 3.57 (1H, dd, J=9.3, 2.4 Hz), 3.70 (3H, s),
4.04 (1H, ddd, J=10.6, 9.3, 4.9 Hz), 4.08 (1H, m), 4.64
(1H, t, J=2.4 Hz), 4.68 and 5.98 (each 1H, d, /=6.8 Hz),
5.33 and 7.50 (each 1H, d, J=12.7Hz); *C NMR
(100 MHz, CDCl5) 6 24.5, 29.2, 51.1, 55.8, 65.1, 67.8,
76.0, 77.1, 78.0, 80.4, 94.4, 98.3, 160.9, 168.0; HREIMS
m/z caled for C14H,0Og 284.1259, found 284.1231.

4.1.5. (E)-3-{(25,39)-2-[(R)-1-(p-Methoxybenzyloxy)
prop-2-ynyl]tetrahydropyran-3-yloxy}acrylic acid
methyl ester (4b). The procedure used for the preparation
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of 3b was employed. An experiment starting with alcohol 2
(100 mg, 0.37 mmol) provided 4b (80 mg, 60%) as a
colorless oil; [a]y —79.8 (¢ 1.0, CHCls); IR (CHCls)
3305, 1705, 1644, 1623, 1438, 1148, 1073 cm ™~ '; '"H NMR
(400 MHz, CDCl5) ¢ 1.55 (1H, dddd, J=18.0, 12.3, 10.7,
5.8 Hz), 1.70-1.81 (2H, m), 2.23 (1H, m), 2.57 (1H, d, J=
2.0 Hz), 3.41 (1H, m), 3.54 (1H, dd, J=9.3, 2.4 Hz), 3.70
(3H, s), 3.81 (3H, s), 3.98-4.07 (2H, m), 4.33 (1H, t, J=
2.4 Hz), 4.51 and 4.81 (each 1H, d, /=11.2 Hz, OCH,Ph),
5.25 and 7.45 (each 1H, d, J=12.2 Hz), 6.87 and 7.28 (each
2H, d, J=8.8 Hz); '*C NMR (100 MHz, CDCl5) 6 24.7,
294, 514, 55.5, 67.9, 68.0, 71.0, 77.5, 77.6, 78.8, 80.9,
98.4, 114.1, 128.5, 130.3 (2XC), 159.7, 1614 (2XC),
168.4; HREIMS m/z calcd for C,gH,406 360.1571, found
360.1538.

4.2. General procedure for radical cyclization and
destannylation

(i) Radical cyclization. A solution of an alkynyl B-alkoxy
acrylate (0.30 mmol, 1.0 equiv), Bu3SnH (0.9 mmol,
1.3 equiv), and AIBN (5 mg, catalytic amount) in toluene
(6 mL, 0.05M solution) was heated at 110°C for 30—
60 min. After cooling to rt, the reaction mixture was
concentrated under reduced pressure. The residue was
purified by silica gel flash chromatography (EtOAc/hexane)
to give cyclization product.

(ii) Destannylation. The cyclization product (0.2 mmol,
1.0 equiv) was dissolved in CH,Cl, (2 mL) or MeOH
(2 mL) and p-TsOH-H,0 (0.3 mmol, 1.5 equiv) was added.
The reaction mixture was stirred at rt for 1 h and the reaction
was quenched with Et;N (0.2 mL). The mixture was
concentrated and purified by flash chromatography
(EtOAc/hexane) to give a product.

4.2.1. (2R,4S,4aS,8aS)-(4-Methoxymethoxy-3-methylene-
octahydropyrano[3,2-b]pyran-2-yl)acetic acid methyl
ester (6a). A colorless oil; [a]3 +83.2 (¢ 1.0, CHCl;); IR
(CHCl3) 1737, 1439, 1103, 1039cm™'; 'H NMR
(400 MHz, CDCls) 6 1.45 (1H, dddd, J=12.2, 12.2, 12.2,
5.4 Hz), 1.65-1.80 (2H, m), 2.06 (1H, m), 2.71 (1H, dd, J=
15.1, 8.3 Hz), 2.78 (1H, dd, J=15.1, 5.4 Hz), 2.95 (1H, t,
J=9.3 Hz), 3.30 (1H, ddd, /=11.2, 9.3, 4.4 Hz), 3.36 (1H,
ddd, J=11.2, 11.2, 3.4 Hz), 3.43 (3H, s), 3.71 (3H, s), 3.95
(1H, m), 4.16 (1H, br d, J=9.3 Hz), 4.29 (1H, dd, J=38.3,
5.4 Hz), 4.74 and 4.88 (each 1H, d, /J=6.8 Hz), 4.96 (1H,
s,), 5.32 (1H, d, J=2.0 Hz); "*C NMR (100 MHz, CDCl5) 6
25.2, 29.3, 36.9, 51.9, 55.8, 67.7, 74.2, 76.0, 77.3, 84.1,
96.4, 107.4, 144.4, 171.4; HREIMS m/z caled for C4H,06
286.1415, found 286.1453.

4.2.2. (2R.,4S,4a5,8a5)-[4-(p-Methoxybenzyloxy)-3-
methyleneoctahydropyrano[3,2-b]pyran-2-yl]acetic acid
methyl ester (6b). A colorless oil; [a]%)5+34.6 (c 0.82,
CH;Cl); IR (CHCl3) 1735, 1613, 1514, 1439, 1248,
1102ecm™'; '"H NMR (400 MHz, CDCl3) 6 1.45 (1H,
dddd, J=12.2, 12.2, 12.2, 5.4 Hz), 1.66-1.79 (2H, m), 2.05
(1H, m), 2.71 (1H, dd, J=15.6, 8.3 Hz), 2.77 (1H, dd, J=
15.6, 5.4 Hz), 3.03 (1H, t, J=9.3 Hz), 3.28 (1H, ddd, J=
11.2, 9.3, 4.4 Hz), 3.38 (1H, ddd, J=11.7, 11.7, 3.4 Hz),
3.71 (3H, s), 3.80 (3H, s), 3.93-4.01 (2H, m), 4.22 (1H, dd,
J=38.3, 5.4 Hz), 4.65 and 4.71 (each 1H, d, /J=11.7 Hz),

4.95 (1H, s), 5.38 (1H, d, J=2.0 Hz), 6.87 and 7.32 (each
2H, d, J=8.8 Hz); '>*C NMR (100 MHz, CDCls) 6 25.3,
29.3, 36.9, 51.8, 55.2, 67.7, 73.2, 74.2, 76.0, 80.3, 84.6,
107.7, 113.7 (2XC), 129.2 (2XC), 130.6, 144.3, 159.1,
171.5; HREIMS m/z calcd for C,gH,606 362.1727, found
362.1768.

4.2.3. (2R,4R4aR,8aS)-(4-Hydroxy-3-methyleneocta-
hydropyrano[3,2-b]pyran-2-yl)acetic acid methyl ester
(8a). A colorless oil; [a]f+75.1 (¢ 1.0, CHCly); IR
(CHCls) 3567, 1738, 1438, 1099, 960 cm™'; 'H NMR
(400 MHz, CDCls) 6 1.43 (1H, dddd, J=122, 12.2, 12.2,
5.4 Hz), 1.65-1.78 (2H, m), 2.09 (1H, m), 2.42 (1H, s, OH),
2.63 (1H, dd, J=15.1, 8.8 Hz), 2.73 (1H, dd, J=15.1,
4.9 Hz), 3.06 (1H, dd, J=9.3, 2.9 Hz), 3.46 (1H, m), 3.71
(3H, s), 3.74 (1H, ddd, J=11.2, 9.3, 4.4 Hz), 3.92 (1H, m),
441 (1H,d, J=2.9 Hz), 4.71 (1H, dd, J=8.8, 4.9 Hz), 4.91
(1H, d, J=1.5Hz), 5.16 (1H, s); *C NMR (100 MHz,
CDCl3) 6 25.3, 29.2, 36.8, 51.8, 68.1, 70.8, 72.5, 81.0,
113.1, 145.3, 171.4, 187.0; HREIMS m/z caled for
C,,H,505 242.1153, found 242.1178.

4.2.4. (2R,4R.,4aS,8aS)-{4-(p-Methoxybenzyloxy)-3-
methyleneoctahydropyrano[3,2-b]pyran-2-yl}acetic
acid methyl ester (8b). A colorless oil; []5 +40.8 (¢ 1.0,
CHCl3); IR (CHCl3) 1736, 1612, 1514, 1439, 1247,
1099 cm ™ '; '"H NMR (400 MHz, CDCl3) 6 1.37 (1H,
dddd, /=12.7, 12.2, 12.2, 4.4 Hz), 1.64 (1H, m), 1.79 (1H,
m), 2.08 (1H, m), 2.67 (1H, dd, J=15.6, 8.8 Hz), 2.72 (1H,
dd, J=15.6, 3.4 Hz), 3.06 (1H, dd, J=9.3, 3.4 Hz), 3.37
(1H, ddd, J=11.7, 11.7, 2.4 Hz), 3.72 (3H, s), 3.80 (3H, s),
3.87 (1H, ddd, J=11.2, 9.3, 4.4 Hz), 4.01 (1H, m), 4.14
(1H, d, J=2.9), 4.37 and 4.59 (each 1H, d, /J=12.2 Hz),
4.62 (1H, t, J=6.8 Hz), 5.03 (1H, d, J=2.0 Hz), 5.21 (1H,
s), 6.86 and 7.27 (each 2H, d, J=8.8 Hz); '’C NMR
(100 MHz, CDCl3) 6 25.0, 29.7, 36.6, 51.8, 55.2, 68.4, 69.0,
70.5, 71.2, 78.2, 81.5, 113.1, 113.7 (2XC), 129.3 2XC),
130.1, 143.8, 159.0, 171.4; HREIMS m/z calcd for
CyoH,60¢ 362.1727, found 362.1751.

4.2.5. (4aR,6R,7R,8aS)-2,2-Di(tert-butyl)-7-(triethylsilyl-
oxy)hexahydro-1,3,5-trioxa-2-silanaphthalene-6-carbal-
dehyde (10). (i) Triethylsilylation. To a stirred solution of
alcohol 9 (1.95 g, 4.79 mmol) and 2,6-lutidine (1.4 mL,
12.0 mmol) in CH,Cl, (32 mL) was added TESOTf
(1.30 mL, 5.75 mmol) at 0°C, and the reaction mixture
was stirred for 1h. The reaction was quenched with
saturated aqueous NaHCO; and the mixture was extracted
with EtOAc. The extract was washed with water and brine,
dried, and concentrated. Purification by flash chromato-
graphy (5% EtOAc in hexane) gave triethylsilyl ether
(2.35 g,94%) as a colorless oil; [a]D5—31.1 (c 1.0, CHCly);
IR (CHCl3) 1473, 1365, 1091, 826 cm™'; 'H NMR
(400 MHz, CDCl3) o0 0.56 (6H, m), 091 (OH, t, J=
6.7 Hz,), 0.98 (9H, s), 1.04 (9H, s), 1.53 (1H, q, J=
11.2 Hz,), 2.38 (1H, ddd, J=11.2, 4.4, 4.4 Hz), 3.31 (1H,
ddd, /J=10.2, 10.2, 49 Hz), 3.35 (1H, ddd, /=9.3, 5.9,
2.0 Hz), 3.51 (1H, dd, /=10.3, 5.9 Hz), 3.61 (1H, ddd, /=
11.2,9.3,4.9 Hz), 3.70 (1H, dd, J=10.3, 2.0 Hz), 3.75 (1H,
ddd, /=11.2, 8.8, 4.4 Hz), 3.83 (1H, t, /=10.2 Hz), 4.19
(1H, dd, J=10.2, 4.9 Hz), 4.51 and 4.61 (each 1H, d, /=
12.2 Hz), 7.23-7.34 (5H, m); '>C NMR (100 MHz, CDCl5)
0 4.9 (3XC), 6.8 (3XC0C), 19.9, 22.6, 27.0 (3XC), 274
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(3XC), 425, 66.3, 66.9, 69.5, 72.0, 73.4, 77.1, 82.0, 127.5,
127.8 (2XC), 128.3 (2XXC), 138.1; HREIMS m/z calcd for
C,sH5005S1, 522.3197, found 522.3210.

(ii) Hydrogenolysis. A mixture of the product (2.35 g,
4.51 mmol) and Pd(OH),/C (259 mg) in EtOAc (30 mL)
was stirred under a hydrogen atmosphere for 1h. The
reaction mixture was filtered through a short column of
Celite and the filtrate was concentrated. Purification by flash
chromatography (10-30% EtOAc in hexane) gave the
alcohol (1.77 g, 91%) as a colorless oil; [a]2D5—45.9 (c
1.0, CHCly); IR (CHCl3) 3596, 1473, 1098 cm ™ '; '"H NMR
(400 MHz, CDCl3) 6 0.63 (6H, q, J=7.8 Hz), 0.97 (9H, t,
J=7.8Hz), 0.99 (9H, s), 1.04 (9H, s), 1.56 (1H, q, J=
11.7 Hz), 1.91 (1H, t, J=6.3 Hz, OH), 2.39 (1H, ddd, J=
12.2,4.4, 4.4 Hz), 3.25 (1H, ddd, /=8.8, 5.4, 2.9 Hz), 3.33
(1H, ddd, /=10.3, 9.3, 49 Hz,), 3.58-3.67 (2H, m), 3.73
(1H, ddd, J=11.2, 9.3, 4.4 Hz), 3.78 (1H, t, J=10.3 Hz),
3.83 (1H, m), 4.14 (1H, dd, /=10.2, 4.9 Hz); '*C NMR
(100 MHz, CDCl3) 6 4.9 (3XC), 6.8 (3XC), 19.9, 22.6,
27.0 (3XC(C),27.4 (3XC), 42.3,62.4, 66.4, 66.8,72.2,76.9,
82.1; HREIMS m/z calcd for C,1H4405Si, 432.2727, found
432.2656.

(iii) Oxidation. To a solution of the alcohol (1.94 g,
4.49 mmol) in CH,Cl, (45 mL) was added Dess—Martin
periodinane (2.10 g, 4.94 mmol) at 0 °C, and the reaction
mixture was stirred at rt for 1.5h. The reaction was
quenched with saturated aqueous Na,S,0O5 and the mixture
was extracted with CH,Cl,. The extract was washed with
saturated aqueous NaHCOj;, water, and brine, dried, and
concentrated. Purification by flash chromatography (30%
EtOAc in hexane) gave aldehyde 10 (1.76 g, 91%) as a
colorless oil; [a]5 —42.5° (¢ 1.0, CHCl,); IR (CHCl3) 1737,
1473, 1100 cm ™~ '; "H NMR (400 MHz, CDCl3) 6 0.62 (6H,
q, J=7.8 Hz), 0.96 (9H, t, J=7.8 Hz), 0.99 (9H, s), 1.04
(9H, s), 1.65 (1H, q, J=11.7 Hz), 2.47 (1H, ddd, J=12.2,
4.4, 44 Hz), 3.33 (1H, ddd, /=10.3, 10.3, 4.4 Hz), 3.77
(1H, dd, J=9.3, 1.0 Hz,), 3.78-3.87 (2H, m), 3.88 (1H, t,
J=10.3 Hz), 4.19 (1H, dd, /=10.3, 44 Hz), 9.71 (1H, d,
J=1.0 Hz); >*C NMR (100 MHz, CDCl5) 6 4.9 (3 XC), 6.7
(3X0), 19.9, 22.6, 27.0 (3XC), 27.4 (3XC), 42.9, 66.5,
66.9, 71.4, 76.6, 84.8, 198.1; HREIMS m/z calcd for
C,1H4,05Si, 430.2568, found 362.2561.

4.2.6. (15)-1-[(4aR,6S,7R,8aS5)-2,2-Di(tert-butyl)-7-(tri-
ethylsilyloxy)hexahydro-1,3,5-trioxa-2-silanaphthalen-
6-yl]prop-2-yn-1-ol (11) and (1R)-1-[(4aR,6S,7R,8aS)-
2,2-Di(tert-butyl)-7-(triethylsilyloxy)hexahydro-1,3,5-
trioxa-2-silanaphthalen-6-yl]prop-2-yn-1-ol (12). The
procedure used for the preparation of 1 was employed. An
experiment starting with aldehyde 10 (988 mg, 2.29 mmol)
provided the crude products, which were purified by flash
chromatography (15-30% EtOAc in hexane). The first
eluate gave alcohol 12 (454 mg, 44%) and the second eluate
gave alcohol 11 (552 mg, 53%). Compound 11: colorless
oil; [a] —53.1 (¢ 1.0, CHCly); IR (CHCly) 3567, 3307,
1473, 1098, 1067, 1006 cm ™~ '; 'TH NMR (400 MHz, CDCl;)
00.64 (6H, q, /=8.3 Hz), 0.97 (9H, t, /=8.3 Hz), 0.99 (9H,
s), 1.05 (9H, s), 1.57 (1H, q, J=11.7 Hz,), 2.41 (1H, ddd,
J=11.7,4.4,4.4Hz),2.45 (1H, d, J=2.4 Hz), 2.65 (1H, d,
J=10.2 Hz, OH), 3.33 (1H, ddd, /=10.2, 10.2, 4.9 Hz),
3.36 (1H, dd, J=9.3, 3.4 Hz), 3.73-3.81 (2H, m), 3.85 (1H,

t, J=10.2 Hz), 4.17 (1H, dd, J=10.2, 4.9 Hz), 4.63 (1H,
ddd, J=10.2, 2.4, 2.4 Hz); >*C NMR (100 MHz, CDCl5) 6
5.0 3XC), 6.8 (3XC), 20.0, 22.6, 27.0 (3 XC), 27.4 (3X
Q), 42.2, 42.9, 62.6, 66.6, 67.3, 71.9, 74.5, 77.1, 83.3;
HREIMS I’I’l/Z calcd for C23H44055i2 4562727, found
456.2749. Compound 12: colorless oil; [a]5 —42.3 (¢ 1.0,
CHCl,); IR (CHCl5) 3570, 3307, 1473, 1095, 1063 cm ™ ';
"H NMR (400 MHz, CDCl5) 6 0.66 (6H, q, J=8.3 Hz), 0.98
(9H, t, J=8.3 Hz), 0.99 (9H, s), 1.05 (9H, s), 1.57 (1H, q,
J=11.2 Hz), 2.43 (14, d, J=2.0 Hz), 2.44 (1H, m), 2.58
(1H, d, J=10.7 Hz, OH), 3.28 (1H, dd, J=9.3, 2.0 Hz),
3.39 (1H, ddd, J=9.3, 9.3, 4.9 Hz), 3.74 (1H, ddd, J=11.2,
9.3, 4.4 Hz), 3.81 (1H, t, J=10.2 Hz), 3.89 (1H, ddd, J=
11.2, 6.3, 4.9 Hz), 4.18 (1H, dd, J=10.2, 4.9 Hz), 4.56 (1H,
ddd, J=10.7, 2.0, 2.0 Hz); *C NMR (100 MHz, CDCl5) 6
5.0 (3X0), 6.7 (3XC), 19.9, 22.6, 27.0 (3 XC), 27.4 (3X
0), 42.0, 61.1, 66.0, 66.7, 71.9, 72.9, 77.3, 82.8, 83.1;
HREIMS m/z caled for C,3H4405Si, 456.2727, found
456.2758.

4.2.7. (E)-(4aR,6R,7R,8aS)-3-{6-[(15)-1-(Acetoxy)pro-
pynyl]-2,2-di(tert-butyl)hexahydro-1,3,5-trioxa-2-sila-
naphthalen-7-yloxy}acrylic acid methyl ester (13a). (i)
Acetylation. To a stirred solution of alcohol 11 (294 mg,
0.645 mmol) in CH,Cl, (3.0 mL) were added pyridine
(0.2 mL) and acetic anhydride (0.2 mL), and the reaction
mixture was stirred at rt for 3 h. The solvent was evaporated
azeotropically with heptane three times. The residue was
purified by flash chromatography (7% EtOAc in hexane) to
give acetate (274 mg, 85%) as a colorless oil; [a]E —21.4 (¢
1.0, CHCl); IR (CHCIs) 3307, 1743, 1473, 1366, 1237,
1099, 1070 cm ™ '; "H NMR (400 MHz, CDCl3) 6 0.66 (6H,
q, J=7.8 Hz), 0.99 (9H, t, J=7.8 Hz), 0.99 (9H, s), 1.05
(9H, s), 1.57 (1H, q, J=11.7 Hz), 2.13 (3H, s), 2.43 (1H,
ddd, J=11.7, 4.4, 44 Hz), 247 (1H, d, J=2.4 Hz), 3.33
(1H, ddd, J=10.2, 10.2, 49 Hz), 3.39 (1H, dd, J=9.3,
2.4 Hz), 3.73-3.81 (2H, m), 3.86 (1H, t, J=10.2 Hz), 4.22
(1H, dd, J=10.2, 49 Hz), 5.77 (1H, t, J=2.4 Hz); °C
NMR (100 MHz, CDCl3) 6 5.0 (3XC), 6.8 (3XC), 19.9,
21.0,22.6,27.1 (3XC),27.4 (3XC),42.2,60.1, 63.6, 66.6,
66.7, 71.8, 75.4, 77.1, 82.2, 169.6; EIMS m/z 498 (M ™).

(ii) Detriethylsilylation. A solution of the acetate (281 mg,
0.565 mmol) in THF (3.0 mL) and 80% acetic acid (7.5 mL)
was stirred for 5.5 h. The solution was neutralized with 15%
NH,4OH to pH 8.0 and extracted with EtOAc. The extract
was washed with water and brine, dried, and concentrated.
Purification by flash chromatography (30% EtOAc in
hexane) 5gave the alcohol (216 mg, 100%) as a colorless
oil; [a]f +2.4 (¢ 1.0, CHCI3); IR (CHCl3) 3601, 3306,
1741, 1473, 1366, 1235, 1104 cm ™ '; '"H NMR (400 MHz,
CDCl3) 6 099 (9H, s), 1.05 (9H, s), 1.56 (1H, q, J=
11.4 Hz), 1.87 (1H, d, J=5.5 Hz, OH), 2.14 (3H, s), 2.51
(1H, d, J=2.2 Hz), 2.53 (1H, ddd, J=11.4, 4.8, 4.8 Hz),
3.34 (1H, ddd, J=10.3, 9.2, 4.8 Hz), 3.44 (1H, dd, J=9.5,
2.6 Hz), 3.80 (1H, ddd, J=11.4,9.2, 4.4 Hz), 3.83 (1H, m),
3.85 (1H, t, J=10.3 Hz), 4.20 (1H, dd, /J=10.3, 4.8 Hz),
5.79 (1H, t, J=2.2 Hz); "*C NMR (100 MHz, CDCl5) 6 19.9,
20.9, 22.6, 27.0 (3X (), 27.4 (3X (), 41.6, 63.7, 66.1, 66.6,
71.7,75.8,77.1,77.2, 81.6, 169.8; EIMS m/z 384 (M ™).

(iii) Reaction with methyl propiolate. The procedure used
for the preparation of 3a was employed. An experiment
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starting with the above alcohol (216 mg, 0.563 mmol)
provided acetate (237 mg, 90%), which was assigned to be a
78:22 mixture of 13a and its regioisomer by 'H NMR
analysis; IR (CHCl3) 3306, 1741, 1706, 1645, 1235,
1104 cm™'; '"H NMR (400 MHz, CDCl;) (signals of the
major isomer 13a) 6 0.98 (9H, s), 1.05 (9H, s), 1.63 (1H, q,
J=11.4Hz), 2.14 (3H, s), 2.50 (1H, d, /J=1.8 Hz), 2.68
(1H, ddd, J=12.1, 4.8, 4.8 Hz), 3.38 (1H, ddd, /=9.9, 9.9,
4.1 Hz), 3.65 (1H, dd, J=9.5, 2.2 Hz), 3.71 (3H, s), 3.83
(1H, m), 3.86 (1H, t, J=10.2 Hz), 4.10 (1H, ddd, /=114,
9.5, 4.8 Hz), 4.23 (1H, dd, /=10.2, 5.1 Hz), 5.37 and 7.48
(each 1H, d, J=12.5Hz, CH=CH), 5.63 (1H, t, J=
2.2 Hz); HREIMS m/z caled for C,3H3605Si 468.2179,
found 456.2184.

4.2.8. (E)-(4aR,6R,7R,8aS)-3-{2,2-Di(tert-butyl)-6-[(1S)-
1-(p-methoxybenzyloxy)-2-propynyl]hexahydro-1,3,5-
trioxa-2-silanaphthalen-7-yloxy}acrylic acid methyl
ester (13b). The procedures of 3b (i) and 13a (ii and iii)
were employed. An experiment starting with alcohol 11
(18 mg, 0.039 mmol) provided 13b (6.7 mg, 31%) as a
colorless oil; [a]5—60.6 (¢ 0.55, CHCl;); IR (CHCI5)
3307, 1705, 1644, 1622, 1516, 1235, 1100 cm ™ '; '"H NMR
(400 MHz, CDCl3) 6 0.97 (9H, s), 1.04 (9H, s), 1.61 (1H, q,
J=11.7Hz), 2.53 (1H, d, J=2.0 Hz), 2.62 (1H, ddd, J=
11.7, 4.4, 4.4 Hz), 3.36 (1H, ddd, /=10.3, 10.3, 4.9 Hz),
3.62 (1H, dd, /=9.8, 2.0 Hz), 3.70 and 3.81 (each 3H, s),
3.80 (1H, m), 3.86 (1H, t, J/=10.3 Hz), 4.09 (1H, ddd, J=
11.2,9.8,4.9 Hz), 4.23 (1H, dd, /=10.3, 4.9 Hz), 4.30 (1H,
t, J=2.0 Hz), 4.47 and 4.80 (each 1H, d, J=11.7 Hz), 5.27
and 7.42 (each 1H, d, J=12.2 Hz), 6.87 and 7.27 (each 2H,
d, J=9.3 Hz); >C NMR (100 MHz, CDCl5) 6 19.9, 22.6,
27.0 3XC(C), 274 (3XC(C), 38.2,51.2,55.2, 66.6,67.3, 70.8,
71.4,75.7,76.6,77.2,78.1, 80.5, 98.5, 113.8 (2 X C), 129.0,
129.9 2XC), 159.6, 160.7, 178.1; HREIMS m/z calcd for
CroH4,04Si 546.2646, found 546.2684.

4.2.9. (E)-(4aR,6R,7R,8aS)-3-{6-[(1R)-1-(Acetoxy)prop-
2-ynyl]-2,2-di(tert-butyl)hexahydro-1,3,5-trioxa-2-sila-
naphthalen-7-yloxy}acrylic acid methyl ester (14). The
procedure used for the preparation of 13a was employed. An
experiment starting with alcohol 12 (106 mg, 0.232 mmol)
provided acetate 14 (92 mg, 85% as a 9:1 mixture of
regioisomers) as a colorless oil; [oz]zD5 —49.8 (c 1.0, CHCl,);
IR (CHCly) 3307, 1745, 1707, 1645, 1625, 1220, 1137,
1105 cm™"; '"H NMR (400 MHz, CDCl3) 6 0.99 (9H, s),
1.05 (9H, s), 1.63 (1H, q, J=11.7 Hz), 2.10 (3H, s), 2.50
(1H, d, J=2.4 Hz), 2.66 (1H, ddd, J=11.7, 4.9, 4.9 Hz),
3.39 (1H, ddd, /=10.2, 9.8, 4.9 Hz), 3.61 (1H, dd, /=9.3,
2.4 Hz), 3.70 (3H, s), 3.84 (1H, ddd, J=11.7, 9.3, 4.4 Hz),
390 (1H, t, J=10.2 Hz), 4.05 (1H, ddd, J=11.7, 9.8,
4.9 Hz), 4.21 (1H, dd, J/=10.2, 4.9 Hz), 5.31 and 7.43 (each
1H, d, J=122Hz), 5.58 (1H, t, J=2.4 Hz); °*C NMR
(100 MHz, CDCl3) 6 19.9, 20.7, 22.6, 27.0 (3XC), 27.4
(3X0), 38.0, 51.2, 62.0, 66.4, 71.4, 74.5, 75.2, 77.7, 77.8,
79.0, 98.5, 160.3, 167.7, 169.3; HREIMS m/z calcd for
C,3H;3604S1 468.2179, found 468.2202.

4.2.10. (4aR,5S,75,8aR,9aS,10aR)-[5-A cetoxy-2,2-di(tert-
butyl)-6-methylenetetradecahydro-1,3,8,10-tetraoxa-2-
silaanthracen-7-yl]acetic acid methyl ester (15a).
According to the general procedure, a 78:22 mixture of
13a and its regioisomer (257 mg, 0.550 mmol) was

subjected to the radical cyclization and destannylation to
give 15a (155 mg, 61% as a 92:8 mixture of diastereo-
isomers, 78% corrected yield based on pure 13a) as a
colorless oil; [a]12)5—27.5 (c 0.34, CHCly); IR (CHCls)
1741, 1473, 1439, 1371, 1236, 1107, 1047 cm ™~ '; "H NMR
(400 MHz, CDCl3) 6 0.96 (9H, s), 1.04 (9H, s), 1.49 (1H, q,
J=11.7Hz), 2.08 (3H, s), 2.47 (1H, ddd, J=11.7, 4.4,
4.4 Hz), 2.61 (1H, dd, J=15.1, 9.3 Hz), 2.70 (1H, dd, J=
15.1,4.4 Hz), 3.22 (1H, dd, J=9.8, 3.4 Hz), 3.33 (1H, ddd,
J=10.3, 10.3, 49Hz), 3.72 (3H, s), 3.79 (1H, t, J=
10.3 Hz), 3.80 (2H, m), 4.11 (1H, dd, /=10.3, 4.9 Hz), 4.54
(1H, dd, J=8.8,4.9 Hz), 5.03 (1H, d, /=1.5 Hz), 5.29 (1H,
s), 5.63 (1H, d, J=3.4 Hz); >C NMR (100 MHz, CDCl3) 6
19.9, 21.3,22.6,27.0 (3 XC), 27.4 (3XC), 36.7, 38.5, 51.9,
66.7, 67.0, 71.3, 72.2, 72.6, 77.8, 79.1, 115.3, 141.7, 169.9,
171.4; HREIMS m/z caled for C,3H3504Si 470.2335, found
470.2312.

4.2.11. (4aR,5S,75,8aR,9aS,10aR)-[2,2-Di(tert-butyl)-5-
(p-methoxybenzyloxy)-6-methylenetetradecahydro-1,3,
8,10-tetraoxa-2-silaanthracen-7-yl]acetic acid methyl
ester (15b). According to the general procedure, 13b
(6.7 mg, 0.012 mmol) was subjected to the radical cycliza-
tion and destannylation to give 15b (5.6 mg, 82% as a 96:4
mixture of diastereoisomers) as a colorless oil; [a]5 —30.6
(¢ 1.0, CHCl3); IR (CHCls) 1738, 1513, 1102, 1054 cm ™ ';
"H NMR (400 MHz, CDCl5) 6 0.96 (9H, s), 1.03 (9H, s),
1.46 (1H, q, J=11.7Hz), 2.45 (1H, ddd, J=11.7, 4.4,
4.4 Hz), 2.66 (1H, dd, J=15.1, 5.8 Hz), 2.72 (1H, dd, J=
15.1, 5.8 Hz), 3.17 (1H, dd, /=9.8, 2.9 Hz), 3.31 (1H, ddd,
J=9.8, 9.8, 4.4 Hz), 3.71 (3H, s), 3.84 (3H, s), 3.72-3.95
(2H, m), 3.92 (1H, t, J=10.3 Hz), 4.14 (1H, dd, /=10.3,
4.9 Hz), 4.15 (1H, d, J=2.9 Hz), 4.34 and 4.56 (each 1H, d,
J=12.2 Hz), 4.60 (1H, br t, J=7.3 Hz), 5.00 (1H, s), 5.02
(1H, d, J=1.5 Hz), 6.86 and 7.24 (each 2H, d, /=8.8 Hz);
3C NMR (100 MHz, CDCl5) 6 19.9, 22.5, 27.0 (3 XC),
27.4 (3XC), 36.6, 38.7, 51.8, 55.2, 66.7, 69.2, 69.6, 70.6,
72.1, 77.9, 78.0, 81.2, 113.3, 113.7 (2XC), 129.2 2XC),
130.1, 143.5, 159.1, 171.4; HREIMS m/z calcd for
C,9Hy404Si 548.2802, found 548.2857.

4.2.12. (4aR,5R,7S,8aR 9a5,10aR)-[5-Acetoxy-2,2-di(tert-
butyl)-6-methylenetetradecahydro-1,3,8,10-tetraoxa-2-
silaanthracen-7-yl]acetic acid methyl ester (16). Accord-
ing to the general procedure, 14 (90 mg, 0.192 mmol, a 9:1
mixture of regioisomers) was subjected to the radical
cyclization and destannylation to give 16 (73 mg, 81% as a
93:7 mixture of diastereoisomers) as a colorless oil; [a]3 —
27.5 (¢ 0.25, CH;Cl); IR (CHCl3) 1741, 1238, 1104,
1054 cm ™ '; '"H NMR (400 MHz, CDCl3) 6 0.97 (9H, s),
1.02 (9H, s), 1.55 (1H, q, J=11.7 Hz), 2.17 (3H, s), 2.47
(1H, ddd, J=11.7, 4.4, 44 Hz), 2.70 (1H, dd, J=15.1,
9.3 Hz), 2.77 (1H, dd, J=15.1, 49 Hz), 3.13 (1H, t, J=
9.8 Hz), 3.29 (1H, ddd, /=10.2, 10.2, 4.9 Hz), 3.41 (1H,
ddd, /=117, 9.3, 44 Hz), 3.71 (3H, s), 3.81 (1H, t, J=
10.2 Hz), 3.84 (1H, ddd, J=11.7, 10.2, 4.4 Hz), 4.11 (1H,
dd, /=10.2, 49 Hz), 435 (1H, dd, /J=9.3, 49 Hz), 4.94
(1H, d, J=2.0 Hz), 5.00 (1H, d, /=2.0 Hz), 5.40 (1H, d,
J=9.8 Hz); *C NMR (100 MHz, CDCl3) 6 19.9, 20.8, 22.6,
27.0 (3XC(C), 274 (3XC(), 36.9, 38.3,51.9, 66.6, 72.2, 73.3,
74.30, 74.33, 77.4, 81.2, 107.7, 141.9, 169.9, 170.9;
HREIMS m/z calcd for C,3H3304Si 470.2336, found
470.2345.
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4.2.13. (E,E)-(4aR,6R,7R,8aS)-3-{2,2-Di(tert-butyl)-6-
[(1S)-1-(2-methoxycarbonylvinyloxy)-2-propynyl]-hexa-
hydro-1,3,5-trioxa-2-silanaphthalen-7-yloxy }acrylic acid
methyl ester (17). (i) Detriethylsilylation. A solution of 11
(240 mg, 0.527 mmol) and p-TsOH-H,O (5.0 mg,
0.026 mmol) in MeOH (5.3 mL) was stirred at rt for 1 h.
The reaction was quenched with Et;N (0.2 mL) and the
reaction mixture was concentrated. Purification by flash
chromatography (40% EtOAc in hexane) gave diol (169 mg,
94%) as a solid. Mp 190-191°C; [a]f —31.4 (¢ 1.0,
CH;Cl); '"H NMR (400 MHz, acetone-dg) 6 1.00 (9H, s),
1.42 (9H, s), 1.56 (1H, q, J=11.7 Hz), 2.44 (1H, ddd, J=
11.7, 4.9, 49 Hz), 2.80 (1H, d, J=2.4 Hz), 3.33 (1H, dd,
J=9.3, 3.4 Hz), 3.35 (1H, ddd, /=10.3, 10.3, 4.9 Hz), 3.70
(1H, m), 3.78 (1H, t, J=10.3 Hz), 3.80 (1H, ddd, J=11.2,
9.3, 49 Hz), 4.11 (1H, dd, J=10.3, 49 Hz), 4.25 (1H, d,
J=5.4Hz, OH), 4.54 (1H, d, J=8.3 Hz, OH), 4.62 (1H,
ddd, J=8.3, 3.4, 2.4 Hz); '*C NMR (100 MHz, acetone-dj)
0 204, 23.1, 27.4 (3XC), 27.7 3XC), 42.5, 63.3, 67.5,
73.2, 74.7, 77.7, 79.1, 83.1, 84.8; HREIMS m/z calcd for
C17H3005Si 342.1863, found 342.1852.

(i) Reaction with methyl propiolate. The diol (507 mg,
1.48 mmol) dissolved in THF (10 mL), and treated with
methyl propiolate (0.53 mL, 5.94 mmol) and NMM
(0.65 mL, 5.94 mmol). The reaction mixture was stirred at
rt for 17 h and extracted with EtOAc. The extract was
washed with water and brine, dried, and concentrated.
Purification by flash chromatography (20% EtOAc in
hexane) gave 17 (756 mg, 100%) as a colorless oil;
[a]F —3.3 (c 1.0, CHCl,); IR (CHCl5) 3305, 1710, 1645,
1625, 1438, 1137 cm™'; 'H NMR (400 MHz, CDCl3) 6
0.98 (9H, s), 1.05 (9H, s), 1.65 (1H, q, J=11.7 Hz), 2.66
(1H, d, J=2.4Hz), 2.69 (1H, ddd, J=11.7, 4.4, 4.4 Hz),
3.39 (1H, ddd, J=10.2, 9.8, 4.9 Hz), 3.71 and 3.72 (each
3H, s), 3.74 (1H, dd, J=9.8, 2.0 Hz), 3.83 (1H, ddd, J=
11.2, 9.8, 4.4 Hz), 3.86 (1H, t, J=10.2 Hz), 4.10 (1H, ddd,
J=11.2,9.8, 49 Hz), 4.20 (1H, dd, /=10.2, 4.9 Hz), 4.81
(1H, t, J=2.4 Hz), 5.37 and 7.46 (each 1H, d, /J=12.7 Hz),
5.41 and 7.61 (each 1H, d, J=12.7Hz); '3C NMR
(100 MHz, CDCl3) 6 19.9, 22.6, 26.9 (3XC(C), 274 3X
C©), 38.0,51.2,51.3, 66.3, 70.1, 71.2, 75.1, 75.3, 77.2, 78.9,
79.5, 99.1, 99.3, 159.8, 159.9, 167.5, 167.6; HREIMS mi/z
calced for C,sH3300Si 510.2285, found 510.2297.

4.2.14. (E)-(4aR,55,7S5,8aR 9aS,10aR)-[2,2-Di(tert-butyl)-
5-(2-methoxycarbonylvinyloxy)-6-methylenetetradeca-
hydro-1,3,8,10-tetraoxa-2-silaanthracen-7-yl]acetic acid
methyl ester (18). According to the general procedure, 17
(756 mg, 1.48 mmol) was subjected to the radical cycliza-
tion and destannylation to give 18 (577 mg, 76% as a 94:6
mixture of diastereoisomers) as a colorless oil; [oz]zD5 —35.7
(c 1.0, CHCly); IR (CHCl3) 1739, 1707, 1473, 1438, 1139,
1107, 1047 cm ™~ '; "H NMR (400 MHz, CDCls) 6 0.97 (9H,
s), 1.03 (9H, s), 1.48 (1H, q,J=11.7 Hz), 2.48 (1H, ddd, J=
11.7,4.4,4.4 Hz), 2.63 (1H, dd, J=15.1, 8.8 Hz), 2.71 (1H,
dd, /J=15.1, 49 Hz), 3.26 (1H, dd, /J=9.8, 2.9 Hz), 3.34
(1H, ddd, J=10.2, 10.2,4.9 Hz), 3.68 and 3.71 (each 3H, s),
3.79-3.86 (2H, m), 3.85 (1H, t, J=10.2 Hz), 4.12 (1H, dd,
J=10.2,4.9 Hz), 4.50 (1H, dd, /=28.8, 4.9 Hz), 4.63 (1H, d,
J=2.9Hz), 5.11 (1H, d, J=1.5 Hz), 5.24 (1H, s), 5.35 and
7.45 (each 1H, d, J=12.2Hz); "*C NMR (100 MHz,
CDCl3) 6 19.9, 22.5, 27.0 (3XC), 27.4 (3X(C), 36.6, 38.4,

51.1, 51.9, 66.5, 69.4, 70.8, 71.9, 72.9, 77.9, 79.9, 82.3,
98.9, 115.2, 141.9, 160.0, 170.1; HREIMS m/z calcd for
Cy5H4000S1 512.2442, found 512.2425.

4.2.15. (4aR,55,75,8aR,9aS,10aS)-[2,2-Di(tert-butyl)-5-
hydroxy-6-methylenetetradecahydro-1,3,8,10-tetraoxa-
2-silaanthracen-7-yl]acetic acid methyl ester (19). A
solution of 18 (479 mg, 0.936 mmol, a 94:6 mixture of
diastereoisomers), n-dodecanethiol (0.90 mL, 3.743 mmol),
and TsOH-H,O (53 mg, 0.281 mmol) in CH;CN (9.4 mL)
was heated at 80 °C for 1.5 h. After cooling to rt, EtzN
(0.2 mL) was added to the solution and the reaction mixture
was concentrated. Purification by flash chromatography
(30% EtOAc in hexane) gave pure 19 (322 mg, 82%) as a
solid. Mp 155-156 °C; [a]f —47.5 (¢ 0.28, CHCI3); IR
(CHCIl3) 3574, 1738, 1473, 1438, 1100, 1048 cm™'; 'H
NMR (400 MHz, CDCls) 6 0.97 (9H, s), 1.04 (9H, s), 1.52
(1H, q, J=11.7 Hz), 2.16 (1H, s, OH), 2.47 (1H, ddd, J=
11.7,4.4,44 Hz),2.63 (1H, dd, J=15.1, 8.8 Hz), 2.73 (1H,
dd, J=15.1, 49 Hz), 3.18 (1H, dd, /=9.3, 2.9 Hz), 3.41
(1H, ddd, /=10.3, 10.3, 49 Hz), 3.71 (3H, s), 3.82 (2H,
ddd, J=9.3, 9.3, 44 Hz), 3.85 (1H, t, J=10.3 Hz), 4.14
(1H, dd, J=10.3, 49 Hz), 4.46 (1H, d, J=2.9 Hz), 4.68
(1H, dd, J=8.8,4.9 Hz), 4.98 (1H, d, /=1.5 Hz), 5.17 (1H,
s); 1*C NMR (100 MHz, CDCl5) 6 19.9, 22.6, 27.0 (3 X C),
27.4 3X0), 36.8, 38.3, 51.9, 66.7, 69.0, 70.9, 72.2, 72.4,
77.8, 80.7, 113.7, 144.8, 171.4; HREIMS m/z calcd for
C,1H3607 428.2230, found 428.2238.

4.2.16. (E,E)-(4aR,6R,7R,8aS)-3-{2,2-Di(tert-butyl)-6-
[(1R)-1-(2-methoxycarbonylvinyloxy)-2-propynyl]-hexa-
hydro-1,3,5-trioxa-2-silanaphthalen-7-yloxy }acrylic acid
methyl ester (20). The procedure used for the preparation of
17 was employed. An experiment starting with alcohol 12
(111 mg, 0.243 mmol)iprovided acetate 20 (123 mg, 97%)
as a colorless oil; [a]125 —97.4 (c 1.0, CHCI5); IR (CHCl3)
3305, 1711, 1646, 1626, 1483, 1137cm™'; 'H NMR
(400 MHz, CDCl3) 6 0.98 (9H, s), 1.04 (9H, s), 1.63 (1H,
g, J=11.7 Hz, H4ax), 2.65 (1H, d, J=2.4 Hz), 2.68 (1H,
ddd, J=11.7, 4.4, 44 Hz), 3.39 (1H, ddd, J=10.3, 9.3,
4.9 Hz), 3.60 (1H, dd, J=9.3, 2.0 Hz), 3.69 and 3.70 (each
3H, s), 3.84 (1H, ddd, J=11.2,9.3,4.4 Hz), 3.89 (1H, t, J=
10.3 Hz),4.11 (1H,ddd, J=11.2,9.3,4.9 Hz), 4.21 (1H, dd,
J=10.3, 49 Hz), 4.79 (1H, t, J=2.2 Hz), 5.33 and 7.41
(each 1H, d, /J=12.2 Hz), 5.41 and 7.57 (each 1H, d, J=
12.7 Hz); '*C NMR (100 MHz, CDCl5) 6 19.9, 22.6, 27.0
(3X0), 274 (3X0), 38.0, 51.2 (2XC), 66.3, 68.4, 71.3,
73.9,76.5,77.2,77.9,79.9, 99.1, 99.5, 159.5, 160.0, 167.4,
167.5; HREIMS m/z calcd for C,5H3300Si 510.2285, found
510.2296.

4.2.17. (E)-(4aR,5R,7S,8aR,9aS,10aR)-[2,2-Di(tert-
butyl)-5-(2-methoxycarbonylvinyloxy)-6-methylene-
tetradecahydro-1,3,8,10-tetraoxa-2-silaanthracen-7-yl]
acetic acid methyl ester (21). According to the general
procedure, 20 (121 mg, 0.238 mmol) was subjected to the
radical cyclization and destannylation to give 21 (90 mg,
74% as a 94:6 mixture of diastereoisomers) as a colorless
oil; [a]f —18.1 (¢ 1.0, CHCly); IR (CHCls) 1734, 1706,
1473, 1438, 1139, 1104, 1054 cm ™ '; "H NMR (400 MHz,
CDCl3) 6 0.96 (9H, s), 1.03 (9H, s), 1.55 (1H, q, J=
11.7 Hz), 2.48 (1H, ddd, J=11.7,4.4, 4.4 Hz), 2.72 (1H, dd,
J=15.1,4.4 Hz), 2.78 (1H, dd, J=15.1, 5.4 Hz), 3.18 (1H,
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t, J=9.3 Hz), 3.29-3.38 (2H, m), 3.69 and 3.72 (each 3H,
s), 3.80 (1H, t, J=10.2 Hz), 3.83 (1H, m), 4.15 (1H, dd, J=
10.2, 5.4 Hz), 4.29-4.35 (2H, m), 5.03 (1H, t, J=2.0 Hz),
5.20 (1H, d, J=2.0 Hz), 5.37 and 7.53 (each 1H, d, J=
12.2 Hz); 3C NMR (100 MHz, CDCl;) 6 19.9, 22.6, 27.0
(3XC),27.4 (3XC),36.7,38.1,51.1, 52.0, 66.5, 72.2, 74.2,
743, 77.2, 81.7, 83.3, 98.2, 109.5, 141.3, 162.6, 168.0,
170.1; HREIMS m/z caled for CosH,000Si 512.2442, found
512.2473.
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Abstract—Triphenylphosphine and tributylphosphine are excellent catalysts for Michael additions. Many B-dicarbonyl compounds and
electron-poor olefins, including sterically demanding partners, react successfully. The Michael addition catalyzed by phosphines deserves

attention in its own right as a useful synthetic method.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Organocatalysis induced by phosphines is a topic of
increasing interest.' The most generally applied phos-
phine-based catalysis is also known as nucleophilic
phosphine catalysis (NPC) and is initiated by the nucleo-
philic attack of the phosphine to the B-position of an
electronically poor alkene or alkyne. The generated
a-carbanion reacts as a nucleophile or as a base in many
different ways. A common feature is a final step, in which
phosphine is recovered thanks to its excellent leaving group
properties, thus, permitting a catalytic cycle (Scheme 1,
Eq. 1). The Morita—Baylis—Hillman a-hydroxyalkylation of
activated olefins is perhaps the best known reaction
catalyzed by nucleophilic phosphines (Eq. 2).'® Moreover,
many different electrophiles have been used in the place of
aldehydes. Thus, a,B-unsaturated ketones in intermolecu-
lar*® and intramolecular’® manners; T-allylpalladium
complexes in intramolecular reaction;*® aldehydes® and
ketones®" in the intramolecular version of the Morita—
Baylis—Hillman reaction; and intramolecular attack on
vinylsulfones.”® A related reaction is the phosphine-
catalyzed nucleophilic substitution of acetoxy in allylic
systems.”" If Z=CO-R in Scheme 1 still another possibility

Keywords: Organocatalysis; Phosphines; Conjugate addition; B-Dicarbonyl

compounds.
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arises: oxygen acting as nucleophile instead of carbon. At
least one reaction has been described fulfilling this
condition, although, in this case the phosphine was used
stoichiometrically.”

The stabilized o-carbanion can also react as a base. This
basicity is the origin of the isomerization of acetylenic
ketones into dienyl ketones under triphenylphosphine

©
. (1 E
Final product ®
.. <« = RsP
+ R3P V4
Electrophile
® e)
R3|5 + /\Z RSP\/\Z
lR‘CHO
Morita-Baylis-Hillman o
. R O
Rvep O 2 o CH

/\z R R3PV\z

o

RsP
Nu-H + B/\z i Nu~,
@)

Scheme 1. Nucleophilic phosphine catalysis (NPC).
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catalysis, pioneered by Trost®® and reinvestigated by Lu.*
Moreover, basicity at C-2 or C-a has been fundamental for
the, in princigle, unexpected introduction of nucleophiles at
C—oc,4 at C-v,” or at both® in activated acetylenes and allenes.

This wealth of data is in sharp contrast with the attention
paid to a conceptually more simple reaction, the conjugate
addition to the B-position of activated alkenes or alkynes
(Eq. 3). Thus, activated monosubstituted acetylenes (Z=
COOR, COMe) react with thiols,” with alcohols,® and with
oximes’ to afford the products on conjugate addition at C-p.
Heavily fluorinated phosphines were tested for addition of
alcohols to acetylenes with the aim of recovering the
catalyst in fluorous solvents.?™

Some other reactions have been recently described: the
conjugate addition of water and alcohols to activated olefins
under phosphine catalysis,'” the additions of oximes to
simple activated monosubstituted olefins catalyzed by
triphenylphosphine,'' and the aza-Michael addition of
carbamates to unsaturated ketones, albeit in this case the
presence of trimethylsilyl chloride, together with the
phosphine, was essential for the outcome of the reaction.'”

The use of phosphines as catalysts for the conventional
Michael addition of compounds with active methylene
groups has not been universally recognized as an interesting
synthetic method. However, White and Baizer described, in
a 1973 note, the reactions of sterically non-demanding
nucleophiles (nitromethane, methyl malonate, acetylace-
tone) to simple activated olefins catalyzed by tertiary
phosphines."® In 1982, Yoshida and Saito described the
examination of the effect of several catalysts in the Michael
addition of methyl (phenylsulfinyl)acetate to 1-octen-3-
one.'* Among the tested catalysts, tributylphosphine as well
as triphenylphosphine gave good results.

Since then, it seems that phosphines have been forgotten in
as far as Michael additions are concerned. This situation is
in sharp contrast with the attention paid to transition metals
and lanthanides species as catalysts for the same type of
reaction'” in spite of the inherent advantages of phosphines
over metals (vide infra).

A few years ago, when examining ruthenium(II) species as
possible catalysts for the Michael reaction, we rediscovered
that triphenylphosphine, used as a metal stabilizing agent,
was active enough to deserve attention in its own right.'®
We now want to describe a full study on the use of tertiary
phosphines as excellent catalysts in the Michael addition.

2. Results and discussion

We have tested two phosphines, triphenylphosphine and
tributylphosphine, in the Michael additions of Scheme 2.
Both phosphines have nucleophilicity parameters N differ-
ing by slightly more than one unit: Ph3P (14.33) and BusP
(15.49)."" However, this apparently minimal difference is
not trivial since the scale is logarithmic. Nucleophiles 1
were chosen as to embrace a broad diversity of structural
types: diesters, ketoesters, diketones, ketoamides, substi-
tuted and not substituted at the intercarbonylic position, as

O O 0O O
R u Rz * “>z E, R J»&\Rz
R3 R3
2a-i Z
1a-h 3x-y

Scheme 2. Michael addition catalyzed by phosphines.

well as cyclic and open-chain compounds. Similar ideas
decided the selection of electrophiles 2: olefins activated by
ketone, ester, nitrile, pyridine, phosphonate, as well as
disubstituted olefins, and two azodicarboxylates. We
considered a priori that if phosphines were successful in
reactions combining both selections, they should be
considered as general catalysts in their own right.

Indeed, this was the result (Table 1). Some general trends
emerge from a perusal of the Table.

First, tributylphosphine is more active than triphenylphos-
phine as evidenced in entries 2 and 3 as well as in entries 8
and 9. The reactions of entries 2 and 3 failed in the presence
of triphenylphosphine, whereas reaction 8 catalyzed with
triphenylphosphine and gave total polymerization of the
acrylate 2c. On the contrary, tributylphosphine gave a
practically quantitative yield of 3bc (entry 9).

Second, in some cases the product was unstable, and
reverted back to the starting materials on purification
(entries 1, 6, and 11). Obviously, this does not imply a
violation of the principle of microscopic reversibility, since
some compounds 3 decompose in the absence of catalysts
by a non-catalyzed process probably involving a six-
membered cyclic transition state, whereas Michael addition
is initiated by nucleophilic addition of the phosphine to the
olefin (Scheme 3). However, the formation of unstable
products 3 proves that the method works well even for
intrinsically unstable Michael adducts.

Third, the reaction is quite general as is evidenced by the
more than 20 different combinations of Table 1. This is in
sharp contrast with the limited performances of transition
metals and lanthanides in the same type of reactions.'” In
our opinion, phosphines are a better choice than metals.

Whereas some results with metals are remarkable,’> our
attempts to induce enantioselectivity failed. Thus, reaction
of 1-adamantyl ester of 2-oxocyclopentanecarboxylic acid
with 2-butenone catalyzed by (R)-Tol-BINAP gave the
Michael adduct in 82% yield and 0% ee. Although negative,
this result reinforces our mechanistic hypothesis since
according to it (vide infra), the phosphine does not act in the
key step when formation of the new chiral center occurs.
Catalysis by metals can be a better alternative for induction
of enantioselectivity.

Better results were produced when inducing diastereoselec-
tivity. Thus, diastereomeric excesses (de) were sometimes
moderate (entries 18, 19, and 21-23), but for product 3gb,
for which an interesting de of 86% was determined (entry 20).

Mechanistically, the phosphine-catalyzed Michael addition
probably requires initiation and propagation steps
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Table 1. Preparation of products 3 (Scheme 2)

Entry Nucleophile Electrophile R;P Product
1 o O ‘ Ph;P
MeOMOMe | N
la _N

2a

2 la M N CN BusP
) )J:i‘:

3ae

2
o J\é
P(O (OEt),
4 1a 2f BusP
(Et0),(O &P(O) OEt),
3aff

5 1a )\ BusP O O
COOEt J\i
2g
COOEt

6 (0] (0] ‘ PhsP (0] (0]
MGO)H/U\OMG ‘ ~ MeO OMe
Bu =N Bu -
1b 2a
\ N
3ba
7 1b /\COCH:; Ph;P (0] (0]
; A=
COCH3
8 1b /\COOEt Ph;P Polyacrylate
: &ﬁ
COOEt

O O
2d
MeO OMe
Bu
CN
3bd
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Table 1 (continued)

Entry Nucleophile Electrophile R;P Product
11 1b M"‘/\CN PhsP (@] (0]
2e
MeO OMe
Bu
CN
3be
x MeO OMe
Bu
P(O)(OEt),
3bf
13 1b /]\ BusP (0] (0]
COOEt MeO%OMe
2g
Bu
COOEt
3bg
COOEt 2b
COOEt
1c
3cb
2¢
éﬁooa
3ce
2d 0
COOEt
3cd
17 O O E—N=N-E Ph;P o O
2h:E=CO,Et
Ph Ph Ph Ph
Et Et E,N—NHE
1d 3dh:E=CO,Et
18 O O i /\COCH3 PhsP O O j)\
MN o P N o
Me —/ Me >-/
Ph CH3CO \Ph
le 3eb
19 E—N=N-E PhsP
o O 2i:E=Bzl o o
AL N J\H\
/
S<0 $=0 EN-\he
o) (0]
1f 3fi:E=Bzl
20 7 H PhsP
0O O %?C 8 o o
R
NJ\')‘\ /N%
S/:o Me ssd'e COCH;
Il 0
3gb
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Entry Nucleophile Electrophile R;P Product
21 (@] (0] Ph;P (0] (0]
o Z>COCH, 3 o
Me — Me Yant
O, 0 CH5CO 050
Me" Me
the Me 3hb
22 1h E—N=N-E Ph;P o O
2h:E=CO,Et o
EN me
NHE o. o
Me" Me
3hh:E=CO,Et
23 1h E—N=N-E Ph;P O O
2i:E=Bzl o /\/_Of o
EN “me
NHE o>(‘o
Me  Me

3hi:E=CO,Bzl

(Scheme 3). Initial attack of the phosphine on the olefin
generates a phosphonium f-ylid that deprotonates a
molecule of the active dicarbonyl compound. The conjugate
base of the dicarbonyl triggers the propagation steps as
indicated. Another possibility can be envisaged; thus, the
B-ylid can be converted into the a-ylid (Wittig reagent, not

represented), that can give rise to side reactions. No
attempts have been made to obtain more mechanistic
information.

Retro-Michael reaction is probably a non-catalyzed
process, particularly favorable in some cases as with

®
ReP + A7 RiP ™52
Initiation
steps ® © 0O O ® (0] o O
RP A, R1MR2 RiP~, * R1MR2
1 R R®
(o 50 o o
R1MR2 + /\Z R1 R2
R3 2 R3 o
Propagation< "7
steps 0O O o o O O o o
R! R2 4 R1MR2 R’ R2 4 1 © 2
R RS R3 R R
S, 3
. =z 1 3 2 R

Probable mechanism for the catalyzed Michael Addition

o R? )
O R
1
S H
i
z

+ 7z
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Scheme 3. Possible mechanisms for the Michael addition catalyzed by phosphines and for the non-catalyzed retro-Michael reaction.
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Table 2. Experimental conditions for the preparation of compounds 3 in CH;CN

Entry 3 Molar ratio 2:1  [1] R3P (Molar%)  Temperature °C Time (h)* Yield%

1 3aa 6.0 33 Ph;P (10) 120° 44 ¢

2 3ae 5.0 2.9 BusP (10) Room temperature 38 90

3 3af 1.1 2.9 BusP (10) Room temperature 4 60

4 3aff 2.0 2.9 BusP (10) Room temperature 46 78

5 3ag 1.1 2.9 BusP (10) Room temperature 21 73

6 3ba 2.2 2.7 Ph;P (20) 100° 300 42°

7 3bb 4.0 2.5 PhsP (18) Room temperature 24 62

8 3be 1.4 2.7 PhsP (10) 100° 96 0

9 3bc 1.5 2.2 BusP (10) Room temperature 15.5 99

10 3bd 6.3 2.5 PhsP (18) Room temperature 72 78

11 3be 5.0 22 PhsP (10) Room temperature 165 ¢

12 3bf 1.1 2.2 BusP (10) Room temperature 6.5 82

13 3bg 1.3 2.2 BusP (10) Room temperature 12.5 60

14 3cb 3.0 3.8 Ph;P (10) Room temperature 5.5 89

15 3ce 3.0 4.0 Ph3P (10) Reflux 21 89

16 3cd 3.0 3.8 Ph;P (10) Reflux 5.5 71

17 3dh 1.5 2.5 Ph3P (10) Reflux 24 100

18 3eb 1.5 2.5 Ph;P (10) Room temperature 24 57 de 36%
19 3fi 1.2 0.6 PhsP (18) Reflux 24 86 de 22%
20 3gb 24 2.0 Ph3P (18) Room temperature 24 63 de 86%°
21 3hb 2.4 2.0 PhsP (9-18) Room temperature 24 90-100 de 30-42%
22 3hh 1.2 2.0 Ph;P (9) Room temperature 24 83 de 48%
23 3hi 1.2 2.0 Ph3P (9) Room temperature 24 65 de 0%

4 Not optimized.

® Closed reactor.

¢ Product 3 reverted to starting materials upon purification.

4 Diastereoisomer R in the new stereocenter was predominant.'®

4-vinylpyridine, 2a, and sterically encumbered Michael
adducts.

3. Conclusion

Phosphine-catalyzed Michael additions are a useful and
general alternative to reactions catalyzed by bases and by
metals. The scope is broader than for the metal-catalyzed
variant, the yields are generally good, and the process
occurs in neutral media.

4. Experimental
4.1. General remarks

Melting points were determined with a Kofler apparatus and
are uncorrected. IR Spectra were recorded either by
transmission or by attenuated total reflectance mode
(ATR). NMR Spectra were recorded with a Brucker
AC250 or a Brucker AM400; '"H NMR chemical shifts are
reported relative to tetramethylsilane at 6=0.00; coupling
constants are reported in Hz. °C NMR chemical shifts are
expressed relative to tetramethylsilane at 6=0.0. Mass
spectra (EIMS) were obtained with a Hewlett-Packard
5989A spectrometer and determined at an ionizing voltage
of 70 eV; relevant data are listed as m/z (%). Elemental
analyses were performed at ‘Servei d’ Analisi Quimica de la
Universitat Autonoma de Barcelona’. The given data are the
average of two satisfactory determinations.

Compounds 3cb, 3cec, and 3ed were prepared by ourselves
under copper catalysis and fully described.'® Compounds
3bb, 3bd, 3dh, 3eb, 3fi, 3gh, 3hb, 3hh, and 3hi have been
previously reported.'®

4.1.1. Dimethyl butyl-(2-diethoxyphosphoryl)ethylmalo-
nate (3bf, entry 12); general method. A mixture of
dimethyl 2-butylmalonate (1b) (1.02 g, 5.4 mmol), diethyl
vinylphosphonate (2f) (0.9 mL, 5.5 mmol), tributylphos-
phine (140 pL, 0.6 mmol), and anhydrous acetonitrile
(2.5 mL) was magnetically stirred in a Schlenk tube under
nitrogen atmosphere at room temperature for 6.5 h. The
solvent was evaporated and the residue was chromato-
graphed through silica gel with diethyl ether as eluent. Pure
3bf (187 mg) and 3bf contaminated with 2f were isolated.
The last fraction was distilled at 80-90 °C/1.1-1.5 mmHg
(oven temperature) to afford more pure 3bf as an oil, 1.5 g,
82%; IR (ATR): 1729, 1260, 1205, 1161, 1058, 1018,
964 cm™'; '"H NMR (250 MHz, CDCls): 6=0.85 (t, J=
7.2 Hz, 3H), 1.03-1.31 (m, 4H), 1.28 (t, J/=7.0 Hz, 6H),
1.53-1.68 (m, 2H), 1.78-1.85 (m, 2H), 2.07-2.15 (m, 2H),
3.68 (s, 6H), 4.004.12 (m, 4H); °C NMR (62.5 MHz,
CDCl;3): o6=14.1, 16.7 (d, J=5.7Hz), 21.3 d, J=
142.1 Hz), 23.1, 26.1 (d, J=3.8 Hz), 26.4, 32.8, 52.7, 57.8
(d, J=18.1 Hz), 62.0 (d, J=6.7 Hz), 171.8; HRMS: m/z
calcd for [M]: 352.1651 Da; found: 352.1655 Da.

All other compounds were prepared by the same general
method under the specific experimental conditions of
Table 2.

4.1.2. Dimethyl(4-pyridyl)ethylmalonate (3aa, entry 1).
"H NMR (250 MHz, CDCls): 6=2.24 (m, 2H), 2.66 (m,
2H), 3.37 (t, J=7 Hz, 1H), 3.75 (s, 6H), 7.12 (dd, J=4.5,
1.6 Hz, 2H), 8.51 (dd, /=4.5, 1.6 Hz, 2H). NMR data were
taken from the crude and practically pure product that
reverted to starting materials upon attempted purification.

4.1.3. Dimethyl(2-cyano-1-methyl)ethylmalonate (3ae,
entry 2)."° Bp 60-75°C/1.5-1.7 mmHg (oven tempera-
ture); IR (ATR): 2247, 1729 cm™'; '"H NMR (250 MHz,
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CDCly): 6=1.15 (d, J=6.9 Hz, 3H), 2.44-2.65 (m, 1H),
2.56 (d, J=7.0 Hz, 2H), 3.40 (d, J=7.2 Hz, 1H), 3.73 (s,
6H); '3C NMR (62.5 MHz, CDCly): 6=16.6, 21.4, 29.6,
51.9, 54.5, 117.1, 167.3. Anal. caled for CoH;304N: C
54.26, H 6.58, N 7.03; found: C 54.21, H 6.72, N 7.12.

4.1.4. Dimethyl(diethoxyphosphoryl)ethylmalonate (3af,
entry 3). Bp 150 °C (1.7 mmHg, oven temperature); IR
(ATR): 2987, 2953, 1730, 1241, 1145, 1018,959 cm ™ '; 'H
NMR (250 MHz, CDCl3): 6 =1.32 (t, /=7.2 Hz, 6H), 1.70—
1.87 (m, 2H), 2.12-2.26 (m, 2H), 3.50 (t, J="7.4 Hz, 1H),
3.74 (s, 6H), 4.10 (broad dq, J=9.3, 7.2 Hz, 4H); '*C NMR
(62.5 MHz, CDCly): 6=16.5 (d, J=5.7 Hz), 22.4, 23.5 (d,
J=147.3 Hz), 51.7 (d, J=16.2 Hz), 52.9, 62.0 (d, J=
6.7 Hz), 169.4. Anal. calcd for C{H,;0,P: C 44.60, H 7.14;
found: C 44.63, H 7.43.

4.1.5. Dimethyl bis-[(diethoxyphosphoryl)ethyl]malo-
nate (3aff, entry 4). Oil; IR (ATR): 2984, 1730, 1243,
1164, 1017, 940 cm ™~ '; 'H NMR (250 MHz, CD;0D): 6 =
1.37 (t, J=7.0 Hz, 12H), 1.67-1.82 (m, 4H), 2.10-2.20 (m,
4H), 3.79 (s, 6H), 4.15 (broad dq, /=38.9, 7.0 Hz, 8H); B¢
NMR (62.5 MHz, CD;0D): 6=17.6 (d, J=6.7 Hz), 22.0 (d,
J=142.1 Hz), 27.6 (d, J=2.9 Hz), 54.2, 59.2 (apparent t,
J=17.6 Hz), 172.8; HRMS: m/z calcd for [M]:
460.1627 Da; found: 460.1639 Da.

4.1.6. Dimethyl 2-(ethoxycarbonyl)propylmalonate (3ag,
entry 5). Bp 75-90 °C/0.9-1.2 mmHg (oven temperature);
IR (ATR): 1728 cm~'; 'H NMR (250 MHz, CDCl5): 6=
1.18 (d, J/=7.0 Hz, 3H), 1.24 (t, J="7.1 Hz, 3H), 2.01 (ddd,
J=144, 8.8, 6.0 Hz, 1H), 2.23 (ddd, /J=14.4, 8.8, 6.3 Hz,
1H), 2.46 (apparent sextet, J=7.1 Hz, 1H), 3.47 (dd, J=
8.8, 6.3 Hz, 1H), 3.72 (s, 3H), 4.12 (q, J=7.1 Hz, 2H); "°C
NMR (62.5 MHz, CDCly): 6=14.4, 17.7, 32.5, 37.6, 49.8,
52.8, 529, 60.8, 169.7, 169.8, 175.7. Anal. calcd for
C1H 30¢: C 53.65, H 7.37; found: C 53.47, H 7.50.

4.1.7. Dimethyl butyl-[2-(4-pyridyl)ethyl]malonate (3ba,
entry 6). Oil; IR (ATR): 1729, 1205, 1125, 807 cm™ 'H
NMR (250 MHz, CDCl53): 6=0.90 (t, /=7.2 Hz, 3H), 1.12—
1.38 (m, 4H), 1.91-1.98 (m, 2H), 2.14-2.21 (m, 2H), 2.47-
2.54 (m, 2H), 3.74 (s, 6H), 7.10 (d, J=5.2 Hz, 2H), 8.49 (d,
J=5.2Hz, 2H); 3C NMR (62.5 MHz, CDCl;): 6=13.9,
23.0,26.4,30.2,32.8,33.5,57.6,123.9, 149.8, 150.4, 171.9;
MS (70 eV): m/z (%)=294 (M+1, 6), 262 (11), 234 (22),
202 (23), 188 (69), 146 (22), 145 (100), 128 (31); HRMS:
miz calcd for [M+H]: 294.1705 Da; found: 294.1721 Da.

4.1.8. Dimethyl butyl-(2-ethoxycarbonyl)ethylmalonate
(3bc, entry 9). Bp 120-150°C (0.4-0.5 mmHg, oven
temperature); IR (ATR): 1730 cm ™~ '; 'H NMR (250 MHz,
CDCl3): 6=0.87 (t, J=7.2 Hz, 3H), 1.06-1.34 (m, 4H),
1.24 (t, J=17.1 Hz, 3H), 1.82-1.88 (m, 2H), 2.15-2.30 (m,
4H), 3.70 (s, 6H), 4.11 (q, J=7.1 Hz, 2H); '*C NMR
(62.5 MHz, CDCl3): 6=14.1, 14.5, 23.1, 26.5, 28.1, 29.9,
33.2,52.6,57.2,60.8, 172.1, 173.0; MS (70 eV): m/z (%)=
288 (M, 8), 257 (51), 243 (81), 232 (94), 188 (43), 183 (66),
172 (61), 158 (34), 145 (100), 141 (39); HRMS: m/z calcd
for [M]: 288.1537 Da; found: 288.1614 Da.

4.1.9. Dimethyl butyl-(2-cyano-1-methyl)ethylmalonate
(3be, entry 11). Oil; IR (ATR): 2246, 1727, 1209 cm ™ '; 'H

NMR (250 MHz, CDCls): 6=0.85 (t, J=7.2 Hz, 3H), 1.07
(d, J=6.9 Hz, 3H), 1.00-131 (m, 4H), 1.86 (t, J=8.3 Hz,
2H), 2.30 (dd, J=16.5, 9.3 Hz, 1H), 2.44-2.58 (m, 1H),
2.70 (dd, J=16.5, 3.7 Hz, 1H), 3.69 (s, 3H), 3.70 (s, 3H);
13C NMR (62.5 MHz, CDCl5): 6=13.9, 15.0, 21.9, 23.0,
26.5, 33.4, 33.6, 52.5, 52.6, 60.8, 119.1, 170.4, 171.2; MS
(70 eV): mlz (%) =256 (M+ 1, 22), 224 (61), 196 (34), 188
(40), 171 (26), 159 (100), 145 (51), 127 (53); HRMS: m/z
calcd for [M+H]: 256.1549 Da; found: 256.1517 Da.

4.1.10. Dimethyl butyl-(2-ethoxycarbonyl)propylmalo-
nate (3bg, entry 13). Oil; IR (ATR): 1729 cm™'; 'H
NMR (250 MHz, CDCl;): 6=0.85 (t, J=7.2 Hz, 3H), 0.93—
1.35 (m, 4H), 1.13 (d, J=6.9 Hz, 3H), 1.22 (t, J=7.1 Hz,
3H), 1.71-1.98 (m, 3H), 2.34-2.48 (m, 2H), 3.65 (s, 6H),
4.05 (q, J=17.1 Hz, 2H); >*C NMR (62.5 MHz, CDCl,): 6=
13.9, 14.2, 19.6, 23.0, 26.4, 33.1, 35.9, 36.2, 52.3, 52.4,
57.1, 60.5, 171.9, 172.0, 176.3.
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Abstract—A new member of amphidinols (AM7) possessing a polyene-polyhydroxyl structure with the shortest carbon backbone and
sulfate ester was isolated from the cultured dinoflagellate, Amphidinium klebsii. AM7 showed hemolytic and antifungal activities. The
structure was elucidated on the basis of 2D NMR data in combination with CID MS/MS experiments.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Dinoflagellates are an important source of structurally and
biologically intriguing natural products,"? for example,
amphidinolides,3 arnphidinolsfl_8 brevetoxins, ciguatoxins,
maitotoxin, okadaic acid, saxitoxins, and symbioimine.
Amphidinols isolated from Amphidinium klebsii (NIES 613)
show potent membrane-disrupting effects such as antifungal
and hemolytic activities.*® The first member of the
amphidinol family, amphidinol 1 (AM1), was isolated and
characterized in 1991" and the absolute configuration of
AMS3 was determined in 1999 by our group.’ The structures
of amphidinols are characterized by a common part, which
comprises a linear polyhydroxyl moiety, two tetrahydro-
pyran rings, and a polyolefinic chain of Cy4 or Ci4. The
closely related analogues bearing different names, luteo-
phanols and lingshuiols, were reported from the same genus
of dinoflagellate.””'' We have disclosed that the potent
biological action by AMs can be accounted for by their
membrane permeabilizing actions. Moreover, ion channels
formed by AMs appeared to possess unique features;'>'?
the central part involving two tetrahydropyran rings
comprises a large hydrophilic part with a hairpin confor-
mation, the polyolefin moiety penetrates deep into
membrane, and the polyhydroxyl part is thought to form
channel lining. For further investigating the mode of action
of these unique membrane-active agents, we continued the
screening of the same strain of A. klebsii (NIES 613), and

Keywords: Amphidinol; Amphidinium; AM7; AM3; CID MS/MS.
* Corresponding author. Tel./fax: 481 668505774;
e-mail: murata@ch.wani.osaka-u.ac.jp

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.07.004

isolated a new homologue named amphidinol 7 (AM7, 1,
Fig. 1) possessing the smallest molecular weight among the
known AM homologues and a truncated polyhydroxyl
chain, which is expected to provide new information on
structure—activity relationship.

2. Results and discussion
2.1. Structure elucidation based on NMR

AM?7 was isolated as a pale yellow amorphous solid
(11 mg), [«]y —14.1° (¢ 0.15, MeOH). Electrospray
ionization (ESI) MS m/z 1253 [M+Na]™ and 1207 [M—
Na] 5 UV Apax MeOH), 279 (e 19,900), 269 (e 25,200) and
258 (¢ 19,900). HRFABMS showed the molecular
formula of C59H99023SN3. [m/z 12536089, (M+Na)+, A
—0.4 mmu], which corresponded to the molecular weight
of 1230 and revealed that AM7 is the smallest AM ever
reported. The UV spectrum was indicative of the presence
of a conjugated triene chromophore, which is characteristic
of AM homologues (Fig. 1).

After mild hydrolysis, AM7 was converted to a less polar
compound with m/z 1151. A loss of 102 mass unit for the
hydrolysate suggested the presence of a sulfate ester in
AM7. The unsaturation number of 10 was accounted for by
eight carbon=carbon double bonds and two rings. Detailed
analysis of DQF-COSY and TOCSY spectra of 1 disclosed
the proton-connectivities of the following three structural
units: (A) from C-1 to C-19 (Fig. 2a), (B) from C-21 to C-31
(Fig. 2b), and (C) from C-33 to C-55 (Fig. 2¢). For partial
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Figure 1. Structures of amphidinol 7 (1, AM7) and amphidinol 3 (2, AM3).

structure A, the proton-connectivity was evident from the
DQF-COSY spectrum. The geometry of A* was assigned as
E from the '*C NMR chemical shift of the allylic carbons
C-3 (0 35.73) and C-6 (6 30.79). For partial structure B, the
DQF-COSY showed the correlation of H-21 to H-31. The
presence of two tetrahydropyran rings was indicated by the
HMBC correlations for H-24/C-28 and H-39/C-35. For
partial structure C, the 'H and '*C NMR data from C-44 to
C-52 agreed quite well with those for C-54 to C-62 of AM3
(Fig. 1), which indicated that they share the same structure
for the polyolefinic part except for a vinyl terminus in lieu of
a butadiene of AM3. The connection between A and B was
indicated to be through the sp” quaternary carbon (C-20, 6
138.72) bearing the methyl group. This was revealed by the
HMBC correlations for H-19/C-58 and H-21/C-58. The
connection between B and C through sp® quaternary carbon
(C-32, 6 151.95) bearing exo-methylene was evidenced by
HMBC correlations for H-31/C-32, H-33/C-32 and H-59/C-
32. The assignments of the proton and carbon resonances for
compound 1 are shown in Table 1. The position of the
sulfate ester was deduced to be C2 since 'H NMR chemical
shifts for C1-C3 were virtually identical with those of AM1,
whicll possessed the same partial structure for the C1-C5
part.

>, 10,
HO'
0SO;Na CH; OH OH
56
A

== DQF-COSY — HMBC(H — C)

Figure 2. Partial structures of AM7.

AM3 (2)

3C NMR data of AM7 were essentially identical with those
of AM3 for the common structural part (C11-C52 of AM7),
which should have the same stereochemistry as that of AM3
(Fig. 1); Kishi’s group has reported that alteration in
configuration of methyl or hydroxyl substituted alkyl chains
causes more than 1 ppm difference in '>*C NMR."* Three
asymmetric centers in the terminal part (C2, C8 and C10)
remain unassigned; the J-based configuration analysis'®
could not be applied for AM7 since the chemical shifts of
C10/C11 and H10/H11 were very close, which prevented
the accurate measurements of 2’3JC,H or 3JH,H values.

2.2. Structure confirmation using CID MS/MS

Further, verification of the NMR-derived structure was
carried out by tandem mass spectrometry.'® Collision-
induced dissociation (CID) is know to produce fragment
ions due to cleavages at o and P positions to hydroxyl
groups.* Negative ion FAB CID MS/MS spectra of 1
(Fig. 3) for the precursor ion at m/z 1207 [M—Na] ~ showed
the characteristic patterns of charge-remote fragmentation
due to the presence of a sulfate group.'” Product ion peaks
generated by fissions at o positions to a hydroxyl group or at
allylic or homoallylic sites were prominently observed
(Fig. 3).

The presence of the sulfate ester in 1 was supported by the
intense negative ion peaks at m/z 80 (SOs; ) and 97
(HSO4 ).17a The position of the sulfate ester was confirmed
by the product ion peaks m/z 123 and 140. The
tetrahydropyran rings gave some characteristic fragmenta-
tion product ion peaks at m/z 613, 627, 699, 871 and 943.
The series of substantial product ion peaks at m/z 193, 207,
235, 249, 279, 293, 309, 323, 351, 365, 381, 395 and 469
correlates the aliphatic structure C7-C19. The presence of
the terminal polyene structure was supported by the
product ion peaks at m/z 1059, 1073, 1125, 1151, 1166
and 1179. Unaccountable ion peaks at m/z 453 and 1043
may be the result of oxidation (losing of two protons) before
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Table 1. 'H and '*C chemical shift data of AM7 and AM3'? in CD;OD-

CsDsN (2:1) AM7 AM3
AM7 AM3 Pstn 'H Bc Pstn 'H e
Pstn 'H B Pstn 'H e 57 1.02 1324 68 1.01 132
58 1.70 17.44 69 1.71 17.4
1 3.53,3.58  66.9
5 374 3.0 59 5.00,5.12 112.86 70 5.00,5.13 112.8
3 2.22,2.31 37.7
4 5.76 128.5
5 5.61 136.5
6 4.11 73.1
; g-ég’ 229 lgé-? detection, which is often observed for polyoxygenated
9 5.56 137.2 compounds.
10 4.06 73.4
1 3.78,3.80  64.48 11 1.52,1.57 385 . . e ege e
2 4.54 80.57 12 143,1.60 228 2.3. Blologlcal activities of amphldlnol 7
3 247 35.73 13 1.43 38.5
4 5.49 134.72 14 3.54 72.1 AM7 showed antifungal activity against Aspergillus nigar
g ?‘9‘; 1.95 lgggg ig };‘Z 145 222 with MEC of 10 pg/disk and it showed hemolytic activity
7 1:16: 1:28 38:91 17 1:25: 1:33 31:0 with EC50 of 3 },lM In COIanlI'iSOl’l with AM3, the mos;
8 1.76 29.73 18 1.38,1.56  27.1 potent homologue in hemolytic and antifungal activities,
?0 ;.g(é), 1.56 471;.22 ;g l.j&é, 1.56 ;g.(l) AM7 showed less potent antifungal and hemolytic
1 360 7374 21 363 731 act1V}tles (Tgblg 2). These differences in l?lqactlv1t1§s may
12 1.58,1.63 3891 22 1.58,1.63 389 provide new insights into the structuref—.actlwty. relationship
13 2.34 31.68 23 2.32 31.6 for the unique membrane-permeabilizing action of AMs
}‘5‘ ggg ;g;g %‘5‘ ggg ’7’3; since the polyhydroxyl chain is thought to be important
. : . . : 13
16 1.63.2.08 4146 2% 1.63.2.08 414 for channel size and conducta.nce. . AM7 may, therefore,
17 3.95 71.84 27 3.95 71.8 serve as a useful tool for investigating a role of the
18 1.62 36.91 28 1.65 36.9 polyhydroxyl chain in membrane permeabilization action
19 2.08,2.22  36.75 29 2.10,2.21 36.7 of AMs
20 — 138.72 30 — 138.6 '
21 5.63 126.81 31 5.63 126.8 . .
22 4.72 67.85 32 4.72 67.8 AM7, the third member of sulfate-bearing AMs after AM1
23 3.84 72.59 33 3.83 72.6 and lingshuiol B, possesses the shortest carbon chain of all
24 422 79.26 34 422 79.2 the AMs. The structure variations among the known AMs
25 4.30 68.97 35 4.29 68.9 di C1-C22 £ AM7. As AMs i
2% 412 67.45 36 412 67.4 are concentrated in a Cl- part o . As s is
27 1.92,2.00 31.18 37 1.92,2.01 306 known to be biosynthesized from the polyhydroxyl end to
28 3.60 75.84 38 3.60 75.8 the polyolefin terminus,'® the great variation in the
29 3.70 74.54 39 3.71 745 structures of the polyhydroxyl part may be attributable to
30 1.67,2.07 32.63 40 1.68,2.05 32.6 h . £ 1 id in duri . .
31 222,260 28.04 41 223.259 280 the truncation of a po yk@tl e chain lllgrmg biosynthesis as
32 — 151.95 42 — 151.9 suggested for okadaic acid analogues.
33 4.38 76.75 43 4.38 76.7
34 3.50 75.25 44 3.50 75.3
35 4.19 70.62 45 4.21 70.6
36 1.64,2.32 3190 46 1.64,2.30 31.8 .
37 417 6734 47 417 67.3 3. Conclusion
38 4.30 68.77 48 4.30 68.7
39 3.98 80.68 49 3.98 80.6 A new member of amphidinols, amphidinol 7, which
40 4.19 72.19 50 4.18 72.1 Ifat t the shortest b backb
a1 460 7417 51 459 741 possesses a sulfate ester on the shortest carbon backbone
42 576 129.76 52 575 129.7 and moderate biological activities, was isolated from the
43 5.82 134.28 53 5.80 134.2 cultured cells of the dinoflagellate, A. klebsii. The structure
44 2.04 33.58 . L . was elucidated on the basis of 2D NMR data in combination
45 2.04 33.58 55 2.09 33.5 ith CID MS/MS. Th hemi £ th
46 562 13451 56 550 1341 wit - The stereochemistry of the common part
47 6.00 132.11 57 6.05 1324 (C11-C52) was deduced to be identical with that of AM3.
48 6.04 132.26 58 5.97 132.3 This analogue may provide new insights into the mode of
49 5.99 132.36 59 5.98 132.2 : BER
<0 s 132,26 Py 599 1320 action of amphidinol homologues.
51 5.60 134.30 61 5.62 134.5
52 2.07 33.23 62 2.06 334
53 2.04 34.61 63 2.08 333
54 5.72 139.25 64 5.62 135.3 Table 2. Biological activities of AM3 and AM7
55 4.87,495 11542
65 6.01 132.6 Activity AM3 AM7
66 6.25 1384 Antifungal (MEC® in pg/disk; A. nigar) 6 10
67 4.89,5.05 1155 Hemolysis (ECso in uM; human 0.4 3
36 0.83 19.54 erythrocytes)

# Minimum effective concentration.
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Figure 3. CID MS/MS spectrum (a) and fragmentation patterns (b) observed in negative ion FAB MS/MS spectra of AM7 (1) for precursor ion at m/z 1207.

4. Experimental

4.1. Chemical and instruments

lH, 13C and 2D NMR spectra were recorded on an INOVA-
600 spectrometer with the sample dissolved in 0.65 ml of
CD;OD/pyridine-ds (2:1). MS/MS spectra were measured
with a JMS HX-110/HX-110A four sector tandem mass
spectrometer equipped with 6 kV Xe beam FAB gun and the
MS-ADSI11 variable mass dispersion array detector. The
CID spectra were recorded with 10 kV acceleration voltage
(MS1), electrically 8 kV floated collision cell and 10%
dispersion array detector conditions. 2,2’-Dithiodiethanol
was used as a matrix. Ar used as collision gas was
introduced at the rate that precursor ion intensity was
attenuated to ca. 30%. UV spectra were measured on a
Shimadzu UV-2500 spectrometer.

4.2. Culture of A. klebsii and isolation of amphidinol 7

The dinoflagellate A. klebsii was isolated from the surface
wash from several species of seaweed that were abundant at
the collection site near the shore of Aburatsubo Bay, Japan
and deposited in National Institute for Environmental
Studies as NIES 613. The unialgal culture was grown in a
3-liter Fernbach flask containing artificial seawater (Marin
Art Hi, Tomita Pharmaceutical, 3% w/v) enriched with 2%
ES-1 supplement (Provasoli 1968) at 25 °C for 3 to 4 weeks
under illumination with a 16-8 light—dark photocycle. The
cultured cells (60 L) were harvested by filtration with glass
filters under reduced pressure. The algal biomass was
extracted with methanol (2 L X 3) and then with 2 L of 50%
aqueous MeOH. Purification of amphidinols was carried out
using lead acetate. 2022 Briefly, the combined extracts, after
the solvents were removed, was subjected to ethyl acetate/
H,O partition, the resultant aqueous layer was subjected to
lead acetate purification, and the excess of lead acetate was

eliminated using Na,HPO, The extract was dried and
dissolved in distilled water and applied to an ODS open
column and then to HPLC (YMC-Pack, ODS-AM, 250X
10 mm, MeCN/H,O gradient elution, UV: 270 nm) to
furnish 11 mg of AM7 (1).

4.3. Desulfation of amphidinol 7

The hydrolysis of sulfate esters was elaborated using a mild
hydrolysis method;*> 100 ug of the sample in 100 uL
dioxane was added with 3 mg of PTS-H,O (p-toluene
sulphonic acid) in 50 pL dioxane. The solution was stirred
for 30 min then Na,CO; as a 10% aqueous solution was
added to neutralize the solution. The product was extracted
with ethyl acetate. The extract was evaporated and dried
with N, gas. The reactant was dissolved in MeOH and
checked by HPLC (Cosmosil, SC18-AR-II, Waters, 4.6 X
150 mm, 270 nm, 28.57% MeCN in H,0).

4.4. Biological assays

The fungus A. nigar was cultured in a glucose peptone
liquid medium (2% glucose, 0.2% yeast extract, 0.5%
polypeptone, 0.05% MgSO,, and 0.1% KH,PO,) at 25 °C
for 2 days. An aliquot of the broth was then spread onto an
agar plate (1.5% agar). Each sample dissolved in MeOH was
spotted on a paper disk (8 mm in diameter), which were then
placed on an agar plate spread with A. nigar mycelia. After
incubation at 25 °C for 2 days, the diameter of an inhibitory
zone on each paper disk was measured.

For hemolytic assays, human blood cells in 3.13% sodium
citrate were immediately separated from the plasma by
centrifugation at 1000 X g for 5 min. Sedimented cells were
washed three times with PBS buffer, containing 137 mM
NaCl, 2.68 mM KCl, 8.10 mM Na,HPO,, and 1.47 mM
KH,PO, at pH 7.4. A sample dissolved in methanol (20 pL)
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was added to 190 pL. of the blood cell suspension in 1%
hematocrit PBS buffer and incubated for 6 h at 37 °C. After
incubation, the resultant supernatant was subjected to
colorimetric measurements at 450 nm on microplate reader
(Molecular devices).The percentage amount of hemoglobin
released from erythrocytes was calculated. From dose-
response curves, the concentration that caused 50%
hemolysis (ECso) was determined.
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Abstract—Three new polysulfur alkaloids, lissoclibadins 1 (1)-3 (3), were isolated from the ascidian Lissoclinum sp. (cf. L. badium
Monniot, F. and Monniot, C., 1996). The structures of 1-3 were assigned on the basis of their spectral data, and the computational modeling
study was utilized for 1. Compound 1 had a trimeric structure of three identical aromatic anime moieties connected through two sulfide and a
disulfide bonds. Compounds 2 and 3 were dimeric structures of the same unit as that of 1 connected through a sulfide and disulfide bonds (2)
and two sulfide bonds (3). Compounds 1 and 2 inhibited the growth of the marine bacterium Ruegeria atlantica (15.2 mm at 20 pg/disk and
12.2 mm at 5 pg/disk, respectively) and 2 showed antifungal activity to Mucor hiemalis (13.8 mm at 50 pg/disk). Compounds 1-3 were

cytotoxic against HL-60 (IC50=0.37, 0.21, and 5.5 uM, respectively).

© 2005 Published by Elsevier Ltd.

1. Introduction

Many interesting bioactive compounds have been obtained
from ascidians (tunicates). Aromatic alkaloids possessing
polysulfide structures have been isolated from ascidians of
the genera Lissoclimtm,l*6 Eudistoma,4 and Polycitor.7
More than 10 monomeric cyclic polysulfides' ™7 and four
dimeric polysulfides®™® have been reported. These com-
pounds presented various biological activities, for example,
antifungal activity,'’ antibacterial activity,>’ cyto-
toxicity,">* antimalarial (Plasmodium falciparum)
activity,” inhibition of protein kinase C,*° and inhibition
of IL-8 Ra and Rp receptors.’

In the course of our study on the bioactive metabolites from
marine organisms, we found that the ethanol extract of the

Keywords: Tunicate; Lissoclinum sp.; Lissoclinotoxin; Polysulfur com-

pound; Structure assignment.
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0040-4020/$ - see front matter © 2005 Published by Elsevier Ltd.
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ascidian Lissoclinum sp. (cf. L. badium Monniot, F. and
Monniot, C., 1996)9 collected at Manado, Indonesia,
showed strong antimicrobial activity against the fungus
Mucor hiemalis and the marine bacterium Ruegeria
atlantica. Bioassay-guided separation gave three new
polysulfide aromatic alkaloids, named lissoclibadins 1
(1),'° 2 (2), and 3 (3), together with two known dimeric
alkaloids, lissoclinotoxins E (4) and F (5), and two known
monomeric compounds, 3,4-dimethoxy-6-(2'-N,N-
dimethylaminoethyl)-5-(methylthio)benzotrithiane (6) and
N,N-dimethyl-5-(methylthio)varacin (7). We have reported
the structure of 1 in the previous communication'® and
describe here the isolation, structure elucidation, and
biological activity of three new lissoclibadins 1-3 (1-3)
and compounds 4-7.

2. Results and discussion

2.1. Ascidian and isolation of alkaloids

Lissoclinum cf. badium was collected at Manado, Indonesia



8612 H. Liu et al. / Tetrahedron 61 (2005) 8611-8615

12
NMeZ MegN

MeS
MeO 2 Me
MeO

MeO

NM82 NMe2

MeO SMe

Lissoclibadin 2 (2)

Lissoclibadin 1 (1)

NMe,

e e 2B

NMe,

Lissoclibadin 3 (3)

=R e 2% 2903

NMe, Me,N

Lissoclinotoxin E (4)

in 2003 and 2004 and extracted with ethanol. The ethanol
extract was redissolved in MeOH-H,O (9/1) and extracted
with n-hexane. The aqueous MeOH layer was diluted with
water and extracted with n-BuOH. The BuOH extract
showed moderate antimicrobial activity and gave 1, 2, 3,
and 5 by ODS and SiO; column chromatographies followed
by HPLC. The hexane extract revealed strong antifungal
and antibacterial activities and was separated by SiO,
column chromatography followed by HPLC to yield 6 and
7. Compound 4 was isolated from the ascidian collected in
2004 together with 1-3 and 5-7.

Structures of three known compounds 57 were assigned on
the basis of their spectral data and comparison with those for
the reported values.*

2.2. Structure of lissoclibadin 1

Lissoclibadin 1 (1) was isolated as a Tris—=TFA salt. The
molecular weight (887) and formula (C3oHs57N306S7) were
deduced from HRFABMS and NMR data (Table 1). Three
sets of "H and '*C NMR signals were observed in the NMR

Lissoclinotoxin F (5)

NM62 NMe,

6 7

spectra of 1 and assigned to three identical aromatic amine
moieties by the analysis of "H-'"H COSY, HMQC, HMBC,
ROESY, and NOESY spectra.

The geminal couplings and connectivity of two methylene
groups at the 7 and 8 positions were revealed by 'H-'H
COSY spectrum. HMBC correlations were detected from
H,-7 to three aromatic carbon signals (C-1, 5, and 6) and
C-8. The '°C signal assigned as C-5 showed an HMBC
correlation from a methyl singlet of SMe (H3-11). This SMe
revealed an NOE with one of two methoxy methyl singlets
due to H;-10 in the NOESY spectrum. The 'H signal of Hs-
10 showed an HMBC correlation to an aromatic carbon
signal (C-4) and an NOE with the H3-9 (OMe) singlet,
which had an HMBC correlation to an aromatic carbon
signal (C-3). HMBC correlations were observed from H,-8
to NMe, (C-12) and vice versa. Therefore, three sets of 'H
and ">C NMR signals were assigned except each one
aromatic carbon signal, which had no cross peak in any 2D
NMR spectra and was deduced as C-2.

'H and '>C NMR data for three identical aromatic units

Table 1. '*C (150 MHz) and '"H NMR (600 MHz) data for the three units (TFA salts) in 1 (CD;0D)

C# Unit 1 Unit 3 HMBC
3¢ (6) 'H (6, m) B¢ (6) 'H (6, m) 3¢ () 'H (6, m)

1 142.2¢ 140.3° 140.3°

2 142.3¢ 141.2¢ 137.9¢

3 156.9 158.8 159.0

4 153.6 153.5 158.2

5 135.1 134.4 133.6

6 136.9° 134.9° 135.0°

7 31.3 3.80, m 30.7 371, m 30.6 3.68, m 1,5,6,8
401, m 3.92, m 3.85, m 1,5,6,8

8 58.3 3.00, m 58.3 3.25, m 58.2 323, m 7,12
327, m 3.36, m 332, m 7,12

9 61.1 3.99, s 60.5 3.70, s 60.8 3.67, s 3

10 60.8 3.34,s 60.4 3.15, s 62.3 3.88, s 4

11 19.3 253,s 19.1 246, s 19.1 2.44,s 5

12 43.4 3.06, br s 43.4 3.06, br s 43.4 2.96, br s 8, 12

abed Sionals are interchangeable within the same letters.
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(Table 1) assigned as above were similar to those for 6 and
7. Subtraction of the sum of three aromatic units from the
molecular formula of 1 remained four sulfur atoms.
Therefore, each aromatic unit was connected through one
disulfide and two sulfide bonds. Thus, the gross structure of
1 was assigned to have a tetracyclic ring composed of
trimeric aromatic amines and a 10-membered polysulfur
ring.

Four geometric isomers were possible for lissoclibadin 1
with the orientation of three aromatic units, cyclos(-1-S-S-
1-2-S-1-2-S-2-) (clockwise, structure 1 shown in scheme),
cyclo(-1-S-S-2-1-S-1-2-S-2-) (1a), cyclo(-2-S-S-1-2-S-1-2-
S-1-) (1b), and cyclo(-2-S-S-2-1-S-1-2-S-1-2-) (1¢). An
NOE was detected between two OMe signals at 6y 3.99 and
3.67 due to two 9 positions in the different aromatic units.
Therefore, 1b and 1¢ were eliminated from the isomer of
lissoclibadin 1.

Although the geometry of two dimeric compounds,
lissoclinotoxin D? and lissoclin disulfoxide,” was not
discussed in the original papers, these compounds were
subjected to the computational energy minima calculations
together with two new dimeric compounds, lissoclinotoxins
E and F, by Ireland and co-workers.® We have, therefore,
employed the same calculation method to two possible
isomers (1 and 1a) of lissoclibadin 1.

Montecarlo conformational analysis in vacuo was per-
formed on noncharged isomers (1, 1a, 1b, and 1¢) with
MM2 force field utilizing MacroModel® software.!' The
global energy minima calculations revealed that the isomer
shown as 1 had the lowest global energy minimum value,

Table 2. Relative energy value of energy minima of four possible isomers
of lissoclibadin 1

MM2 1 la 1b 1c

In vacuo 0.0* +3.2 +15.3 +19.4
Noncharged 0.0)° (+0.8) (+3.7) (+4.6)
In H,O 0.0 +2.2 +3.6 +0.2
Noncharged  (0.0) (+0.5) (+0.9) (+0.0)
In H,O 0.0 +25.5 +26.3 +26.6
Tri-cation (0.0) (+6.1) (+6.3) (+6.4)
# kJ/mol.

® kcal/mol.

and the isomer 1a showed 0.8 kcal/mol higher value than 1
(isomers 1b and 1c¢ had, respectively, 3.7 and 4.6 kcal/mol
higher values than 1).'° We also tried to assign the
connectivity by a linear dithioether compound produced
from 1 by the reduction of disulfide bond followed by
methylation. The linear product, however, did not show
good '*C and 2D NMR spectra probably because of the
nature of linear structure and the small sample size. Since
we used the sample for bioassays, a further reaction could
not be done. Therefore, we have further performed the
energy minima calculations in water on noncharged and
charged (tri-cation) isomers. The isomer 1 had the lowest
energy minimum values in both cases as shown in Table 2.

From these results, we have selected the isomer 1 as the
most probable structure of lissoclibadin 1. However, the
other isomer (la) cannot be excluded since biosynthetic
enzymes may construct a thermodynamically more unfavor-
able structure.®'?

2.3. Structure of lissoclibadin 2

Lissoclibadin 2 (2) was isolated as a bis-TFA salt. The
molecular weight (602) and formula (C,sH33N,0,4S5) were
the same as those of lissoclinotoxin F (5). 'H and '*C NMR
data for 2 was assigned by '"H-'H COSY, HMQC, HMBC,
and NOEY spectra and showed two sets of signals
ascribable to two identical aromatic amine units (Table 3),
which had the same structure as those in 1 and 5. Compound
5 has symmetric structure of the cis-orientation, and,
accordingly, one set of signals due to the aromatic amine
units was detected in the "H and '*C NMR spectra of 5. The
other cis-isomer, which has not been detected so far, also
has a symmetric structure. Therefore, 2 should have
asymmetric structure of the trans-orientation.

Moreover, 2 showed an NOE correlation between an OMe
at 6 3.93 (H3-9 of unit 1) and NMe, at 6 3.08 (Hg-12' of unit
2) in the NOESY spectrum. Consequently, the structure of
lissoclibadin 2 was definitely assigned as 2.

2.4. Structures of lissoclibadin 3 and lissoclinotoxin E

Lissoclibadin 3 (3) was isolated as a bis-TFA salt. 'H and
3C NMR data for 3 revealed one set of signals ascribed to

Table 3. '*C (150 MHz) and 'H NMR (600 MHz) data for the two units (TFA salts) in 2 (CD;0D)

CH Unit 1 Unit 2 HMBC NOESY
3¢ (6) 'H (6, m) 3¢ (6) 'H (6, m)

1 140.9* 127.3°

2 134.1° 133.5°

3 155.7 151.2

4 157.8 156.1

5 135.8 133.5

6 136.9* 139.0°

7 29.7 3.66, m 293 3.87, m 1,5,6,8 8,12

8 57.7 3.24, m 57.9 334, m 7,12 7,12

9 62.4 3.93, s 61.2 3.82, s 3 10

10 61.2 3.94, s 61.1 3.88, s 4 9,11

11 19.1 249, s 19.3 245,s 5 10

12 43.6 3.03, s 43.6 3.08, s 8,12 7,8

4P Signals are interchangeable within the same letters.
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the aromatic amine units (Table 4), which had the same
structure as those in 1, 2, and 5. MS and NMR data for 3
suggested that 3 has a symmetric structure. The molecular
weight (570) and formula (C,sH3gN,04S4) of 3 were
identical to those of lissoclinotoxin E.® Lissoclinotoxin E
gave one set of 'H and '*C NMR signals and, therefore, was
assigned to have the symmetric structure. Since 'H and "*C
NMR data for 3 were not identical with those for
lissoclinotoxin E,® these two compounds have different
structures. Compound 3 showed an NOE correlation
between an OMe (H3-9) and NMe, (Hg-12) in the NOESY
spectrum. The orientation of two aromatic amine units in 3
was, therefore, deduced as trans. This was first assigned as a
structure of lissoclinotoxin E.* Accordingly, the structure of
lissoclinotoxin E should be revised to 4. Lissoclinotoxin E
(4) was also isolated from L. cf. badium used in the present
study and showed the identical spectral data to those for the
reported values.®

Table 4. >C (150 MHz) and '"H NMR (600 MHz) data for 3 (CD;0D)

C# B¢ (6) 'H (6, m) HMBC NOESY
1 132.6

2 133.1

3 152.1

4 155.9

5 134.0

6 134.9

7 293 371, m 1,5,6,8 8,12
8 57.7 3.25,m 6,7, 12 7,12
9 61.9 3.97,s 3 10, 12
10 61.3 3.92, s 4 9,11
11 19.3 244, 5 10

12 43.6 3.08, s 8,12 7,8,9

2.5. Biological activity

Compounds 1-7 showed different magnitudes of anti-
microbial activity (Table 5). Two monomeric compounds
(6 and 7) had stronger and wider antimicrobial spectra
among them. Interestingly, lissoclibadin 3 (3) and
lissoclinotoxin E (4) did not inhibit the growth of five test
microorganisms. These compounds have two sulfide bonds
that the two aromatic moieties are connected.

Three new compounds 1-3 showed cytotoxicity against the
human leukemia cell line HL-60 at ICsy values of 0.37
(0.33), 0.21 (0.13), and 5.5 (3.16) uM (pg/mL), respect-
ively. Compounds 5-7 revealed the ICsy values of 0.23

Table 5. Antimicrobial activity of compounds 1-7

(0.14), 6.2 (2.17), and 2.9 (1.20) uM (pg/mL), respectively,
in the same experiment.

3. Experimental

NMR spectra were measured on either a JEOL JNM A-500
or ECP-600 NMR spectrometer. Mass spectra were
obtained by a JEOL HX-110 mass spectrometer (FAB
mode, m-nitrobenzylalcohol as matrix). UV and IR spectra
were recorded on a Shimadzu UV-300 and on a JASCO
A-102, respectively.

3.1. Ascidian

Lissoclinum sp. (most probably L. badium Monniot, F. and
Monniot, C., 1996)9 was collected by SCUBA diving at
—15 to —20 m of the coral reef in Manado, Indonesia in
November, 2003. The voucher specimen is deposited at the
Nagoya University Museum as NUM-Az0391. The ascidian
was collected again at the same site in September, 2004.

3.2. Isolation of alkaloids

The ascidian was immediately cut into small pieces and
soaked in ethanol on a boat. The ethanol extract (14.0 g) was
redissolved in MeOH-H,O (9/1, 100 mL) and extracted
with n-hexane. The aqueous MeOH layer was diluted with
water (60% MeOH/H,0) and extracted with n-BuOH. The
BuOH extract (2.3 g) showed moderate antimicrobial
activity and was separated into 13 fractions (B-1-B-13) by
an ODS column (MeOH-H,O gradient). The fraction B-4
(0.05 g) was chromatographed on a SiO, column (CHCI5/
MeOH/NH4OH, 20:1:0.05, 10:1:0.1, 80:20:1, 70:30:5) to
yield fractions B-4-1-B-4-9. The HPLC separation (ODS,
70% MeOH/H,0O containing 0.1% TFA, 254 nm) of the
fraction B-4-9 afforded compound 1 (5.4 mg). Compounds
2 (9.3 mg) and 3 (4.5 mg) were isolated from the fraction
B-4-3 by HPLC (ODS, 65% MeOH/H,O containing 0.1%
TFA, 254 nm). The fraction B-8 gave compound 5 (5.0 mg)
and a mixture of 6 and 7 by SiO, column chromatography.
The hexane extract (0.15 g) showed a strong antifungal and
antibacterial activities and was subjected to SiO, column
followed by HPLC (ODS, 70% MeOH/H,O containing
0.1% TFA, 254 nm) to give compounds 6 (10 mg) and 7
(10 mg).

The ethanol extract (12.0 g), obtained from the ascidian

Compound M. hiemalis® R. atlantica S. cerevisiae S. aureus E. coli
50P 20 50 20 5 50 20 50 50 20
1 — — 23.4¢ 15.2 — — — — — —
2 13.8 — 28.2 21.2 12.2
3 _ — _ _ _ _ _ — — —
4 — — _ _ — — — — — —
5 18.0 10.5 20.0 12.1 — — — — — —
6 23.0 17.4 324 233 14.2 11.8 — 10.3 17.8 14.4
7 26.2 19.6 30.0 245 15.8 15.2 10.5 14.2 17.1 13.1

# Test microorganisms: see Section 3.
® Amount (pg/disk).

“ Not active.

4 Inhibition zone (mm).
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collected in 2004, was subjected to similar separation
procedures to afford 1 (11.2 mg), 2 (9.0 mg), 3 (4.6 mg), 4
(12.7 mg), 5 (16.5 mg), 6 (6.8 mg), and 7 (5.0 mg).

3.2.1. Lissoclibadin 1 (1). Compound 1 was isolated as a
Tris—TFA salt: UV Ay, nm (¢): 279 (134,300), 318 (sh,
26,500); IR v (KBr) em™': 3440, 2928, 2851, 2816,
2775, 1635, 1446, 1381, 1268, 1059, 1024, 962; HRFABMS
[(M+H)+, mlz 8882347, Calcd for C39H58N306S7,
888.2371]; 'H and '*C NMR data are listed in Table 1.

3.2.2. Lissoclibadin 2 (2). Compound 2 was isolated as a
bis-TFA salt: UV A, nm (&): 270 (14,300), 316 (6500); IR
vmax (KBr) cm™': 2941, 1681, 1453, 1387, 1202, 1132,
1061, 1015, 955; HRFABMS [(M+H)", m/z 603.1531,
Calcd for Co6H30N,0,4Ss, 603.1513]; 'H and '*C NMR data
are listed in Table 2.

3.2.3. Lissoclibadin 3 (3). Compound 3 was isolated as a
bis-TFA salt: UV A, nm (¢): 274 (13,300), 318 (4500); IR
vmax (KBr) cm™1: 2934, 1681, 1451, 1397, 1205, 1132,
1023, 958; HRFABMS [(M+H) ™", m/z 571.1768, Calcd for
Ca6H30N504S4, 571.1793]; 'H and "*C NMR data are listed
in Table 3.

3.3. Reduction and methylation of 1

Lithium tri-fert-butoxyaluminohydride (20 mg) in dry THF
(0.2 mL) was added to a solution of 1 (4.6 mg) in dry THF
(2mL), and the mixture was stirred under N, at room
temperature for 6 h. Methyl iodide (0.1 mL) was added to
the mixture and further stirred for 2 h, and 10% NH,CI
(2 mL) was added to the reaction mixture and extracted with
CH,Cl, (5 mLX3). The organic extract was dried over
Na,SO, and evaporated to give the reaction product
(3.2mg): '"H NMR (800 MHz, CD;OD): 6§ 2.46, 2.49,
2.51, 2.52, and 2.53 (SMeX5), 3.3-3.5 (NMe, X3 and
OMe X 1), 3.40-3.45 (H,-8 X 2), 3.63 (H,-8), 3.83, 3.86, and
4.03 (Hy-7X3).

3.4. Antimicrobial activity

The growth inhibitory activity of compounds 1-7 was
examined by the paper disk method against M. hiemalis
IAM 6088 (fungus), R. atlantica TUF-D (marine
bacterium),12 Saccharomyces cerevisiae 1AM 1438T
(yeast), Staphylococcus aureus 1AM 12544T (Gram+
bacterium), Escherichia coli TAM 12119T (Gram—
bacterium) as test microorganisms. The results are listed
in Table 4.

3.5. Cytotoxicity

The human leukemia cell line HL-60 was incubated in
RPMI 1640 using 24-well assay plates. Samples were

dissolved in MeOH, and 10 pL of each sample was poured
in a well and the solvent evaporated in a clean bench. The
suspension (1 mL, 4 X 10* cells/mL) of HL-60 was added to
each well and incubated at 37 °C for 72h in a CO,
incubator. The shape of the cells was observed after 72 h
under an inverted microscope. The number of vital cells in
the sample wells after 72 h was compared with those in
the control wells using XTT [2,3-bis(2-methoxy-4-nitro-
5-sulfophenyl)-2H-tetrazolium-5-carboxanilide]  (cell
proliferation kit I1®).
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Abstract—The synthesis and properties of a novel type of 5-[bis(1-heteroazulen-3-yl)methylidene]pyrimidine-2,4,6(1,3,5H)-triones (13a—c)
and (14a—c) are studied. The synthetic procedure is based on addition of bis(1-heteroazulen-3-yl)methyl cations with barbituric acid and
subsequent oxidation by o-chloranil. Structural characteristics of 13a—c and 14a—c were clarified on inspection of the '*C NMR spectral data
and X-ray crystal analysis. Based on the investigation of the UV—vis spectra of 13a—c and 14a—c and their protonated cations, conformational
change of the heteroazulene-moiety and the barbituric acid-moiety is suggested. In the CV measurements of 13a—c and 14a—c, two reversible
reduction waves are observed, indicating the stabilizing ability of heteroazulenes toward the corresponding radical and anion species.
Furthermore, 13a—c and 14a—c exhibit one irreversible oxidation wave and the corresponding reduction wave appearing in a far negative
region, which suggested a conformational change in the radical cation during the redox process. The conformational change is rationalized on
the basis of the MO calculations.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Conjugated Tt-electron chromophores containing a donor
and an acceptor group have attracted current interest in
terms of optoelectronic materials' such as nonlinear optics?
and near-infrared dyes.> Among numerous classes of these
chromophores, compounds containing a quinonoid unit as a
spacer are especially promising,* because such conjugated 1
systems have generally been recognized to possess marked
push—pull electronic effects, which induce large dipole
moments leading to high nonlinear response’ and ready
intramolecular charge-transfer transitions resulting in deep
coloration.® Gompper and co-workers have reported the
synthesis of a number of dicyanoquinodimethanes including
7,7-dicyano-8,8-diphenyl-1,4-quinodimethane (1) (Fig. 1).’
Furthermore, Oda and co-workers have reported recently
the synthesis and properties of 1 and its derivatives.® Thus,
benzoquinonoid compounds have hitherto played a most
important role in the development of organic redox
chemistry due to their multistage redox properties.’
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On the other hand, we have studied the synthesis and
properties of heteroazulene analogues of the triphenyl-
methyl cation, that is, tris(2-oxo-2H-cyclohepta[b]furan-3- Figure 1.

Keywords: 7,7-Bis(heteroazulen-3-yl)-8,8-dicyano-1,4-quinodimethanes; . 10 f(Do
Heteroazulene; Redox potential; Conformational change. yl)methyl cation and P yrrOle analogues, as well as blS(2

* Corresponding author. Tel.: +81 3 5286 3236; fax: +81 3 3208 2735; 0X0-2H-Cy010hepta[b]furan-3-yl)Phenylmﬁthyl cations (2a-
e-mail: nitta@waseda.jp e) and their pyrrole analogues (3a—e).”” Through these
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Scheme 1. Reagents and conditions: (i) Et;N, CH3;CN, rt 5 min;
(ii) o-chloranil, CHClj, rt 48 h.

studies, we clarified the stabilizing ability of heteroazulenes
such as 4a—c toward the methyl cations and the anomalous
substituent effect of the substituted phenyl groups of 2a—e
and 3a—e arising from their conformational change.'" In this
context, we also reported the synthesis and properties of
heteroazulene-substituted  benzene-1,3-bismethylium
derivatives'? and benzene-1,3,5-trismethylium deriva-
tives.'? In these cations, two or three methylium units are
twisted against the central phenyl group, respectively, and
conjugation among the methylium units is not observed.
Furthermore, heteroazulenes such as 4a—c are demonstrated
to stabilize not only cations but also radical and anion
species based on the studies of the pKry values and
reduction potentials.'"'* From this viewpoint, we have
recently reported the synthesis and properties of a,o-
bis(heteroazulen-3-yl)-1,4-benzoquinonemethides (Sa—c) 15
as well as 7,7-bis(heteroazulen-3-yl)-8,8-dicyano-1,4-
quinodimethanes (6a—c),'® which are expected to have
multistage redox properties. The polarized structural nature
of 5a—c and 6a—c was suggested on inspection of their '*C
NMR and IR spectra. In addition, their remarkable redox
properties were also clarified by the CV measurement.
Furthermore, we have recently reported the synthesis of the
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novel heptafulvene 7a—c, and their structural detail and
redox properties were clarified.'” Since the nonlinear optical
properties of the compound having 7t-conjugation between
the azulene- and the thiobarbituric acid-moiety have been
reported,'® compounds having a 7t-conjugation between the
heteroazulene- and the barbituric acid-moiety are very
interesting for the exploration of novel functions. Based on
this concept, we have now investigated the synthesis and
properties of 5-[bis(1-heteroazulen-3-yl)methylidene]pyri-
midine-2,4,6(1,3,5H)-triones (13a—¢) and (14a—c) to
involve the barbituric acid-moiety instead of the
4-dicyanomethylidene-2,5-cyclohexadienylidene-moiety.
To gain insight into the polarized structural nature of 13a—c
and 14a—c, their *C NMR spectra and X-ray crystal
analysis are studied. Based on a measurement of the CV, the
remarkable redox property of 13a—c and 14a-c is also
demonstrated. We report, herein the results in detail.

2. Results and discussion

2.1. Synthesis

The preparation of 5-[bis(1-heteroazulen-3-yl)methylidene]
pyrimidine-2,4,6(1,3,5H)-triones was accomplished by the
addition of bis(1-heteroazulen-3-yl)methyl cations with
barbituric acid and subsequent oxidation. Reactions of N,
N-disubstituted barbituric acids (10a—c)'® with each of the
bis(2-oxo-2H-cyclohepta[b]furan-3-yl)methyl cation (8)*°
and the bis(1,2-dihydro-N-methyl-2-oxocyclohepta[b]-
pyrrol-3-yl)methyl cation (9)*° in CH;CN at rt for 5 min
afforded 5-[bis(1-heteroazulen-3-yl)methyl]pyrimidine-
2,4,6(1,3,5H)-triones (11a—c) and (12a—c) in good yields,
respectively (Scheme 1, Table 1). Compounds 11a—c and
12a—c are yellow and orange crystals, the structures of
which were assigned on the basis of their IR, 'H and 3C
NMR spectral data as well as the mass spectral data and
elemental analyses. Cations 8 and 9 were synthesized easily
by the hydride abstraction of the corresponding methane
derivatives by using DDQ;*° however, the reaction of 11a
with DDQ afforded a complex mixture containing cation 8
derived from the C—C bond cleavage. Thus, the dehydro-
genation reaction of 11a—c¢ and 12a—c was carried out by
using 2.2 mol equiv amounts of o-chloranil in CHCl; at rt
for 48h to give 13a—c and 14a—c in modest yields
(Scheme 1, Table 1).

2.2. Properties

The structures of 13a—c and 14a—c were assigned based on
their spectral data and elemental analyses. In the "H NMR
spectra at room temperature, two sets of proton signals were

Table 1. Results for the preparation of methanes 11a—c¢ and 12a—c and dehydrogenated compounds 13a—c and 14a—c

Addition Dehydrogenation
Run Cation Barbituric acid Product Yield/% Product Yield/%
1 8 10a 11a 80 13a 48
2 8 10b 11b 95 13b 31
3 8 10c 11c 79 13c 35
4 9 10a 12a 93 14a 31
5 9 10b 12b 76 14b 49
6 9 10c 12¢ 33 14c 50
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observed for 13a—c and 14a—c in the ratio of 5:1. In each set
of signals, two heteroazulene-moieties appeared equivalent.
Thus, these signals suggest that 13a—c and 14a—c exist as
mixtures of syn- and anti-conformers (Fig. 2). Although the
"H NMR spectra of 13a—c and 14a—c at higher temperature
exhibited a broadening of signals, coalescence of signals
was not observed even at 150 °C. Thus, an exchange of syn-
and anti-conformers does not occur at that temperature on
the NMR time scale. The calculated heats of formation of
anti-13a and syn-13a by the AM1 method (MOPAC)** are
listed in Figure 2, suggesting that anti-13a is more stable
than syn-13a. Thus, the major and minor conformers seem
to be anti-13a and syn-13a, respectively. The '*C NMR
spectra of 13a—c and 14a—c were recorded and the chemical
shifts of the C5 are summarized in Table 2. The chemical
shifts of the C5 of 13a—c are lower than those of 14a—c.
Thus, the contribution of the charge-separated ionic
structures 13a—c-B (Scheme 1) is slightly smaller as
compared with the contribution of 14a—c-B, depending on
the electron-donating ability of the X:O <NMe. However,
the chemical shifts of the C5 of 13a—c and 14a—c are lower
than those of 7a—c¢ (6c 101.9-103.1), and thus, the
contribution of the polarized structures 13a—c-B and
14a—c-B seems to be smaller than those of 7a—c.

13a-c: X=0
14a-c: X = NMe
a:R=Me;b: R=Et;c: R=Ph

Anti-13a Syn-13a
Heat of formation

kcalmol™' (AM1) -54.13 -50.53

Figure 2.

Table 2. '>°C NMR data and the longest wavelength absorption maxima
(Amax) of 13a—c and 14a—

Amax/nm

Compd BCNMRY6  CH;CN CH,;CN+H,SO,
13a 117.4 (118.2) 380, 509 _°

13b 117.2(117.2) 380, 510 —°

13c 1192 (119.3) 379,517 B

14a 1157 (116.0) 412, 537 643°

14b 1157 (116.4) 412,539 643°

14c 1155 (1154) 410, 546 642°

# Chemical shift of C5-position; chemical shifts for minor conformer are
shown in parentheses.

® No change was observed.

¢ Generation of cations 16a—c.

A single crystal of a major conformer, anti-13a, was
obtained by recrystallization of a mixture of anti-13a and
syn-13a from CHCI;. Thus, X-ray crystal analysis of 13a
was accomplished for the first time as the series of the
heteroazulene-substituted methanes and methyl cations. The
ORTEP drawing is shown in Figure 3 (contained solvent,

CHCl;, is omitted for clarity). The barbituric acid-moiety
shows a small deformation from planarity to a boat-shape.
The dihedral angles, 61, 6,, and 65, express deviation of the
plane of the barbituric acid-moiety and heteroazulenes from
the cationic plane (the plane is defined by the C5 of the
barbituric acid-moiety and two arylic ipso carbons as shown
in Fig. 4). While the twist angle of barbituric acid-moiety is
small (0,=18.5°), the heteroazulene-moieties are twisted
against the cationic plane (6, §3=47.5, 39.4°) due to steric
hindrance. The bond length of C1-C2 is 1.371 A, which is
slightly longer than the simple C=C bond length
(1.337 A),»! suggesting the small contribution of the
polarized structure 13a-B.

(a) Top view

Figure 3. ORTEP drawing of 13a with thermal ellipsoid plot (50%
probability).

R=-) (R=H) R="-)
13a: X=0 15a: X =0 23a (23'a): X=0
14a: X =NMe 16a: X =NMe 24a (24'a): X = NMe

Figure 4.
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The UV-vis spectra of 13a—c and 14a—c in CH;CN are
shown in Figures 5 and 6. The spectra of 13a—c are similar,
and two absorption maxima were observed in the visible
region as summarized in Table 2. A similar feature is
observed in the spectra of 14a—c. By adding a drop of
H,SO,4, compounds 14a-c seemed to be completely
protonated to give cations 16a—c (Scheme 2). The longest
wavelength absorption maxima of 16a—c are also summar-
ized in Table 2. In contrast, addition of H,SO, to the
solution of 13a—c did not cause change of the visible region,
and thus, cations 15a—c¢ would not be generated.
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Figure 5. UV-vis spectra of 13a—c in CH;CN.
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Figure 6. UV-vis spectra of 14a—c in CH;CN.

14a-c 16a-c

Scheme 2. Reagents and conditions: (i) H,SO,4, CH3CN, rt; (ii) EtzN,
CH;CN, rt.

The feature is rationalized from the larger stability of 9
(pKr+=10.3) as compared with that of 8 (pKr4 =2.6).
Upon addition of a drop of Et3N to the cations 16a—c, 14a—c
were regenerated quantitatively (confirmed by the UV-vis
measurement). Thus, the protonation—deprotonation cycle is
completely reversible. The absorption maxima of 16a—c are
similar to those of 17 (646 nm)" and 18 (647 nm),'®
suggesting that the electronic effect of the barbituric acid-
moiety is less important as in the case of the phenyl group in
17 and 18. This feature seems to be reasonable based on
consideration of the stable conformation of 17'> and 18,' in
which the phenyl group is twisted and the heteroazulene
moieties exist in a cationic plane (the plane is defined by
three arylic ipso carbons, cf. Fig. 4). Regarding the charge-
separated ionic structures 14a—c-B, the 2,4(1,3H)-dioxopyr-
imizine-5-oxylide-moiety has a higher electron-donating
ability than the heteroazulene-moiety. Thus, the 2,4(1,3H)-
dioxopyrimizine-5-oxylide-moiety exists in a more planar
conformation and the heteroazulene-moiety is twisted
against the cationic plane due to steric hindrance. On the
contrary, the heteroazulene-moiety has a higher electron-
donating ability than the barbituric acid-moiety in cations
16a—c. Since the heteroazulene-moiety has a more planar
conformation and the barbituric acid-moiety is twisted
against the cationic plane, conjugation between the
barbituric acid-moiety and the methylium carbon becomes

Table 3. Reduction and oxidation potentials of compounds 13a—c and 14a—c and reference compounds 6a,c

Reduction potential®/V

Oxidation potential®/V

Compd Elyeq E2req Elg [Ereal® E2oy
13a —0.88 —1.44 (+1.10) [(+0.33)] —
13b —0.89 —1.46 (+1.09) [(+0.32)] —
13¢ —0.85 —1.44 (+1.09) [(+0.30)] —
14a —1.13 —1.68 (+0.78) [(+0.08)] —
14b —1.10 —1.70 (+0.77) [(+0.10)] —
14c -1.07 —1.68 (+0.81) [(+0.09)] —
6a° —0.70 —1.28 (+0.51) [(—0.15)] (+1.55)
6¢° —0.98 —1.54 (+0.23) [(—0.58)] (+1.21)

2V versus Ag/AgNO3; mean value of the cathodic and anodic peaks. Irreversible processes are shown in parentheses.

" Corresponding reduction wave.
¢ See Ref. 16.
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smaller. Thus, the effect of the barbituric acid-moiety
becomes less important. The electron-donating ability of
these moieties was confirmed by MO calculations and CV
measurement (vide infra).

The reduction and oxidation potentials of 13a—c and 14a—c
determined by cyclic voltammentry (CV) in CH3CN are
summarized in Table 3, along with those of reference
compounds 6a,c.'® The two reduction waves of 13a—c and
14a—c are reversible under the conditions of the CV
measurements. The two waves (El,.q and E2.4) are
explained by the formation of stable radical anions 19a—c
and 20a—c and dianions 2la—c and 22a-c, respectively
(Scheme 3). These characteristics are due to the hetero-
azulenes, which stabilize the radical species and the anion
species.”’14 The values (El,.4q and E2.4) of 13a—c and
14a-c are more negative than those of 6a and 6c,
respectively. The feature suggests the smaller electron
affinity of 13a—c and 14a—c as compared with 6a and 6c,
respectively. On the other hand, one oxidation wave was
recorded also in the measurements of 13a—c and 14a—c as
summarized in Table 3. The oxidation waves (El,y) of
13a—c and 14a—c are irreversible, and can be explained by
the formation of radical cations 23a—c¢ and 24a—c,
respectively (Scheme 3). The values (El,,) of 13a—c and
14a—c are more positive than those of 6a and 6c,
respectively. The more negative reduction potentials and
the more positive oxidation potentials of 13a—c and 14a—c
would be ascribed to the smaller contribution of the
polarized structure 13a—c-B and 14a—c-B as compared
with those of 6a,c. A remarkable observation is the
reduction waves corresponding to the first oxidation
waves of 13a—c¢ and 14a—c appearing in a far negative
region (13a—c: +0.30-+0.33 V, 14a—c: +0.08—+0.10 V).
These reduction waves are suggested to correspond to the
reduction waves of 23’a—c and 24'a—c, which are generated
by the conformational change of 23a-c¢ and 24a-c,
respectively, under CV measurement (Scheme 4). In the
radical cations 23a—c and 24a—c generated by the one-
electron oxidation of 13a—c and 14a-c, the heteroazulene-

19a-c: X=0 21a-c: X=0
20a-c: X = NMe 22a-c: X = NMe
it
e RN R
o0
13a-c e o} o}
14a-c
X I+ x
a:R=Me; b: R=Et QO
¢:R=Ph 23a-c: X=0
24a-c: X = NMe

Scheme 3.

Conformational
Change

a:R
b: R = Et
c:R

<
©

Scheme 4.

moiety has a larger electron-donating ability than the
2,4(1,3H)-dioxopyrimizine-5-oxyl radical-moiety. Thus,
the two heteroazulene units come to have a more planar
conformation and the 2,4(1,3H)-dioxopyrimizine-5-oxyl
radical-moiety would be twisted against the cationic plane
as depicted by 23'a—c and 24'a—c. By this conformational
change giving 23’'a—c and 24'a—c, the heteroazulene-moiety
comes to stabilize 23a—c and 24a—c more effectively, and
thus, the energy level of the SOMO of 23'a—c and 24'a—c
(HOMO of 13a—c and 14a—c) is raised and the correspond-
ing reduction waves would be shifted to the far negative
region. In order to confirm this speculation, MO calculations
of heteroazulenes (4a—c), 10a’, 25, and 26 (Fig. 7) were
carried out by using the AM1 method (MOPAC),** and their
energy levels of HOMOs and LUMOs are summarized in
Table 4, together with the oxidation potentials (E1l.q)
obtained by CV. The value (E1,.q) of 25 was determined by
the CV measurement of the fers-butylammonium salt of 25
obtained by the reaction of 10a with fert-butylamine. The
calculated energy levels of HOMO of 4a—c are much lower

bt 2 2
Me‘N N.Me Me;N N.Me Me;N NMe

o%\%of OMOH 04\%0'
H H H
25 102’ 26

Figure 7.

Table 4. Energy levels of HOMO and LUMO and oxidation potentials of
4a—c, 25, 10a’ and 26

Energy level Oxidation
potential®
Compd. HOMO/eV LUMO/eV El,/V
4a —7.891 1.361 +1.13
4b —7.461 1.641 +0.91
4c —7.410 1.741 +0.83
25° —3.808 8.895 +0.40
10a’ —9.422 3.312 > +2.00
26 —11.283 —10.765 —

*V versus Ag/AgNOs; irreversible process.
b Salt 25 Bu'NH; was used for the CV measurement.
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than that of 25, and they correlate well with the oxidation
potentials obtained by CV, respectively. Furthermore, the
energy levels of HOMO of 4a—c are much higher than those
of 10a’ and 26. Thus, the feature suggests that the electron-
donating ability is in the order 25>4a—c>10a’, 26.
Consequently, the MO calculations and CV measurement
of 4a—c, 10a’, 25, and 26 would support the conformational
change during the protonation—deprotonation cycle of
14a—c as well as the redox process of 13a—c and 14a—c.

3. Conclusion

A convenient preparation of novel 5-[bis(1-heteroazulen-3-
yl)methylidene]pyrimidine-2,4,6(1,3,5H)-triones (13a—c)
and (14a—c) was accomplished. The properties of 13a—c
and 14a—c were clarified by inspection of the '>*C NMR and
X-ray analysis as well as UV-vis spectra. The contribution
of the polarized structures 13a—c-B and 14a—c-B was
suggested to be smaller than those of 6a,c and 7a—c. Owing
to the stabilizing ability of heteroazulenes toward the radical
and anion species, 13a—c¢ and 14a—c exhibited two
reversible reduction waves in the CV measurements.
Furthermore, 13a—c¢ and 14a—c exhibited one irreversible
oxidation wave, which suggested a conformational change
during the redox process. The conformational change is
rationalized on the basis of MO calculations. Further studies
concerning the synthesis and properties of heteroazulene-
substituted methane analogues are under way.

4. Experimental

4.1. General

IR spectra were recorded on a HORIBA FT-710
spectrometer. UV—vis spectra were recorded on a Shimadzu
UV-3101PC spectrometer. Mass spectra and high-resolution
mass spectra were run on JMS-AUTOMASS 150 and JMS-
SX102A spectrometers. Unless otherwise specified, 'H and
3C NMR spectra were recorded on JNM-AL400 and
AVANCEG600 spectrometers, and the chemical shifts are
given relative to internal SiMe, standard; J-values are given
in Hz. Mps were recorded on a Yamato MP-21 apparatus
and were uncorrected. Bis(2-oxo-2H-cyclohepta[b]furan-3-
yl)methyl tetrafluoroborate (8) and bis(1,2-dihydro-N-
methyl-2-oxocyclohepta[b]pyrrol-3-yl)methyl tetrafluoro-
borate (9) were prepared as described previously.?®
Compound 10a is commercially available, and desired
compounds 10b,c were prepared as described in the
literature. '’

4.2. General synthetic procedure for 11a—c and 12a—c

A solution of each barbituric acid 10a—c (0.1 mmol) and
Et;N (0.11 mg, 0.11 mmol) in CH3CN (20 mL) was stirred
at rt for 5 min. To the solution was added 8 or 9 (0.1 mmol)
and the mixture was stirred at rt for 2 h. After the reaction
was completed, the mixture was concentrated in vacuo. The
resulting residue was poured into H,O and the mixture was
extracted with CH,Cl,. The extract was dried over Na,SOy4
and concentrated in vacuo. The resulting residue was

purified by column chromatography on SiO, (AcOEt) to
give the products 11a—c and 12a—c (Table 1).

4.2.1. [5-[Bis(2-ox0-2H-cyclohepta[b]furan-3-yl)imethyl]-
1,3-dimethylpyrimidine-2,4,6(1,3,5H)-trione (11a).
Orange needles; mp 182-184 °C dec (from CH,Cly/Et,0);
"H NMR (600 MHz, CDCl;) 6 3.29 (6H, s, Me), 4.21 (1H, d,
J=4.3 Hz, H-5), 5.14 (1H, d, J=4.3 Hz, CH), 6.83 (2H, dd,
J=10.7, 9.5Hz, H-6'), 6.94 (2H, dd, J=11.4, 10.7 Hz,
H-5),7.02 (2H, dd, J/=10.4,9.5 Hz, H-7), 7.05 (2H, d, J=
10.4 Hz, H-8'), 7.10 (2H, d, J=11.4 Hz, H-4); '3C NMR
(150.9 MHz, CDCl5) 6 28.8, 30.4, 49.0, 105.0, 114.6, 127 .4,
131.3, 132.8, 135.5, 148.9, 151.0, 157.5, 166.9, 169.1; IR
(KBr) v 1732, 1683, 1266 cm~'; MS (FAB) m/z 459 M +
H) HRMS calcd for C25H18N207: 459.1192 (M+H)
Found: 459.1210 (M* +H). Anal. Calcd for CpsH;gN,-
0,-CH,Cl,: C, 57.47; H, 3.71; N, 5.15. Found: C, 57.23; H,
3.70; N, 4.91.

4.2.2. [5-[Bis(2-ox0-2H-cyclohepta[b]furan-3-yl)imethyl]-
1,3-diethylpyrimidine-2,4,6(1,3,5H)-trione (11b). Orange
prisms; mp 190-192 °C dec (from CH,Cl,/Et,0); '"H NMR
(600 MHz, CDCl3) 6 1.19 (6H, t, J=6.9 Hz, CH3), 3.83—
3.96 (4H, m, CH,), 4.23 (1H, d, J=4.8 Hz, H-5), 5.10 (1H,
d, J=4.8 Hz, CH), 6.82 (2H, dd, /=11.2, 10.2 Hz, H-6'),
6.94 (2H, dd, J=11.5, 11.2 Hz, H-5"), 7.01 (2H, dd, J=
10.2,9.2 Hz, H-7"), 7.04 (2H, d, J=9.2 Hz, H-8"), 7.14 (2H,
d, J=11.5Hz, H-4"); '*C NMR (150.9 MHz, CDCl;) 6
13.0, 30.7, 37.4, 49.1, 105.2, 114.6, 127.3, 131.1, 132.7,
135.3, 148.8, 151.0, 157.4, 166.5, 169.0; IR (KBr) v 1734,
1706, 1685, 1672, 1269 cm ™ '; MS (FAB) m/z 487 (M ™" +
H). HRMS calcd for C,7H,oN,O7: 487.1505 (M+H).
Found: 487.1476 (M™'+H). Anal. Calcd for
C27H22N207'H20: C, 6428, H, 480, N, 5.55. Found: C,
64.52; H, 4.61; N, 5.40.

4.2.3. [5-[Bis(2-oxo0-2H-cyclohepta[b]furan-3-yl)Jmethyl]-
1,3-diphenylpyrimidine-2,4,6(1,3,5H)-trione  (11c).
Yellow needles; mp 190-192 °C dec (from CHCly); 'H
NMR (400 MHz, CDCls) 6 4.64 (1H, d, J=3.9 Hz, H-5),
5.26 (1H, d, J=3.9 Hz, CH), 6.79 (2H, dd, /=11.0, 9.5 Hz,
H-6'), 6.89 (2H, dd, J=11.7, 11.0 Hz, H-5"), 6.99 (2H, d,
J=9.2Hz, H-8'), 7.04 (2H, dd, J=9.5, 9.2 Hz, H-7'), 7.06
(2H, d, J=11.7 Hz, H-4"), 7.28-7.48 (10H, m, Ph); *C
NMR (150.9 MHz, DMSO-dg) 6 29.9, 49.4, 79.1, 104.3,
114.7, 126.8, 128.4, 128.6, 128.9, 131.4, 133.2, 135.3,
135.8, 148.0, 151.0, 156.3, 166.8, 168.1; IR (KBr) v 1734,
1717, 1700, 1269 cm™'; MS (FAB) m/z 583 (M™* +H).
HRMS calcd for C35H,,N,05: 583.1505 (M +H). Found:
583.1520 (M+ +H) Anal. Calcd for C35H22N207'
1/2CHCls: C, 66.39; H, 3.53; N, 4.36. Found: C, 66.29; H,
3.58; N, 4.19.

4.2.4. [5-[Bis(1,2-dihydro-N-methyl-2-oxocyclohepta[b]
pyrrol-3-yl)Jmethyl]-1,3-dimethylpyrimidine-2,4,6(1,3,
5H)-trione (12a). Orange needles; mp 148-150 °C dec
(from CH,Cl,/Et,0); '"H NMR (600 MHz, CDCl5) 6 3.29
(6H, s, Me), 3.57 (6H, s, N1'Me), 4.39 (1H, d, J=4.2 Hz,
H-5), 5.50 (1H,d, J=4.2 Hz, CH), 6.74-6.84 (4H, m, H-5',
H-6), 6.91 (2H, d, J=9.2 Hz, H-8'), 7.04 (2H, dd, J=9.8,
9.2 Hz, H-7"), 7.22 (2H, d, J=11.7 Hz, H-4'); '3C NMR
(150.9 MHz, CDCl3) 6 26.7, 28.6, 31.3, 49.8, 110.0, 111.7,
127.6, 128.9, 130.4, 130.8, 141.2, 144.6, 152.4, 167.6,
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168.2; IR (CDCls) » 1696, 1675, 1654 cm ™ '; MS (FAB) m/z
485 (M++H) HRMS calcd for C27H24N405: 485.1825
(M+H). Found: 485.1829 (M' +H). Anal. Calcd for
C,7H,4N405-CH,Cl,: C, 59.06; H, 4.60; N, 9.84. Found:
C, 59.30; H, 4.81; N, 9.81.

4.2.5. [5-[Bis(1,2-dihydro-N-methyl-2-oxocyclohepta[b]
pyrrol-3-yl)Jmethyl]-1,3-diethylpyrimidine-2,4,6(1,3,
5H)-trione (12b). Orange powder; mp 166-168 °C dec
(from CH,Cly/Et,0); 'H NMR (600 MHz, CDCl;) 6 1.14
(6H, t, J=7.2 Hz, CH3), 3.56 (6H, s, N1'Me), 3.83-3.96
(4H, m, CH,), 4.59 (1H, d, J=4.6 Hz, H-5), 543 (1H,d, J=
4.6 Hz, CH), 6.79 (2H, dd, J=10.8, 10.0 Hz, H-6'), 6.84
(2H, dd, J=11.0, 10.8 Hz, H-5"), 6.89 (2H, d, /J=9.2 Hz,
H-8"),7.03 (2H, dd, J=10.0,9.2 Hz, H-7'), 7.40 2H, d, J=
11.0 Hz, H-4); '*C NMR (150.9 MHz, CDCl;) 6 13.2, 26.6,
32.3, 37.0, 49.7, 110.5, 111.6, 127.7, 128.9, 130.4, 130.9,
141.3, 144.6, 151.5, 167.2, 168.2; IR (KBr) v 1696, 1669,
1653 cm ™~ '; MS (FAB) m/z 513 (M™" +H). HRMS calcd for
CaoHsN,4O5: 513.2138 (M +H). Found: 513.2165 M ™ +
H) Anal. Calcd for C29H28N405 : ]/2H20 C, 6678, H, 560,
N, 10.74. Found: C, 66.70; H, 5.22; N, 10.74.

4.2.6. [5-[Bis(1,2-dihydro-N-methyl-2-oxocycloheptalb]
pyrrol-3-yl)Jmethyl]-1,3-diphenyl pyrimidine-2,4,6(1,3,
5H)-trione (12¢). Orange powder; mp 203-205 °C dec
(from CH,Cly/Et,0); 'H NMR (600 MHz, CDCl;) 6 4.89
(1H, d, J=4.2 Hz, H-5), 5.61 (1H,d, J=4.2 Hz, CH), 6.70—
6.78 (4H, m, H-5', H-6), 6.90 (2H, d, J=9.2 Hz, H-8'), 7.01
(2H, t, J=9.2 Hz, H-7'), 7.23 (2H, d, J=10.8 Hz, H-4"),
7.33 (6H, t, J=7.2 Hz, o-Ph, p-Ph), 7.40 (4H, t, J=7.6 Hz,
m-Ph); >C NMR (150.9 MHz, CDCls) 6 26.7, 32.0, 50.2,
109.0, 111.7, 127.6, 128.5, 128.8, 128.9, 129.0, 130.4,
130.9, 135.3, 141.5, 144.6, 167.2, 168.5 (one carbon
overlapping); IR (KBr) » 1700, 1685, 1652 cm” L MS
(FAB) m/z 609 (M" +H). HRMS calcd for C37H,5N4Os:
609.2138 (M +H). Found: 609.2175 (M +H). Anal. Calcd
for C37H,gN4O5-1/2H,0: C, 71.95; H, 4.73; N, 9.07. Found:
C, 72.02; H, 4.43; N, 9.14.

4.3. Preparation of 13a—c and 14a—c

To a stirred solution of each compound 11a—¢ and 12a—c
(0.1 mmol) in CHCl; (20 mL) was added o-chloranil
(54 mg, 0.22 mmol), and the mixture was stirred at rt for
48 h. After the reaction was completed, the mixture was
concentrated in vacuo. The resulting residue was purified by
column chromatography on SiO, (acetone/AcOEt=1:1) to
give the products 13a—c and 14a—c (Table 1).

4.3.1. [5-[Bis(2-ox0-2H-cyclohepta[b]furan-3-yl) methyl-
idene]-1,3-dimethyl-pyrimidine-2,4,6(1,3,5H)-trione
(13a). Dark red plates; mp 196-199 °C dec (from CH,Cl,/
Et,0); "HNMR (600 MHz, CDCl;) (anti-13a) 6 3.33 (6H, s,
Me), 6.98 (2H, dd, J=11.2, 11.0 Hz, H-6"), 7.08 (2H, dd,
J=11.5, 11.2 Hz, H-5"), 7.19 (2H, d, J=11.5 Hz, H-4"),
7.20 (2H, dd, J=11.0, 9.2 Hz, H-7"), 7.25 (2H, d, J=
9.2 Hz, H-8); (syn-13a) 6 3.34 (6H, s, Me), 7.13-7.17 (2H,
m, H-6'), 7.25-7.29 (2H, m, H-5"), 7.33-7.39 (6H, m, H-4’,
H-7', H-8"); 3C NMR (150.9 MHz, CDCls) (anti-13a) 6
28.7,109.5, 117.4,127.9, 129.3, 132.8, 134.9, 137.5, 145.9,
148.8, 149.2, 150.8, 160.9, 165.6; (syn-13a) 6 28.7, 109.5,
118.2, 127.9, 129.3, 133.3, 135.7, 137.8, 145.9, 148.8,

150.8, 159.1, 160.9, 165.6; IR (CDCls) » 1751, 1665,
1268 cm ™~ '; MS (FAB) m/z 457 (M +H). HRMS calcd for
C»5H,6N,O-: 457.1036 (M +H). Found: 457.1043 M ™ +
H). Anal. Calcd for C,sH;sN,O5-H,0: C, 63.29; H, 3.82; N,
5.90. Found: C, 62.96; H, 4.00; N, 5.59.

4.3.2. [5-[Bis(2-ox0-2H-cyclohepta[b]furan-3-yl)methyl-
idene]-1,3-diethyl-pyrimidine-2,4,6 (1,3,5H)-trione
(13b). Dark red needles; mp 247-250°C dec (from
CH,CL,/Et,0); '"H NMR (400 MHz, CDCl;) (anti-13b) 6
1.22 (6H, t, J=6.8 Hz, CH3), 3.87-4.05 (4H, m, CH,), 6.96
(2H, t, J=9.5Hz, H-6), 7.07 (2H, dd, J=11.2, 9.5 Hz,
H-5), 7.15-7.25 (4H, m, H-4', H-7), 7.34 (2H, d, J=
9.5 Hz, H-8'); (syn-13b) ¢ 1.24 (6H, t, J=6.8 Hz, CH3),
3.87-4.05 (4H, m, CH,), 7.11-7.39 (10H, m, H-4/, H-5',
H-6/, H-7', H-8'); '>*C NMR (150.9 MHz, CDCl;) (anti-
13b) 6 13.4, 37.4, 109.7, 117.2, 127.9, 129.3, 132.7, 134.8,
137.4, 145.6, 148.7, 150.0, 158.6, 160.5, 165.6; (syn-13b) 6
13.6, 37.4, 109.7, 118.0, 127.9, 129.3, 133.2, 135.7, 137.6,
146.2, 148.7, 150.1, 159.2, 160.5, 165.6; IR (KBr) v 1751,
1720, 1649, 1263 cm™'; MS (FAB) m/z 485 (M™* +H).
HRMS calcd for C,7H9N>O5: 485.1349 (M +H). Found:
485.1336 (1\/[+ +H) Anal. Calcd for C27H20N207 . 1/2H20
C, 65.72; H, 4.29; N, 5.68. Found: C, 65.67; H, 4.15; N,
5.51.

4.3.3. [5-[Bis(2-ox0-2H-cyclohepta[b]furan-3-yl)methyl-
idene]-1,3-diphenyl-pyrimidine-2,4,6(1,3,5H)-trione
(13c). Dark brown prisms; mp 198-201°C dec (from
CH,CL,/Et,0); '"H NMR (400 MHz, CDCl3) (anti-13c) 6
6.98 (2H, t, J=9.3Hz, H-7"), 7.10 (2H, dd, J=11.7,
11.0 Hz, H-5"), 7.15-7.25 (6H, m, H-4', H-6/, H-8'), 7.30-
7.50 (10H, m, Ph); (syn-13¢) 6 7.14-7.50 (20H, m, H-4’,
H-5/, H-6/, H-7/, H-8/, Ph); ">C NMR (150.9 MHz, DMSO-
de) (anti-13¢) 6 106.3, 119.2, 128.0, 128.5, 129.0, 129.7,
130.3, 134.6, 135.8, 136.6, 139.2, 146.6, 149.8, 151.3,
158.2, 160.8, 165.0; (syn-13c) 6 106.8, 119.3, 128.0, 128.6,
129.0, 129.7, 130.3, 134.8, 135.9, 136.7, 139.3, 147.1,
150.0, 151.3, 158.2, 161.0, 165.6; IR (KBr) v 1739, 1671,
1267 cm ™ '; MS (FAB) m/z 581 (M +H). HRMS calcd for
C35H20N207: 581.1349 (M+H) Found: 581.1371 (M+ +
H) Anal. Calcd for C35H20N207 'CH2C12: C, 6497, H, 333,
N, 4.21. Found: C, 64.91; H, 3.48; N, 4.08.

4.3.4. [5-[Bis(1,2-dihydro-N-methyl-2-oxocyclohepta[b]
pyrrol-3-yl)methylidene]-1,3-dimethylpyrimidine-2,4,
6(1,3,5H)-trione (14a). Dark brown powder; mp >300 °C
dec (from CH,Cly/Et,0); 'H NMR (600 MHz, CDCl,)
(anti-14a) 6 3.31 (6H, s, Me), 3.66 (6H, s, N1’'Me), 6.85—
6.97 (4H, m, H-5', H-6), 7.06 (2H, d, J=9.4 Hz, H-8'), 7.20
(2H, dd, J=9.8, 9.4 Hz, H-7'), 7.28 (2H, d, J=11.8 Hz,
H-4'); (syn-14a) 6 3.31 (6H, s, Me), 3.52 (6H, s, N1'Me),
7.11-7.16 (4H, m, H-5', H-6'), 7.28 (2H, d, J=9.8 Hz,
H-8'), 7.35 (2H, dd, /=10.0, 9.8 Hz, H-7), 7.58 (2H, d, J=
11.0 Hz, H-4); '3C NMR (150.9 MHz, CDCl;) (anti-14a) 6
27.2,28.5, 114.1, 115.7, 128.2, 130.3, 132.9, 133.7, 142.9,
146.4, 149.6, 151.5, 161.5, 165.8 (one carbon overlapping);
(syn-14a) 6 26.9, 28.5, 114.6, 116.0, 128.8, 130.8, 133.7,
134.4, 142.9, 147.0, 149.6, 151.5, 161.5, 165.8 (one carbon
overlapping); IR (KBr) » 1716, 1678, 1658 cm™'; MS
(FAB) m/z 483 (M" +H). HRMS calcd for C,7H,,N,4Os:
483.1668 (M +H). Found: 483.1661 (M +H). Anal. Calcd
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for C»7H,,N4O05-H,0: C, 64.79; H, 4.83; N, 11.19. Found:
C, 64.39; H, 4.58; N, 10.92.

4.3.5. [5-[Bis(1,2-dihydro-N-methyl-2-oxocyclohepta[b]
pyrrol-3-yl)methylidene]-1,3-diethylpyrimidine-2,4,6(1,
3,5H)-trione (14b). Dark brown powder; mp 255-258 °C
dec (from CH,Cly/Et,0); 'H NMR (400 MHz, CDCl5)
(anti-14b) 6 1.20 (6H, t, J=7.1 Hz, CHs), 3.65 (6H, s,
N1'Me), 3.87-4.03 (4H, m, CH,), 6.86-6.97 (4H, m, H-5,
H-6), 7.05 (2H, d, J=9.5 Hz, H-8'), 7.12-7.22 (2H, m,
H-7),7.29 (2H, d, J=11.4 Hz, H-4'); (syn-14b) 6 1.20 (6H,
t, J=7.1 Hz, CH3), 3.52 (6H, s, N1'Me), 3.87-4.03 (4H, m,
CH,), 7.07-7.17 (4H, m, H-5/, H-6'), 7.29 (2H, d, J=
10.0 Hz, H-8"), 7.35 (2H, dd, J/=10.4, 10.0 Hz, H-7"), 7.56
(2H, d, J=11.0 Hz, H-4"); '3C NMR (150.9 MHz, CDCl5)
(anti-14b) 6 13.5, 27.1, 37.1, 114.0, 115.7, 128.3, 130.2,
132.7, 133.5, 142.8, 146.4, 149.3, 150.6, 161.2, 165.8, (one
carbon overlapping); (syn-14b) 6 13.6, 26.9, 37.1, 114.6,
116.4, 128.8, 130.7, 133.7, 134.2, 142.8, 147.0, 149.3,
150.6, 161.2, 165.8 (one carbon overlapping); IR (KBr) »
1701, 1678, 1652 cm™'; MS (FAB) m/z 511 (M* +H).
HRMS calcd for CgHp6N4O5: 511.2012 (M +H). Found:
511.1996 (M +H). Anal. Calcd for C,roH,gN4Os-
1/4CH,Cl,: C, 66.06; H, 5.02; N, 10.54. Found: C, 66.25;
H, 4.86; N, 10.54.

4.3.6. [5-[Bis(1,2-dihydro-N-methyl-2-oxocyclohepta[b]
pyrrol-3-yl)methylidene]-1,3-dipheylpyrimidine-2,4,6(1,
3,5H)-trione (14¢). Dark brown needles; mp >300 °C dec
(from CH,CL,/Et,0); 'H NMR (400 MHz, CDCl5) (anti-
14¢) 6 3.60 (6H, s, N1'Me), 6.84-6.96 (4H, m, H-5', H-6'),
7.01 (2H, d, J=9.5 Hz, H-8'), 7.10 (2H, dd, /=9.5, 9.2 Hz,
H-7'), 7.16 (2H, d, J=11.2 Hz, H-4'), 7.28-7.48 (10H, m,
Ph); (syn-14c) 6 3.49 (6H, s, N1'Me), 7.03-7.15 (4H, m,
H-5',H-6'), 7.28-7.48 (14H, m, H-7', H-8', Ph), 7.70 (2H, d,
J=11.0 Hz, H-4'); >*C NMR (150.9 MHz, CDCls) (anti-
14c¢) 6 27.2,114.1, 115.5, 128.2, 128.3, 128.9, 130.3, 133.1,
133.8, 135.5, 143.2, 146.4, 146.6, 150.7, 150.9, 162.6, 165.2
(one carbon overlapping); (syn-14¢) 6 26.9, 114.9, 115.4,
128.2, 128.3, 129.0, 130.9, 134.0, 134.6, 135.7, 143.2,
146.4, 147.3, 150.9, 151.0, 162.6, 165.2 (one carbon
overlapping); IR (KBr) » 1728, 1670, 1648 cm_]; MS
(FAB) m/z 607 M ™' +H). HRMS caled for C37Ho6N4Os:
607.1981 (M + H). Found: 607.2019 (M 4+ H). Anal. Calcd
for C37H,6N4O5-1/3CH,Cl,: C, 70.62; H, 4.23; N, 8.82.
Found: C, 70.54; H, 4.25; N, 8.74.

4.4. Cyclic voltammetry of 13a—c and 14a—c

The reduction potential of 13a—c and 14a—c was determined
by means of CV-27 voltammetry controller (BAS Co). A
three-electrode cell was used, consisting of Pt working and
counter electrodes and a reference Ag/AgNOj; electrode.
Nitrogen was bubbled through an acetonitrile solution
(4 mL) of 13a—c and 14a—c (0.5 mmol dm73) and Buy-
NCI1O4 (0.1 mol dm_3) to deaerate it. The measurements
were made at a scan rate of 0.1 Vs~ ' and the voltammo-
grams were recorded on a WX-1000-UM-019 (Graphtec
Co) X-Y recorder. Immediately after the measurements,
ferrocene (0.1 mmol) (E;,= +0.083) was added as the
internal standard, and the observed peak potential was
corrected with reference to this standard. Compounds 13a—c
and 14a—c exhibited two reversible reduction waves and one

irreversible oxidation wave, and they are summarized in
Table 3.

4.5. X-ray structure determination of 13a’

Dark reddish prisms, CpsH;eN,O;+CHCl;, M=3575.79,
monoclinic, space group P2i/c, a=9.177(2) A, b=
12.835(4) A, ¢=21.019(6) A, =99.80(1)°, V=2439(1)
A3, 7=4, D.=1567¢ mL ™!, crystal dimensions 0.60X
0.60 X 0.40 mm”. Data were measured on a Rigaku RAXIS-
RAPID radiation diffractomater with graphite mono-
chromated Mo Ka radiation. Total 24009 reflections were
collected, using the w — 26 scan technique to a maximum 26
value of 55.0°. The structure was solved by direct methods
and refined by a full-matrix least-squares method using
SIR92 structure analysis software,>> with 360 variables and
4303 observed reflections [/>3.00a(/)]. The non-hydrogen
atoms were refined anisotropically. The weighting scheme
w=[0.5000 X 0.(F§)+0.0030 X F5+0.5000] ~' gave satis-
factory agreement analysis. The final R and R, values were
0.0360 and 0.0600. The maximum peak and minimum peak
in the final difference map were 0.50 and —0.42 e /A>.
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1. Introduction

The glycoconjugates have an enormous potential in drug
design.' Glycoproteins are widely distributed in nature and
the sugar fragment influences their conformation and
folding,” their properties such as solubility, bioavailability,
thermal and proteolytical stability,’ and enhances the
transport through cell membranes.>*°

Glycopeptides, (which retain the carbohydrate—peptide
linkage of a glycoprotein but lack its size and complexity)
can mimic natural fragments of glycoproteins and have been
largely used as targets for therapeutic agents and as models
for biologically relevant systems.” !

Another important field that has registered development is
the application of fluorescent labels for several compounds
with potential biological activity.'>'> Among them, the
fluorescent peptides”'*"!” have a large number of appli-
cations in biochemistry and biology, namely in studies of
protein interactions and conformational analysis.

Fluorescent markers are also being investigated for in vivo
imaging studies, for example, in Alzheimer disease.'® The
most used fluorescent markers for peptides are rhodamine,
fluorescein, coumarin and their derivatives.'®"?

Keywords: N-Glycoconjugates; Fluorescent; Coumarin; Naphthalenetriazole.
* Corresponding author. Tel.: +351253604373; fax: +351253678983;
e-mail: aesteves @quimica.uminho.pt

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.07.006

Sugars have also been used in the development of
fluorescent reagents because they confer water solubility
to organic fluorophores with no significant change in
absorption and fluorescence properties.’

The need for homogeneous samples of the desired
glycopeptides leads to significant development of several
synthetic strategies.”® The glycoamino acids are the
building blocks for glycopeptide synthesis and several
routes for their preparation have been reported.”' > The
most commonly employed methods for the preparation of
N-glycopeptides proceed through reduction of glycosyl
azide to a labile intermediate glycosylamine that is
subsequently condensed with the appropriately protected
amino acid derivative.'>*'%°

The work presented in this paper, is part of an ongoing
project towards of the synthesis of fluorescent N-glycopep-
tides. Model compounds with a fluorescent aminoacid (the
fluorescent labels were introduced at the C-terminus of
glycine through an amide bond) were prepared to test the
methodologies of synthesis and evaluate the influence either
of the amino acid or/and the sugar in the fluorescent
properties of the fluorophore (coumarin-3-carboxilic acid
and 4-(naphtho[1,2-d][1,2,3]triazol-2-yl)benzoic acid). The
labeled amino acid will be used in further work as building
block for sequence analogues of RGD (arginine-glycine-
aspartic acid) motif for binding essays. The absorption
and fluorescence properties of these compounds were
determined, in acetonitrile, and compared.
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2. Results and discussion

In this work, the preparation of new fluorescent N-glycoconju-
gates based on acetylated p-glucose, glycine and coumarin
or naphthalenetriazole derivatives was studied (Scheme 1).
Evaluation of the fluorescence properties shown by different
substrates was also carried out.

Treatment of 2,3,4,6-tetra-O-acetyl-o-D-glucopyranosyl
bromide with sodium azide?’ gave the corresponding B-D-
glucopyranosyl azide in 86% yield after recrystallisation.
Catalytic hydrogenation of the azide*® with Pd/C afforded
the glucosylamine as the B anomer (based on 'H NMR;
Juiu2=28.7 Hz) in almost quantitative yield (94%) and it
was used with no further purification. Compounds 4 and S
were obtained by the mixed anhydride method in 13 and
42% vyield, respectively, but the same method was
unsuccessful for the synthesis of compounds 6 and 7.
Therefore, glycine was coupled to the fluorescent dye by the
HBTU method (O-(benzotriazol-1-yl)-N,N,N'.N' -tetra-
methyl-uroniumhexa-fluorophosphate) for compound 6
and by the DCC/HOBt (N,N'-dicyclohexylcarbodiimide/1-
hydroxy-benzotriazole) method for 7 with yields of 45%.
Hydrolysis of compounds 6 and 7 afforded the correspond-
ing acids 8 and 9 in yields over 80%. Glycoconjugates 10
and 11 were synthesised by DCC/HOBt method in moderate
yields, 45 and 46%, respectively. The synthesis of 10 was
attempted by the Staudinger reaction between glycosyl
azide and amino acid-dye substrate 8 in the presence of
tributyl phosphine.?’ This method afforded the o-anomer, as
deduced by 'H NMR spectrum (/=3.6 Hz for the anomeric
proton), instead of the P-anomer obtained by the DCC/
HOBt method.

The compounds were isolated and characterized by NMR
spectroscopy ('H, '>C, HMQC, HMBC) and elemental
analysis or HRMS.

As the compounds prepared differ markedly in water
solubility, acetonitrile, a common polar aprotic solvent,
was chosen to measure their spectral properties. Besides,
acetonitrile avoids changes in spectral curves resulting from
dissociation of carboxylic hydrogen in non conjugated
probes. Then it was possible to compare a substitution effect
on fluorescence properties of starting dyes and their
conjugates.

The spectra for compounds 2 and 10 and 3 and 11 are shown
on Figures 1 and 2, respectively.

UV-vis absorption spectrum of 2 shows vibrational
structure at 340 (&g =24,500 dm’® mol_lcm_l) and
360 nm, while for compound 3, only a broad band at
300 nm (€= 11,400 dm> mol "' em ™ ") and a shoulder
around 330 nm are observed. Replacement of the carboxyl
group by amido groups (such as in 4, 6 and 10) has no
significant effect on the position or molar absorptivity of the
long-wavelength absorption bands (Fig. 1). A similar
observation may be made for the position of the long-
wavelength absorption bands of 3, 5, 7 and 11 (Fig. 2).
However, the carboxylic acid 3 has a lower molar
absorptivity (€max= 11,400 dm’mol " 'em™") than the
corresponding amides (&, = 13,200 dm®mol 'em ™).

The steady-state fluorescence spectrum of 2 shows an
emission band also with vibrational structure (maxima at
370 and 380 nm). The transformation of the carboxyl group
of 2 to amido groups (4, 6 and 10) does not affect either the
shape or position of the fluorescence band but it has
considerable effect on fluorescence quantum yield (53% for
2 and close to 100% for the other compounds, standard
deviation is <2%). The relatively high absorption
coefficient of the first absorption band of 2 and high
fluorescence quantum yield lead to the conclusion that the
first absorption band of the studied triazole derivatives has
the character of So—S;(7t7t*) transition. Moreover, the high
quantum yield shows that none of possible triplet n7t* states
(nonbonding electrons on two heterocyclic nitrogens and
nonbonding electrons on carbonyl group) is situated below
S (tTT*) state.

The steady-state fluorescence spectrum of 3 displays a broad
emission band with maximum at 400 nm (shoulder at
370 nm) similar to the emission spectra of derivatives 5, 7
and 11. Fluorescence quantum yields were 1.8% (standard
deviation is 0.1%) for 3 and 2.1-2.4% for compounds 5, 7
and 11.

As the spectra of compounds 2, 4, 6 and 10 and 3, 5,7 and 11
show the same patterns, it is possible to conclude that the
substitution on carboxylic groups of both tested fluor-
escence probes does not affect the 7t-electronic structure of
fluorophores. Therefore, character, energy and sequence of
excited states do not change.

3. Conclusions

The fluorescent probes studied show that the transformation
of the carboxylic group into amido group in the different
N-conjugates does not affect either the shape or the position
of their fluorescence bands. On the other hand, in case of
naphthalenetriazole derivatives, it has considerable effect on
fluorescence quantum yield ~50% and almost 100% for the
original carboxylic acid and amides, respectively. No
appreciable changes in low quantum fluorescence yields
(2%) were detected among original coumarin-3-carboxylic
acid and its amido N-conjugates.

Our findings showed that the usual methods used in peptide
synthesis gave acceptable results for the coupling of the
glycosylamine to a fluorescent carboxylic dye or to
fluorescent amino acid.

This methodology may provide a useful contribution for the
design of new fluorescent glycopeptides.

4. Experimental
4.1. General

Dry solvents, referred to in the ensuing experiments, were
prepared as follows: Acetone was refluxed over magnesium
sulphate, decanted, stirred overnight with calcium
chloride, decanted, refluxed over fresh magnesium sulphate,
distilled from it and stored over 4 A molecular sieves;
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Figure 1. Normalised absorption (curve 1) and fluorescence emission (curve 2) spectra of naphthalenetriazole derivative 2 (a) and 10 (b).

dichloromethane was refluxed over phosphorus pentoxide,
distilled from it and stored over 4 A molecular sieves.
Light petroleum refers to the fraction boiling in the range
40-60 °C. Sodium azide was dried in vacuo overnight.

The reactions were followed by thin layer chromatography,
which was carried out on pre-coated plates (Merck
Kieselgel 60F,s4) and compounds were visualized by
UV-light and exposure to vaporized iodine. Merck
Kieselgel 60 (230-400 mesh) was used in column
chromatography. Melting points were determined on a
Stuart SMP3 melting point apparatus and are uncorrected.
Specific optical rotations were calculated from measure-
ments carried out with an Optical Activity-AA-1000
Polarimeter at 27 °C. IR spectra were recorded on a FTIR/
Diffus Bomem MB spectrometer. 'H and '?’C NMR data
were recorded on a Varian Unity Plus 300 Spectrometer in
CDCl; and DMSO-dg; 6 ppm were measured versus residual
peak of the solvent and J values are given in Hz. HMQC
and HMBC experiments were carried out for complete
assignment of proton and carbon signals in the NMR spectra
(in descripton of 'H signals app means apparent). Elemental
analyses were carried out on a Leco CHNS 932 instrument.
MS spectra were obtained in a VG Autospec mass
spectrometer. Absorption spectra were recorded using a
Perkin-Elmer Lambda 35 spectrophotometer. Steady-state
fluorescence spectra were measured on a Perkin-Elmer LS-5
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spectrofluorometer. Quantum yields were determined in
acetonitrile using quinine sulphate as the fluorescence
standard. The path length was 1 cm in quartz cells.

4.1.1. 2,3,4,6-Tetra-O-acetyl-B-p-glucopyranosylazide.>¢
Dry sodium azide (0.163 g, 2.5 mmol) was added to a
solution of a-acetobromoglucose (0.411 g, 1.0 mmol) in dry
acetone (40 mL) and the mixture refluxed for 7 h. Then it
was portioned between dichloromethane (40 mL) and cold
water (30 mL). The aqueous phase was extracted with
dichloromethane, dried (MgSO,) and evaporated affording
the impure azide as a light yellow solid in quantitative yield.
Recrystallisation from dichloromethane/diethyl ether/light
petroleum afforded the azide as a crystalline white solid in
86% yield, mp 125.6-126.5 °C (1it.*® 126-127 °C). [a]p—
29 (¢ 2.0, CHCl3); vpax (Nujol) 2115; 1746; 1213; 1105—
1042 cm ™~ '. "HNMR (CDCl;) 6 (ppm): 2.02, 2.04, 2.09 and
2.11 (4s, 12H, 4 X OCH3), 3.80 (ddd, J=10.0, 4.8, 2.4 Hz,
1H, H-5), 4.18 (dd, J=12.6, 2.4 Hz, 1H, H,-6), 4.29 (dd,
J=12.6, 4.8 Hz, 1H, H,-6), 4.66 (d, /=9.0 Hz, 1H, H-1),
498 (appt,/=9.3,9.6 Hz, 1H, H-2),5.11 (app t, /=9.6 Hz,
1H, H-4), 5.23 (app t, J=9.3, 9.6 Hz, 1H, H-3).

4.1.2. 2,3,4,6-Tetra-O-acetyl-B-p-glucopyranosylamine>®

(1). To a solution of the 2,3,4,6-tetra-O-acetyl-B-p-
glucopyranosyl azide (0.336 g, 0.9 mmol) in ethyl acetate/
methanol 1:1 (30 mL), Pd/C 5% (0.119 g) was added. The
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Figure 2. Normalised absorption (curve 1) and fluorescence emission (curve 2) spectra of coumarin derivatives 3 (a) and 11 (b).
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resulting mixture was deaerated for 30 min under a nitrogen
stream. Then it was submitted to a hydrogen atmosphere, at
normal pressure, for 3 h. The final mixture was filtered
through a pad of Celite and concentrated affording the
product as a yellowish solid in 94% that was used with no
further purification, mp 105-106 °C, mp 115-116 °C after
crystallization from methanol/light petroleum (lit.,>" mp not
reported, unstable, mp>> 138-140 °C). [a]p+16 (¢ 2.0,
CHCl3); vimax (Nujol) 3410; 3337; 2725; 2668; 2257; 1754;
1639; 1377; 1224; 1095-1062 cm~'. "H NMR (CDCls) 6
(ppm): 2.02, 2.04, 2.08 and 2.10 (4s, 12H, 4 X OCH3y),
2.02-2.10 (br s, 2H, NH,), 3.70 (ddd, /=10.0, 4.8, 2.4 Hz,
1H, H-5), 4.12 (dd, J=12.3, 2.4 Hz, 1H, H,-6),4.20 (d, /=
8.7 Hz, 1H, H-1), 4.24 (dd, J=12.3, 4.8 Hz, 1H, H-6), 4.84
(app t, J=9.3,9.6 Hz, 1H, H-2), 5.05 (app t, J=9.6 Hz, 1H,
H-4), 5.25 (app t, J=9.3, 9.6 Hz, 1H, H-3). Anal. Calcd for
C4H2NOo: C, 48.41; H, 6.10; N, 4.03. Found: C, 48.44; H,
6.09; N, 4.07.

4.1.3. N-(2,3,4,6-Tetra-0O-acetyl-B-p-glucopyranosyl)
naphtho[1,2-d][1,2,3]triazol-2-yl-benzamide (4). To a
solution of compound 2 (0.280 g, 0.969 mmol) in DMF
(200 mL) at —5°C, triethylamine (0.098 g, 0.134 mL,
0.969 mmol) and ethyl chloroformate (0.108 g, 0.096 mL,
0.969 mmol) were added. The solid precipitated was filtered
off and the filtrate was maintained at —5 °C. Then, it was
added to the amine (1) (0.337 g, 0.969 mmol). The resulting
mixture was stirred at rt for 48 h. After evaporation, the
crude residue (0.404 g) was purified by flash column
chromatography using diethyl ether/light petroleum 2:1-2.5:1
as eluent. The isolated fraction (0.078 g, 13% yield) was
recrystallised from ethyl acetate/light petroleum affording
the amide 4 as a light pink solid, mp 230-233 °C (dec).
[alp—53 (¢ 1.0, CHCl3); vmax (Nujol) 3430; 1748; 1680;
1607; 1370; 1291; 1228; 1217 cm™ '. 'H NMR (CDCl5) 6
(ppm): 2.07, 2.08, 2.09 and 2.11 (4s, 12H, 4 X OCH3), 3.95
(ddd, J=10.0, 4.0, 1.8 Hz, 1H, H-5), 4.15 (dd, J=12.6,
1.8 Hz, 1H, H,-6'), 4.40 (dd, J=12.6, 4.0 Hz, 1H, Hy-6"),
5.11 (app t, J=9.6, 9.9 Hz, 1H, H-2' or H-4"), 5.15 (app t,
J=9.3, 10.2 Hz, 1H, H-2' or H-4'), 5.45 (app t, J=9.9,
9.6 Hz, 1H, H-3"),5.48 (t,J=9.0 Hz, 1H,H-1'),7.16 (d, /=
9.0 Hz, 1H, NH), 7.62-7.82 (m, 4H, H-5, H-6, H-9, H-8),
7.92 (dd, J=8.1, 1.8 Hz, 1H, H-4), 7.98 (d, /=9.0 Hz, 2H,
H-3" and H-5"), 8.50 (d, J=9.0 Hz, 2H, H-2" and H-6"),
8.65 (dd, J=17.5, 1.8 Hz, 1H, H-7). >C NMR (CDCls) ¢
(ppm): 20.77, 20.74, 20.60 (4 X CH3), 61.58 (C-6'), 68.16
(C-2" or C-4'), 70.87 (C-2' or C-4"), 72.51 (C-3"), 73.65
(C-5"),79.03 (C-1'), 116.31 (C-8 or C-9), 119.96 (C-2" and
C-6"), 123.40 (C-7), 124.77 (C-3b), 127.73 (C-5), 127.92
(C-6), 128.70 (C-3"and C-5"), 129.00 (C-4), 130.42 (C-8 or
C-9), 131.95 (C-4"), 132.51 (C-7a), 143.03 (C-1"), 143.42
(C-3a), 144.03 (C-9a), 166.10 (C=0 from dye), 169.60,
169.88, 170.64 and 171.74 (4XC=0, acetyl). HRMS
(FAB) calcd for C3H30N,O10 M ™ +1) 619.2040, found
619.2051.

4.1.4. N-(2,3,4,6-Tetra-0O-acetyl-B-p-glucopyranosyl)-(2-
ox0-2H-chromene)-3-carboxamide (5). To a solution of
compound 3 (0.138 g, 0.723 mmol) in dry acetone (20 mL)
at —5 °C, triethylamine (0.146 g, 0.200 mL, 1.45 mmol)
and ethyl chloroformate (0.157 g, 0.143 mL, 1.45 mmol)
were added. The solid precipitated was filtered off and the
filtrate was maintained at —5 °C. Then, it was added to the

amine (1) (0.251 g, 0.723 mmol) and the resulting mixture
was refluxed for 3 h and evaporated. The crude residue
(0.357 g) was purified by flash column chromatography
using ethyl acetate/diethyl ether 1:5 as eluent. The isolated
fraction (0.158 g, 42% yield) was recrystallised from
dichloromethane/diethyl ether/light petroleum affording
the amide 5 as a white solid, mp 160.0-162.3 °C. [a]p—
26 (c 2.0, CHCl3); vmax (Nujol) 3306; 2725; 2670; 1748;
1722; 1672; 1610; 1376; 1214; 1159-1034 cm ™~ '. '"H NMR
(CDCl3) 6 (ppm): 2.01, 2.04, 2.05 and 2.10 (4s, 12H, 4X
OCH3), 3.90 (ddd, J=10.0, 4.0, 2.1 Hz, 1H, H-5'), 4.14 (dd,
J=12.6, 2.1 Hz, 1H, H,-6"), 4.30 (dd, J=12.6, 4.0 Hz, 1H,
H,-6),5.17 (app q, J=9.6, 9.9, 9.6 Hz, 2H, H-2' and H-4'),
5.36 (app t, J=9.3, 9.6 Hz, 1H, H-3'), 5.50 (app t, J=9.0,
9.3 Hz, 1H, H-1'), 7.38-7.44 (m, 2H, H-8 and H-7), 7.68-
7.73 (m, 2H, H-6 and H-5), 8.90 (s, 1H, 4-H), 9.31 (d, J=
9.6 Hz, 1H, NH). '*C NMR (CDCl5) 6 (ppm): 20.47, 20.54,
20.56 and 20.69 (4XCHjs), 61.27 (C-6"), 68.04 (C-2' or
C-4"),70.30 (C-2 or C-4"), 73.01 (C-3"), 73.63 (C-5'), 78.16
(C-1"), 116.75 (C-7), 117.43 (C-3), 118.28 (C-8a), 125.36
(C-8), 129.95 (C-5), 134.65 (C-6), 149.48 (C-4), 154.62
(C-4a), 160.76 (C=0, coumarin), 162.25 (C=0, amide),
169.39, 169.73, 170.03 and 170.65 (4XC=0, acetyl).
Anal. Caled for Cp4H,sNOj,: C, 55.48; H, 4.86; N, 2.70.
Found: C, 55.47; H, 5.08; N, 2.56. FAB (M +1) 520.22.

4.1.5. 4-Naphtho[1,2-d][1,2,3]triazol-2-yl-benzoylamino
acetic acid methyl ester (6). To a solution of 2 (0.145 g,
0.5 mmol), HGlyOMe, HCl (0.063 g, 0.5 mmol) and
DIPEA (0.170 mL, 1 mmol) in DMF (10 mL), cooled to
+5°C,HBTU (0.190 g, 0.5 mmol) was added. The reaction
mixture was stirred at rt overnight and diluted with water
(50 mL). After cooling for 3 h the solid precipitated was
filtered and washed with water. The crude solid was purified
by column chromatography using ethyl acetate/dichloro-
methane 5:1 as eluent. Recrystallisation from methanol/
dichloromethane/light petroleum afforded the pure com-
pound as an orange solid in 45% yield, mp 229-231 °C.
[a]lp—2 (c 1.0, DMF); v.x (KBr) 3362; 1754; 1643; 1606;
1367; 1295; 1206; 1179 cm™'. '"H NMR (DMSO-dg) 6
(ppm): 3.67 (s, 3H, OCHj3), 4.06 (d, J=5.7 Hz, 2H, CH,),
7.69-7.79 (m, 2H, H-5 and H-6), 7.91 (s, 2H, H-8 and H-9),
8.07 (dd, J=6.9, 2.0 Hz, 1H, H-4), 8.15 (d, /=8.7 Hz, 2H,
H-2" and H-6"), 8.42 (d, J=8.7 Hz, 2H, H-3"and H-5"),
8.55 (dd, J=17.2, 2.0 Hz, 1H, H-7), 9.19 (t, J=5.7 Hz, 1H,
NH). '3C NMR (DMSO-de) 6 (ppm): 41.35 (CH,), 51.87
(OCH3), 116.27 (C-8 or C-9), 119.46 (C-3" and C-5"),
122.88 (C-7), 123.87 (C-3b), 128.18 (C-5), 128.30 (C-6),
129.18 (C-2" and C-6"), 129.39 (C-4), 130.55 (C-8 or C-9),
132.17 (C-7a), 133.38 (C-4"), 141.49 (C-1"), 142.53 (C-3a),
143.40 (C-9a), 165.66 (C=0, amide), 170.38 (C=O0,
ester). Anal. Calcd for C,0H;¢N5O5: C, 66.66; H, 4.48; N,
15.55. Found: C, 66.25; H, 4.57; N, 15.03. FAB M ™' +1)
360.15.

4.1.6. [(2-Oxo0-2H-chromene-3-carbonyl)-amino]-acetic
acid methyl ester (7). To a solution of 3 (1.90 g,
10 mmol) in ethyl acetate (100 mL) HOBt (1.70 g,
10 mmol) was added. After cooling to 0 °C, DCC (2.16 g,
10.5 mmol) was added followed by addition of the
HGlyOMe, HCl (1.26 g, 10 mmol) and triethylamine
(1.4 mL, 10 mmol). The reaction mixture was stirred at rt
overnight and the insoluble materials were filtered off. The
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organic layer was successively washed with 5% NaHCO3,
water, 5% citric acid, water and dried. The solvent was
removed under reduced pressure and the resulting product
(1.17 g, 45%) crystallized from ethyl acetate/light pet-
roleum, mp 184.8-187.4 °C. [a]p—2 (¢ 1.0, DMF); v,ax
(KBr) 3332; 1748; 1713; 1607; 1372; 1294; 1218 cm ™~ . 'H
NMR (CDCl3) 6 (ppm): 3.81 (s, 3H, OCHj3), 4.27 (d, J=
6.0 Hz, 2H, CH,), 7.37-7.44 (m, 2H, H-8 and H-6), 7.67-
7.72 (m, 2H, H-7and H-5), 8.92 (s, 1H, 4-H), 9.26 (br s, 1H,
NH). '>C NMR (CDCl3) 6 (ppm): 41.62 (CH,), 52.35
(OCH3), 116.64 (C-8), 117.90 (C-3), 118.44 (C-8a), 125.28
(C-6), 129.84 (C-5), 134.23 (C-7), 148.69 (C-4), 154.48
(C-4a), 161.16 (C=0, coumarin), 161.83 (C=O0, amide),
169.67 (C=0, ester). Anal. calcd for C;3H;;NOs: C, 59.76;
H, 4.25; N, 5.36. Found: C, 59.93; H, 4.46; N, 5.18. FAB
M™* +1) 262.05.

4.1.7. 4-Naphtho[1,2-d][1,2,3]triazol-2-yl-benzoylamino
acetic acid (8). The ester 6 (0.268 g, 0.744 mmol) was
dissolved in methanol (1 mL) and 1 M NaOH (1.9 mL,
1.861 mmol) added. The mixture was stirred at rt for 4 h and
1 M HCI (0.744 mL, 0.744 mmol) was added. The methanol
was removed under reduced pressure and the residue thus,
obtained cooled in an ice bath and acidified to pH~2-3
with 1 M HCI with vigorous stirring for 1 h. The solid
precipitated was filtered, washed with water and dried.
Compound 8 was isolated in 87% yield and it was used
without further purification, mp 209-213 °C. [a]p—4 (c 1.0,
DMF); v.x (KBr) 3403; 2554; 1941; 1681; 1633; 1605;
1366; 1311; 1289; 1228; 1167 cm ™~ '. "H NMR (DMSO-dj)
0 (ppm): 3.97 (d, J=5.7 Hz, 2H, CH,), 7.68-7.80 (m, 2H,
H-5 and H-6), 7.92 (s, 2H, H-8 and H-9), 8.08 (br d, J=
7.5 Hz, 1H, H-4), 8.15 (d, J=8.4 Hz, 1H, H-2" or H-6"),
8.20 (d, J=8.7 Hz, 1H, H-2" or H-6"), 8.42 (d, J=8.7 Hz,
2H, H-3" and H-5"), 8.55 (brd, J=7.2 Hz, 1H, H-7),9.05 (t,
J=5.7Hz, 1H, NH), 12.80 (br s, 1H, OH). >*C NMR
(DMSO-dg) 6 (ppm): 41.34 (CH,), 116.35 (C-8 or C-9),
119.59 (C-3" or C-5"), 119.70 (C-3" or C-5"), 123.02 (C-7),
123.98 (C-3b), 128.34 (C-5), 128.44 (C-6), 129.25 (C-2" or
C-6"), 129.50 (C-4), 130.68 (C-9 or C-8), 131.34 (C-2" or
C-6"), 132.29 (C-7a), 133.70 (C-4"), 141.57 (C-1"), 142.66
(C-3a), 143.52 (C-9a), 165.77 (C=0, amide), 171.32
(C=0, acid). HRMS (EI) calcd for C;9H;4N4O;
346.1066, found 346.1062.

4.1.8. [(2-Oxo0-2H-chromene-3-carbonyl)-amino]-acetic
acid (9). The ester 7 (0.769 g, 3 mmol) was dissolved in
methanol (5 mL) and 1 M NaOH (7.5 mL, 7.5 mmol) added.
The mixture was stirred at rt for 4 h and 1 M HCI (3.0 mL,
3 mmol) was added. The methanol was removed under
reduced pressure and the residue thus, obtained cooled in an
ice bath and acidified to pH~2-3 with 1 M HCI with
vigorous stirring for 1 h. The solid precipitated was filtered,
washed with water and dried. Compound 9 was isolated in
86% yield and it was used without further purification, mp
238-239 °C (dec). [a]lp—4 (¢ 1.0, DMF); v« (KBr) 3315;
2683; 1760; 1712; 1634; 1608; 1372; 1294; 1228;
1162 cm™". 'TH NMR (DMSO-dg) 6 (ppm): 4.05 (d, J=
5.7 Hz, 2H, CH,), 7.44 (t, J=7.4 Hz, 1H, H-6), 7.51 (d, /=
8.4 Hz, 1H, H-8), 7.75 (dt, J=1.5, 8.0 Hz, 1H, H-7), 7.99
(dd, J=1.5, 7.8 Hz, 1H, H-5), 8.90 (s, 1H, H-4),9.03 (t, J=
5.7 Hz, 1H, NH), 12.8 (br's, 1H, OH). '>C NMR (DMSO-dj)
0 (ppm): 41.52 (CH,), 116.18 (C-8), 118.19 (C-3), 118.43

(C-8a), 125.19 (C-6), 130.43 (C-5), 134.32 (C-7), 148.12
(C-4), 154.00 (C-4a), 160.39 (C=0, coumarin), 161.18
(C=0, amide), 170.81 (C=O0, acid). Anal. Calcd for
C,,HoNOs: C, 58.18; H, 3.66; N, 5.65. Found: C, 58.10; H,
3.93; N, 5.60.

4.1.9. N-(2,3,4,6-Tetra-0-acetyl-B-p-glucopyranosyl)-4-
naphtho[1,2-d][1,2,3]triazol-2-yl-benzoylamino aceta-
mide (10). To a solution of 8 (0.258 g, 0.744 mmol) in
DMF (10 mL), glycosylamine 1 (0.258 g, 0.744 mmol) and
HOBt (0.111 g, 0.818 mmol) were added. After cooling to
+5°C, DCC (0.161 g, 0.781 mmol) was added and the
resulting mixture stirred at rt overnight. Then, water
(50 mL) was added and the mixture cooled for 3 h. The
solid precipitated was filtered, dried (0.414 g, 82%) and
purified by flash column chromatography using ethyl
acetate/dichloromethane 5:1 as eluent. The isolated fraction
(0.226 g, 45%) was recrystallised from dichloromethane/
light petroleum, affording pure 10 as an orange solid, mp
232.2-233.0 °C. [a]p+5 (¢ 2.0, CHCly); vax (neat) 3413;
1745; 1607; 1370; 1227; 1160 cm™—'. '"H NMR (CDCl;) 6
(ppm): 2.01, 2.03, 2.07 and 2.09 (4s, 12H, 4 X OCH3), 3.90
(ddd, J=12.6, 4.0, 2.1 Hz, 1H, H-5'), 4.12-4.19 (m, 3H,
H,-6" and CH,Gly), 4.31 (dd, J=12.6, 4.0 Hz, H,-6'), 5.02
(t, J=9.6 Hz, 1H, H-4'), 5.10 (app t, J=9.6, 10.0 Hz, 1H,
H-2), 5.34 (app t, J=9.3, 9.6 Hz, 2H, H-1' and H-3'), 7.30
(t, J=5.1 Hz, 1H, NHGly), 7.51 (d, /=9.0 Hz, 1H, NH),
7.82 (app d, 1H, J=7.4 Hz, H-4), 8.00 (d, /=8.7 Hz, 2H,
H-2" and H-6"), 8.38 (d, J=8.7 Hz, 2H, H-3" and H-5"),
8.53 (app d, 1H, J=8.0 Hz, H-7), 7.60-7.70 (m, 4H, H-5,
H-6, H-8 and H-9). >)C NMR (CDCl;) 6 (ppm): 20.72,
20.60, 20.53 (4 X CH3), 43.74 (CH,Gly), 61.58 (C-6'), 68.05
(C-2" or C-4"), 70.34 (C-2' or C-4"), 72.73 (C-3"), 73.63
(C-5), 78.21 (C-1'), 116.17 (C-8 or C-9), 119.67 (C-3"and
C-5"), 123.28 (C-7), 124.65 (C-3b), 127.58 (C-5), 127.74
(C-6), 128.57 (C-2" and C-6"), 128.87 (C-4), 130.20 (C-8 or
C-9), 132.36 (C-7a), 132.44 (C-4"), 142.55 (C-1"), 143.18
(C-3a), 143.80 (C-9a), 166.85 (C=0 from dye), 169.52
(C=0, acetyl), 169.91 (C=O0, acetyl), 169.97 (C=0,
aminoacid), 170.72 (C=0, acetyl), 170.94 (C=0, acetyl).
Anal. Calcd for C33H33N50,;: C, 58.66; H, 4.92; N, 10.37.
Found: C, 58.84; H, 5.06; N, 10.24.

4.1.10. N-(2,3,4,6-Tetra-0O-acetyl-B-p-glucopyranosyl)-
[(2-0x0-2H-chromene-3-carbonyl)-amino]-acetamide
(11). To a solution of 9 (0.1236 g, 0.5 mmol) in DMF
(10 mL), glycosylamine 1 (0.1737 g, 0.5 mmol) and HOBt
(0.086 g, 0.55 mmol) were added. After cooling to +5 °C,
DCC (0.108 g, 0.525 mmol) was added and the resulting
mixture stirred at rt for 48 h. Then, water (50 mL) was
added and the mixture cooled for 3 h. The solid precipitated
was filtered, dried (0.131 g, 46%) and purified by flash
column chromatography using ethyl acetate as eluent. The
isolated fraction (0.067 g, 23%) was recrystallised from
dichloromethane/light petroleum, affording pure 11 as a
white solid, mp 245-246 °C. [a]p— 11 (c 2.0, CHCl3); vpax
(neat) 3413; 1746; 1610; 1370; 1229 cm™~'. 'H NMR
(CDCl3) 6 (ppm): 1.99, 2.03 and 2.09 (3s, 12H, 4 X OCHj;),
3.84 (ddd, J=12.6, 4.5, 2.4 Hz, 1H, H-5), 4.08-4.15 (m,
1H, Ha-6"), 4.14 (d, J=5.7 Hz, 1H, CH,Gly), 4.30 (dd, J=
12.6,4.5 Hz, 1H, Hb-6'), 4.90 (t, J=9.6 Hz, 1H, H-4'), 5.05
(app t, J=9.6, 10.0 Hz, 1H, H-2'), 5.24 (app t, J=9.3,
9.6 Hz, 1H, H-1'), 5.30 (t, J=9.6 Hz, 1H, H-3'), 7.01 (d,



A. P. Esteves et al. / Tetrahedron 61 (2005) 8625-8632 8631

J=9.3 Hz, 1H, NH), 7.40 (d, J=7.8 Hz, 1H, H-8), 7.44 (d,
J=7.8 Hz, 1H, H-5), 7.71 (t, J="7.8 Hz, 2H, H-6 and H-7),
8.91 (s, 1H, H-4), 9.26 (t, J=4.8 Hz, 1H, NHGly). "*C
NMR (CDCl3) 6 (ppm): 20.50, 20.55 and 20.70 (4 X CH3),
43.89 (CH,Gly), 61.58 (C-6"), 68.09 (C-2' or C-4"), 70.26
(C-2" or C-4"), 72.55 (C-3'), 73.56 (C-5"), 78.22 (C-1),
116.76 (C-7), 117.79 (C-3), 118.44 (C-8a), 125.41 (C-8),
129.92 (C-5), 134.44 (C-6), 148.85 (C-4), 154.54 (C-4a),
161.30 (C=0, coumarin), 162.62 (C=0, coumarin amide),
169.28 (C=0, aminoacid), 169.50, 169.80, 170.63 and
171.10 (4 XC=O0, acetyl). Anal. Calcd for C,cH»sN>O5:
C, 54.16; H, 4.90; N, 4.86. Found: C, 53.85; H, 5.19; N,
4.72. HRMS (FAB) caled for CogHyoN,Op3 (MT +1)
577.1670, found 577.1671.

4.1.11. N-(2,3,4,6-Tetra-0O-acetyl-B-p-glucopyranosyl)-4-
naphtho[1,2-d][1,2,3]triazol-2-yl-benzoylamino-aceta-
mide (10) (e-anomer). To a solution of 2,3,4,6-tetra-O-
acetyl-B-p-glucopyranosyl azide (0.195 g, 0.52 mmol), in
anhydrous CH,Cl, (20 mL), under a stream of argon,
compound 8 (0.20 g, 0.58 mmol) was added. The mixture
was cooled to —78 °C, stirred for 10 min followed by the
addition of tributylphosphine (0.129 mL, 0.522 mmol).
After 10 min, the stream of argon was cut off and the
reaction mixture was stirred at —78 °C for 8 h and at rt
overnight. Then, it was kept in the refrigerator for 3 h. The
precipitate (tributylphosphine oxide) was filtered off and the
solution concentrated affording an oily residue, which was
purified by column chromatography (eluent: methanol/
dichloromethane 3:97). The isolated fraction (0.307 g) was
further purified by preparative layer chromatography, using
as eluents, successively, diethyl ether/dichloromethane 1:1
(two runs) and dichloromethane (three runs). The required
band was removed and extracted with dichloromethane. The
solvent was evaporated yielding a white solid (0.024 g, 7%,
contaminated with traces of the B-anomer), mp 228.7-
230.4 °C; vpax (neat) 3413; 1745; 1607; 1370; 1227,
1160 cm ™~ '. 'TH NMR (CDCl3) 6 (ppm): 2.07, 2.10, 2.11
and 2.12 (4s, 12H, 4 X OCH3), 4.21-4.77 (m, 7H, CH, Gly,
2XH-6', H-5', H-4'and H-3"), 5.24 (app d, J=4.2 Hz, 1H,
H-2),5.57 (d, J=3.6 Hz, 1H, H-1"), 6.78 (t, J=4.8 Hz, 1H,
NHGly), 7.63-7.81 (m, 5H, H-9, H-8, H-6, H-5, NH), 7.91
(dd, J=7.5, 1.5 Hz, 1H, H-4), 8.03 (d, /=9.0 Hz, 2H, H-2"
and H-6"), 8.49 (d, J=8.7 Hz, 2H, H-3" and H-5"), 8.65
(dd, J=17.8, 1.8 Hz, 1H, H-7). '>*C NMR (CDCls) 6 (ppm):
20.48,20.71, 20.75 (4 X CH3), 41.99 (CH,Gly), 60.94 (C-3'
and C-4'), 61.80 (C-6), 66.32 (C-1"), 67.46 (C-2), 74.12
(C-5"), 116.32 (C-5 or C-6 or C-8 or C-9), 119.88 (C-3" and
C-5"), 123.40 (C-7), 124.82 (C-3b), 127.70 (C-5 or C-6 or
C-8 or C-9), 127.86 (C-5 or C-6 or C-8 or C-9), 128.51
(C-2" and C-6"), 129.00 (C-4), 130.33 (C-5 or C-6 or C-8 or
C-9), 132.50 (C-7a or C-4"), 133.06 (C-7a or C-4"), 142.64
(C-1"), 143.35 (C-3a), 143.96 (C-9a), 169.48 (C=O0 from
dye), 169.56, 170.05 and 170.12 (C=O0, acetyl), 170.49
(C=0, aminoacid).
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Abstract—In the absence of ligand, copper and amine, a recoverable nanoparticle palladium(0) catalyzed Sonogashira reaction of aryl
iodides and bromides with terminal alkynes was developed. The protocol involved the use of an environmental-friendly reaction system with
ethanol as the solvent, potassium carbonate as a base, and poly(vinylpyrrolidone) (PVP) supported nanosized palladium metal colloids as the
catalyst. The palladium metal was recovered and recycled by a simple decantation of the reaction solution and used for eight consecutive

trials without significant loss of its reactivity.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The palladium complexes in the presence of a catalytic
amount of Cul and an amine (as a solvent or in large excess)
catalyzed coupling of terminal alkynes with aryl and alkenyl
halides (the Sonogashira reaction) is one of the most
powerful and straightforward methods for the formation of
sp’—sp carbon—carbon bonds in organic synthesis." This
method has been widely used for the synthesis of natural
products,” biologically active molecules,’ nonlinear optical
materials and molecular electronics,4 dendrimeric and
polymeric materials,” macrocycles with acetylene links,®
and polyalkynylated molecules.” In general, the traditional
palladium-catalyzed reaction conditions are mild, and many
reactions can be accomplished at ambient temperature.
However, the Sonogashira reaction often generates homo-
coupling products of terminal alkynes (Glaser coupling or
Hay coupling®) along with the main reaction in considerable
yields owing to the addition of Cul and these undesirable
by-products are generally not easy to be separated from the
desired products due to very similar chromatographic
mobility.” Furthermore, the reaction generally proceeds in
the presence of a homogeneous more expensive palladium
complex catalyst, which makes the recovery of the metal

Keywords: Nanoparticle palladium metal; Sonogashira reaction; Ligand

free; Copper free; Amine free.
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tedious if not impossible, and might result in high palladium
contamination of the products. In addition, amines, such as
triethylamine and piperidine, required in most Sonogashira
reactions, have a bad smell and add to the environmental
burden.

A number of modifications, such as copper-free catalyst
systems,'® amine- and copper-free systems,'' ligand-free
systems,'” palladium powder systems,'® nickel systems,'*
environmental-friendly reaction media (including
aqueous,m“’15 solventless,13 and ionic liquidlom’16 systems),
phase-transfer reaction conditions and hydrogen atmosphere
conditions,!” have been used to solve one or two of the
above problems, but none of them can solve all of the
problems. Last year, a transition-metal free Sonogashira
coupling was developed by Leadbeater using PEG-NaOH
(aqueous) under microwave irradiation conditions,'® but
this approach was limited by the narrow choice of reactants
(only to aryl iodides and aromatic terminal alkynes). Most
recently, ligand-, copper- and amine-free Sonogashira
reactions in DMF (not an environmental benign solvent)
or in iso-propanol were demonstrated.'” Nevertheless, the
development of simpler, more practical, economic, and
efficient catalyst system is still an important topic in this
area.

Herein, we report a Sonogashira protocol only in the
presence of PVP-supported nanoparticle palladium metal,
potassium carbonate in ethanol (ligand-free, co-catalyst-
free, and amine-free in environmental-friendly solvent),
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Pd(0)/PVP-K,CO5-EtOH

Scheme 1.

which generates the corresponding coupling products in
excellent yields. It can solve some of the above problems in
the reaction. Moreover, the palladium metal can be
recovered and recycled by a simple decantation of the
reaction solution and used for eight consecutive trials
without significant loss of its reactivity (Scheme 1).

2. Results and discussion

2.1. Optimization of reaction conditions for Sonogashira
reaction

Although, P-ligands stabilize palladium and influence its
reactivity, the simplest and cheapest Pd-catalysts are of
course ligand-free systems, specifically when used in low
loading. Such an experimental protocol would constitute a
significant advancement, especially if generally applicable.
In our initial screening experiments, the Sonogashira
reaction catalyzed by palladium in the absence of copper,
ligand and amine was our goal. When we searched for a
cross-coupling protocol of iodobenzene and phenyl-
acetylene, we observed that iodobenzene could react with
phenylacetylene in the presence of 3 mol% of Pd(OAc), and
2 equiv of K;COj; in ethanol under ligand-, copper- and
amine-free reaction conditions at reflux temperature for 6 h
to afford the desired cross-coupling product as the sole
product in 52% yield (no homo-coupling product, entry 1,
Table 1). Encouraged by this result, we continued to
improve the yield by using the most efficient palladium
source. In the last decade, Reetz et al. reported that
palladium metal colloids could be prepared size-selectively
in the range of 1-5 nm in organic solvents or in water by
reducing palladium salts chemically or electrochemically in
the presence of polymers (such as polyvinylpyrrolidone) or
surfactants (e.g., tetraalkyl ammonium salts) and sub-
sequently used for Heck and Suzuki reactions.’® On the

Table 1. Effect of palladium source on the Sonogashira coupling reaction®

No Ligand, No Copper
No Amine and
Recoverable Palladium

other hand, an atom-economical Pd/Ni bimetallic nano-
particles, a layered double hydroxide supported nano-
palladium, has been tested as the catalyst for the
Sonogashira reaction.'*?' As stabilizers and supporting
materials, polyvinylpyrrolidone (PVP) and tetraalkyl-
ammonium salts can prevent undesired agglomeration by
forming a monomolecular layer around the palladium metal
core. We used Pd/PVP?? or Pd(OAc),/n-BuyNBr (Jeffery’s
catalyst),23 in place of Pd(OAc), to perform the model
Sonogashira reaction. We were delighted that the desired
products were obtained almost quantitatively (96% yield by
using Pd/PVP and 90% yield by using Pd(OAc),/n-BuyNBr,
entries 5 and 6, Table 1). However, only trace of the cross-
coupling product was isolated when the reaction was carried
out in the presence of submicron palladium or palladium
sponge (entries 3 and 4, Table 1). The optimized loading of
nano-palladium particles on PVP was found to be in the
range of 0.5-5.0 mol% (entries 7—12, Table 1).

During the course of our further optimization of the reaction
conditions, we examined several different bases for the
Sonogashira coupling reactions. K,CO3 was found to be the
most effective one (entry 5, Table 2). Other bases such as
KOAc, KF, and K;PO,, were substantially less effective,
KOH failed to promote the reaction, and piperidine,
diethylamine, dibenzylamine, and triethylamine were no
longer the effective bases in this catalyst system (entries 1-4
and 6-9, Table 2). Because of the polar properties of PVP,
the reaction conducted in EtOH and MeOH were most
effective (entries 1 and 2, Table 3). The use of DMSO and
DMF as solvents led to slower reactions (entries 7 and 8,
Table 3), and no desired cross-coupling products were
observed while reactions were carried out in toluene,
dichloromethane, THF, and acetonitrile (entries 3-6,
Table 3). When 1 mol% loading of palladium was used,
the reactions were generally completed in a matter of hours

< > _ Q Palladium Q _ O

——H + I =

K,CO;-EtOH

Entry Palladium source/amount Yield® (%)
1 Pd(OAc), (3mol%) 52
2 Pd(PPh;)4 (3 mol%) 48
3 Palladium powder (submicron) (5 mol%) Trace
4 Palladium sponge (5 mol%) 0
5 Palladium colloids (nanosize) on PVP (3 mol%) 96
6 Pd(OACc); (3 mol%)/n-BuyNBr (1.0 mol) 90
7 Palladium colloids (nanosize) on PVP (5 mol%) 93
8 Palladium colloids (nanosize) on PVP (4 mol%) 94
9 Palladium colloids (nanosize) on PVP (2 mol%) 95
10 Palladium colloids (nanosize) on PVP (1 mol%) 95
11 Palladium colloids (nanosize) on PVP (0.75 mol%) 92
12 Palladium colloids (nanosize) on PVP (0.5 mol%) 90°

# Phenylacetylene (1.00 mmol), iodobenzene (1.00 mmol), Palladium, K,CO3 (2.00 mmol) in EtOH (4 mL) at 80 °C stirring for 6 h.

® Isolated yields.
¢ The reaction was performed for 10 h.
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Table 2. Effect of base on the Sonogashira coupling reaction®

= 4 4+ I Pd colloids on PVP
Base-EtOH

Entry Base Yield® (%)
1 Piperidine 40

2 K5PO4 42

3 KF 54

4 KOAc 79

5 K,CO; 95

6 KOH Trace

7 Triethylamine 38

8 Diethylamine 27

9 Dibenzylamine 21

# Phenylacetylene (1.00 mmol), iodobenzene (1.00 mmol), Pd(0) colloids (7 nm diameter size, 1.06 mg, 0.01 mmol, on PVP), base (2.00 mmol) in EtOH
(4 mL) at 80 °C stirring for 6 h.
® Isolated yields.

Table 3. Effect of solvent on the Sonogashira coupling reaction®

— u I Pd colloids on PVP
+ K,COj3-Solvent

Entry Solvent Yield® (%)

1 CH;OH 95

2 CH;CH,O0H 95

3 CeHsCH; 0

4 THF 0

5 CH,Cl, 0

6 CH;CN Trace

7 DMSO 90
DMF 90

# Phenylacetylene (1.00 mmol), iodobenzene (1.00 mmol), Pd(0) colloids (7 nm diameter size, 1.06 mg, 0.01 mmol, on PVP), K,CO; (2.00 mmol) in EtOH
(4 mL) at 80 °C stirring for 6 h.
" Isolated yields.

Table 4. Nanoparticle palladium metal catalyzed Sonogashira coupling reaction®

Entry Organic halide Terminal alkyne Yield® (%)
1 C6H51 C6H5CECH 95
2 p-CH30CH4L CcHsC=CH 92
90°
3 p-CHyCgHul CHsC=CH 94
4 p-CH3;COCgH4I C¢HsC=CH 98
5 p-OZNC6H4I C5H5CECH 93
6 m-0,NCH,I CeHsC=CH 91
7 p-CF3CeHul C¢HsC=CH 96
8 m—CNC6H4I C5H5CECH 90
9 0-CF3CeH,1 CeHsC=CH 83
10 CeHsl p-BrCeH,C=CH 9
11 C6H51 p-FC6H4CECH 94
12 CeHsl p-CH;CH,C=CH 91
13 CeHsl p-CcHsCsH4C=CH 93
14 C6H51 n—C8H17CECH 92
15 CeHsl n-C¢H,3C=CH 90
16 p-CH3OC5H4I Yl-CgH 1 7CECH 92
17 p-CHyCgH,l n-CgH,,C=CH 94
18 p-CNCgH,Br C¢HsC=CH 80
19 m—OzNC6H4Br C5H5CECH 86
20 p-CH,COCgH,Br CeHsC=CH 78
21 2-Bromopyridine CcHsC=CH 82
22 p—CH3C6H4Br C6H5CECH 43d
94

# Terminal alkyne (1.00 mmol), organic halide (1.00 mmol), Pd(0) colloids (7 nm diameter size, 1.06 mg, 0.01 mmol, on PVP), K,CO; (2.00 mmol) in EtOH
(4 mL) at 80 °C stirring for 6 h.

® Isolated yields.

¢ Up to 10 mmol scales.

41n the presence of PPhs.
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Table 5. Successive trials by using recoverable nanosized palladium on PVP*

{ Y=+ { )

Recycle Pd colloids
K,CO;-EtOH

Trial Yield® (%) Trial Yield® (%)
1 95 5 92
2 94 6 91
3 92 7 90
4 93 8 90

# Phenylacetylene (1.00 mmol), iodobenzene (1.00 mmol), Pd(0) colloids (7 nm diameter size, 1.06 mg, 0.01 mmol, on PVP), K,CO; (2.00 mmol) in EtOH

(4 mL) at 80 °C stirring for 6 h.
® Isolated yields.

but the time, as expected, was inversely proportional to the
temperature. A reaction temperature of 80 °C was found to
be optimal. Thus, the optimized reaction conditions for this
Sonogashira reaction were Pd/PVP (1 mol%), K,COj;
(2 equiv) in ethanol under reflux temperature for 6 h.

2.2. The Sonogashira coupling reaction of aryl halides
with terminal alkynes

To survey the generality of this Sonogashira-type reaction,
we investigated the reaction using a variety of aryl iodides
and bromides, with a wide range of terminal alkynes as
substrates under the optimized conditions. The results are
shown in Table 4. The electron-neutral, electron-rich and
electron-poor aryl iodides reacted with phenylacetylene
very well to generate the corresponding cross-coupling
products in excellent yields under the standard reaction

"Two Phases" Formed

Reaction Mixture %

conditions (entries 1-8, Table 4). This cross-coupling was
also tolerant of ortho substitution in aryl iodides and led to
good yields (entry 9, Table 4). Regardless of their electronic
characters, both of the aromatic terminal alkynes and
aliphatic terminal alkynes component coupled smoothly
with iodobenzene to produce the desired products in
excellent yields (entries 10-17, Table 4). Activated aryl
bromide reacted with phenylacetylene to generate the
corresponding products in good yields (entries 18-21,
Table 4). For electron-rich aryl bromide, relatively lower
yield was obtained under the present reaction conditions
(entry 22, Table 4). When the simplest and cheapest
P-ligand PPh; was added to the reaction mixture, an
excellent yield of the product was isolated (entry 22,
Table 4). Further investigation of ligands to the coupling
reactions is currently underway and will be reported in due
course.

Solide Phase Left

Add Reactant and Repeat the Rection

Figure 1. The simple decantation procedure for recycling palladium metal collide on PVP in solution.
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2.3. The recyclable of the nanoparticle palladium(0) on
PVP

The recyclable of the palladium on PVP was also surveyed.
After carrying out the reaction, Et,O was added to the
reaction mixture. The product was extracted into organic
layer, Pd-PVP, and other inorganics precipitated and
agglomerated to the bottom of the flask. After decantation
of the reaction solution, additional K,CO5 was added to the
palladium on PVP and the reaction was repeated. Only
minor decreases in reaction yields were observed after eight
repetitive cycles (Table 5). The simple decantation
procedure for recycling palladium metal collide on PVP in
solution is stated in Figure 1. Alternatively, the product
might be distilled directly from the reaction mixture.
Palladium, PVP and other inorganics were left at the bottom
of flask, and they could be reused directly without
purification.

3. Conclusion

In conclusion, we have developed an efficient, simple,
practical, and economic catalyst system for the Sonogashira
reaction using PVP supported nanosized palladium metal
(1 mol% loading) in ethanol under ligand-, copper-, and
amine-free reaction conditions. Furthermore, palladium on
PVP can be recycled at least eight times without loss of
activity via a simple decantation procedure. In addition, the
protocol uses environmentally benign reagents and solvents.

4. Experimental

4.1. General

Melting points were recorded on a melting point apparatus
and were uncorrected. All '"H and '*C NMR spectra were
B T

v‘.‘aﬂ

A
1y 8%

Figure 2. TEM of palladium metal colloids on PVP (Measured by Philips
Tecnai 200).

recorded at 300 or 250 MHz, and 75 or 62.5 MHz,
respectively. Chemical shifts were given as ¢ value with
reference to tetramethylsilane (TMS) as the internal
standard. GC/MS data were obtained by using a Hewlett-
Packard 6890 series GC equipped with a 5983 mass
selective detector. The chemicals were purchased from
commercial suppliers and were used without further
purification. Products were purified by flash column
chromatography.

4.2. Preparation of palladium metal colloids on PVP

According to the literature,** palladium acetate (50 mg) was
added to a solution of PVP (M 40,000, 2.5 g) in methanol
(150 mL) and the mixture was refluxed under nitrogen for
3 h. The resulting brown liquid was filtered through 0.2 pm
Teflon Millipore, and methanol was removed under reduced
pressure. This procedure reproducibly yielded colloidal
palladium particles in the form of well-formed micro-
crystallites with a mean diameter of 7 nm (Fig. 2).

4.3. General procedure for the Sonogashira reaction
using Pd(OAc),/n-BuyNBr (Jeffery’s catalyst)

Under nitrogen atmosphere, an oven-dried round-bottomed
flask was charged with Pd(OAc), (6.7 mg, 0.03 mmol),
n-BuyNBr (322 mg, 1.0 mmol), K,CO; (272 mg,
2.0 mmol), aryl halide (1.0 mmol), terminal alkyne
(1.0 mmol), and ethanol (4 mL). The reaction mixture was
refluxed at 80 °C for 6h. After cooling to the room
temperature, Et;0O (25 mL) was added. The organic layer
was successively washed with water (2 X 10 mL) and brine
(10 mL) and dried over Na,SO,. The solution was filtered,
concentrated, and the residue was purified by flash
chromatography on silica gel to give the desired cross-
coupling product.

4.4. General procedure for recycling of palladium metal
on PVP

After carrying out a reaction, Et,O (10 mL) was added to the
reaction mixture. The product was extracted into organic
layer, Pd-PVP and other inorganics precipitated and
agglomerated to the bottom of the flask. After decantation
of the reaction solution, additional K,CO3 (136 mg,
1.0 mmol) was added to the palladium on PVP and the
reaction was repeated following the general procedure for
the Sonogashira reaction using Pd/PVP as described below.

4.5. General procedure for the Sonogashira reaction
using Pd/PVP

Under nitrogen atmosphere, an oven-dried round-bottomed
flask was charged with Pd/PVP (0.106 g of 1% Pd on PVP,
containing 1.06 mg Pd), K,CO3; (272 mg, 2.0 mmol), aryl
halide (1.0 mmol), terminal alkyne (1.0 mmol), and ethanol
(4 mL). The reaction mixture was refluxed at 80 °C for 6 h.
After cooling to the room temperature, Et,O (10 mL) was
added and stirred for 10 min to ensure product removal from
Pd/PVP. As Pd/PVP and other inorganics precipitated and
agglomerated to the bottom of the flask, the organic layer
was decanted and the residue was washed using Et,O (2 X
5mL). The combined organic layers were dried over
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Na,SOy,, filtered, concentrated, and the residue was purified
by flash chromatography on silica gel to give the desired
cross-coupling product.

4.5.1. Diphenylacetylene. Mp 60—61 °C (lit.** 60-62 °C).
'"H NMR (CDCls, 250 MHz) 6: 7.54-7.50 (m, 4H), 7.32—
7.28 (m, 6H); '*C NMR (CDCls, 62.5 MHz) 6: 131.6, 128.3,
128.2, 123.3, 89.4; MS m/z (relative intensity, %): 178 ™M,
100), 152 (14), 126 (7), 89 (13).

4.5.2. Phenyl-p-tolyacetylene. Mp 71-72.5 °C (lit.>> 72—
73 °C). '"H NMR (CDCls, 250 MHz) 6: 7.52-7.48 (m, 2H),
7.41 (d, J=7.80 Hz, 2H), 7.29-7.26 (m, 3H), 7.10 (d, J=
7.81 Hz, 2H), 2.30 (s, 3H); >*C NMR (CDCls, 62.5 MHz) §:
138.3, 131.5, 129.0, 128.2, 128.0, 123.4, 120.2, 89.6, 88.7,
21.4; MS m/z (relative intensity, %): 192 (M+, 100), 165
(15), 139 (4), 115 (6), 94 (10).

4.5.3. (4-Acetylphenyl)phenylacetylene. Mp 95-96 °C
(1it.2® 94-96 °C). '"H NMR (CDCls, 250 MHz) 6: 7.91 (d,
J=8.41 Hz, 2H), 7.58 (d, J=8.41 Hz, 2H), 7.54-7.52 (m,
2H), 7.36-7.33 (m, 3H), 2.57 (s, 3H); '*C NMR (CDCl;,
62.5MHz) é: 197.1, 136.1, 131.7, 131.6, 128.7, 128.4,
128.2, 128.1, 122.6, 92.6, 88.6, 26.5; MS miz (relative
intensity, %): 220 (M, 60), 205 (100), 176 (48), 151 (18),
102 (10), 88 (19).

4.5.4. (4-Nitrophenyl)phenylacetylene. Mp 120-122 °C
(lit.?” 120-121 °C). "H NMR (CDCl,, 250 MHz) ¢: 8.19 (d,
J=8.83 Hz, 2H), 7.64 (d, J=8.73 Hz, 2H), 7.56-7.52 (m,
2H), 7.39-7.37 (m, 3H); '>*C NMR (CDCl;, 62.5 MHz) 6:
146.9, 132.2, 131.8, 130.2, 129.2, 128.5, 123.6, 122.0, 94.7,
87.5; MS m/z (relative intensity, %): 223 (M+, 100), 193
(40), 176 (80), 165 (33), 151 (40), 139 (8), 126 (14).

4.5.5. (3-Nitrophenyl)phenylacetylene. Mp 67-69 °C
(lit.*® 68-70 °C). "H NMR (CDCls, 300 MHz) 6: 8.31 (s,
1H), 8.11 (d, J=8.10 Hz, 1H), 7.76 (d, J=7.80 Hz, 1H),
7.51-7.47 (m, 3H), 7.31-7.35 (m, 3H); '3*C NMR (CDCl;,
75 MHz) §: 148.3, 137.2, 131.8, 129.3, 129.0, 128.5, 126.4,
125.2, 122.8, 122.3, 92.0, 86.9; MS m/z (relative intensity,
%): 223 (M ™, 100).

4.5.6. (4-Fluorophenyl)phenylacetylene. Mp 108-110 °C
(1it.*° 108-109 °C). 'H NMR (CDCl;, 250 MHz) 6: 7.53—
7.47 (m, 4H), 7.35-7.31 (m, 3H), 7.06-7.00 (m, 2H); "°C
NMR (CDCl3, 62.5 MHz) §: 162.5 (d, J=248.1 Hz), 133.5
(d, J=8.9 Hz), 131.5, 128.3, 123.1, 119.3 (d, J=5.6 Hz),
115.6 (d, J=22.4 Hz), 89.0, 88.3; MS m/z (relative
intensity, %): 196 (M ™, 100), 175 (7), 144 (5), 98 (15).

4.5.7. (4-Bromophenyl)phenylacetylene. Mp 82-84 °C
(lit.** 82-84°C). '"H NMR (CDCl;, 250 MHz) 6: 7.53-
744 (m, 4H), 7.38-7.31 (m, 5H); '3C NMR (CDCl,,
62.5MHz) 6: 133.0, 131.6, 128.5, 128.4, 1229, 122.5,
122.2, 90.5, 88.3; MS m/z (relative intensity, %): 258, 256
(M, 97, 100), 176 (88), 151 (37), 128 (17), 88 (61).

4.5.8. 1-Phenyl-1-decyne. 0il.’° 'H NMR (CDCls,
250 MHz) ¢: 7.40-7.36 (m, 2H), 7.28-7.22 (m, 3H), 2.38
(t, J=6.96 Hz, 2H), 1.64-1.53 (m, 2H), 1.45-1.28 (m,
10H), 0.88 (t, J=6.54Hz, 3H); '*C NMR (CDCls,
62.5 MHz) 6: 131.5, 128.1, 127.3, 124.2, 90.3, 80.6, 31.9,

29.2, 29.1, 28.9, 28.8, 22.7, 19.4, 14.1; MS m/z (relative
intensity, %): 214 (M, 13), 171 (3), 157 (17), 143 (60), 129
(66), 115 (100), 91 (41).

4.5.9. 1-Phenyl-1-octyne. Oil.*! '"H NMR (CDCls,
250 MHz) 6: 7.40-7.37 (m, 2H), 7.30-7.23 (m, 3H), 2.39
(t, J=6.97 Hz, 2H), 1.65-1.54 (m, 2H), 1.50-1.26 (m, 6H),
0.90 (t, J=6.68 Hz, 3H); '*C NMR (CDCls, 62.5 MHz) 6:
131.5,128.1, 127.4, 124.2,90.4, 80.6, 31.4, 28.7, 22.6, 19.4,
14.0; MS m/z (relative intensity, %): 186 (M+, 26), 157
(15), 143 (55), 129 (54), 115 (100), 91 (31).

4.5.10. 1-(4-Methoxylphenyl)-1-decyne. Oil.*> 'H NMR
(CDCls, 250 MHz) 6: 7.32 (d, J=8.72 Hz, 2H), 6.80 (d, J=
8.73 Hz, 2H), 3.78 (s, 3H), 2.37 (t, J=7.00 Hz, 2H), 1.64—
1.54 (m, 2H), 1.46-1.28 (m, 10H), 0.88 (t, J=6.00 Hz, 3H);
13C NMR (CDCls, 62.5 MHz) 6: 159.0, 132.8, 116.3, 113.8,
88.7,80.2,55.2,31.8,29.2,29.1,28.9,22.2, 19.4, 14.1; MS
m/z (relative intensity, %): 244 M™,19), 201 (4), 188 (23),
173 (30), 159 (25), 147 (100), 121 (33), 115 (21), 91 (15).

4.5.11. 1-(4-Methylphenyl)-1-decyne. Oil.*> '"H NMR
(CDCls, 250 MHz) 6: 7.27 (d, J=8.00 Hz, 2H), 7.04 (d,
J=17.93 Hz, 2H), 2.38 (t, J=7.56 Hz, 2H), 2.29 (s, 3H),
1.63-1.52 (m, 2H), 1.45-1.28 (m, 10H), 0.88 (t, J=6.46 Hz,
3H); '*C NMR (CDCls, 62.5 MHz) 6: 137.2, 131.4, 128.8,
121.1, 89.5, 80.6, 31.9, 29.2, 29.1, 28.9, 28.8, 22.7, 21.3,
19.4, 14.0; MS m/z (relative intensity, %): 228 (M, 16),
185 (4), 171 (13), 157 (36), 143 (32), 131 (100), 115 (24), 91
11).

4.5.12. (4-Methoxyphenyl)phenylacetylene. Mp 58-60 °C
(lit.** 57-61 °C). "H NMR (CDCls, 300 MHz) é: 7.53-7.46
(m, 4H), 7.37-7.30 (m, 3H), 6.87 (dd, /=8.70, 2.10 Hz,
2H), 3.82 (s, 3H); '>C NMR (CDCls, 75 MHz) 6: 159.5,
133.0, 131.4, 128.3, 127.9, 123.5, 115.3, 113.9, 89.3, 88.0,
55.3; MS m/z (relative intensity, %): 208 M™, 100), 193
(48), 165 (39), 139 (8).

4.5.13. (4-Trifluoromethylphenyl)phenylacetylene. Mp
103-105 °C (1it.>* 104-106°C). 'H NMR (CDCls;,
300 MHz) ¢: 7.63-7.60 (m, 4H), 7.57-7.54 (m, 2H), 7.39—
7.35 (m, 3H); '*C NMR (CDCl5, 75 MHz) 6: 131.8, 131.7,
129.9 (J=32.8 Hz), 128.8, 128.4, 127.1 (J=1.2 Hz), 125.3
(J=3.7Hz), 123.9 (J=270.7 Hz), 122.5, 91.7, 87.9; MS
mlz (relative intensity, %): 246 (M, 100), 227 (9), 196 (8),
176 (10), 98 (8).

4.5.14. 4-(Phenylethynyl)-1,1’-biphenyl. Mp 163-164 °C
(lit.*® 162-163 °C). "H NMR (CDCl;, 300 MHz) 6: 7.63—
7.54 (m, 7H), 7.48-7.43 (m, 2H), 7.38-7.34 (m, 4H); B¢
NMR (CDCl;, 75 MHz) §: 140.9, 140.3, 132.0, 131.6,
128.8, 128.34, 128.25, 127.6, 127.0, 123.2, 122.1, 90.0,
89.3; MS m/z (relative intensity, %): 254 (M+, 100), 255
(23), 252 (26), 127 (9).

4.5.15. (4-Cyanophenyl)Phenylacetylene. Mp 109-110 °C
(lit.** 108.5-109.5°C). 'H NMR (CDCl;, 300 MHz) 6:
7.65-7.59 (m, 4H), 7.56-7.53 (m, 2H), 7.40-7.37 (m, 3H);
3C NMR (CDCls, 75 MHz) 6: 132.0 (2C), 131.8, 129.1,
128.5, 128.2, 122.2, 118.5, 111.4, 93.7, 87.7; MS m/z
(relative intensity, %): 203 M, 100), 176 (8), 151 (5), 75
(5).
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4.5.16. (3-Cyanophenyl)phenylacetylene. Mp 69-71 °C
(1it.>* 70-71 °C). "H NMR (CDCls, 300 MHz) 6: 7.79 (t, J =
1.50 Hz, 1H), 7.73 (dt, J="7.80, 1.50 Hz, 1H), 7.59 (dt, J=
7.80, 1.50 Hz, 1H), 7.55-7.52 (m, 2H), 7.45 (t, J=7.80 Hz,
1H), 7.39-7.36 (m, 3H); '*C NMR (CDCl;, 75 MHz) 6:
135.6, 134.8, 131.7, 131.3, 129.2, 1289, 128.4, 12438,
122.2, 118.0, 112.8, 91.7, 86.8; MS m/z (relative intensity,
%): 203 M ™, 100), 176 (7), 151 (5), 75 (5).

4.5.17. (2-Trifluoromethylphenyl)phenylacetylene. Oil.*®
"H NMR (CDCls, 300 MHz) 6: 7.67-7.62 (m, 2H), 7.57—-
7.53 (m, 2H), 7.49-7.44 (m, 1H), 7.39-7.33 (m, 4H); MS
m/z (relative intensity, %): 246 (M, 100), 225 (17), 202
(12), 196 (8), 176 (5), 98 (4). Anal. Calcd for C;sHgF;5: C,
73.22; H, 3.68. Found: C, 73.12; H, 3.77.

4.5.18. 2-(2-Phenylethynyl)pyridine. Oil.>’ 'H NMR
(CDCl3, 300 MHz) 6: 8.60 (dd, J=5.10, 0.90 Hz, 1H),
7.68-7.59 (m, 3H), 7.51 (dd, J=8.10, 0.90 Hz, 1H), 7.37—
7.33 (m, 3H), 7.23-7.19 (m, 1H); '*C NMR (CDCls,
75 MHz) 6: 149.9, 143.2, 136.0, 131.9, 128.8, 128.2, 127.0,
122.6, 122.0, 89.1, 88.4; MS m/z (relative intensity, %): 179
M, 100), 180 (17), 178 (40), 151 (13), 126 (8), 76 (9).
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Abstract—The fluoride ion-induced intramolecular conjugate addition of propargylsilanes to dihydropyridones is reported. Our results
revealed that tetrabutylammonium triphenyldifluorosilicate (TBAT), an air-stable, non-hygroscopic fluoride ion source, catalyzes
cyclocondensation to provide the corresponding 1-vinylidene indolizidines in a high yield as single isomers, while Lewis acid catalysts were
ineffective. The scope of this method was further investigated in the reactions leading to compounds with larger ring size. In these cases
dihydropyridones with the propargylsilane located in the side-chain underwent cyclization to give 9-vinylidene quinolizidines with

significantly lower yields.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The chemistry of propargylsilanes continues to be widely
exploited in organic synthesis. The main interest in
propargylsilanes relates to their ability to react with various
electrophiles activated by a Lewis acid to form a new C-C
bond." With propargylsilanes, the addition of an electro-
phile provides a quite general route to allenes, which are
emerging as versatile building blocks in organic synthesis.’
The intramolecular cyclizations, involving a terminal
propargylsilane function have been successfully employed
in the stereospecific synthesis of polycyclic compounds.?
The proper choice of Lewis acid can, in some cases, enable
control of the stereoselectivity and prevent protodesilyla-
tion, which is a common drawback of such a reaction.

The fluoride ion is generally known to be a good activating
reagent for organosilicon reagents, which readily generates
reactive pentacoordinate silicates. In 1978, Hosomi and
Sakurai* found that a fluoride ion source—tetrabutylammo-
nium fluoride (TBAF) catalyzed the allylation of carbonyl
compounds with allylsilanes to give the corresponding
homoallyl alcohols. Recently, Wang etoal.,5 have found that
TBAF (1 mol%) in the presence of 4 A MS is an effective

Keywords: Conjugate addition; Fluoride ions; Propargylsilanes;

Dihydropyridones.
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catalyst for the allylation of aromatic imines. Majetich
et al..® reported that the fluoride ion-catalyst is effective in
the conjugate allylation of o,B-unsaturated esters, nitriles,
and amides, a reaction, which cannot be achieved by the
TiCly-promoted procedure. Occasionally, intramolecular
conjugate allylation of o,B-unsaturated ketones is also
catalyzed efficiently by TBAF.” In contrast to the reaction of
allylsilanes, little is known about the reaction of propargyl-
silanes with electrophiles under fluoride ion catalysis. To
our knowledge, the fluoride ion-promoted 1,4-addition of
propargylsilanes to the a,B-unsaturated compounds has
never been reported.

Recently,® we reported that the intramolecular fluoride-
promoted allylation of the appropriate dihydropyridones
proceeds in a conjugate fashion in good yield (Scheme 1).
The Lewis acid catalyzed allylation fails, in marked contrast
to the known efficiency of this method in the intermolecular
allylation of dihydropyridones.’

2 0 F
MesSi \)JV N

R R
R = aryl, alkyl

Scheme 1.
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Scheme 2. Synthetic strategy.

We now report that the similar cyclocondensation of
dihydropyridones with propargylsilanes located in the
side-chain provides a concise protocol for the highly
stereoselective construction of the vinylidene azabicyclic
skeleton. The proposed reaction sequence consists of the
Lewis acid-mediated addition of an imine to the silyloxy-
diene followed by the fluoride ion-initiated intramolecular
1,4-addition of propargylsilanes to dihydropyridones
(Scheme 2).

2. Results and discussion

The two amines 1'° and 2'' were employed for the
construction of the desired dihydropyridones (Fig. 1).

NH,
NH
Me3Si\/\/ MesSi \/\/\ X
1 2

Figure 1.

These substrates were easily prepared in five steps using
literature methods from 3-butyn-1-ol and 4-butyn-1-o0l in 52
and 35% overall yield, respectively.

The propargylamine 1 was converted into the required
Schiff bases 3 by treatment with series of different
aldehydes in CH,Cl, in the presence of molecular sieves
(4 A). These intermediates were not isolated. After
exchange of the solvent, they were immediately subjected

Table 1. Lewis acid mediated synthesis of 2-substituted dihydropyridones®

fr— || = O:
N
nR

MeO
SiMe; j|\’/
| | + OSiMes
NH, ‘i
n=1.2 R

to the Lewis acid-mediated reaction with Danishefsky’s
diene 4. We found that for aromatic and aliphatic imines of
the type 3 the highest yield of dihydropyridones 5 were
attained using Yb(OTf); (0.1 equiv) as a Lewis acid with
CH;CN as a solvent (Table 1).

The reactions of the imines 3 with dienes 4 shown in Table 1
take place smoothly to afford the corresponding adducts 5 in
good yield. The aliphatic imines worked well, however, the
dihydropyridones Sh and 5i were obtained in a slightly
decreased yield.

Since imines, particularly those derived from aliphatic
aldehydes, are usually not stable, it is synthetically useful
when they are generated in situ and allowed to react under
one-pot reaction conditions. Recently, Kobayashi et al.'?
reported that Yb(OTf); catalyzes the three-component
coupling reaction between aldehydes, amines, and
Danishefsky’s diene to afford dihydropyridone derivatives.

Following this report, we studied the direct synthesis of
dihydropyridones as one-pot reaction (Table 2).

As shown in Table 2, the modified procedure afforded the
corresponding adducts in yields comparable to those
obtained by the reaction of the pre-formed and isolated
aldimines. The one-pot reaction can be carried out with
various aldehydes, including aliphatic, aromatic, and
heteroaromatic compounds.

Very recently we reported® that tetrabutylammonium
triphenyldifluorosilicate (TBAT)'? efficiently catalyzes the

SiMe3 SiM93
MeQ
’ | — Yb(OTf)3 (0.1 equiv.) | | o
+ . (o) /
OSiMe; CH3CN, 20 C,3-5h

N R N

3 4 5 R
Entry R Product Yield (%)°
1 Ph 5a 82
2 p-MePh 5b 80
3 p-MeOPh 5c¢ 78
4 p-CIPh 5d 86
5 2-Furyl Se 81
6 2-Pyridyl 5f 76
7 PhCH,0CH, 5g 89
8 CH;3(CH,)s 5h 77
9 c-CgHyq 5i 70

* All reactions were conducted in CH3CN at 20 °C in the presence of 0.1 equiv Yb(OTf)3.

® Isolated yield after chromatographic purification.
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Table 2. Results of direct synthesis of 2-substituted dihydropyridones®

Entry R Product Time/h Yield® (%)
1 Ph Sa 5 80
2 p-MePh 5b 6 83
3 p-MeOPh Sc 4 81
4 p-ClPh 5d 5 79
5 2-Furyl Se 8 74
6 2-Pyridyl 5t 9 72
7 PhCH,0OCH, S5g 2 88
8 CH3(CH,)s Sh 3 80
9 c-CgHyy 5i 3 77

# All reactions were conducted in CH3CN at 20 °C in the presence of
0.1 equiv Yb(OTY)s.
® Isolated yield after chromatographic purification.

intramolecular conjugate allylation of various 2-substituted
dihydropyridones with allylsilanes. To our satisfaction we
found that the use of 2.0 equiv of TBAT resulted in a nearly
quantitative formation of the corresponding vinylidene
indolizidines (Table 3). Other fluoride ion sources such as
CsF, KF or TBAF failed to promote the cyclization at all.
It is important to note that none of the desired products
could be obtained by treatment of respective dihydropyri-
dones with Lewis acids such as EtAlCl,, TiCly, SnCly,
TMSOTT or BF3 . Et20.

Table 3. TBAT-initiated intramolecular conjugate addition of propargylsi-
lane to dihydropyridones®

. H
SiMe3 ".\
I o
~ 20 equiv. TBAT | T
N THF, 30 C
R
5
Entry R Product Time/h Yield® (%)
1 Ph 6a 1 95
2 p-MePh 6b 1 93
3 p-MeOPh 6¢ 2 97
4 p-ClPh 6d 2 98
5 2-Furyl 6e 5 89
6 2-Pyridyl of 5 92
7 PhCH,OCH, 6g 2 89
8 CH;3(CH,)s 6h 2 83
9 c-CeH 6i 2 86

# All reactions were conducted in THF at 30 °C in the presence of 2.0 equiv
of TBAT.
" Isolated yield after chromatographic purification.

For all entries in Table 3, treatment of the 2-substituted
dihydropyridones with 2.0 equiv of TBAT in THF at 30 °C
led to the desired indolizidines (single diastereomer), as
estimated from the 'H and '>C NMR data. It was observed
that, in the case of the reaction of dihydropyridones 6e and
6f (R =furyl or pyridyl), longer reaction times (4-5 h) were
needed to afford products in a high yield. When we used
compounds containing aliphatic substituents 6h and 6i the
yield was slightly decreased, compared to other
dihydropyridones.

The relative stereochemistry at C5 and C8a was established

with the aid of NOE experiments. Furthermore, the structure
and relative stereochemistry of the cyclized product was
unambiguously established by the single-crystal X-ray
analysis.'* As revealed in Figure 2, compound 6a possesses
the indolizidine skeleton and two hydrogens at C5 and C8a
are trans to each other.

Figure 2. The X-ray structure of 6a.

The stereochemical outcome of this cyclocondensation is
rationalized in Scheme 3.

We propose that the cyclization proceeds through the
transition state A, where the substituent R is located in the
equatorial position while the nitrogen electron pair is in the
axial orientation. The nucleophilic terminal of the double
bond approaches exclusively anti to the R substituent
leading to the compound 6 with trans-orientation between
CS5 and C8a protons.

The generality of this transformation was further tested with
different ring size. The enaminones of the type 7 were
prepared by the similar strategy as described earlier, starting
from amine 2.

For the compounds with a longer side chain the
intramolecular 1,4-addition, under standard cyclization
conditions (2.0 equiv TBAT in THF at 30 °C), led to the
9-vinylidene quinolizidines 8a and 8b, obtained as single
diastereomers in 35 and 27% yield, respectively (Table 4).
However, significant amounts of protodesilylation products
were also observed. No cyclization occurred when
compound containing an aliphatic substituent 7¢ was used.
Numerous attempts to affect the reaction outcome, such as
applying alternative fluoride sources or selected Lewis
acids, were unsuccessful and only protodesilylation
products were observed.

The relative stereochemistry of 8a was assigned by the NOE
experiments. Upon irradiation of the proton at C4 no
enhancement was observed for the proton at C9a. This
clearly reveals that the two hydrogens at C4 and C9a are
trans to each other. The 9-vinylidene quinolizidines have
similar relative stereochemistry at bridgehead carbon atoms
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Scheme 3. Fluoride ion-initiated intramolecular 1,4-addition of propargylsilane to dihydropyridones.

Table 4. TBAT-initiated synthesis of 9-vinylidene quinolizidines®

HfH
/ L]
Z O 20equiv. TBAT

H

z o)
= _— > 9 9a
N N. 4

SiM83

THF, 30 °C, 1-2 h

R R
7 8
Entry R Product Time/h Yield® (%)
1 (7a) Ph 8a 2 35
2 (7b) p-MeOPh 8b 2 27
3 (7¢) CH3(CH,)s 8c 2 0°

# All reactions were conducted in THF at 30 °C in the presence of 2.0 equiv
of TBAT.

® Isolated yield after chromatographic purification.

¢ Only protodesilylation products were observed.

as indolizidines discussed earlier. Thus, the similar
rationalization for the stereochemical outcome observed in
these cyclizations should be applicable as well.

3. Conclusions

A novel method for the stereoselective construction of
vinylidene azabicyclic compounds has been described. It is
based on the fluoride ion-induced intramolecular 1,4-
addition of propargylsilanes to dihydropyridones. The
structure and relative stereochemistry of the cyclization
product, 1-vinylidene indolizidine, was confirmed by the
NMR and X-ray analysis. The scope of this method was
further investigated in the reactions leading to the com-
pounds with larger ring size. However, the one carbon
homologated compounds did not show the same cyclization
behavior, and the expected 9-vinylidene quinolizidines were
obtained in low yields.

4. Experimental

4.1. General

Column chromatography was performed on silica gel,
Merck grade 60 (230-400 mesh). TLC plates were
visualized with UV and staining with phosphomolybdic
acid. 'H and "*C NMR spectra were recorded on Bruker
AMS00 (500 MHz) and Varian (400 MHz) spectrometers
and the chemical shifts are reported in ppm from the solvent
resonans (CDCl; 7.26 ppm). Infrared (IR) spectra were

measured with a Perkin-Elmer FT-IR-1600 infrared spectro-
photometer. High-resolution mass spectra were taken on a
Mariner PerSeptive Biosystems mass spectrometer with
time-of-flight (TOF) detector. Unless stated otherwise, all
reagents and solvents were purchased from commercial
sources and used without additional purification.

4.2. General procedure for the synthesis of imines

To a solution of amine 1 or 2 (0.5 mmol) in CH,Cl, (5 mL)
was added the corresponding aldehyde (0.5 mmol) and
activated 4 A molecular sieves (200 mg). The mixture was
stirred for 12 h at ambient temperature, filtered through a
Celite pad and the solvent was evaporated in vacuo. The
resulting imines were used directly in the subsequent
reactions without further purification.

4.3. General procedure for the aza-Diels—Alder reaction
of Danishefsky’s diene with imines

To a solution of the respective imine (0.5 mmol) in MeCN
(5 mL) was added Yb(OTf); (0.05 mmol) followed by diene
4 (0.6 mmol, 1.2 equiv). The reaction mixture was stirred
for 3-5 h at room temperature. After addition of saturated
NaHCO; (10 mL), the aqueous phase was extracted with
CH,Cl, (3X10mL), the combined organic phases were
dried over MgSQOy, and the solvent was evaporated in vacuo.
The crude material was purified by flash column chromato-
graphy on silica gel.

4.3.1. 2-Phenyl-1-(5-trimethylsilanyl-pent-3-ynyl)-2,3-
dihydro-1H-pyridin-4-one (5a). Chromatography (80:20
Et,O/hexane) afforded 0.127 g (82%) of a colorless oil: IR
(neat) 2219, 1639, 1593, 1579, 849cm™'; 'H NMR
(CDCl;, 400 MHz) ¢ 0.08 (s, 9H), 1.42 (t, J=2.6 Hz, 2H),
2.24-2.42 (m, 2H), 2.69 (dd, /=16.4, 8.6 Hz, 1H), 2.86 (dd,
J=16.4, 6.7Hz, 1H), 3.21 (m, 2H), 4.69 (dd, J=38.6,
6.7 Hz, 1H), 5.04 (d, /J=7.7 Hz, 1H), 7.23 (d, J=7.7 Hz,
1H), 7.30-7.39 (m, 5H); '*C NMR (CDCl;, 100 MHz) 6
—2.0, 6.9, 19.4, 43.9, 52.8, 60.9, 74.2, 81.3, 98.4, 126.9,
128.3, 129.1, 138.7, 154.5, 190.3; HRMS calcd for
C1oH,sNOSi (M ™) 311.1705, found 311.1716.

4.3.2. 2-p-Tolyl-1-(5-trimethylsilanyl-pent-3-ynyl)-2,3-
dihydro-1H-pyridin-4-one (5b). Chromatography (80:20
Et,O/hexane) afforded 0.130 g (80%) of a colorless oil: IR
(neat) 2220, 1642, 1591, 849 cm™'; 'H NMR (CDCls,
500 MHz) 6 0.08 (s, 9H), 1.42 (t, J=2.6 Hz, 2H), 2.24-2.33
(m, 2H), 2.34 (s, 3H), 2.68 (dd, J=16.4, 9.2 Hz, 1H), 2.81
(dd, J=16.4, 6.6 Hz, 1H), 3.18 (m, 2H), 4.69 (dd, /=9.2,
6.6 Hz, 1H), 5.03 (d, J=7.6 Hz, 1H), 7.15 (d, J=7.6 Hz,
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1H), 7.18-7.23 (m, 4H); '*C NMR (CDCl;, 125 MHz) 6
—2.0, 6.9, 19.4, 21.1, 44.1, 52.7, 60.8, 74.3, 81.3, 98.3,
126.9, 129.7, 135.7, 138.1, 154.4, 190.5; HRMS calcd for
CaoH,,NOSi 325.1862, found 325.1870.

4.3.3. 2-(4-Methoxyphenyl)-1-(5-trimethylsilanyl-pent-
3-ynyl)-2,3-dihydro-1H-pyridin-4-one (5c¢). Chromato-
graphy (80:20 Et,O/hexane) afforded 0.133 g (78%) of a
yellow oil: IR (neat) 2220, 1640, 1591, 848 cm ~'; "H NMR
(CDCl3, 400 MHz) ¢ 0.08 (s, 9H), 1.42 (t, J=2.6 Hz, 2H),
2.22-2.40 (m, 2H), 2.69 (dd, /=16.4, 9.3 Hz, 1H), 2.80 (dd,
J=16.4, 6.6 Hz, 1H), 3.18 (m, 2H), 3.81s, 3H), 4.62 (dd,
J=9.3, 6.6 Hz, 1H), 5.02 (d, /=7.6 Hz, 1H), 6.88 (m, 2H),
721 (d, J=7.6 Hz, 1H), 7.24 (m, 2H); '*C NMR (CDCl;,
100 MHz) 6 —2.0, 6.9, 19.4, 30.3, 44.1, 52.6, 55.3, 81.3,
98.2,114.4,120.2, 128.2, 130.6, 154.5, 159.5, 190.7; HRMS
calcd for C,oH,7NNaO,Si (M+Na) 364.1703, found
364.1698.

4.3.4. 2-(4-Chlorophenyl)-1-(5-trimethylsilanyl-pent-3-
ynyl)-2,3-dihydro-1H-pyridin-4-one (5d). Chromatography
(90:10 Et,O/hexane) afforded 0.127 g (86%) of a colorless oil:
IR (neat) 2220, 1639, 1589, 1574, 849 cm™'; 'H NMR
(CDCl3, 500 MHz) 6 0.08 (s, 9H), 1.42 (t, J=2.6 Hz, 2H),
2.25-2.41 (m, 2H), 2.62 (dd, J=16.4, 8.0 Hz, 1H), 2.88 (dd,
J=16.4, 6.9 Hz, 1H), 3.15-3.25 (m, 2H), 4.67 (dd, J=8.0,
6.9 Hz, 1H),5.06 (d,/=7.7 Hz, 1H), 7.18 (d, J=7.7 Hz, 1H),
7.25 (m, 2H), 7.32 (m, 2H); '>C NMR (CDCls, 125 MHz) 6
—2.0,7.0,19.5,43.7,52.9,60.4,74.1,81.5,98.6, 128.3,129.3,
134.2, 137.3, 154.1, 189.8; HRMS calcd for C;oHy4-
CINNaOSi (M +Na) 368.1208, found 368.1207.

4.3.5. 2-Furan-2-yl-1-(5-trimethylsilanyl-pent-3-ynyl)-2,
3-dihydro-1H-pyridin-4-one (5e). Chromatography (70:30
EtOAc/hexane) afforded 0.120 g (81%) of a yellow oil: IR
(neat) 2217, 1644, 1589, 848cm™'; 'H NMR (CDCls,
500 MHz) 6 0.08 (s, 9H), 1.42 (t, J=2.6 Hz, 2H), 2.35-2.51
(m, 2H), 2.78 (dd, J=16.4, 6.5 Hz, 1H), 2.85 (dd, /=164,
6.6 Hz, 1H), 3.27 (m, 1H), 3.38 (m, 1H), 4.76 (m, 1H), 4.99
(d, J=17.6 Hz, 1H), 6.30 (d, J=3.3 Hz, 1H), 6.33 (dd, J=
3.3, 1.8 Hz, 1H), 7.03 (d, J=7.6 Hz, 1H), 7.39 (d, J=
1.8 Hz, 1H); >*C NMR (CDCl;, 125 MHz) 6 —2.0, 6.9,
20.0, 39.9, 53.5, 54.1, 74.4, 81.1, 98.0, 108.5, 110.4, 142.6,
151.2, 152.8, 190.3; HRMS calcd for C;7H,3NO,Si (M ™)
301.1498, found 301.1494.

4.3.6. 1-(5-Trimethylsilanyl-pent-3-ynyl)-2,3-dihydro-
1H-[2,2'Tbipyridinyl-4-one (5f). Chromatography (30:70
i-PrOH/hexane) afforded 0.118 g (76%) of a brown oil: IR
(neat) 2219, 1640, 1594, 1584, 850cm™'; 'H NMR
(CDCls, 500 MHz) 6 0.08 (s, 9H), 1.43 (t, J=2.6 Hz, 2H),
2.33-2.50 (m, 2H), 2.85 (dd, J=16.5, 5.6 Hz, 1H), 2.99 (dd,
J=16.4, 7.5Hz, 1H), 3.33 (m, 2H), 4.83 (dd, J=725,
5.5 Hz, 1H), 5.01 (d, J=7.6 Hz, 1H), 7.21 (d, J=7.6 Hz,
1H), 7.22 (ddd, J=7.7,4.8, 1.1 Hz, 1H), 7.33 (d, J=7.7 Hz,
1H), 7.67 (m, 1H), 8.6 (m, 1H); '*C NMR (CDCl,,
125 MHz) 6 —2.0, 6.9, 19.8, 41.5, 53.8, 61.8, 74.2, 81.2,
98.3, 121.0, 122.9, 136.9, 150.0, 153.7, 157.9, 189.9; HRMS
caled for C;gH,4N,0Si (M 1) 312.1658, found 312.1652.

4.3.7. 2-Benzyloxymethyl-1-(5-trimethylsilanyl-pent-3-
ynyl)-2,3-dihydro-1H-pyridin-4-one (5g). Chromato-
graphy (70:30 Et,O/hexane) afforded 0.150 g (89%) of a

yellow oil: IR (neat) 2220, 1642, 1580, 849 cm ]; '"H NMR
(CDCl3, 500 MHz) 6 0.07 (s, 9H), 1.42 (t, J=2.6 Hz, 2H),
2.36 (dd, J=16.8, 2.3 Hz, 1H), 2.45 (m, 2H), 2.78 (dd, /=
16.4, 6.8 Hz, 1H), 3.29 (m, 1H), 3.46 (m, 1H), 3.55 (dt, J=
13.0, 6.0 Hz, 1H), 3.82 (m, 2H), 4.49 (s, 2H), 4.87 (d, J=
7.4 Hz, 1H), 6.97 (d, J=7.4 Hz, 1H), 7.27-7.36 (m, 5H);
13C NMR (CDCl;, 125 MHz) 6 —2.0, 6.9, 20.6, 37.7, 54.5,
56.2,68.7,73.6,74.4,80.9,96.8,127.6, 127.8, 128.4, 137.6,
152.4, 190.1; HRMS calcd for C,;H,oNO,Si (M)
355.1968, found 355.1979.

4.3.8. 2-Hexyl-1-(5-trimethylsilanyl-pent-3-ynyl)-2,3-
dihydro-1H-pyridin-4-one (Sh). Chromatography (60:40
Et,O/hexane) afforded 0.112 g (77%) of a colorless oil: IR
(neat) 2220, 1640, 1588, 851 cm™'; '"H NMR (CDCls,
500 MHz) 6 0.08 (s, 9H), 0.87 (t, J="7.1 Hz, 3H), 1.20-1.35
(m, 6H), 1.43 (t, J=2.6 Hz, 2H), 1.57-1.75 (m, 4H), 2.32
(ddd, /=16.3, 3.2, 1.0 Hz, 1H), 2.45 (m, 2H), 2.76 (dd, J=
16.3, 6.8 Hz, 1H), 3.30 (m, 2H), 3.51 (m, 1H), 4.89 (dd, /=
7.4, 1.1 Hz, 1H), 6.95 (dd, J=7.4, 1.0 Hz, 1H); '*C NMR
(CDCl3, 125 MHz) 6 —2.0, 6.9, 14.0, 20.7, 22.5, 25.6, 28.9,
29.2, 31.7, 39.5, 53.6, 56.6, 74.3, 81.0, 96.9, 152.2, 190.7;
HRMS calcd for C;oH54NOSi (M+H) 320.2404, found
320.2400.

4.3.9. 2-Cyclohexyl-1-(5-trimethylsilanyl-pent-3-ynyl)-2,
3-dihydro-1H-pyridin-4-one (5i). Chromatography (60:40
Et,O/hexane) afforded 0.100 g (70%) of a colorless oil: IR
(neat) 2220, 1638, 1586, 850cm™'; 'H NMR (CDCls,
400 MHz) ¢ 0.08 (s, 9H), 0.86-1.31 (m, 6H), 1.42 (t, J=
2.7 Hz, 2H), 1.69-1.93 (m, 5H), 2.41-2.49 (m, 3H), 2.76
(dd, J=16.5, 7.4 Hz, 1H), 3.26-3.39 (m, 3H), 4.87 (dd, J=
7.3, 1.1 Hz, 1H), 7.02 (dd, J=7.3, 1.0 Hz, 1H); '*C NMR
(CDCl3, 100 MHz) 6 —2.0, 6.9, 21.0, 26.1, 28.8, 30.1, 37.4,
38.7,54.8,61.4,74.3,80.7,97.2, 152.8, 192.2; HRMS calcd
for C1oH3,NOSi (M +H) 318.2248, found 318.2239.

4.3.10. 2-Phenyl-1-(6-trimethylsilanyl-hex-4-ynyl)-2,3-
dihydro-1H-pyridin-4-one (7a). Chromatography (70:30
Et,O/hexane) afforded 0.123 g (78%) of a colorless oil: IR
(neat) 2219, 1641, 1593, 1579, 850cm™'; 'H NMR
(CDCl3, 500 MHz) ¢ 0.06 (s, 9H), 1.39 (t, J=2.6 Hz, 2H),
1.60-1.72 (m, 2H), 2.12-2.23 (m, 2H), 2.67 (dd, J=16.4,
7.7 Hz, 1H), 2.88 (dd, J=16.4, 7.1 Hz, 1H), 3.18 (m, 1H),
3.27 (m, 1H), 4.61 (t, J=7.4 Hz, 1H), 5.01 (d, J=7.6 Hz,
1H), 7.20 (d, J=7.6 Hz, 1H), 7.28-7.37 (m, 5H); >*C NMR
(CDCl3, 125 MHz) 6 —2.0, 6.9, 16.0, 28.1, 43.7, 52.3, 61.0,
76.5, 79.3, 98.3, 126.9, 128.2, 129.0, 138.7, 154.1, 190.0;
HRMS caled for C,oH,sNOSi (M+H) 326.1935, found
326.1940.

4.3.11. 2-(4-Methoxyphenyl)-1-(6-trimethylsilanyl-hex-
4-ynyl)-2,3-dihydro-1H-pyridin-4-one (7b). Chromato-
graphy (70:30 Et,O/hexane) afforded 0.125 g (71%) of a
colorless oil: IR (neat) 2219, 1641, 1593, 1579, 850 cem”
'"H NMR (CDCls, 500 MHz) 6 0.06 (s, 9H), 1.39 (t, J=
2.6 Hz, 2H), 1.58-1.68 (m, 2H), 2.10-2.23 (m, 2H), 2.66
(dd, J=16.4, 8.3 Hz, 1H), 2.82 (dd, J=16.4, 6.8 Hz, 1H),
3.17 (m, 1H), 3.23 (m, 1H), 3.80 (s, 3H), 4.55 (dd, J=38.3,
6.8 Hz, 1H), 5.01 (d, /=7.6 Hz, 1H), 6.88 (m, 2H), 7.17 (d,
J=17.6 Hz, 1H), 7.22 (m, 2H); '*C NMR (CDCl;, 125 MHz)
6 —2.0, 6.9, 16.0, 28.1, 43.9, 52.0, 55.3, 60.5, 76.5, 79.2,
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98.1, 114.4, 128.2, 130.8, 154.1, 159.5, 190.4; HRMS calcd
for Cy;H,o0NNaO,Si (M +Na) 378.1860, found 378.1852.

4.3.12. 2-Hexyl-1-(6-trimethylsilanyl-hex-4-ynyl)-2,3-
dihydro-1H-pyridin-4-one (7c). Chromatography (60:40
Et,O/hexane) afforded 0.107 g (65%) of a colorless oil: IR
(neat) 2220, 1641, 1587, 850cm™'; '"H NMR (CDCl;,
500 MHz) 6 0.1 (s, 9H), 0.88 (t, /=7.0 Hz, 3H) 1.15-1.37
(m, 7H), 1.44 (t, J=2.6 Hz, 2H), 1.53-1.62 (m, 2H), 1.70-
1.80 (m, 3H), 2.20-2.28 (m, 2H), 2.33 (dd, J=16.4, 3.0 Hz,
1H), 2.73 (dd, /=16.4, 6.8 Hz, 1H), 3.32 (m, 2H), 3.44 (m,
1H), 4.88 (d, J=7.4 Hz, 1H), 6.94 (d, J=7.4 Hz, 1H); °C
NMR (CDCl;, 125 MHz) 6 —2.0, 6.9, 14.0, 16.0, 22.5,
25.6, 28.6, 29.1, 29.2, 31.7, 39.4, 52.6, 56.7, 76.5, 79.3,
96.7, 152.3, 190.4; HRMS calcd for C,oH3sNOSi (M +H)
334.2561, found 334.2575.

4.4. General procedure for the direct aza-Diels—Alder
reaction

The aldehyde (0.1 mmol), amine 1 or 2 (0.1 mmol) and
Danishefsky’s diene (0.11 mmol) were dissolved in MeCN
(5 mL) at room temperature and Yb(OTf); (0.01 mmol) was
added in one portion. The reaction mixture was stirred for
2-9 h. Then water was added and the mixture was extracted
with CH,Cl, (3X5 mL) and the combined organic layers
were washed with brine and dried (MgSQy). The residue
was purified by flash column chromatography.

4.5. General procedure for the TBAT-mediated
cyclocondensation

The dihydropyridones (0.1 mmol) and TBAT (0.2 mmol)
were dissolved in THF (5 mL) at 30 °C. After 20 min, the
reaction turned orange, and after 1-5h the reaction was
complete (TLC monitoring). The THF was removed under
reduced pressure, the residue was redissolved in Et,O
(10 mL), and filtered. The filtrate was concentrated, and the
crude material obtained was purified by flash column
chromatography.

4.5.1. (5R*,8aR*)-5-Phenyl-1-vinylidene-hexahydro-
indolizin-7-one (6a). Chromatography (50:50 Et,O/hexane)
afforded 0.023 g (95%) of white needles. Recrystallisation
from TBME/pentane afforded 6a as white needles: mp 118-
119°C; IR (neat) 1966, 1718 cm™'; '"H NMR (CDCl;,
500 MHz) 6 2.52 (m, 1H), 2.57-2.75 (m, 6H), 2.88 (m, 1H),
3.85 (m, 1H), 4.12 (dd, J=7.1, 5.5 Hz, 1H), 4.81 (dq, J=
9.9, 4.4 Hz, 1H), 4.89 (dq, /=10.0, 4.4 Hz, 1H), 7.23-7.36
(m, 5H); '°C NMR (CDCl,, 125 MHz) 6 28.3, 43.1, 47.0,
499, 58.3, 60.7, 79.1, 103.1, 127.7, 127.9, 128.4, 139.8,
201.4, 208.6; HRMS calcd for C;¢H;7;NO (M) 239.1310,
found 239.1320.

4.5.2. (5R*,8aR*)-5-p-Tolyl-1-vinylidene-hexahydro-
indolizin-7-one (6b). Chromatography (50:50 Et,O/hexane)
afforded 0.023 g (93%) of a colorless oil: IR (neat) 1966,
1715 cm™"; "H NMR (CDCls, 400 MHz) 6 2.35 (s, 3H),
2.47-2.77 (m, 7TH), 2.89 (m, 1H), 3.85 (m, 1H), 4.06 (t, J=
6.1 Hz, 1H), 4.81 (dq, /=9.9, 4.4 Hz, 1H), 4.89 (dq, J=
10.0, 4.4 Hz, 1H), 7.10-7.18 (m, 4H); '*C NMR (CDCl;,
100 MHz) ¢ 21.0, 28.2, 43.2, 46.9, 49.7, 58.1, 60.2, 79.1,

103.1, 127.9, 129.1, 136.4, 137.4, 201.4, 208.9; HRMS
caled for Cj5H,oNO (M) 253.1467, found 253.1468.

4.5.3. (5R*,8aR*)-5-(4-Methoxyphenyl)-1-vinylidene-
hexahydro-indolizin-7-one (6¢). Chromatography (40:60
Et,O/hexane) afforded 0.025 g (97%) of a yellow oil: IR
(neat) 1965, 1718, 1512, 1251 cm™'; '"H NMR (CDCl;,
500 MHz) 6 2.47-2.76 (m, 7H), 2.88 (ddd, /=10.9, 7.7,
3.3 Hz, 1H), 3.80 (s, 3H), 3.81 (m, 1H), 4.10 (t, J=6.1 Hz,
1H), 4.81 (dq, J=10.0, 4.5 Hz, 1H), 4.89 (dq, J=10.0,
4.4 Hz, 1H), 6.89 (m, 2H), 7.14 (m, 2H); '*C NMR (CDCl;,
125 MHz) ¢ 28.3, 43.3, 47.1, 49.8, 55.3, 58.1, 59.9, 79.1,
103.2, 113.8, 129.1, 131.7, 159.1, 201.4, 208.8; HRMS
calcd for C7H,oNO, (M+H) 270.1489, found 270.1501.

4.5.4. (5R*,8aR*)-5-(4-Chlorophenyl)-1-vinylidene-hexa-
hydro-indolizin-7-one (6d). Chromatography (60:40
Et,O/hexane) afforded 0.026 g (98%) of a yellow oil: IR
(neat) 1965, 1719 cm™'; '"H NMR (C¢Ds, 500 MHz) 6
2.20-2.35 (m, 6H), 2.43 (dd, J=15.4, 8.5 Hz, 1H), 2.54 (dd,
J=15.4,4.8 Hz, 1H), 3.53 (t, J=6.5 Hz, 1H), 3.64 (m, 1H),
4.70 (m, 1H), 4.78 (m, 1H), 6.82 (m, 2H), 7.09 (m, 2H); '*C
NMR (CDCls, 125 MHz) ¢ 28.3, 42.8, 46.9, 50.1, 58.4,
60.3, 79.2, 102.9, 128.6, 129.1, 133.4, 138.6, 201.4, 208.2;
HRMS calcd for C;H;7CINO M +H) 274.0993, found
274.1006.

4.5.5. (5R*,8aR*)-5-Furan-2-yl-1-vinylidene-hexahydro-
indolizin-7-one (6e). Chromatography (40:60 -BuOMe/
hexane) afforded 0.020 g (89%) of a yellow oil: IR (neat)
1972, 1722 cm ™ '; '"H NMR (CDCls, 500 MHz) 6 2.42 (m,
1H), 2.50-2.77 (m, 5H), 2.88 (dd, J=15.3, 6.9 Hz, 1H),
3.10 (m, 1H), 3.34 (m, 1H), 4.47 (dd, J=6.9, 2.3 Hz, 1H),
4.79 (dq, J=9.8,4.8 Hz, 1H), 4.89 (dq, /=9.9,4.6 Hz, 1H),
6.13 (d, J=3.2 Hz, 1H), 6.31 (dd, /=3.2, 1.8 Hz, 1H), 7.36
(d, J=1.8 Hz, 1H); >*C NMR (CDCls, 125 MHz) 6 28.4,
44.0,45.3,49.1,53.2,57.3,79.2, 103.5, 109.1, 109.9, 142 4,
152.1, 201.1, 207.5; HRMS calcd for C4H;sNO, (M™)
229.1103, found 229.1106.

4.5.6. (5R*,8aR*)-5-Pyridin-2-yl-1-vinylidene-hexahydro-
indolizin-7-one (6f). Chromatography (50:50 #-BuOMe/
hexane) afforded 0.022 g (92%) of a yellow oil: IR (neat)
1967, 1712 cm ™ '; '"H NMR (CDCls, 500 MHz) 6 2.44-2.54
(m, 3H), 2.65-2.80 (m, 4H), 3.01 (m, 1H), 3.75 (m, 1H),
4.37 (t, J=4.8 Hz, 1H), 4.79 (dq, J=9.9, 4.7 Hz, 1H), 4.87
(dq, /J=9.8, 4.6 Hz, 1H), 7.17 (ddd, J=1.1, 4.8, 7.7 Hz,
1H), 7.21 (d, J=7.7 Hz, 1H), 7.66 (m, 1H), 8.57 (m, 1H);
'3C NMR (CDCls, 125 MHz) 6 28.3, 44.0, 44.6, 49.3, 57.0,
61.1, 79.0, 103.3, 122.3, 122.8, 136.1, 149.2, 157.9, 201.1,
207.6; HRMS calcd for C;5H;(N,NaO (M + Na) 263.1155,
found 263.1152.

4.5.7. (5R*,8aR*)-5-Benzyloxymethyl-1-vinylidene-hexa-
hydro-indolizin-7-one (6g). Chromatography (40:60 ¢-
BuOMe/hexane) afforded 0.025 g (89%) of a colorless oil:
IR (neat) 1965, 1713 cm™'; "H NMR (CDCls, 500 MHz) 6
2.36 (m, 1H), 2.41-2.51 (m, 2H), 2.59-2.71 (m, 3H), 3.03
(m, 2H), 3.44 (m, 1H), 3.51 (dd, /=9.7, 4.6 Hz, 1H), 3.58
(dd, J=9.7, 4.6 Hz, 1H), 3.95 (m, 1H), 4.49 (d, J=2.2 Hz,
2H), 4.80 (m, 1H), 4.84 (m, 1H), 7.27-7.36 (m, 5H); °C
NMR (CDCl;, 125 MHz) o6 28.7, 42.2, 44.0, 49.6, 56.2,
58.4, 70.3, 73.4, 78.9, 103.9, 127.5, 127.6, 128.4, 137.9,
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201.0, 208.3; HRMS caled for C,gH, NO, (M ™) 283.1572,
found 283.1578.

4.5.8. (55*,8aR*)-5-Hexyl-1-vinylidene-hexahydro-indo-
lizin-7-one (6h). Chromatography (40:60 Et,O/hexane)
afforded 0.020 g (83%) of a colorless oil: IR (neat) 1967,
1715cm™"; '"H NMR (CDCls, 500 MHz) 6 0.87 (t, J=
7.1 Hz, 3H), 1.20-1.56 (m, 10H), 2.28 (ddd, J=14.2, 4.0,
1.5 Hz, 1H), 2.34-2.44 (m, 2H), 2.62 (dd, J=14.2, 5.6 Hz,
1H), 2.68 (m, 2H), 2.92-3.03 (m, 2H), 3.21 (m, 1H), 3.79
(m, 1H), 4.80 (m, 1H), 4.84 (m, 1H); >*C NMR (CDCls,
125 MHz) ¢ 14.0, 22.6, 26.5, 28.8, 29.3, 29.8, 31.7, 43.6,
44.3, 48.9, 57.1, 57.9, 78.8, 103.9, 201.1, 209.3; HRMS
calcd for C;¢HycNO (M +H) 248.2009, found 248.2009.

4.5.9. (5R*,8aR*)-5-Cyclohexyl-1-vinylidene-hexahydro-
indolizin-7-one (6i). Chromatography (40:60 Et,O/hexane)
afforded 0.021 g (86%) of a colorless oil: IR (neat) 1966,
1714 cm™'; "H NMR (CDCl;, 500 MHz) 6 0.83-0.96 (m,
2H), 1.09-1.25 (m, 4H), 1.37 (m, 1H), 1.63—-1.86 (m, 4H),
2.30 (ddd, J=15.0, 4.5, 1.5 Hz, 1H), 2.36-2.42 (m, 2H),
2.49 (dd, J=14.4, 5.1 Hz, 1H), 2.64 (m, 1H), 2.74 (m, 1H),
2.90 (m, 1H), 3.00 (m, 1H), 3.07 (m, 1H), 4.05 (m, 1H),
4.79-4.83 (m, 2H); '*C NMR (CDCls, 125 MHz) 6 26.2,
26.5, 29.2, 30.4, 39.3, 40.2, 43.2, 50.5, 58.8, 63.2, 78.4,
104.3, 201.1, 209.9; HRMS calcd for C;cH4NO (M +H)
246.1852, found 246.1853.

4.5.10. (4R*,9aR*)-4-Phenyl-9-vinylidene-octahydro-
quinolizin-2-one (8a). Chromatography (40:60 Et,O/hexane)
afforded 0.008 g (35%) of a colorless oil: IR (neat) 1968,
1720 cm™'; "H NMR (C¢Dg, 500 MHz) 6 0.88-0.95 (m,
1H), 1.58-1.70 (m, 1H), 1.91 (m, 1H), 2.30-2.41 (m, 2H),
2.47 (dd, J=14.6, 9.5 Hz, 1H), 2.53-2.62 (m, 2H), 2.74
(ddd, /=148, 3.6, 2.1 Hz, 1H), 2.82 (m, 1H), 3.61 (m, 1H),
4.12 (dd, J=9.5, 4.2 Hz, 1H), 4.76 (dt, J=10.1, 4.1 Hz,
1H), 4.84 (dq, J=13.7, 3.5 Hz, 1H), 7.13-7.25 (m, 5H); '°C
NMR (CDCls, 125 MHz) 6 20.4, 29.9, 44.0, 49.0, 49.8,
57.7, 59.4, 77.5, 98.8, 127.8, 127.7, 140.8, 203.7, 207.4;
HRMS caled for C;7H;oNO (M™) 253.1467, found
253.1462.

4.5.11. (4R*,9aR*)-4-(4-Methoxyphenyl)-9-vinylidene-
octahydro-quinolizin-2-one (8b). Chromatography (40:60
Et,O/hexane) afforded 0.006 g (27%) of a brown oil: IR
(neat) 1972, 1718 cm™'; "H NMR (CDCl, 500 MHz) ¢
0.83-0.94 (m, 1H), 1.70-1.80 (m, 1H), 2.10-2.21 (m, 1H),
2.38-2.43 (m, 1H), 2.49-2.54 (m, 2H), 2.57-2.64 (m, 1H),
2.68 (dd, J=15.2, 3.8 Hz, 1H), 2.73 (dd, J=15.2, 6.0 Hz,
1H), 2.86-2.92 (m, 1H), 3.81 (s, 3H), 3.84-3.89 (m, 1H),
4.13-4.17 (m, 1H), 4.74-4.81 (m, 2H), 6.88 (d, /=8.7 Hz,
2H) 7.23 (d, /=8.7 Hz, 2H); HRMS calcd for C,3H,;NO,
(M™) 283.1573, found 283.1582.
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Abstract—A convenient synthesis of 4,7-dihydroxythioaurone derivatives by a one pot reaction of benzaldehydes with 4-acetyl-2-oxo-
benz[1,3]oxathioles and piperidine acetate in DMSO is described. The structures of the compounds, including double bond geometry were
proved unequivocally by NMR methods. The thioaurone ring system seems to be formed by three consecutive reactions: opening of the
oxathiolone ring with piperidine, oxidation of the formed mercapto group with DMSO or/and air to disulfide, and condensation with

aldehyde.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Thioaurones constitute a relatively unexplored class of
compounds. More than 50 years ago they were intensively
studied as thioindigo-like dyes, and next as photochromic
compounds.’ Lately, they attracted some attention as
photoswitchable molecules®™ and their chemistry was
recently reviewed.! The most important method of
preparation of the compounds is the condensation of
1-benzothiophene-3-ones with benzaldehydes,” although
several other methods are also available.'

O

o+ CHO

2. Results and discussion

Continuing our work on thio analogs of flavonoids of
biological interest bearing p-hydroquinone functionality,®’
we now find that 4,7-dihydroxythioaurone derivatives can
be prepared in one step from 4-acetyl-5-alkoxy-1,3-
benzoxathiol-2-ones (1-3) and aromatic aldehydes
(Scheme 1).

The reaction provided a convenient access to a broad range
of 4,7-dihydroxythioaurone derivatives, as listed in Table 1.

(0]
C5H10NJkO 2 4'
7

S . C\ {  NHy* AcOr .
CHs < DMSO 5 3
RO O rRo ©
1R = CHg 4-23

2 R = CHCHoN(CoHs)2
3 R= CHZCH=CH2

Scheme 1. Formation of thioaurones 4-23.

Keywords: Thioaurones; Synthesis of; Structure of; Domino reaction.

* Corresponding author. Tel.: +48 58 349 3148; fax: +48 58 349 3206; e-mail: markon@amg.gda.pl

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.06.107



M. T. Konieczny et al. / Tetrahedron 61 (2005) 8648-8655 8649

Table 1. Thioaurones prepared according to Scheme 1

Compound no. Yield (%) Substituents

4 62 3'.4,4'-triOCH;

5 21 4-OCHjs; 3/ ,4'-diOH

6" 8 4-OCHj3; 3/,4'-diOH; 7-OH
7 29 4-OCHj3; 4'-Br

8 51 4-OCHg;

9 19 4-OCHg; pyridinyl-4 ring
10 57 2/ 3" 4-triOCH;

11 29 4,4'-diOCH;

12 58 4-OCHs; 4'-OH

13 27 4-OCHs; 3/-OH

14 48 3',4-diOCH;; 4'-OH

15 36 4-OCHj3; 4'-Cl

16 42 4-OCHj3; 3/-Cl

17 30 4-OCH;3; 2/-Cl

18 52 4,5'-diOCH3; 3/-Br; 4/-OH
19 55 4-OCHjs; 4'-N(CHs),

20 10 4-OCHj3; 4-NO,

21 29 4.4’ 5'-triOCH3; 3'-Br

22 35 4-OCH,CH,N(C,Hs),; 3'-Cl
23 42 4-OCH,CH=CH,; 3'-Cl

# Formed by hydrolysis of compound 5. Traces of analogous 7-hydroxy
derivatives were present in crude products of all reactions.

The structures of the compounds were proved by elemental
analyses, IR and NMR spectra. The NMR gHMBC
spectrum of compound 4 revealed long range couplings of
the exocyclic hydrogen o with carbons 2’ and 6/, which
confirmed the aurone structure. For the alternative flavone
structure, such coupling seems to be improbable (Fig. 1).

Figure 1. Comparison of thioaurone and thioflavone structures.

Measurement of coupling constants between the carbonyl
carbon (carbon 3) and o-proton gave value J=5-6 Hz,
which proved that the carbonyl group and the a-proton are
located cis, as for the trans isomer the value of the coupling
constant should be much larger (J=12-15 Hz).®° The result
is in agreement with previous observations that Z isomers of
thioaurones are thermodynamically more stable than the E
isomers, which can be prepared by irradiation of the Z form
with UV-vis light."™*'° The applied method of determin-
ation of double bond geometry seems to be more reliable
than the earlier methods, based on chemical shift of the
oc—protonz’m or UV spe:ctra.2’3’11

The described reaction seems to be general and takes place
with a variety of benzaldehydes (Table 1). The piperidine
acetate used as a catalyst and co-reactant could be replaced
by the free amine or other amine acetates, including
ammonium acetate. However, use of the piperidine acetate
resulted in well crystallizing derivatives and for this reason
all syntheses were performed with this particular salt, as
ultimately we were interested in compounds with free
hydroxy groups and the structure of the amine was not of
primary importance for us. In most cases, the reactions were
performed under argon but the inert atmosphere was not

essential. However, the reaction should be run under
anhydrous conditions to prevent hydrolysis of the carba-
moyl group at the position 7 of the product. If present in
larger amount, the product of hydrolysis (e.g., 6) can only
with difficulty be removed by crystallization and had to be
separated by low temperature extraction with dilute sodium
hydroxide or chromatography.

The mechanism of the reaction is still tentative but a few
details are already clarified. Formation of thioaurone from
compound 1 has to involve an oxidation step, and air or
DMSO appeared as the two possible oxidants. In a related
experiment, the reaction flask was flushed with a slow
stream of argon and the gases were bubbled through a
solution of methyl iodide in acetone, resulting in precipi-
tation of a colorless solid, which was identified by IR as
trimethylsulfonium iodide (yield 29 and 48% in relation to
the isolated thioaurone; the experiment was not intended to
be quantitatively valid, and probably more dimethyl sulfide
was formed in the reaction). The result proved that DMSO
indeed acted as the oxidant. However, reaction of the
compound 1 with 3,4-dimethoxybenzaldehyde and piper-
idine run in methanol instead of DMSO also resulted in
formation of thioaurone 4, but the reaction time was longer,
the yield of the product was lower (10% in comparison to
57% in DMSO), and the thioaurone 4 was accompanied by a
complicated mixture of other compounds. One of them was
isolated, and identified as 8-hydroxy-3',4',5-trimethoxythio-
flavanone (24) (yield 9%) (Fig. 2). The result suggests that
oxidation with DMSO was advantageous but not necessary.

OH
OCH
o,

OCHs
CH,O O

Figure 2. Compound 24.

We speculated that formation of thioaurones goes via
benzothiophen 25. To check if compound 25 is indeed
formed as an intermediate, reaction of benzoxathiol-2-one
(1) with piperidine acetate in DMSO was run in the absence
of benzaldehyde, but instead of the expected product 25,
disulfide 26 and spiro compound 27 were isolated in the
ratio 1:4, respectively, (Scheme 2). Prolongation of the time
of the reaction lead exclusively to 27. The structure of the
unusual spiro compound 27 was proved based on MS, IR
and NMR ROESY, gHMBC, and gHSQC spectra. The
NMR data demonstrated that the compound 27 existed as a
mixture of two diastereoisomers.

Formation of the disulfide suggested, that this can be the
sought after intermediate, as similar formation of thiaurones
from disulfides was already reported by Samogyi.'? Indeed,
under the reaction conditions the disulfide 26 reacts cleanly
with 3,4-dimethoxybenzaldehyde to give thioaurone 4
(Scheme 3).

The prepared compounds and their derivatives were tested
as potential antitumor agents, the results will be published
elsewhere.
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Scheme 2. Formation of disulfide 26 and the spiro compound 27.
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Scheme 3. Transformation of disulfide 26 into thioaurone.
3. Conclusion

The described, one pot reaction provides a convenient
access to 4,7-dihydroxy derivatives of thioaurones. It can
be expected, that the reaction can be extended to other
4-acetyl-1,3-benzoxathiol-2-ones, and that preparatively
useful synthesis of thioaurones, starting from
2-acetylthiophenoles or related disulfides and benzalde-
hydes in DMSO, should be possible. The presented, NMR
methods of elucidation of structures of thioaurones seem to
be superior to the previous ones, and applicable to aurones.

4. Experimental

4.1. General

Melting points are uncorrected. Infrared spectra were
obtained from KBr pellets on Thermo Mattson Satellite
instrument. The "H and '*C NMR spectra were recorded on
200 MHz (Varian Gemini) or 500 MHz (Varian Unity Plus)
spectrometers. Elemental analyses were performed on
Carlo-Erba 1108 instrument. MALDI TOF mass spectra
were obtained with a Bruker Biflex III instrument. Flash
column chromatography was performed on silica gel
(Merck, less than 230 mesh). TLC was carried out on

Merck 0.2 mm silica gel 60 F254 aluminum plates.
Commercially available chemicals were reagent grade,
and DMSO was dried (Al,Os3), distilled and stored over
molecular sieves.

4.1.1. 4-Acetyl-5-methoxy-1,3-benzoxathiol-2-one (1). 4-
Acetyl-5-hydroxy-1,3-benzoxathiol-2-one'®  (11.62 g,
0.055 mol), iodomethane (14 mL, 0.22 mol), dry potassium
carbonate (20 g, 0.15 mol) in anhydrous acetone (150 mL)
were refluxed, with stirring for 3 h. Water (300 mL) was
added to the cooled mixture, and the precipitated solid
was filtered off and washed with water. The wet product was
dissolved in hot acetone, decolorized with charcoal, and
precipitated by addition of water, to give 9.1 g (73%) of
4-acetyl-5-methoxy-1,3-benzoxathiol-2-one (1) as brightly
yellow crystals, mp 140-142°C. Anal. Calcd for
C10HgO4S: C, 53.57; H, 3.60; S, 14.27. Found: C, 53.40;
H, 3.43; S, 14.17. IR (KBr, cm ~'): 1745, 1650, 1592, 1467,
1276, 1059. NMR (200 MHz, CDCls): ¢ 7.40 (d, 1H, J=
9 Hz, H-7), 6.96 (d, 1H, J=9 Hz, H-6), 4.00 (s, 3H, OCHj3),
2.73 (s, 3H, COCHy).

4.1.2. 4-Acetyl-5-[2'-(N,N-diethylamino)ethoxy]-1,3-
benzoxathiol-2-one (2). 4-Acetyl-5-hydroxy-1,3-benzo-
xathiol-2-one (2.11 g, 0.01 mol), 2-chlorotriethylamine
hydrochloride (3.44 g, 0.02 mol), dry potassium carbonate
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(8.3 g, 0.06 mol) in anhydrous DMF (20 mL) were stirred at
room temperature for 1.5 h. Water and ice were added to the
cooled mixture, and the precipitated solid was filtered off
and washed with water to give 2.4 g (79%) of crude product.
Crystallization from methanol gave 1.93 g (62%) of
4-acetyl-5-[2-(N,N-diethylamino)ethoxy]-1,3-benzoxathiol-
2-one (2) as a gray solid, mp 98-99 °C. Anal. Calcd for
C5sH19N;04S: C, 58.23; H, 6.19; N, 4.53; S, 10.34. Found:
C,58.18; H, 6.21; N, 4.52; S, 10.38. IR (KBr, cm ™~ '): 1744,
1662, 1594, 1460, 1274, 1051. NMR (500 MHz, DMSO): 6
7.72 (d, 1H, J=9 Hz, H-7), 7.31 (d, 1H, J=9 Hz, H-6), 4.23
(t, 2H, J=6 Hz, OCH,), 2.85 (t, 2H, J=6 Hz, NCH,), 2.72
(s, 3H, COCH,), 2.54 (q, 4H, J=7 Hz, 2X CH,CH3;), 0.95
(t, 6H, J=7 Hz, 2 X CH,CH3).

4.1.3. 4-Acetyl-5-allyloxy-1,3-benzoxathiol-2-one (3). 4-
Acetyl-5-hydroxy-1,3-benzoxathiol-2-one (2.11 g, 0.01 mol),
allyl bromide (1.73 mL, 0.02 mol), dry potassium carbonate
(4.15 g, 0.03 mol) in anhydrous DMF (20 mL) were stirred
at room temperature for 1.5 h. Water and ice were added to
the cooled mixture, and the precipitated solid was filtered
off and washed with water to give 2.3 g (92%) of crude
product. Crystallization from toluene—cyclohexane gave
1.8 g (73%) of 4-acetyl-5-allyloxy-1,3-benzoxathiol-2-one
(3) as a gray solid, mp 120-123 °C. Anal. Calcd for
C1oH1004S1: C, 57.59; H, 4.03; S, 12.79. Found: C, 57.38;
H, 3.99; S, 12.85. IR (KBr, cm ~'): 1740, 1656, 1593, 1466,
1421, 1270, 1049. NMR (500 MHz, DMSO): 6 7.73 (d, 1H,
J=9Hz, H-7), 7.28 (d, 1H, J=9 Hz, H-6), 6.15 (m, 1H,
=CH-), 5.49 (d, 1H, J=17 Hz, H,C=), 534 (d, 1H, J=
11 Hz, H,C=), 4.80 (d, 2H, J=5 Hz, OCH,), 2.69 (s, 3H,
COCHy).

4.2. General procedure for reaction of 4-acetyl-1,3-
benzoxathiol-2-ones (1-3) with benzaldehydes

4-Acetyl-1,3-benzoxathiol-2-ones (1-3) (4 mmol), a benz-
aldehyde (6 mmol), piperidine acetate (870 mg, 6 mmol) in
anhydrous DMSO (4 mL) were heated at 100-110 °C, with
stirring for 1-2 h. The reaction mixture was cooled down
and elaborated as described for particular benzaldehydes.

4.2.1. 2-(3',4'-Dimethoxybenzylidene)-4-methoxy-7-
piperidinocarbonyloxy-2,3-dihydro-benzo[b]thiophen-
3-one (4). Reaction of 1 with 3,4-dimethoxybenzaldehyde.
The product precipitated after cooling. The suspension
was diluted with methanol and filtered. The yellow solid
was washed with methanol, and crystallized from
2-methoxyethanol to give 4, (62%) as yellow solid, mp
173-175 °C. Anal. Calcd for C,4H,506S|N;: C, 63.28; H,
5.53; N, 3.07; S, 7.04. Found: C, 63.39; H, 5.38; N, 3.15; S,
6.87. IR (KBr, cm ™~ '): 1720, 1662, 1584, 1509, 1223, 1040.
NMR (200 MHz, CDCl3): 6 7.91 (s, 1H, H-a), 7.35-7.50
(m, 2H, H-6, H-6"), 7.3 (br s, 1H, H-2"), 7.05 (d, 1H, J=
8.4 Hz, H-5"), 6.82 (d, 1H, J=8.9 Hz, H-5), 4.07 (s, 3H,
OCHj3;), 4.04 (s, 3H, OCH3;), 4.03 (s, 3H, OCH3), 3.75 (br s,
2H, piperidine), 3.60 (br s, 2H, piperidine), 1.77 (br s, 6H,
piperidine).

4.2.2. 2-(3/,4'-Dihydroxybenzylidene)-4-methoxy-7-
piperidinocarbonyloxy-2,3-dihydro-benzo[b]thiophen-
3-one (5) and 2-(3',4’-dihydroxybenzylidene)-7-hydroxy-
4-methoxy-2,3-dihydro-benzo[b]thiophen-3-one (6).

Reaction of (1) with 3,4-dihydroxybenzaldehyde. The
products were precipitated by addition of cold water,
filtered, dried and separated on silica gel column in
chloroform—methanol 20:1 solution to give 5, (21%) as a
yellow solid, mp 255-260°C dec. Anal. Calcd for
C»H,06S|N;: C, 61.81; H, 4.95; N, 3.28; S, 7.50.
Found: C, 61.90; H, 5.14; N, 3.03; S, 7.61. IR (KBr, cm_l):
1701, 1664, 1567, 1430, 1229, 1039. NMR (200 MHz,
acetone): 0 8.5 (br s, 1H, OH), 8.4 (br s, 1H, OH), 7.70 (s,
1H, H-a), 7.43 (d, 1H, J=8.9 Hz, H-6), 7.29 (d, 1H, J=
2.1 Hz, H-2"), 7.20 (dd, 1H, J, =8.7 Hz, J,=2.1 Hz, H-6'),
6.97 (m, 2H, H-5', H-5), 3.96 (s, 3H, OCHj), 3.70 (br s, 2H,
piperidine), 3.51 (br s, 2H, piperidine), 1.71 (br s, 6H,
piperidine), and 6, (8%) as a brick-red solid, mp 174—
178 °C. Anal. Calcd for C;¢H;,05S;: C, 60.75; H, 3.82; S,
10.14. Found: C, 60.57; H, 3.99; S, 10.02. IR (KBr, cm ™~ ):
3394, 1545, 1508, 1233, 1040. NMR (200 MHz, DMSO): 6
10.1 (br s, 1H, OH), 9.8 (br s, 1H, OH), 9.5 (br s, 1H, OH),
7.57 (s, 1H, H-a), 7.26 (d, 1H, J=2.1 Hz, H-2'), 7.12 (dd,
1H, J,=2.1 Hz, J,=8.4 Hz, H-6'), 7.05 (d, 1H, J=8.7 Hz,
H-6), 6.87 (d, 1H, J=8.1 Hz, H-5"), 6.78 (d, 1H, J=8.8 Hz,
H-5), 3.80 (s, 3H, OCHs).

4.2.3. 2-(4'-Bromobenzylidene)-4-methoxy-7-piperidino-
carbonyloxy-2,3-dihydro-benzo[b]thiophen-3-one (7).
Reaction of (1) with 4-bromobenzaldehyde. The product
precipitated after cooling. The suspension was diluted with
methanol and filtered. The crude product was crystallized
from 2-methoxyethanol to give 7, (29%) as a yellow solid,
mp 185-188 °C. Anal. Calcd for C,,H,004SNBry: C,
55.70; H, 4.25; N, 2.95; S, 6.76. Found: C, 55.42; H, 4.20;
N, 2.82; S, 6.50. IR (KBr, cm~'): 1710, 1683, 1487, 1417,
1219, 1034. NMR (500 MHz, DMSO): 6 7.77 (s, 1H, H-a),
7.76 (d, 2H, Ar’), 7.69 (d, 2H, J=8.3 Hz, Ar"), 7.53 (d, 1H,
J=28.8 Hz, H-6), 7.01 (d, 1H, J=9.3 Hz, H-5), 3.93 (s, 3H,
OCHs;), 3.62 (br s, 2H, piperidine), 3.42 (br s, 2H, piperi-
dine), 1.64 (br s, 4H, piperidine), 1.56 (br s, 2H, piperidine).

4.2.4. 2-Benzylidene-4-methoxy-7-piperidinocarbonyl-
oxy-2,3-dihydro-benzo[b]thiophen-3-one (8). Reaction
of (1) with benzaldehyde. The product precipitated after
cooling. The suspension was diluted with methanol and
filtered. The crude product was purified on silica gel column
in chloroform to give 8, (51%) as a yellow solid, mp 180—
181 °C. Anal. Calcd for CoH,104S1Ny: C, 66.82; H, 5.35;
N, 3.54; S, 8.11. Found: C, 66.99; H, 5.51; N, 3.76; S, 8.34.
IR (KBr,cm ™ 1): 1715, 1681, 1585, 1492, 1425, 1220, 1031,
NMR (200 MHz, DMSO): 6 7.81 (s, 1H, H-a), 7.42-7.80
(m, 6H, Ar’, H-6), 7.00 (d, 1H, J=9.0 Hz, H-5), 3.93 (s, 3H,
OCH3), 3.62 (br s, 2H, piperidine), 3.44 (br s, 2H,
piperidine), 1.64 (br s, 6H, piperidine).

4.2.5. 2-[(Pyridin-4yl)-methylene]-4-methoxy-7-piperi-
dinocarbonyloxy-2,3-dihydro-benzo[b]thiophen-3-one
(9). Reaction of (1) with 4-pyridinecarboxaldehyde. Water
was added to the cooled reaction mixture, the precipitated
oil was dissolved in methylene chloride, the solution was
washed with water, dried and evaporated to dryness. The
residue was purified on silica gel column in methylene
chloride—ethyl acetate 3:1 solution to give 30%, and after
crystallization from 2-methoxyethanol 19% of 9 as a yellow
solid, mp 203-205 °C. Anal. Calcd for C,1H5oN,0,4S;: C,
63.62; H, 5.08; N, 7.07; S, 8.09. Found: C, 63.47; H, 5.20;
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N, 7.28; S, 8.37. IR (KBr, cm ™ '): 1720, 1978, 1583, 1427,
1226, 1034. NMR (200 MHz, CDCl5): 6 8.73 (d, 2H, J=
4 Hz, H-2' H-6"), 7.73 (s, 1H, H-a), 7.56 (d, 2H, J=6 Hz,
H-3', H-5"), 7.41 (d, 1H, J=8.9 Hz, H-6), 6.77 (d, 1H, J=
8.9 Hz, H-5), 4.01 (s, 3H, OCHs;), 3.69 (br s, 2H,
piperidine), 3.55 (br s, 2H, piperidine), 1.71 (br s, 6H,
piperidine).

4.2.6. 2-(2/,3'-Dimethoxybenzylidene)-4-methoxy-7-
piperidinocarbonyloxy-2,3-dihydro-benzo[b]thiophen-
3-one (10). Reaction of (1) with 2,3-dimethoxybenzalde-
hyde. The product precipitated after cooling. The suspen-
sion was diluted with methanol and filtered. The yellow
solid was crystallized from 2-methoxyethanol to give 10
(57%) as a yellow solid, mp 166-167 °C. Anal. Calcd for
Co4Hy5N 1 O6S: C, 63.28; H, 5.53; N, 3.07; S, 7.04. Found:
C, 63.10; H, 5.58; N, 3.00; S, 7.17. IR (KBr, cm ™~ "): 1724,
1681, 1582, 1488, 1425, 1224, 1084, 1034. NMR
(200 MHz, DMSO): ¢ 8.00 (s, 1H, H-a), 7.51 (d, 1H, J=
8.9 Hz, H-6), 7.18-7.30 (m, 3H, Ar’), 7.00 (d, 1H, J=
8.9 Hz, H-5), 3.93 (s, 3H, OCH3), 3.86 (s, 3H, OCH3), 3.80
(s, 3H, OCH3y), 3.62 (br s, 2H, piperidine), 3.42 (br s, 2H,
piperidine), 1.62 (br s, 6H, piperidine).

4.2.7. 2-(4'-Methoxybenzylidene)-4-methoxy-7-piperi-
dinocarbonyloxy-2,3-dihydro-benzo[b]thiophen-3-one
(11). Reaction of (1) with 4-methoxybenzaldehyde. Water
was added to the cooled reaction mixture, the precipitated
oil was washed with water, dissolved in chloroform, the
solution was washed with water, dried and evaporated to
dryness. The residue was purified on silica gel column in
chloroform—toluene 3:1 solution and crystallized from
2-methoxyethanol to give 29% of 11 as a yellow solid,
mp 156-157 °C. Anal. Calcd for C53H,3N;05S;: C, 64.92;
H, 5.45,N, 3.29; S, 7.54. Found: C, 64.67; H, 5.33; N, 3.11;
S, 7.31. IR (KBr, cm ™ "): 1727, 1673, 1571, 1509, 1426,
1225, 1176, 1029. NMR (200 MHz, DMSO): & 7.77 (s, 1H,
H-a), 7.72 (d, 2H, J=8.8 Hz, H-2', H-6'), 7.49 (d, 1H, J=
8.9 Hz, H-6), 7.12 (d, 2H, J=38.7 Hz, H-3', H-5"), 6.98 (d,
1H, J=9.0 Hz, H-5), 3.91 (s, 3H, OCHj3;), 3.84 (s, 3H,
OCH3), 3.62 (br s, 2H, piperidine), 3.44 (br s, 2H,
piperidine), 1.64 (br s, 6H, piperidine).

4.2.8. 2-(4'-Hydroxybenzylidene)-4-methoxy-7-piperi-
dinocarbonyloxy-2,3-dihydro-benzo[b]thiophen-3-one
(12). Reaction of (1) with 4-hydroxybenzaldehyde. The
product precipitated after cooling. The suspension was
diluted with methanol and filtered. The yellow solid was
washed with methanol, crystallized from 2-methoxyethanol
and washed with methanol to give 12, (58%) as a yellow
solid, mp 238-240 °C. Anal. Calcd for C»,H,N,0sS;: C,
64.22; H, 5.14; N, 3.40; S, 7.79. Found: C, 64.11; H, 5.00;
N, 3.27; S, 7.53. IR (KBr, cm ™~ '): 3205, 1719, 1659, 1561,
1512, 1426, 1226, 1173, 1040. NMR (200 MHz, DMSO): 6
10.35 (br s, 1H, OH), 7.72 (s, 1H, H-a), 7.62 (d, 2H, J=
8.6 Hz, H-2/, H-6'), 7.47 (d, 1H, J=8.9 Hz, H-6), 6.96 (d,
IH, J=8.9 Hz, H-5), 6.94 (d, 2H, J=8.7 Hz, H-3/, H-5'),
3.91 (s, 3H, OCHj3;), 3.62 (br s, 2H, piperidine), 3.54 (br s,
2H, piperidine), 1.63 (br s, 6H, piperidine).

4.2.9. 2-(3'-Hydroxybenzylidene)-4-methoxy-7-piperi-
dinocarbonyloxy-2,3-dihydro-benzo[b]thiophen-3-one
(13). Reaction of (1) with 3-hydroxybenzaldehyde. Water

was added to the cooled reaction mixture, the precipitated
oil was washed with water, dissolved in chloroform, the
solution was washed with water, dried [(Na),SO,4] and
evaporated to dryness. The residue was crystallized from
2-methoxyethanol and washed with methanol to give 13,
(27%) as a yellow solid, mp 255-258 °C. Anal. Calcd for
CooHz 1N O5S: C, 64.22; H, 5.14; N, 3.40; S, 7.79. Found:
C, 64.47; H, 5.11; N, 3.23; S, 7.54. IR (KBr, cm ™ '): 3322,
1711, 1670, 1578, 1489, 1227, 1042, NMR (200 MHz,
DMSO): 6 9.86 (br s, 1H, OH), 7.70 (s, 1H, H-a), 7.50 (d,
1H, J=8.9 Hz, H-6), 7.32 (t, 1H, J=7.7 Hz, H-5'), 7.16 (m,
2H, H-2/, H-6'), 6.99 (d, 1H, J=9. 0 Hz, H-5), 6.88 (dd, 1H,
J=7.8 Hz, H-4"), 3.92 (s, 3H, OCH3), 3.53 (br s, 2H,
piperidine), 3.43 (br s, 2H, piperidine), 1.63 (br s, 6H,
piperidine).

4.2.10. 2-(4'-Hydroxy-3'-methoxybenzylidene)-4-meth-
oxy-7-piperidinocarbonyloxy-2,3-dihydro-benzo[b]thio-
phen-3-one (14). Reaction of (1) with 4-hydroxy-3-
methoxybenzaldehyde. The product precipitated after
cooling and addition of methanol. The suspension was
filtered, the yellow solid was washed with methanol, crys-
tallized twice from 2-methoxyethanol and washed with
methanol to give 14, (48%) as an orange solid, mp 195—
196 °C. Anal. Calcd for C53H,3N;06S,: C, 62.57; H, 5.25;
N, 3.17; S, 7.26. Found: C, 62.78; H, 5.39; N, 3.33; S, 7.02.
IR (KBr, cm ™ 1): 3324, 1700, 1670, 1570, 1512, 1428, 1232,
1038. NMR (200 MHz, DMSO): 6 10.00 (br s, 1H, OH),
7.74 (s, 1H, H-a), 7.48 (d, 1H, J=8.8 Hz, H-6), 7.33 (d, 1H,
J=2.0 Hz, H-2'), 7.26 (dd, 1H, J, =8.2 Hz, J,=2.0 Hz, H-
6),6.97 (d, 1H, J=8.9 Hz, H-5), 6.94 (d, 1H, J=8.2 Hz, H-
5),3.91 (s, 3H, OCH3), 3.85 (s, 3H, OCH3), 3.62 (br s, 2H,
piperidine), 3.43 (br s, 2H, piperidine), 1.63 (br s, 6H,
piperidine).

4.2.11. 2-(4’-Chlorobenzylidene)-4-methoxy-7-piperi-
dinocarbonyloxy-2,3-dihydro-benzo[b]thiophen-3-one
(15). Reaction of (1) with 4-chlorobenzaldehyde. The pro-
duct precipitated after cooling. The suspension was diluted
with methanol and filtered. The yellow solid was washed
with methanol and dried to give 44% of crude product. The
product was purified on silica gel column in chloroform to
give 15, (36%) as a yellow solid, mp 189-190 °C. Anal.
Calcd for C,Hy0N;04S,Cl;: C, 61.46; H, 4.69; N, 3.26; S,
7.46. Found: C, 61.27; H, 4.81; N, 3.13; S, 7.21. IR (KBr,
cm ™ '): 1714, 1681, 1582, 1492, 1425, 1221, 1027. NMR
(500 MHz, DMSO): 6 7.79 (s, 1H, H-a), 7.76 (d, 2H, J=
8.3 Hz, H-2/, H-6), 7.63 (d, 2H, J=8.3 Hz, H-3/, H-5"),
7.53 (d, 1H, J=8.9 Hz, H-6), 7.01 (d, 1H, J=8.9 Hz, H-5),
3.93 (s, 3H, OCH3;), 3.62 (br s, 2H, piperidine), 3.43 (br s,
2H, piperidine), 1.64 (br s, 4H, piperidine), 1.56 (br s, 2H,
piperidine).

4.2.12. 2-(3'-Chlorobenzylidene)-4-methoxy-7-piperi-
dinocarbonyloxy-2,3-dihydro-benzo[b]thiophen-3-one
(16). Reaction of (1) with 3-chlorobenzaldehyde. The
product precipitated after cooling. The suspension was
diluted with methanol and filtered. The yellow solid was
washed with methanol, crystallized from 2-methoxyethanol
and washed with methanol to give 16, (42%) as a yellow
solid, mp 170-172 °C. Anal. Calcd for C,,HoN;04S,Cl;:
C,61.46; H,4.69; N, 3.26; S, 7.46. Found: C, 61.25; H, 4.45;
N, 3.08; S, 7.67. IR (KBr, cm ™~ '): 1714, 1683, 1582, 1490,
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1425, 1222, 1026. NMR (500 MHz, DMSO): 6 7.81 (s, 1H,
H-2),7.79 (s, 1H, H-a), 7.71 (d, 1H, J=7.8 Hz, H-2'), 7.59
(t, 1H, J=17.8 Hz, H-5'), 7. 55-7.57 (m, 2H, H-4', H-6), 7.02
(d, 1H, J=8.9 Hz, H-5), 3.93 (s, 3H, OCHs), 3.62 (br s, 2H,
piperidine), 3.43 (br s, 2H, piperidine), 1.65 (br s, 4H,
piperidine), 1.56 (br s, 2H, piperidine).

4.2.13. 2-(2'-Chlorobenzylidene)-4-methoxy-7-piperi-
dinocarbonyloxy-2,3-dihydro-benzo[b]thiophen-3-one
(17). Reaction of (1) with 2-chlorobenzaldehyde. Water was
added to the cooled reaction mixture, the precipitated oil
was washed with water, dissolved in chloroform, the solu-
tion was washed with water, dried (MgSO,) and evaporated
to dryness. The residue was purified on silica gel column in
chloroform—toluene 3:1 solution to give 30% of 17 as a
yellow solid, mp 170 171 °C. Anal. Calcd for C5,HpoN{Oy-
S,Cl;: C, 61.46; H, 4.69; N, 3.26; S, 7.46. Found: C, 61.68;
H, 4.62; N, 3.39; S, 7.24. IR (KBr, cm ™~ "): 1722, 1681,
1582, 1490, 1424, 1218, 1145, 1030. NMR (200 MHz,
DMSO): 6 7.99 (s, 1H, H-a), 7.79 (dd, 1H, J,=7.2 Hz, J,=
1.9 Hz, H-6'), 7.44-7.70 (m, 4H, H-6, H-3', H-4', H-5"),
7.02 (d, 1H, J=9.1 Hz, H-5), 3.93 (s, 3H, OCH3), 3.59 (br s,
2H, piperidine), 3.42 (br s, 2H, piperidine), 1.61 (br s, 6H,
piperidine).

4.2.14. 2-(3/-Bromo-4'-hydroxy-5'-methoxybenzyli-
dene)-4-methoxy-7-piperidinocarbonyloxy-2,3-dihydro-
benzo[b]thiophen-3-one (18). Reaction of (1) with
3-bromo-4-hydroxy-5-methoxybenzaldehyde. The product
precipitated after cooling. The suspension was diluted with
methanol and filtered. The yellow solid was washed with
methanol, crystallized from 2-methoxyethanol and washed
with methanol to give 18, (52%) as a yellow solid, mp 227—
229 °C. Anal. Calcd for C,3H,,N{OgSBr: C, 53.08; H,
4.26; N, 2.69; S, 6.16. Found: C, 52.87; H, 4.45; N, 2.41; S,
6.00. IR (KBr, cm ™~ '): 3388, 1715, 1667, 1579, 1500, 1427,
1226, 1038. NMR (500 MHz, DMSO): ¢ 10.46 (br s, 1H,
OH), 7.73 (s, 1H, H-a), 7.55 (d, 1H, J=1.9 Hz, H-2'), 7.51
(d, 1H, J=8.8 Hz, H-6), 7.39 (d, 1H, J=small, H-6"), 7.00
(d, 1H, J=9.3 Hz, H-5), 3.92 (s, 3H, OCH3), 3.91 (s, 3H,
OCH3;), 3.62 (br s, 2H, piperidine), 3.44 (br s, 2H,
piperidine), 1.66 (br s, 4H, piperidine), 1.56 (br s, 2H,
piperidine).

4.2.15. 2-(4'-Dimethylaminobenzylidene)-4-methoxy-7-
piperidinocarbonyloxy-2,3-dihydro-benzo[b]thiophen-3-
one (19). Reaction of (1) with 4-dimethylaminobenzaldehyde.
Water was added to the cooled reaction mixture, the pre-
cipitated oil was washed with water, dissolved in chloro-
form, the solution was washed with water, dried (MgSQOy,)
and evaporated to dryness. The residue was washed with
methanol, crystallized twice from 2-methoxyethanol and
washed with methanol to give 19, (55%) as a red solid, mp
218-222 °C. Anal. Calcd for Co4H,4N,04S: C, 65.73; H,
5.98; N, 6.39; S, 7.31. Found: C, 65.82; H, 5.92; N, 6.30; S,
7.18. IR (KBr, cm~1): 1723, 1665, 1561, 1522, 1369, 1228,
1033. NMR (200 MHz, DMSO): § 7.70 (s, 1H, H-a), 7.60
(d, 2H, J=9.0 Hz, H-2/, H-6'), 7.45 (d, 1H, J=8.9 Hz,
H-6), 6.94 (d, 1H, J=8.9 Hz, H-5), 6.85 (d, 2H, /=8.9 Hz,
H-3', H-5"), 3.90 (s, 3H, OCHj), 3.62 (br s, 2H, piperidine),
3.43 (br s, 2H, piperidine), 3.03 (s, 6H, N(CH3),), 1.64 (brs,
6H, piperidine).

4.2.16. 2-(4'-Nitrobenzylidene)-4-methoxy-7-piperidino-
carbonyloxy-2,3-dihydro-benzo[b]thiophen-3-one (20).
Reaction of (1) with 4-nitrobenzaldehyde. The product
precipitated after cooling. The suspension was diluted with
methanol and filtered. The yellow solid was washed with
methanol, purified on silica gel column in chloroform,
crystallized from 2-methoxyethanol and washed with
methanol to give 20, (10%) as a yellow solid, mp 242—
244 °C. Anal. Calced for CyHy0N206S:: C, 59.99; H, 4.58;
N, 6.36; S, 7.28. Found: C, 60.23; H, 4.41; N, 6.53; S, 7.07.
IR (KBr, cm ™ 1): 1715, 1688, 1582, 1512, 1490, 1427, 1339,
1226, 1031. NMR (200 MHz, DMSO): 6 8.37 (d, 2H, J=
8.7 Hz, H-2/, H-6'), 7.99 (d, 2H, J=8.7 Hz, H-3', H-5'),
7.88 (s, 1H, H-a), 7.56 (d, 1H, J=8.9 Hz, H-6), 7.04 (d, 1H,
J=8.9 Hz, H-5), 3.94 (s, 3H, OCHj3), 3.62 (br s, 2H,
piperidine), 3.46 (br s, 2H, piperidine), 1.64 (br s, 6H,
piperidine).

4.2.17. 2-(3'-Bromo-4',5'-dimethoxybenzylidene)-4-
methoxy-7-piperidinocarbonyloxy-2,3-dihydro-benzo[b]
thiophen-3-one (21). Reaction of (1) with 3-bromo-4,5-
dimethoxybenzaldehyde. The product precipitated after
cooling. The suspension was diluted with methanol and
filtered. The crude product was purified on silica gel column
in chloroform—ethyl acetate 100:1 solution and crystallized
from chloroform—methanol mixture to give 21, (29%) a
yellow solid, mp 194-196 °C. Anal. Calcd for Cp4H,4Nj-
O6S Bry: C, 53.94; H, 4.53; N, 2.62; S, 6.00. Found: C,
53.90; H, 4.40; N, 2.54; S, 5.85. IR (KBr, cm ™ '): 1716,
1675, 1582, 1489, 1428, 1229, 1039. NMR (200 MHz,
DMSO): 6 7.73 (s, 1H, H-a), 7.55 (d, 1H, J=1.8 Hz, H-2'),
7.51 (d, 1H, J=9.0 Hz, H-6), 7.44 (d, 1H, J=1.9, H-6'),
6.99 (d, 1H, J=9.0 Hz, H-5), 3.92 (s, 3H, OCH3), 3.90 (s,
3H, OCH3;), 3.81 (s, 3H, OCH3), 3.61 (br s, 2H, piperidine),
3.45 (br s, 2H, piperidine), 1.64 (br s, 6H, piperidine).

4.2.18. 2-(3’-Chlorobenzylidene)-4-[2"-(N,N-diethyl-
amino)ethoxy]-7-piperidinocarbonyloxy-2,3-dihydro-
benzo[b]thiophen-3-one (22). Reaction of (2) with
3-chlorobenzaldehyde. The reaction mixture was poured
into solution of potassium carbonate (2 g) in water (80 mL)
to give a dark oil. Water was decanted and the oil was
washed several time with water to remove DMSO. The
residue was dissolved in ethyl acetate, washed with water,
dried (sodium sulfate) and evaporated. The residue was
purified on silica gel column in chloroform—methanol 10:1
solution and crystallized from methanol to give 22, (35%) as
a yellow solid, mp 122-123 °C. Anal. Calcd for C,7H3N,-
04S,Cly: C, 62.96; H, 6.07; N, 5.44; S, 6.23. Found: C,
62.86; H, 591; N, 5.45; S, 6.16. IR (KBr, cm™"): 1721,
1682, 1580, 1426, 1223, 1035. NMR (500 MHz, DMSO): 6
7.79 (br s, 2H, H-a,, H-2"), 7.70 (d, 1H, J=7.8 Hz, H-6'),
7.59 (t, 1H, J=7.8 Hz, H-5'), 7.54 (d, 1H, J=17.8 Hz, H-4"),
7.50 (d, 1H, J=9.3 Hz, H-6), 7.02 (d, 1H, /=9.3 Hz, H-5),
4.19 (t, 2H, J=4.9 Hz, OCH,), 3.62 (br s, 2H, piperidine),
3.43 (br s, 2H, piperidine), 2.84 (t, 2H, J=5.4 Hz, NCH,),
2.60 (q, 4H, J=7.0Hz, 2XCH,), 1.65 (br s, 4H,
piperidine), 1.56 (br s, 2H, piperidine), 0.99 (t, 6H, J=
7.3 Hz, 2 X CHy).

4.2.19. 2-(3'-Chlorobenzylidene)-4-allyloxy]-7-piperi-
dinocarbonyloxy-2,3-dihydro-benzo[b]thiophen-3-one
(23). Reaction of (3) with 3-chlorobenzaldehyde. The
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product precipitated after cooling. The suspension was
diluted with methanol and filtered. The crude product was
crystallized from 2-methoxyethanol to give 23, (42%) as a
yellow solid, mp 144-146 °C. Anal. Calcd for Cp4H,,N; -
045,Cl;: C, 63.22; H, 4.86; N, 3.07; S, 7.03. Found: C,
62.96; H, 4.73; N, 3.10; S, 7.13. IR (KBr, cm ™ '): 1721,
1679, 1580, 1424, 1221, 1011. NMR (500 MHz, DMSO): ¢
7.79 (s, 2H, H-a,, H-2'), 7.70 (d, 1H, J=7.3 Hz, H-6'), 7.59
(t, 1H, J=7.8 Hz, H-5'), 7.54 (br d, 1H, J=8.3 Hz, H-4'),
7.50 (d, 1H, J=9.3 Hz, H-6), 7.00 (d, 1H, J=8.8 Hz, H-5),
6.07 (m, 1H, =CH-), 5.61 (d, 1H, J=16.2 Hz, H,C=),
5.32 (d, 1H, J=10.2 Hz, H,C=), 4.75 (d, 2H, J=3.9 Hz,
OCH,), 3.62 (br s, 2H, piperidine), 3.43 (br s, 2H,
piperidine), 1.65 (br s, 4H, piperidine), 1.56 (br s, 2H,
piperidine).

4.2.20. Reaction of 4-acetyl-5-methoxy-1,3-benzoxathiol-
2-one (1) with 3,4-dimethoxybenzaldehyde in methanol.
4-Acetyl-5-methoxy-1,3-benzoxathiol-2-one (1) (224 mg,
1 mmol), 3,4-dimethoxybenzaldehyde (250 mg, 1.5 mmol)
and piperidine (0.15 mL, 1.5 mmol) in methanol (2 mL)
were stirred at 60 °C for 5 h, and the solution was left for
cooling. The precipitated solid was filtered off, and washed
with methanol, to give 2-(3',4’-dimethoxybenzylidene)-4-
methoxy-7-piperidinocarbonyloxy-2,3-dihydro-benzo[b]
thiophen-3-one (4) (36 mg, 8%). The combined filtrates
were evaporated and the residue was separated on silica gel
column in chloroform, to give a second fraction of 4 (10 mg,
2%), and 8-hydroxy-3’.4/,5-trimethoxythioflavanone (24)
(31 mg, 9%) as a yellow solid, mp 180-182 °C. Anal. Calcd
for CgH305S: C, 62.41; H, 5.24; S, 9.24. Found: C, 62.19;
H, 5.30; S, 9.02. IR (KBr, cm ™ '): 3285, 1646, 1570, 1518,
1466, 1246, 1037. NMR (500 MHz, DMSO): 6 9.76 (s, 1H,
OH), 7.07 (d, 1H, J=2 Hz, H-2'), 6.99 (dd, 1H, J,=8.3 Hz,
J,=1.9 Hz, H-6'), 6.94 (d, 1H, J=8.8 Hz, H-7), 6.93 (d,
1H, J=8.3 Hz, H-5"), 6.73 (d, J=9.3 Hz, H-6), 4.65 (dd,
1H, J;=13.1 Hz, J,=3.0 Hz, H-2), 3.76 (s, 3H, OCHj;),
3.75 (s, 3H, OCH3), 3.70 (s, 3H, OCH3), 3.32 (dd, 1H, J; =
15.6 Hz, J,=13.6 Hz, H-3), 2.86 (dd, 1H, J;=15.2 Hz,
J>=3.0 Hz, H-3).

4.2.21. Reaction of 4-acetyl-5-methoxy-1,3-benzoxathiol-
2-one (1) with piperidine acetate in DMSO. Solution of
4-acetyl-5-methoxy-1,3-benzoxathiol-2-one (1) (224 mg,
1 mmol) and piperidine acetate (218 mg, 1.5 mmol) in dry
DMSO (2 mL) was deoxygenated and stirred under argon at
60 °C for 5 h. The reaction mixture was cooled in ice, and
products were precipitated by addition of water. The crude
mixture (280 mg) was separated on silica gel column in
chloroform—ethyl acetate 3:1 solution to give 2-acetyl-3-
methoxy-6-piperidinocarbonyloxyphenyl disulfide (26)
(20 mg, 6%) as a beige solid, mp 159-161 °C. Anal.
Calcd for C30H3608N,S,: M=616.726; C-58.42; H-5.89;
N-4.55; S-10.38. Found: C-58.75; H, 5.98; N, 4.44; S, 10.55.
MS MALDI TOF: 639 (M +Na), 655 (M " +K). IR (KBr,
em ™ h): 1720, 1582, 1420, 1224, 1138, 1044, 1022. NMR
(500 MHz, CDCl3): 6 7.21 (d, 1H, J=9.3 Hz, H-4), 6.93 (d,
1H, J=9.3 Hz, H-5), 3.80 (s, 3H, OCH3), 3.48 (br s, 4H,
H-piperidine), 2.16 (s, 3H, COCH3), 1.61 (br m, 6H,
H-piperidine); As the second product was eluted 4,4'-
dimethoxy-7,7'-di(piperidinocarbonyloxy)-3’-hydroxy-3'-
methyl-3-keto-[3,3’-spirobi(2H,2'H,3H,3' H-benzo[b]thio-
phen)] (27), (150 mg, 50%) as a cream solid, mp 140-147 °C.

Anal. Calcd for C30H3408N2S2XH20: M=63275, C,
56.95; H, 5.73; N, 4.43; S, 10.14. Found: C, 56.98; H,
5.63; N, 4.30; S, 10.13. MS MALDI TOF: 597 (M —OH),
614 (M ™), 637 (M™" +Na), 653 M ' +K). IR (KBr,cm ')
3442, 1722, 1580, 1488, 1425, 1225, 1141, 1048, 1020.
NMR (500 MHz, DMSO) (the compound exists as a mixture
of two diastereoisomers. Full NMR data, including 3¢,
ROESY, gHSQC, and gHMBC spectra, are given in the
Supplementary data, the following list presents only 'H data
for the main isomer): 6 7.48 (d, 1H, J=28.8 Hz, H-6), 7.09
(d, 1H, J=9.3 Hz, H-6'), 6.88 (d, 1H, J="7.8 Hz, H-5), 6.82
(d, 1H, J=9.3 Hz, H-5'), 6.46 (s, 1H, OH), 3.81 (s, 3H,
OCHj;), 3.79 (s, 3H, OCH;'), 3.34-3.60 (br m, S8H,
piperidine), 1.42-1.65 (br m, 12H, piperidine), 1.64 (s,
3H, CHs).

4.2.22. Reaction of 2-acetyl-3-methoxy-6-piperi-
dinocarbonyloxyphenyl disulfide (26) with 3,4-di-
methoxybenzaldehyde. 2-Acetyl-3-methoxy-6-
piperidinocarbonyl-oxyphenyl disulfide (26) (11 mg,
0.028 mmol), 3,4-dimethoxybenzaldehyde (7 mg,
0.042 mmol) and piperidine acetate (6 mg, 0.04 mmol) in
anhydrous DMSO (0.5 mL) were stirred at 90 °C for 1 h.
The solution was cooled, the product was precipitated with
water, filtered, washed with water and methanol, to give
thioaurone 4 (4 mg).
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Abstract—Nine new cassane-type diterpenes, named taepeenin A—I, and two new norcassane-type diterpenes, named nortaepeenin A-B,
were isolated from the stems and roots of Caesalpinia crista along with three known diterpenes: vinhaticoic acid, methyl vinhaticoate and
ent-11B-hydroxy-rosa-5,15-diene. Their structures were elucidated on the basis of spectroscopic analysis. In addition, the structure of

taepeenin A was confirmed by X-ray diffraction analysis.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Cassane-type diterpenoids are characteristic components of
the genus Caesalpinia of the Leguminosae family. One of
them, the plant Caesalpinia crista L., known locally as
‘Taepee’ in Thai, is a climber distributed from India and
Ceylon through most of Southeast Asia to the Ryu-Kyu
Islands, Queensland, and Caledonia.' The leaves, roots, and
fruits of this plant are used as a tonic and an antiperiodic.’
The seed kernels of C. crista displayed interesting
antimalarial activity.” Previous chemical investigations of
the seed kernels have revealed the presence of several
cassane-type diterpenoids.>™ We report herein the isolation
and structure elucidation of 11 new (1-11) along with three
known ditegpenes, vinhaticoic acid (12),6 methyl vinhati-
coate (13),” and ent-11B-hydroxy-rosa-5,15-diene (14)8
from the stems and roots of C. crista.

2. Results and discussion

The basic skeleton of 1-11 was identified to be a cassane
diterpene on the basis of their IR and UV spectroscopic
studies. The absorptions of 1-5 (Aax 211-293 nm) were
characteristic of a benzofuran moiety,9 whereas the
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structures of 7 and 8 showed absorption bands of a
conjugated carbonyl chromophore in the UV spectrum.

:R'"=Cco,Me, R?=Me, R®=H
:R'"=CO,H, R®=Me, R®=H
:R"=CO,Me, R?=Me, R®=OH
:R"=CO,Me, R?=Me, R®=0COMe
:R'=CO,Me, R>=CHO, R®=H

a H WO N -

Taepeenin A (1) was recrystallized from CH,Cl, to yield
colorless crystals. The subsequent X-ray structure (Fig. 1,
see Section 3) suggested a cassane-type diterpene with a
molecular formula C,HycO5 (IM]T miz 326.1887) by
HREIMS. Its structure was conclusivel?/ established by
"H and 'C NMR (Tables 1 and 3). The 'H NMR spectral
data (Table 1) displayed two tertiary methyl groups at 6 1.27
(Me-20) and 1.31 (Me-19) and one methyl ester group at 6
3.70 (OMe). In addition, the trisubstituted benzofuran
moiety resonated the downfield signals at ¢ 6.72 (dd, J=
2.1, 0.9 Hz, H-15), 7.53 (d, J=2.1 Hz, H-16), 7.32 (br s,
H-11) and one aromatic methyl group at 6 2.35 (Me-17).
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Figure 1. ORTEP drawing of 1.

The methine proton H-5 showed a doublet of doublet signal
at 0 2.27 (J=12.9, 2.4 Hz). On the basis of X-ray analysis
and NOESY data, two tertiary methyl groups on C-4 and
C-10 were shown to be P-axial orientation, whereas a
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methine proton H-5 should be a-axial oriented. From these
data, taepeenin A was deduced to be 1.

Taepeenin B (2) showed the molecular ion [M]" at m/z
312.1733 in HRFABMS spectrum in agreement with the
formula C,gH,403. The presence of carboxyl (3418 and
1691 cm ™ ") functionality was evident from IR absorptions.
The 'H and '*C NMR spectral data (Tables 1 and 3) of 2
showed characteristics similar to those of 1 except for the
disappearance of the OMe signal at 6 3.70, thus indicating a
presence of a free carboxylic acid instead of the methyl ester
at C-18. This finding was supported by HMBC spectrum of
2, in which the methyl protons at ¢ 1.31 (Me-19) were
correlated with the carbons at 6 36.7 (C-3), 44.1 (C-5), 47.4
(C-4) and 184.2 (C-18). Therefore, taecpeenin B was
determined to be 2.

Taepeenin C (3) exhibited the molecular formula C,;H,04
(IM1" m/z 342.1825) as determined by HREIMS. The '"H
and °C NMR spectral data (Tables 1 and 3) revealed the
same cassane-type skeleton as 1 and its IR spectrum

Table 1. "H NMR (300 MHz) spectral data of 1-6 in CDCl; (6 in ppm, multiplicities, J in Hz)"

Position 1 2 3 4 5 6

1 2.38 m, 1.55 m 2.38 m, 1.60 m 226 m, 1.53 m 2.31 m, 1.58 m 2.32 m, 1.55 m 227 m, 1.47 m

2 1.81 m, 1.74 m 1.84 m 1.91 m 1.92 m, 1.76 m 1.75m 1.79 m

3 1.80 m, 1.68 m 1.87 m, 1.77 m 1.85m, 1.70 m 1.79 m, 1.67 m 247 m 1.78 m, 1.65 m

5 2.27 dd (12.9, 2.4) 2.27 dd (12.6, 2.1) 233 brs 2.50 br s 2.48 dd (12.9, 1.8) 2.19 dd (12.6, 2.1)

6 1.92m, 1.55m 1.95m, 1.70 m 4.26 br dt (5.4, 1.8) 5.30dt (5.7, 1.5) 2.01 br dd (12.9, 7.2) 1.54 m

7 2.83 m 2.94 m, 2.84 m 3.10dd (17.4, 5.4), 3.12dd (18.3, 5.4), 2.99 br dd (16.5, 5.4), 2.74 m, 2.64 m

2.87 brd (17.4) 2.96 br d (18.3) 2.86 m

11 7.32brs 731brs 7.35brs 7.38s 730 brs 6.90 s

15 6.72 dd (2.1, 0.9) 6.71 dd (2.1, 0.9) 6.71 dd (2.4, 0.6) 6.73 dd (2.4, 0.9) 6.72d (2.1) 3.61s

16 7.53d (2.1) 7.52d (2.1) 7.52d (2.4) 7.54d (2.4) 7.53d (2.1)

17 235s 234 234 233s 2.36s 2.10's

19 1.31s 1.31s 1.64 s 145s 995 s 1.25s

20 1.27 s 1.27 s 1.64 s 1.64 s 1.11s 1.28 s

18-OMe 3.70s 3.70s 371s 376s 3.68 s

6-COMe 2.00 s

# Assignments were made using HMQC and HMBC data.

Table 2. "H NMR (300 MHz) spectral data of 7-11 in CDCl; (8 in ppm, multiplicities, J in Hz)?

Position 7 8 9 10 11

1 1.74 m, 1.14 m 1.72m, 1.19 m 143 m, 1.18 m 1.79 m, 1.14 m 1.77m, 1.25 m

2 1.69 m 1.78 m 1.63 m, 1.45 m 1.62 m 1.62 m

3 1.62 m 1.78 m, 1.56 m 1.78 m, 0.94 m 2.38m, 1.51 m 2.12m, 1.59 m

5 1.78 dd (12.3, 2.4) 1.80 br s 0.91 m 2.05dd (12.9, 2.1) 1.79 m

6 149 m, 1.29 m 4.03 m 1.29 m, 0.93 m 1.99 m, 1.67 m 1.58 m, 1.28 m

7 246 m, 1.31 m 248 dt (14.4,3.6), .50 m 2.30 m, 1.08 m 1.80m, 1.51 m 1.68 m, 1.33 m

8 2.31td (12.0,4.2) 2.76 td (12.0, 3.6) 2.26 m 1.85 m 1.73 m

9 1.88 td (12.0, 5.1) 1.91 td (12.0, 5.4) 0.96 m 1.62 m 1.58 m

11 2.90dd (17.1, 5.1), 2.93dd (17.1, 5.4), 1.75 m, 1.39 m 2.60 dd (16.8, 6.6), 2.58 dd (16.8, 6.9),

2.66 dd (17.1, 12.0) 2.76 dd (17.1, 12.0) 2.32.dd (16.8, 10.2) 2.36 dd (16.8, 10.2)

12 2.39 m, 2.10 m 2.64 m 2.60 m

14 2.64 m 2.60 m

15 6.63 d (1.8) 6.64 d (1.8) 6.86 dd (17.1, 10.8) 6.18 d (1.8) 6.17 d (1.8)

16 7.30d (1.8) 7.31d (1.8) 5.23d (17.1), 5.07 d (10.8) 7.21d (1.8) 7.21d (1.8)

17 4.33d(11.7),4.26d (11.7) 0.99d (6.9) 0.96 d (6.9)

18 0.83s

19 1215 1.59 s 0.85s 9.90 s 396d (11.7),
3.84d (11.7)

20 1.01s 1.35s 0.84 s 0.76 s 0.89 s

18-OMe 3.65s 3.68s 373s 374s

# Assignments were made using HMQC and HMBC data.
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displayed an additional hydroxyl (3419 cm ') stretching.
The 'H NMR spectral data (Table 1) exhibited a signal due
to an oxymethine proton at 6 4.26 (br dt, J=5.4, 1.8 Hz) for
H-6, which was connected to the oxymethine carbon at ¢
68.7 (C-6) in the HMQC spectrum. This proton signal
showed HMBC correlations with carbons at 6 37.8 (C-10),
48.5 (C-4) and 124.2 (C-8), confirming the location of the
hydroxyl group at C-6. The a-orientation of both protons at
C-5 and C-6 was determined from the results of small
coupling constants of protons H-5 (6 2.33, br s) and H-6
(0 4.26, br dt, J=5.4, 1.8 Hz) and the observed cross-peaks
between these protons and H-7a (6 3.10) from NOESY
experiments. This result suggested that H-5 and H-6 should
be a-axial and a-equatorial oriented, respectively. There-
fore, taepeenin C was deduced to be 3.

Taepeenin D (4) had the molecular formula C,3Hp405
(IM]™ at m/z 384.1936), based on HREIMS. The 'H and "*C
NMR spectral data (Tables 1 and 3) of 4 were closely related
to those of 3, except for the presence of an additional acetyl
group (0y 2.00 and o¢ 170.7, 21.7). The oxymethine proton
H-6 of 4 appeared at 6 5.30 (dt, J=5.7, 1.5 Hz), more
downfield than that of 3 (6 4.26, br dt, J=5.4, 1.8 Hz) as a
result of the deshielding effect of the OAc group and showed
HMBC correlations with the carbons at ¢ 38.0 (C-10), 46.1
(C-5), 48.0 (C-4), 123.8 (C-8) and 170.7 (-OCOMe)
confirming the location of the OAc group at C-6. Thus,
taepeenin D was characterized as 4.

Taepeenin E (5) was deduced as C,;H,40,4 from an exact
mass measurement ([M]" m/z 340.1671 by HREIMS). Its
'H and '*C NMR spectral data (Tables 1 and 3) of § were
closely related to those of 1. The major difference was the
replacement of the '"H NMR signal of Me-19 at 6 1.31 with
an aldehydic proton at 6 9.95 (s). The latter was connected
to an aldehydic carbon at 6 199.8 from the HMQC
experiment and showed HMBC correlations to carbons at
0 29.4 (C-3), 61.1 (C-4) and 173.5 (C-18). Therefore, the
structure of taepeenin E was assigned as 5.

Table 3. '*C NMR (75 MHz) spectral data of 1-11 in CDCl;

Taepeenin F (6), C>H,604 ([M]* m/z 342.1836 by
HREIMS), exhibited additional IR absorption band at
1811 (lactone carbonyl) cm~'. The 'H and *C NMR
spectral data (Tables 1 and 3) of 6 were comparable to
those of 1, except for the presence of a singlet signal of
methylene protons (0 3.61) instead of the two proton signals
of a 1,2-disubstituted furan. These methylene protons
showed the HMBC correlations with the carbons at ¢
119.8 (C-13), 1329 (C-14), 152.7 (C-12) and lactone
carbonyl at 0 174.7 (C-16), indicating them (2H-15) to be
connected to the lactone carbonyl and aromatic carbons at
C-16 and C-13, respectively. Thus, taepeenin F was
assigned to be 6.

Nortaepeenin A (7) had the molecular formula CyoH,¢04
(M1 m/z 330.1832) as determined by HREIMS. The '*C
NMR (Table 3) and DEPT spectrum exhibited 20 carbons,
two of these were a conjugated carbonyl (6 195.7) and an
ester carbonyl (0 178.9). Excluding the signal due to the
methoxy substituent, 7 contained only 19 carbons in the
main carbon framework, suggesting it to be a norditerpene.
The 'H and *C NMR spectral data (Tables 2 and 3) of 7
revealed that nortaepeenin A had the same A and B rings as
1. The difference was found in ring C, which was aliphatic
in 7. This was supported by the absence of one aromatic
proton at ¢ 7.32 (H-11) in the "H NMR spectrum and the
presence of methylene protons at 6 2.66 (dd, J=17.1,
12.0 Hz, H-11B),2.90 (dd, J=17.1, 5.1 Hz, H-11a) and two

Position 1 2 3 4* 5 6" 7 8" 9 10 11

1 389 38.8 422 42.1 38.6 38.4 37.9 40.6 422 38.2 38.6
2 18.8 18.7 19.1 19.0 18.9 18.5 17.9 18.1 19.0 18.1 17.6
3 36.6 36.7 38.1 38.4 29.4 36.5 36.7 38.6 38.7 29.6 29.9
4 47.1 474 48.5 48.0 61.1 47.6 473 48.2 36.7 60.7 535
5 44.4 44.1 475 46.1 46.8 44.2 49.0 51.0 553 51.1 50.1
6 21.8 21.8 68.7 70.7 21.8 21.4 23.5 69.3 21.6 23.8 239
7 27.6 275 38.8 34.8 28.4 274 26.8 37.1 31.8 31.3 31.3
8 127.5 128.3 124.2 123.8 126.9 129.2 45.0 40.8 38.8 358 355
9 147.2 147.0 146.1 145.5 144.7 150.7 529 533 53.8 444 46.0
10 37.8 37.8 37.8 38.0 37.9 37.8 36.9 375 332 37.0 36.9
11 104.3 104.3 105.1 105.0 105.0 104.1 22.8 22.6 21.0 224 222
12 153.6 1535 153.8 153.7 153.5 152.7 166.3 166.6 26.9 149.1 149.2
13 1254 1254 125.7 125.8 125.8 119.8 119.8 119.9 133.5 122.3 122.4
14 128.3 127.4 128.7 128.7 128.5 132.9 195.7 196.1 139.3 31.4 31.4
15 105.0 105.0 105.0 105.0 104.9 325 106.5 106.5 134.4 109.5 109.5
16 1442 144.2 1443 144.5 144.5 174.7 142.8 142.8 113.4 140.5 140.4
17 159 15.9 16.1 16.1 15.9 16.4 59.1 17.5 17.6
18 179.2 184.2 179.3 178.6 173.5 179.0 178.9 179.0 222 173.7 178.6
19 16.6 16.3 18.6 18.1 199.8 16.5 16.8 19.0 334 199.9 61.5
20 25.6 25.6 27.5 27.6 24.5 25.1 14.8 17.8 14.2 14.2 15.1
—-OMe 52.0 52.1 523 52.6 52.0 52.0 52.1 525 52.1
-OCOMe 21.7

-OCOMe 170.7

2 The '3C NMR spectra were measured at 125 MHz.
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methine protons at ¢ 1.88 (td, J=12.0, 5.1 Hz, H-9) and
2.31 (td, J=12.0, 42 Hz, H-8). The observed HMBC
correlations between a methine proton at ¢ 1.88 (H-9) with
carbons at ¢ 14.8 (C-20), 36.9 (C-10) 49.0 (C-5), 166.3
(C-12) and 195.7 (C-14), of a methine proton at 6 2.31 (H-8)
with carbons at 6 22.8 (C-11), 23.5 (C-6) 52.9 (C-9) and
195.7 (C-14) and of a methine proton at 6 6.63 (H-15) with
carbons at 6 166.3 (C-12) and 195.7 (C-14), indicated that
the conjugated carbonyl should be C-14. The relative
stereochemistry of 7 was determined on the basis of
coupling constants and the results of NOESY experiments.
The large J values for H-8 and H-9 (/=12.0 Hz) indicated
that H-8 and H-9 should be axial protons. From the NOESY
correlations, the methyl group at 6 1.01 (Me-20) showed a
cross-peak with the methyl protons at 6 1.21 (Me-19) and a
methine proton at ¢ 2.31 (H-8), suggesting that Me-19,
Me-20, and H-8 should be in B-axial orientation. From these
data, the new nortaepeenin A was characterized as 7.

Nortaepeenin B (8) showed the [M]™ at m/z 346.1787
(CyH5605) in HREIMS. Its IR spectrum disglayed a
hydroxyl stretching at 3415 cm ™', The 'H and '*C NMR
spectral data (Tables 2 and 3) revealed that 8 had the same
norcassane-type diterpene as 7. The minor difference was
found on replacement of a multiplet signal of methylene
protons at ¢ 1.49 and 1.29 (2H-6) with an oxymethine proton
at 0 4.03, which gave the HMQC cross-peak to the carbon at
0 69.3. This proton showed HMBC correlations with the
carbons at 6 37.1 (C-7), 37.5 (C-10), 40.8 (C-8), and 48.2
(C-4). The configuration at C-6 was determined as f3-OH by
the cross-peak between H-5 (6 1.80), H-6 (6 4.03) and H-7a
(0 2.48) in NOESY experiments and the small coupling
constant of H-5 (br s) and H-6 (m). Thus, nortaepeenin B
was identified as 8.

Taepeenin G (9) was deduced as CooH3,O (M]* mi/z
288.2455 by HREIMS). The hydroxyl functionality was
shown in IR absorption at 3396cm~'. The 'H NMR
spectral data (Table 2) showed three singlets of three methyl
groups at 6 0.83 (Me-18), 0.84 (Me-20) and 0.85 (Me-19), a
typical pattern of vinyl protons at ¢ 6.86 (dd, J=17.1,
10.8 Hz, H-15), 5.23 (d, J=17.1 Hz, H-16a) and 5.07

(d, J=10.8 Hz, H-16b). The presence of oxymethylene
protons were revealed by "H NMR signals at 6 4.26 and 4.33
(each d, J=11.7 Hz, 2H-17) connecting to carbon at § 59.1.
The "*C NMR spectrum (Table 3) with analysis of DEPT
experiments displayed 20 carbons; four of these were sp>
carbons: attributable to two quaternary carbons (6 133.5,
139.3), one methine carbon (6 134.4) and a methylene
carbon (0 113.4). From the HMBC experiments, the
oxymethylene protons at § 4.33 and 4.26 (2H-17) showed
long-range correlations to the carbons at 6 38.8 (C-8), 133.5
(C-13) and 139.3 (C-14). The olefinic proton at 6 6.86
(H-15) also showed long-range correlations to the carbons at
0 26.9 (C-12), 133.5 (C-13) and 139.3 (C-14). Methylene
olefinic protons at 6 5.23 and 5.07 (2H-16) gave a cross-
peak with the carbon at ¢ 133.5 (C-13). This result
suggested that the vinyl substituent was at sp” carbon
C-13. The relative stereochemistry of 9 was determined
from the results of NOESY experiments and compared with
cassa-13(14),15-dien-19-oic acid'® in which the methyl
group at 6 0.84 (Me-20) showed cross-peak with a methine
proton at 6 2.26 (H-8). Thus, the relative stereostructure of 9
was confirmed and assigned for taepeenin G.

Taepeenin H (10) showed the molecular formula C,;H,304
(M1 m/z 344.1942) by HREIMS. Its 'H and '*C NMR
spectral data (Tables 2 and 3) revealed that taepeenin H had
the same A and B rings as 5. The ring C was comparable to
that of 7 with additional '"H NMR signals of one methine
and one methyl doublet protons at ¢ 2.64 (m, H-14) and 0.99
(d, J=6.9 Hz, Me-17). An analysis of the COSY, HMQC,
and HMBC spectra led to structure 10 for this compound.
The HMBC correlations, of a furan proton at ¢ 6.18 (H-15)
with the carbon at 6 31.4 (C-14), of methyl protons at 6 0.99
(Me-17) with the carbons at 6 31.4 (C-14), 35.8 (C-8) and
122.3 (C-13) and of methylene protons at ¢ 2.32 and 2.60
(2H-11) with carbons at ¢ 35.8 (C-8), 122.3 (C-13) and
149.1 (C-12) suggested that the Me-17 should be attached to
C-14. In the NOESY spectrum, correlations between the
methine proton at ¢ 1.62 (H-9) displayed a cross-peak with
the methyl protons at 6 0.99 (Me-17), indicating that this
methyl group was a-oriented. Thus, the stereostructure of
taepeenin H was concluded to be 10.

10 :R' = CO,Me, R?=CHO
11:R" = CO,Me, R?=CH,OH
12:R'=CO,H, R?*=Me
13:R' = CO,Me, R?=Me

Taepeenin I (11), C,H3004 (IM]* m/z 3462111 by
HREIMS), was found to be a derivative of 10. The 'H
NMR spectral data (Table 2) of 11 was comparable to those
of 10, except the aldehydic proton (6 9.90) in 10 was
replaced by oxymethylene protons at 6y 3.84 and 3.96 (each
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d, J=11.7Hz), 6c 61.5. These proton signals showed
correlations with carbons at 6 29.9 (C-3), 50.1 (C-5), 53.5
(C-4) and 178.6 (C-18) in the HMBC spectrum, suggesting
of their attachment at C-4. Thus the structure of taepeenin I
was concluded to be 11.

The effective doses (EDs() of cassane and norcassane type
diterpenes, taepeenin A-F (1-6), teapeenin G-I (9-11),
vinhaticoic acid (12), methyl vinhaticoate (13) and
nortaepeenin A, B (7, 8) for antimalaria were more than
50 pg/mL), hence inactive, whereas rosane-type diterpene
(14) exhibited significant antimalaria with EDs values of
4.1 pg/mL.

Me

Cassane-type diterpenoids were found in several plants,
which belong to the genus Caesalpinia, for example,
C. bonducella,g’11 C. minax,lz_14 C. pulcherrinwt.15 How-
ever, there have been only two reports of norcassane-types
diterpenoids from seed kernels of C. crista.”* We now add
two new members to the list of compounds of this type
and X-ray diffraction analysis of benzofuranoid diterpene
structure of 1 is reported here for the first time.

3. Experimental

3.1. General experimental procedures

Melting points were determined on the Fisher-John melting
point apparatus. The optical rotation [«a]p values were
determined with an AUTOPOLR II automatic polarimeter.
UV spectra were measured with a SPECORD S 100
(Analytikjena). The IR spectra were measured with a
Perkin-Elmer FTS FT-IR spectrophotometer. The 'H and
3C NMR spectra were recorded using 500 MHz Varian
UNITY INOVA and 300 MHz Bruker FTNMR Ultra
Shield™ spectrometers. Chemical shifts are recorded in
parts per million (6) in CDCl; with tetramethylsilane (TMS)
as an internal reference. The EIMS and FABMS were
obtained from a MAT 95 XL mass spectrometer. Quick
column chromatography (QCC) and column chromato-
graphy (CC) were carried out on silica gel 60 F,s4 (Merck)
and silica gel 100 (Merck), respectively. Precoated plates of
silica gel 60 F,s4 and reversed-phase (RP-18 Fjs45) were
used for analytical purposes. Sephadex LH-20 (Fluka) was
used for purification.

3.2. Plant material

Stems and roots of C. crista L. were collected from Trang
province, Thailand in May 2004. Identification was made by
Prof. Puangpen Sirirugsa, Department of Biology, Faculty
of Science, Prince of Songkla University and a specimen

(No. SCO03) deposited at Prince of Songkla University
Herbarium.

3.3. Extraction and isolation

Ground-dried stems (7.5 kg) of C. crista were extracted with
hexane and CH,Cl, (each 2X7.5L, for 5 days) at room
temperature. The crude extracts were evaporated under
reduced pressure to afford a brownish crude hexane (29.4 g)
and crude CH,Cl, (70.2 g) extracts. The crude hexane
extract was further purified by QCC using hexane as eluent
and increasing polarity with EtOAc to give six fractions
(H1-H6). Fraction H2 (4.2 g) was recrystallized from
CH,Cl, to give 1 (692.8 mg) and mother liquor (3.5 g).
This mother liquor was further subjected to CC with
CHClz-hexane (1/9, v/v) to afford four subfractions (H2a—
H2d). Subfraction H2a (1.1 g) was separated by CC with
acetone—hexane (1/1, v/v) and followed by prep TLC with
CH,Cl,-hexane (9/11, v/v) to give 4 (3.3 mg) and 9
(9.5 mg). Subfraction H2b (100 mg) was purified by prep
TLC with CHClz—hexane (1/9, v/v) to afford 13 (10.1 mg).
Subfraction H2c (148.0 mg) was purified by CC with
acetone—hexane (1/19, v/v) and followed by prep TLC with
EtOAc-hexane (1:19, v/v) to give 14 (31.8 mg). Fraction
H4 (432.8 mg) was separated by Sephadex LH-20 with
CH,Cl, to afford 3 (72.5 mg). Fraction H6 (248.3 mg) was
subjected to CC with acetone—-CHCl; (3/97, v/v) and
followed by prep TLC with acetone—hexane (1/5, v/v) to
give 2 (5.9 mg) and 8 (4.1 mg). The crude CH,Cl, extract
was fractionated by QCC with hexane and increasing
polarity with EtOAc to give six fractions (C1-C6). Fraction
C2 (1.59 g) was subjected to CC with EtOAc—hexane (1/9,
v/v) to afford 6 (3.7 mg). Fraction C3 (1.28 g) was purified
by CC with acetone—hexane (1/9, v/v) and followed by
recrystallization from CH,Cl, to give 7 (19.5 mg).

Chopped-dried roots of C. crista (4.2 kg) were extracted
with hexane (2X5 L, for 5 days) at room temperature. The
mixture was filtered and the filtrate was evaporated under
reduced pressure to give brownish crude hexane extract.
This crude extract (47.5 g) was subjected to QCC with
hexane and increasing polarity with EtOAc to afford five
fractions (R1-R5). Fraction R2 (25.4 mg) was purified by
prep TLC with EtOAc—hexane (1/19, v/v) to give 5 (3.4 mg)
and 10 (8.2 mg). Fraction R3 (966.1 mg) was separated by
flash CC with CH,Cl,~hexane (2:3, v/v) and followed by
prep TLC with CH,Cl,-hexane (9:11, v/v) to afford 12
(16.4 mg). Fraction RS (778.0 mg) was subjected to CC
with EtOAc—hexane (3/17, v/v) and followed by reversed-
phase prep TLC with MeOH-H,O (17/3, v/v) to give 11
(31.2 mg).

3.3.1. Taepeenin A (1). White solid, mp 156-157 °C; [«]E
+56.6 (¢ 0.005, CHCl;); UV (CHCl3) Amayx (loge) 212
(3.56), 260 (3.00), 282 (2.62), 292 (2.61) nm; IR (KBI) #nax
1723, 771 cm ™~ '; HREIMS m/z [M]"326.1887 (calcd for
C, H,605, 326.1882); 'H NMR (CDCl;, 300 MHz), see
Table 1; 3C NMR (CDCls, 75 MHz), see Table 3.

3.3.2. Taepeenin B (2). White solid, mp 221-222 °C; [a]2D7
+11.8 (¢ 0.002, CHCl3); UV (CHCl3) A (loge) 212
(3.34),263 (2.94), 282 (2.42), 292 (2.41) nm; IR (KBr) vy«
3418, 1691, 761 cm ™ '; HRFABMS m/z [M]"312.1733
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(caled for CyoH,40s, 312.1725); 'H NMR (CDCls,
300 MHz), see Table 1; '*C NMR (CDCl;, 75 MHz), see
Table 3.

3.3.3. Taepeenin C (3). White solid, mp 154155 °C; [«]
—2.6 (¢ 0.008, CHCl); UV (CHCl3) Amax (loge) 212
(3.42), 260 (2.89), 281 (2.29), 291 (2.26) nm; IR (KBr) Vmax
3419, 1719, 769 cm~ '; HREIMS m/z [M] " 342.1825 (caled
for C5;Ho604, 342.1831); "H NMR (CDCls, 300 MHz), see
Table 1; *C NMR (CDCls, 75 MHz), see Table 3.

3.3.4. Taepeenin D (4). White solid, mp 118.5-119 °C;
[a]d —29.4 (¢ 0.003, CHCI3); UV (CHCI3) Amay (log €) 212
(3.32), 263 (2.80), 281 (2.43), 291 (2.42) nm; IR (KBr) ax
1736, 764 cm ™~ '; HREIMS m/z [M]"384.1936 (calced for
Ca3Hp50s, 384.1937); 'H NMR (CDCls, 300 MHz), see
Table 1; '*C NMR (CDCls, 125 MHz), see Table 3.

3.3.5. Taepeenin E (5). White solid, mp 57-58 °C; [a]}
+22.7 (¢ 0.004, CHCl3); UV (CHCl3) Amax (loge) 211
(3.64), 260 (2.96), 281 (2.52), 293 (2.48) nm; IR (KBr) v,y
2880, 1718, 766 cm ™~ '; HREIMS m/z [M]"340.1671 (calcd
for C»1H,404, 340.1675); "H NMR (CDCls, 300 MHz), see
Table 1; '*C NMR (CDCls, 75 MHz), see Table 3.

3.3.6. Taepeenin F (6). White solid, mp 194-195 °C; [«]3
+23.3 (¢ 0.003, CHCl3); UV (CHCl3) A (loge) 203
(3.13), 235 (2.55), 280 (2.18) nm; IR (KBr) vpg 1811,
1727 cm™'; HREIMS m/z [M]"342.1836 (caled for
Cy1Hy604, 342.1831); 'H NMR (CDCl;, 300 MHz), see
Table 1; '*C NMR (CDCls, 125 MHz), see Table 3.

3.3.7. Nortaepeenin A (7). White solid, mp 157-158 °C;
[a]y —5.7 (¢ 0.003, CHCl3); UV (CHCI3) Amay (log ) 217
(3.59), 258 (3.67) nm; IR (KBr) vay 1724, 1668, 762 cm™ '
HREIMS m/z [M]7330.1832 (caled for CioH6Ou4,
330.1831); '"H NMR (CDCls, 300 MHz), see Table 2; '°C
NMR (CDCls, 75 MHz), see Table 3.

3.3.8. Nortaepeenin B (8). White solid, mp 145-146 °C;
[a]y —4.2 (¢ 0.002, CHCls); UV (CHCI3) Apay (log €) 211
(3.69), 257 (3.67) nm; IR (KBr) vy 3415, 1721, 751 cm ™'
HREIMS m/z [M]"346.1787 (caled for C,oH,¢Os,
346.1780); '"H NMR (CDCl;, 300 MHz), see Table 2; '°C
NMR (CDCls, 125 MHz), see Table 3.

3.3.9. Taepeenin G (9). Viscous oil; [a]d +4.7 (¢ 0.002,
CHCl3); UV (CHCl3) Amax (loge) 205 (3.67), 239
(4.09) nm; IR (neat) v,,,x 3396, 758 cm™'; HREIMS m/z
[M]"288.2455 (caled for CaoHs,0, 288.2453); 'H NMR
(CDCls, 300 MHz), see Table 2; '*C NMR (CDCls,
75 MHz), see Table 3.

3.3.10. Taepeenin H (10). White solid, mp 164.5-165 °C;
[a]d +20.8 (¢ 0.005, CHCl3); UV (CHCl3) Apay (log €) 222
(3.40) nm; IR (KBr) v, 2870, 1748, 1714, 734 cm™';
HREIMS m/z [M]"344.1942 (caled for C,;H,504,
344.1988); '"H NMR (CDCls, 300 MHz), see Table 2; '*C
NMR (CDCls, 75 MHz), see Table 3.

3.3.11. Taepeenin I (11). White solid, mp 83-84 °C; [«]
+90.1 (¢ 0.011, CHCI3); UV (CHCI3) Amax (loge) 225
(2.84) nm; IR (KBr) pax 3451, 1715, 755 cm ™~ '; HREIMS

mlz [M]7346.2111 (caled for C,Hs004, 346.2144); 'H
NMR (CDCl3, 300 MHz), see Table 2; 13C NMR (CDCls3,
75 MHz), see Table 3.

3.4. X-ray crystallographic analysis of taepeenin A (1)

The data were collected using a 4 K SMART CCD
diffractometer with a graphite monochromated Mo Ko
radiation (A=0.71073 A). The data were collected at a
temperature of 293(2) K to a maximum 26 value of 56.44°.
The collected data were reduced using SAINT program,'®
and the empirical absorption corrections were performed
using SADABS program.'” Crystal data: orthorhombic,
C21Hp603 (M =326.42), space group P2,2,2, with a=
13.135(5) A, b=7.293(3) A, c=18.296(7) A, a=p=y=
90.0°, V=1752.6(1) A®, Z=4, and Dcyeq=1.237 g/cm’.
The structure was solved by direct method and was refined
by least-squares using the SHELXTL software package.'®
All non-hydrogen atoms were located and refined aniso-
tropically with SHELXTL using full-matrix least-squares
procedure, whereas the hydrogen atom positions were
geometrically idealized and allowed to ride on their parent
atoms and refined isotropically with fixed displacement
parameters. The final cycle of full matrix least-squares
refinement was based on 3088 observed reflections
(I>2a(I), 260<50.0°) and 222 variable parameters and
converged with unweighted and weighted agreement factors
of R=0.0693 and R,,=0.1897.

The crystallographic-information file for 1 has been
deposited with the Cambridge Crystallographic Data
Centre, CCDC deposition number 262744. The supple-
mentary crystallographic data for 1 can be obtained free of
charge from CCDC, 12 Union Road, Cambridge CB2 1EZ,
UK (fax: +44 1233 336033; e-mail: deposit@ccdc.cam.ac.
uk or http://www.ccdc.cam.ac.uk/).
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Abstract—Reduction of 1,2-diaryl-substituted ethenes with Na metal in dry THF allowed easy access to a variety of 1,2-diaryl-1,2-
disodiumethanes. These diorganometallic intermediates were elaborated into the corresponding 1,2-diarylethanes (aqueous work up), or
cycloalkylated with 1,3-dichloropropanes. The last reaction led to a highly diastereoselective synthesis of frans-1,2-diaryl-substituted

cyclopentanes.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Reduction of stilbene with alkali metals in aprotic solvents
is a well known reaction, allowing easy access to the
corresponding dianions.' Despite the relatively high
stabilities of the resulting diorganometals, this reaction
was investigated mainly from a mechanistic point of view.>™
Indeed, reaction of these intermediates with alkyl halides,
phosphonates and sulfates, is of limited synthetic useful-
ness, due to the formation of diastereoisomeric mixtures of
alkylated products,z_5 whilst reaction with carbonyl
compounds, under Barbier-type conditions, afforded 1,2-
diphenylethane.®

At odds with these results, the reaction of 1,2-disodium-1,2-
diphenylethane (1,2-disodiumstilbene) with 1,3-dichloro-
propane or 1,4-dichlorobutane in 1,2-dimethoxyethane
(DME), afforded good yields of the corresponding frans-1,
2-diphenyl cyclopentane or -cyclohexane, respectively,
with very high diastereoselectivity.® Surprisingly, the latter
reaction was not synthetically exploited, despite the
potential usefulness of trans-1,2-diaryl-substituted cyclo-
pentanes as C,-symmetric ligands, for employment in
catalysis.” !

Furthermore, it is worth noting that only few reports concern
the reductive metalation of functionalized stilbenes.'*"?

Following on from our interest in the application of

Keywords:  Dicarbanions;  Stilbenes;  Metalation;  Reduction;
Cycloalkylation.
* Corresponding author. Tel.: +39 79229549; fax: +39 79229559;

e-mail: ugo@uniss.it

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.06.108

reductive metalation reactions to the regioselective
preparation of substituted aromatic derivatives, we have
previously reported that reduction of several 3.,4,5-
trimethoxystilbenes, with Na metal in THF, results in
regioselective cleavage of the methoxy group at the
4-position and, depending upon reaction conditions, to
reduction of the olefinic bond.'*!?

As a further useful application to this approach, we
investigated the reductive metalation of several 1,2-
diarylethenes in THF, currently the most commonly used
solvent for this kind of reaction,'®!” with the purpose to
apply this procedure to a general synthesis of trans-1,2-
diarylcyclopentanes.

2. Results and discussion

2.1. Synthesis of starting materials

Compounds (E)-1 and (Z)-1, as well as (E)-5, are
commercially available. Other starting materials were
synthesized according to reported procedures,'®'® by the
deprotonation of either diethyl benzylphosphonate, or
diethyl 2-methoxybenzylphosphonate, with NaH in THF,
in the presence of the appropriate aldehyde and a catalytic
amount of 15-crown-5. The corresponding (E)-stilbenes
24, 6 and 7 were recovered in good to satisfactory yields
(Scheme 1).

2.2. Reductive metalation reactions

Reductive metalations of stilbenes 1-7 were run in the
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(0]

Ar-
)J\ NaH, 15-crown-5
H - L

ArCH,PO(OEt), + !
rCH,PO( )2 Ar THE "

24,6, 7

Scheme 1. Synthesis of 1,2-diarylethenes: 2: Ar=Ph, Ar'=I-naphtyl,
85%; 3: Ar=Ph, Ar’ =4-pyridyl, 57%; 4: Ar=Ph, Ar! =2-pyridyl, 61%; 6:
Ar=Ar'=2-(CH30)C¢H,, 92%; 7: Ar=Ph, Ar'=34,5-(CH;0);CsHs,,
90%.

presence of an excess of the freshly cut metal, in dry THF,
under argon gas. Reaction mixtures were quenched either
with H,O, or with D,O to provide evidence for the
intermediate formation of dicarbanions. CI(CH,);Cl
quenching was performed by adding 2 equiv of the
electrophile to the reduction mixtures at —80 °C, and
stirring the resulting mixtures for 12 h whilst allowing it to
reach 0 °C, before aqueous work up (Scheme 2).

Ar

H(D
Ar Ar
Na, THF 8-13
Ar' Ary
CI(CH,)5Cl
1-7 > H
Ar'
14-20

Scheme 2. Reductive metalation of stilbenes; 1, 8, 14: Ar=Ar'=Ph; 2, 9,
15: Ar=Ph, Ar’ =l-naphtyl, 3, 10, 16: Ar=Ph, Ar' =4-CsH,N; 4, 11, 17:
Ar=Ph, Ar'=2-CsH,N; 5, 12, 18: Ar=Ar' =2-CsH,N; 6, 13, 19: Ar=
Ar' =2-(CH;0)C¢Hy; 7: Ar=Cg¢Hs, Ar'=3,4,5-(CH;30);CcH,; 20: Ar=
Ph, Ar' = 3,5-(CH3O)2C6H3

We initially investigated the reduction of (E)- and (Z)-
stilbene 1 under the above reaction conditions.?’ Indeed,
literature data do not agree on the relative reactivities of
diastereoisomeric stilbenes towards alkali metals.' It was
also necessary to check the stereochemical outcome of the
reaction of the resulting diorganometals with C1(CH,)3Cl in
THF; several authors reported a solvent effect on the
diastereoselectivities of several alkylation reactions of these
intermediates.” Selected results are reported in Table 1.

Reduction of (E)-1 with 3 equiv of Na metal during 5 h,
followed by aqueous work up, afforded bibenzyl, 8, as the
only detectable reaction product (Table 1, entry 1).

Table 1. Reductive metalation of (E)-1 and (2)-1*

Intermediate, quantitative formation of 1,2-diphenyl-1,2-
disodiumethane resulted by quenching the reduction
mixture with D,O (Table 1, entry 2). Under these
conditions, quenching the reduction mixture with C1(CH,)3-
Cl, at —80 °C, allowed the recovery of 1,2-diphenylcyclo-
pentane, 14, as a single diastereoisomer, in 72% yield
(Table 1, entry 3). According to the literature, we assigned a
relative trans-configuration to cyclopentane 14.%'

The same results were obtained using Li in reductive
metalations of (E)-1 quenched with H,O or D,O (Table 1,
entries 4 and 5), whilst quenching the reduction mixture
with CI(CH,);Cl led to recover cyclopentane 14 with a
slightly improved yield (Table 1, entry 6).

Reduction of (Z)-1 with Na metal, followed by aqueous
work up, led to the recovery of 1,2-diphenylethane,
although, a relatively longer reaction time (7 h) was
required (Table 1, entry 7). Furthermore, a similar reaction,
quenched after 1 h reaction time, led to recover bibenzyl 8
and (E)-stilbene 1 in 41 and 59% yield, respectively
(Table 1, entry 8), thus, confirming fast isomerization of
the starting material, in agreement with original
observations of Schlenk and Bergmann.'-?

We next, extended our investigation to the reductive
metalation of differently substituted 1,2-diarylethenes 2-7,
to check the applicability of this reaction to the synthesis of
an ecletic array of trans-1,2-diarylcyclopentanes. Attention
was focused on the employment of Na metal as a reducing
agent as it is, by far, the most economical of the alkali
metals. The results are reported in Table 2 (Scheme 2).

Reduction of naphthyl derivative 2 with an excess of Na
metal in THF at 25 °C, afforded a complex reaction mixture
(not reported in Table 2). A much better result was obtained
performing this reduction at —20 °C, in the presence of
6 equiv of the metal: under these conditions, aqueous work
up afforded 1-(1-naphthyl)-2-phenylethane, 9, in almost
quantitative yield, via quantitative intermediate formation
of the corresponding dianion (Table 2, entries 1 and 2).

Quenching with CI(CH,);Cl afforded a single diastereo-
isomer of the corresponding 1-(1-naphthyl)-2-phenylcyclo-
pentane, 15, in good yield (Table 2, entry 3).

Reductive metalation of pyridyl-substituted derivates 3-5
were run at 0°C, in the presence of variable amounts

Entry Substrate Metal t (h) Quencher Product Yield (%)°
1 (E)-1 Na 5 H,O 8 (H) >95

2 (E)-1 Na 5 D,O 8-d, (D) >95

3 (E)-1 Na 5 CI(CH,);Cl1 14 72¢

4 (E)-1 Li 5 H,0 8 (H) >95

5 (E)-1 Li 5 D,O 8-d, (D) >95

6 (E)-1 Li 5 CI(CH,);Cl1 14 76°

7 2)-1 Na 7 H,0 8 (H) >95

8 21 Na 1 H,0 8 (H) 414

* All reductions were run at rt in the presence of 3 equiv of the metal.

® Yields calculated by "H NMR spectroscopy, unless otherwise indicated.
° Yields calculated on isolated products.

4(E)-1 (539%) was also recovered.
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Table 2. Reductive metalation of 1,2-diarylethenes 2-7
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Entry Substrate Na (equiv) T (°C) t (h) Quencher Product Yield (%)*
1 2 6 —20 7 H,O 9 (H) 81

2 2 6 —20 7 D,O 9-d, (D) >95°
3 2 6 —20 7 CI(CH,);Cl 15 87

4 3 6 0 12 H,O 10 (H) 73

5 3 6 0 12 D,O 10-d, (D) 88

6 3 6 0 12 CI(CH,);Cl 16 64

7 4 8 0 12 H,O 11 (H) 78

8 4 8 0 12 D,O 11-d, (D) 82°

9 4 8 0 12 CI(CH,);Cl1 17 81

10 5 8 0 12 H,O 12 (H) 83

11 5 8 0 12 D,0O 12-d, (D) 90°
12 5 8 0 12 CI(CH,);Cl 18 78

13 6 3 0 7 H,O 13 (H) 70

14 6 3 0 7 D,O 13-d, (D) 80P
15 6 3 0 7 CI(CH,);Cl 19 62

16 7 6 20 7 CI(CH,);Cl 20 59

? Yields calculated on isolated products, unless otherwise indicated.
" Yields calculated by "H NMR spectroscopy.

(6-8 equiv) of Na metal. Under these conditions, the
corresponding heteroaryl-substituted ethanes, 10-12, were
recovered, and intermediate formations of 1,2-disodium
derivatives was evidenced by quenching the reduction
mixtures with D,O (Table 2, entries 4 and 5, 7 and 8, 10 and
11).

Cycloalkylation reactions, performed as described above,
afforded the desired pyridyl-substituted cyclopentanes,
16-18, as single diastereoisomers, in good to satisfactory
yields (Table 1, entries 6, 9 and 12).

Good results were obtained in the reduction of dimethoxy-
substituted stilbene 6 with 3 equiv of Na metal at 0 °C
during 7h. Under these conditions, aqueous work up
afforded the dihydrostilbene 13 in good yield, with no
evidence of cleavage of carbon—oxygen bonds'* (Table 2,
entry 13). Intermediate formation of a diorganometallic
derivative was evidenced, as quenching the reduction
mixture with D,O (Table 2, entry 14), whilst cycloalkyl-
ation afforded 1,2-di-(2-methoxy-phenyl)cyclopentane, 19,
as a single diastereoisomer, in 62% yield (Table 2, entry 15).
The relative trans-configuration of this compound was
confirmed by a comgparison of its "H and '*C NMR spectra
with literature data.

Reductive metalation of 3.4,5-trimethoxystilbene, 7, was
performed under previously optimized reaction conditions
(6 equiv of Na metal, 20 °C, 7h);]4 quenching with
CI(CH,)3Cl afforded, after aqueous work up and flash
chromatography, 1-(3,5-dimethoxyphenyl)-2-phenylcyclo-
pentane, 20, as a single diastereoisomer, in 59% yield
(Table 1, entry 16).

To extend the scope of this reductive cycloalkylation, as
well as to confirm the trans stereochemistry of this reaction,
we investigated the reactivity of symmetrically-substituted
1,2-disodium intermediates towards a functionalized 1,3-
dichloropropane, namely 1,3-dichloro-2-ethoxy-
methoxypropane.

Reductive metalations were performed as described above,
and reduction mixtures were chilled to —80°C and

quenched with 2 equiv of the electrophile, as described
above. Aqueous work up, followed by acidic hydrolyses,
afforded the corresponding 3,4-diaryl-1-cyclopentanols
(Table 3, Scheme 3).

Table 3. Synthesis of trans-3,4-diaryl-1-hydroxycyclopentanes

Entry Substrate [Ar=] Product Yield (%)*
1 1 [Ph] 21 60
2 5 [2-CsHyN] 22 35
3 6 [2-(CH;0)CgHyl 23 32
 Yields calculated on isolated products.
OEOM
Ar OH

Na, THF CIHzc)\CHQCI H,0"  ArH H
X > >
-80°C H
Ar'

Ar
1,5,6 21-23

Scheme 3. Synthesis of trans-3,4-diaryl-1-hydroxycyclopentanes: 1, 21:
Ar=Ph; 5, 22: Ar=2-CsH4N; 6, 23: Ar=2-(CH;0)C¢H,;; EOM=
CH,OCH,CHj.

Results obtained with stilbenes 1, 5§ and 6 are reported in
Table 3: cyclopentanols 21-23 were recovered in 60, 35 and
32% isolated yield, respectively, as single diastereoisomers
(Table 3, entries 1-3). Besides showing the possibility to
synthesize vic-diarylcyclopentanes functionalized on the
alicyclic moiety, these results support the relative trans
orientation of aryl substituents at C3 and C4; indeed, a
relative cis orientation of these substituents would result in
the presence of a stereocenter at C1, with formation of a
couple of diastereoisomers.

3. Conclusions

The reported synthetic procedure allows for the generation
of several 1,2-disodium-1,2-diarylethanes, bearing an array
of different aromatic rings. Interestingly, this procedure was
successfully applied to ethenes substituted either with
electron-rich or with electron-poor aromatic rings. In both
cases, the corresponding diorganometal derivatives were
generated under particularly mild reaction conditions.
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Reaction of intermediate diorganometals with 1,3-dichloro-
propanes allowed a simple and highly diastereoselective
approach to the synthesis of several trans-1,2-diaryl-
substituted cyclopentanes. The employment of some of
these derivatives (possessing C,-symmetry and/or suitable
functional groups) as ligands for transition metals, is under
investigation in our laboratories.*

4. Experimental

4.1. General

Boiling and melting points are uncorrected; the air bath
temperature on bulb-to-bulb distillation are given as boiling
points. Starting materials were of the highest commercial
quality and were purified by distillation immediately prior
to use. Na metal (stick) was 99% purity, and Li metal (wire,
diameter 3.2 mm) was 99.9% purity. D,O was 99.8%
isotopic purity. THF was dlstllled from Na/K alloy under N,
immediately prior to use. '"H NMR spectra were recorded at
300 MHz and '*C NMR spectra were recorded at 75 MHz in
CDCl; with SiMe, as internal standard. Deuterium
incorporation was calculated by monitoring the "H NMR
spectra of crude reaction mixtures, and by comparing the
integration of the signal corresponding to protons in the
arylmethyl position with that of known signals. Flash
chromatography were performed on Merck silica gel 60
(40-63 pm), and TLC analyses on Macherey-Nagel silica
gel pre-coated plastic sheets (0.20 mm). Elemental analyses
were performed by the microanalytical laboratory of the
Dipartimento di Chimica, Universita di Sassari.

4.2. Starting materials

Compounds 1 and 5 are commercially available.
Compounds 2% 325 425 and 7' were synthesized
according to a general procedure,'® by the reaction of
commercially available diethyl benzylphosphonate with
the appropriate arylaldehyde in the presence of 15-crown-5
in dry THF, and characterlzed according to the
literature. Compund 6>’ was similarly obtained by the
reaction of diethyl 2-methoxybenzylphosphonate®® with
2-methoxybenzaldehyde. Isolated yields are reported in
Scheme 1.

4.3. Reductive metalation of 1,2-diarylethenes 1-8, and
reaction with electrophiles. General procedure

Two to three pieces of freshly cut metal (3-9 equiv) were
placed under Ar in a 50 mL two-necked flask equipped with
reflux condenser and magnetic stirrer, and suspended in
THF (10 mL) at the reported temperature (Tables). The
appropriate 1,2-diarylethene (5 mmol), dissolved in dry
THF (2 mL), was added dropwise, and each metal piece was
cut into 2-3 smaller pieces with a spatula, and the mixture
was vigorously stirred for the reported time at the reported
temperature (Tables).

Aqueous work-up was performed by slow dropwise addition
of 10 mL of H,O (caution!) the cold bath removed, and the
resulting mixture extracted with Et,O (3X10 mL). The

organic phase was washed with brine (10 mL), dried
(K,CO3) and the solvent evaporated.

D,0 quenching was performed by slow dropwise addition
of 0.75 mL of the electrophile dissolved in dry THF (2 mL),
followed by aqueous work-up as described above.

Quenching with CI(CH,);Cl was performed by adding the
appropriate electrophile (2 equiv) to the reduction mixture
chilled to —80 °C. The reaction mixture was allowed to
warm to 0°C during 12 h, before aqueous work-up as
described above.

Quenching with 1,3-dichloro-2-ethoxymethoxypropane was
performed by adding the appropriate electrophile (2 equiv)
to the reduction mixture chilled to —80 °C. The reaction
mixture was allowed to warm to 0 °C during 12 h, before
aqueous work-up as described above. Crude products were
added under Ar to a stirred 0.6 M solution of HCl in MeOH
[obtained by adding AcCl (0.5 mL) to MeOH (10 mL)]
chilled to 0 °C. The mixture was stirred at rt for 3 h, until
complete disappearance of starting material, as determined
by TLC. The mixture was diluted with H,O (10 mL), and
the MeOH evaporated under reduced pressure. The resulting
mixture was basified (1IN NaOH), extracted with Et,O (4 X
10 mL), and the organic phase dried (K,COj3) and
evaporated.

1,2-Diphenylethane, 8, was purified by flash chromato-
graphy (petroleum ether), and characterized bg comparison
with a commercial sample. Compounds 9,% 10,*° 11,
12,2 13> 14,*" and 19® were purified by flash chromato-
graphy (petroleum ether/AcOEt or petroleum ether/AcOEt/
Et;N), and characterized by comparison with 11terature data
Deuterated compounds were characterised by 'H and '*C
NMR spectroscopy: the resonances of arylmethyl CHD
protons appear as unresolved broad triplets shifted 0.02—
0.05 ppm (6) upfield relatively to the corresponding CH,
protons; the resonances of arylmethyl CHD carbions appear
as triplets (/J=18-21 Hz) shifted 0.3-0.5 ppm (J) upfield
relatively to the corresponding CH, carbons.

Other products were purified and characterized as follows.

4.3.1. trans-1-(1-Naphthyl)-2-phenylcyclopentane (15).
Purified by flash chromatography (petroleum ether/
AcOEt=9.5:0.5), white solid; mp 74-75 °C (EtOH); R;=
0.50 (petroleum ether/AcOEt=9.5:0.5). Anal. Found: C,
92.30; H, 7.56; C,;Hyq requires: C, 92.58; H, 7.42%. 1H
NMR: 6 1.71-1.9 (1H, m, CH), 1.91-2.11 (3H, m, CH),
2.30-2.44 (1H, m, CH), 2.44-2.61 (1H, m, CH), 3.46-3.60
(1H, m, CH), 3.98 (1H, q, /=8.4 Hz, CH), 6.42-7.11 (1H,
m, ArH), 7.11-7.24 (4H, m, 4 X ArH), 7.32-7.50 (4H, m,
4 X ArH), 7.64 (1H, d, J=8.1 Hz, ArH), 7.74-7.83 (1H, m,
ArH), 7.98-8.06 (1H, m, ArH). '*C NMR: 6 24.3, 35.5,
35.6, 47.8, 51.3, 122.7, 123.7, 125.1, 125.4, 125.6, 125.9,
126.3, 127.4, 128.2, 128.7, 132.4, 133.9, 140.6, 144.3.

4.3.2. trans-1-(4-Pyridyl)-2-phenylcyclopentane (16).
Purified by flash chromatography (petroleum ether/
AcOEt=1:4), yellow oil; R;=0.53 (petroleum ether/
AcOEt=3:7). Anal. Found: C, 85.76; H, 7.94; N, 6.26
C6H 7N requires: C, 86.04; H, 7.69; N, 6.27%. '"H NMR: 6
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1.81-2.04 (4H, m, 2 X CH»), 2.19-2.34 (2H, m, CH,), 2.90—
3.15 (2H, m, CH,), 7.00 (2H, dd, J=4.5, 1.8 Hz, 2 X ArH),
7.07-7.25 (5H, m, 5X ArH), 8.39 (2H, dd, J=4.5, 1.8 Hz,
2X ArH). *C NMR: 6 24.5, 34.4, 35.3, 53.2, 53.8, 122.7,
126.2, 127.2, 128.3, 143.3, 149.5, 153.4.

4.3.3. trans-1-(2-Pyridyl)-2-phenylcyclopentane (17).
Purified by flash chromatography (petroleum ether/
AcOEt=3:2), white solid; mp 4143 °C (Et,0); R;=0.67
(petroleum ether/AcOEt=3:2). Anal. Found: C, 85.81; H,
7.96; N, 6.20 C;cH;7N requires: C, 86.04; H, 7.69; N,
6.27%. "H NMR: 6 1.81-2.19 (4H, m, 2 X CH,), 2.20-2.36
(2H, m, CH,), 3.18-3.31 (1H, m, CH), 3.32-3.45 (1H, m,
CH), 6.91 (1H, dt, J=7.8, 0.9 Hz, ArH), 7.03 (1H, ddd, J=
7.2, 4.8, 0.9 Hz, ArH), 7.07-7.16 (3H, m, 3 X ArH), 7.16-
7.24 (2H, m, 2X ArH), 7.44 (1H, td, J="7.8, 1.8 Hz, ArH),
8.53-8.56 (1H, m, ArH). '*C NMR: 6 24.7, 34.0, 35.3, 52.8,
55.9, 121.0, 122.8, 125.8, 127.3, 128.2, 135.9, 144 .4, 149 4,
163.6.

4.3.4. trans-1,2-Di-(2-pyridyl)cyclopentane (18). Purified
by flash chromatography (petroleum ether/AcOEt/EtzN=
3:7:1), white solid; mp 76-78 °C; R;=0.60 (petroleum
ether/AcOEt/Et;N=3:7:1). Anal. Found: C, 80.11; H, 7.41;
N, 12.23 C,sH ;N requires: C, 80.31; H, 7.20; N, 12.49%.
"H NMR: 6 1.94-2.19 (4H, m, 2 X CH,), 2.21-2.36 (2H, m,
CH,), 3.52-3.66 (2H, m, CH), 6.97 (2H, dt, J=7.8, 0.9 Hz,
ArH), 7.02-7.08 (2H, m, ArH), 7.46 (2H, td, J=7.8, 2.1 Hz,
ArH), 8.54 (2H, dq, J=4.8, 0.9 Hz, ArH). 13C NMR: 6 24.9,
34.1, 54.4, 121.0, 122.9, 136.0, 149.2, 163.5.

4.3.5. trans-1-(3,5-Dimethoxyphenyl)-2-phenylcyclo-
pentane (20). Purified by flash chromatography (petroleum
ether/AcOEt=09:1), colourless oil; R;=0.4 (petroleum
ether/AcOEt=9:1). Anal. Found: C, 80.63; H, 8.03;
C19H»,0, requires: C, 80.80; H, 7.87%. 'H NMR: 6 1.77—-
1.98 (4H, m, 2 XCH,), 2.18-2.31 (2H, m, CH), 2.96-3.14
(2H, m, CH), 3.69 (6H, s, 2 X CH3y), 6.24 (1H, t, J=2.1 Hz,
ArH), 6.27 (2H, d, J=2.1 Hz, 2 X ArH), 7.09-7.17 (3H, m,
3X ArH), 7.18-7.26 (2H, m, 2 X ArH). '>°C NMR: ¢ 24.3,
34.9,35.2,53.5,54.0,54.9,97.5,105.4, 125.8, 127.3, 128.1,
144.4, 146.9, 160.4.

4.3.6. trans-3,4-Diphenylcyclopentan-1-ol (21). Purified
by flash chromatography (gradient elution, from petroleum
ether/AcOEt=9:1 to petroleum ether/AcOEt=1:1), white
solid; mp 70-72 °C (petroleum ether); R;=0.63 (petroleum
ether/AcOEt=3:7). IR (neat) 3186 cm ™~ '. Anal. Found: C,
85.38; H, 7.83; C;7H;50 requires: C, 85.66; H, 7.61%. 'H
NMR: ¢ 1.65 (1H, br s, OH), 1.85-1.95 (1H, m, CH), 2.09—
2.28 (2H, m, 2 X CH), 2.70 (1H, ddd, J=14.1, 9.0, 6.0 Hz,
CH), 3.40-3.66 (1H, dd, /=20.1, 9.8 Hz, CH), 3.48 (1H, td,
J=10.8, 7.8 Hz, CH), 4.58-4.63 (1H, m, CHO), 7.08-7.25
(10H, m, 10X ArH). *C NMR: 6 44.9, 44.9, 51.5, 52.6,
72.1,126.1, 126.1, 127.3, 127.5, 128.2, 128.2, 143.0, 143.7.

4.3.7. trans-3,4-Di-(2-pyridyl)cyclopentan-1-0l (22).
Purified by flash chromatography (gradient elution, from
petroleum ether/AcOEt/Et;N=5:5:1 to petroleum ether/
AcOEt/Et;N=3:2:1), yellow oil; R;=0.24 (petroleum
ether/AcOEY/Et;N=3:2:1). IR (neat) 3300 cm '. Anal.
Found: C, 74.69; H, 6.91; N, 11.45; CsH;¢N,O requires:
C,74.96;H, 6.72; N, 11.66%. '"H NMR: 6 2.02-2.12 (1H, m,

CH), 2.14-2.20 (1H, m, CH), 2.17 (1H, br s, OH), 2.30-2.39
(1H, m, CH), 2.50-2.61 (1H, m, CH), 3.60 (1H, dt, J=11.7,
6.9 Hz, CH), 3.79 (1H, dd, J=9.6, 6.3, 1.8 Hz, CH), 4.51
(1H, t, J=3.6 Hz, CHO), 6.97 (1H, dt, J=7.8, 0.9 Hz,
ArH), 7.02 (1H, dt, J=7.8, 0.9 Hz, ArH), 7.10 (1H, ddd, J=
5.1, 2.4, 0.9 Hz, ArH), 7.13 (1H, ddd, J=5.1, 2.4, 0.9 Hz,
ArH), 7.54 (14, ddd, J=7.8, 4.2, 1.8 Hz, ArH), 7.52 (1H,
ddd, J=7.8, 4.2, 1.8 Hz, ArH), 8.57 (1H, ddd, J=5.1, 1.8,
0.9 Hz, ArH), 8.60 (1H, ddd, J=5.1, 1.8, 0.9 Hz, ArH). '*C
NMR: 6 41.7, 46.0, 51.8, 54.7, 74.2, 121.1, 121.3, 122.5,
122.9, 136.2, 136.8, 149.3, 149.6, 163.4, 165.5.

4.3.8. trans-3,4-Di-(2-methoxyphenyl)cyclopentan-1-ol
(23). Purified by flash chromatography (petroleum ether/
AcOEt=2:3), colourless oil; R=0.69 (petroleum ether/
AcOEt=2:3). IR (neat) 3230 cm!. Anal. Found: C, 76.21;
H, 7.73; C,9H»,05 requires: C, 76.47; H, 7.45%. '"HNMR: ¢
1.75 (1H, dddd, J=13.5, 9.6, 4.2, 1.5 Hz, CH), 1.99 (1H,
ddd, J=13.5, 11.7, 6.6 Hz, CH), 2.05 (1H, br s, OH), 2.24
(1H, ddt, J=13.5,7.2, 1.5 Hz, CH), 2.73 (1H, ddd, J=13.5,
9.0, 6.6 Hz, CH), 3.55-3.75 (1H, m, CH), 3.68 (3H, s,
OCHs;), 3.77 (3H, s, OCHj3), 4.00—4.10 (1H, m, CH), 4.50—
4.56 (1H, m, CHO), 6.74-6.85 (4H, m, 4 X ArH), 7.06-7.13
(2H, m, 2 X ArH), 7.16-7.22 (2H, m, 2 X ArH). '*C NMR: ¢
41.6,43.5,43.5,55.1,55.3,72.3,110.4, 110.5, 120.3, 120.6,
126.7, 126.7, 127.2, 128.0, 131.5, 131.8, 157.2, 157.6.
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Abstract—A series of 4-substituted prolines were prepared and evaluated as organocatalysts for asymmetric aldol reactions. Using (2S,4R)-
4-camphorsulfonyloxy-proline, the aldol products were obtained in much higher enantiomeric excess in comparison to that observed using
proline itself. In addition, the improved solubility of these new catalysts in organic solvents permits their use in lower sub-stoichiometric

amounts compared to proline.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The capability of simple organic molecules from the ‘chiral
pool’ to act like an enzyme represents a remarkable
synthetic alternative to many established asymmetric
transformations. Among the various enantiomerically pure
small organic molecules, amino acids and peptides as well
as cinchona alkaloids are extremely interesting asymmetric
organocatalysts' demonstrating useful levels of enantio-
selectivity for a wide range of transformations. In particular,
the natural amino acid L-proline acts as an enzyme mimic of
the type I aldolase, catalysing one of the most important
organic asymmetric transformations, the aldol reaction.” In
addition, proline has shown excellent catalytic activity in
catalysing a wide variety of reactions® such as Mannich*
and Michael® reactions, Robinson annulationf’ synthesis of
amino acids,” o-amination of aldehydes and ketones,8
a-oxidation’ and a-alkylation'® of aldehydes.

2. Results and discussion

As part of our program aimed at developing methodology
for the synthesis of non-natural amino acids and exploring
their applications,'' we synthesized various 4-substituted
prolines. In this article we report our study on their catalytic
effect on the direct asymmetric aldol reaction.'? To develop
improved proline-based catalysts, we decided to maintain
the proline backbone, since both the carboxylic acid group
and the pyrrolidine group are essential for effective
asymmetric induction, and to introduce a chiral bulky

Keywords: Aldol reactions; Amino acids; Asymmetric catalysis; Organo-

catalysts; 4-Substituted proline.
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substituent at the 4-position. The rationale behind the design
was to induce steric hindrance from one side of the
pyrrolidine ring. L-4-Hydroxyproline, which has already
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Scheme 1. Reagents and conditions: (a) CCI;C(=NH)OBuU’, BF;-Et,0,
CH,Cl,/C¢H;,, 84%; (b) H,, 10% Pd/C, 14-dioxane, rt, 24 h, 84%;
(¢) (i) (18)-(—)-camphanic acid or (1R)-(+)-camphanic acid, DCC,
DMAP, CH,Cl,, rt, 24 h, 80% for 4a and 82% for 4d, or (ii) (1R)-(—)-
camphor-10-sulfonyl chloride or (1S)-(+ )-camphor-10-sulfonyl chloride,
NMM, THF, 0 °C, 30 min, rt, 24 h, 85% for 4b and 88% for 4e, or (iii) NaH,
THF, 0 °C, then rt, 30 min, and then (—)-menthyl chloroformate or (+)-
menthyl chloroformate, rt, 22 h, 90% for 4c and 93% for 4f; (d) 5 N HCl/
Et,0, rt, 4 h, 94-96%.
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been used successfully as a catalyst of the aldol reaction,®

seemed an ideal template. Furthermore, it has been recently
reported that trans-4-tert-butyldimethylsiloxy-L-proline
efficiently catalyses a-aminoxylation of carbonyl com-
pounds, as well as O-nitroso-aldol/Michael, and Mannich
reactions."?

Thus, commercially available (25,4R)-N-(tert-butoxycarbo-
nyl)-4-benzyloxy-proline (1) was converted into compound
3 (Scheme 1). Compounds 4a,d were prepared by coupling
3 with (1R)-(+)- and (1S)-(—)-camphanic acid using N,N'-
dicyclohexylcarbodiimide (DCC) as coupling agent in the
presence of 4-dimethylamino-pyridine (DMAP)."* Sulfo-
nates 4b,e were prepared by treatment of 3 with the
corresponding sulfonyl chlorides in the presence of
N-methyl-morpholine (NMM) in dry THF and carbonates
4c.f were prepared by treatment of 3 with the corresponding
chloroformates, as depicted in Scheme 1. Deprotected
derivatives 5a—f were prepared by treatment of 4a—f with
5 N HCV/Et,0.

Derivative 3 was glutarylated and coupled with methyl

H3C_ CHj
HsC/,. WH

H3C CH3

H3C/,‘ \\H
O \ O

o) O o, o)
\, :
HO) OH
N N
H H

Scheme 3. Reagents and conditions: (a) 3, DCC, DMAP, CH,Cl,, 1t, 36 h,
74%; (b) 5 N HCI/Et,O, rt, 4 h, 98%.

2 HCI
13

a,y-diaminobutyryl-glycinate using 1-[3-(dimethylamino)-
propyl]-3-ethylcarbodiimide (EDC) in the presence of
1-hydroxybenzotriazole (HOBt) (Scheme 2). Dendron-like
derivative 10 was obtained by deprotection of compound 9.
As depicted in Scheme 3 (1R,3S)-(+)-camphoric acid (11)
was coupled with compound 3, using the DCC/DMAP
method, and deprotected to produce compound 13.

The aldol reaction is one of the most important carbon—
carbon bond-forming reactions in organic synthesis. List
and Barbas have extensively studied the direct asymmetric
aldol reaction of both acyclic and cyclic ketones as aldol
donors with aromatic and aliphatic aldehydes and they have
demonstrated that the most powerful catalysts are L-proline
and 5,5'-dimethyl thiazolidinium—4—carboxylate.2b We have
chosen in our preliminary investigations the reaction
between acetone and 4-nitro-benzaldehyde and we have
studied the catalytic effect of derivatives Sa—f, 10 and 13 on
this reaction. The results of our studies are summarized in
Table 1.

The substituents at the 4-position have a significant effect on

Table 1. Direct asymmetric aldol reaction of acetone and 4-nitrobenzalde-
hyde using various proline-based catalysts

CHO O OH
o . /©/ catalyst (10-30 mol%)
P OuN EtsN, DMF, 18-24 h, rt
20 vol% NO

2

Entry® Catalyst Catalyst Yield (%) ee (%)°
loading (%)
1 5a 30 62 80
2 5a 20 58 73
3 5b 30 62 75
4 5b 20 60 81
5 5c 30 65 77
6 5d 30 66 44
7 Se 30 61 82
8 Se 20 59 84
9 Se 10 71 90
10 5f 30 65 71
11 10 30 61 68
12 10 15 64 70
13 13 30 60 69
14 13 15 62 71
15 L-Pro-HCl 20 60 63
16 L-Pro? 20 63 69
17 L-HyPro? 30 71 70

 Reactions carried out for 16-18 h at rt.

® Isolated yields after column chromatography.

¢ The ee was determined by HPLC on a Daicel Chiralpak AD-RH column.
91n the absence of Et;N.
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both the enantioselectivity and yield of the reaction. Under
the conditions used (Table 1) the aldol product was obtained
in 69 and 70% ee, when L-proline and L-4-hydroxyproline
were used as catalysts (entries 16 and 17, respectively).
However, when camphanic acid derivative Sa was used ee
values up to 80% were observed (entry 1). A decrease in the
catalyst loading of 5a led to decrease of both chemical yield
and ee value (entry 2). It is interesting to note that (15)-(—)-
camphanic acid derivative (5a) led to high enantioselec-
tivity, while the (1R)-(+)-camphanic acid derivative (5d)
led to much lower enantioselectivity (entries 1 and 6,
respectively). Menthyl derivatives 5c and 5f (entries 5 and
10, respectively), gave comparable ee values and the result
for 5f was almost similar to those acquired when proline and
L-4-hydroxyproline were used as catalysts. The application
of the camphorsulfonyl derivatives Sb and Se led to very
interesting results. The camphorsulfonyl derivative Se
produced the aldol product in high ee (90%) when used in
10 mol% catalyst loading (entry 9). It should be noticed that
although the loading of the catalyst (30 and 20%) did not
considerably influence both the enantioselectivity (82 and
84%, entries 7 and 8, respectively), and the chemical yield
(61 and 59%, entries 7 and 8, respectively), better chemical
yield (71%) was obtained when derivative Se was employed
in 10 mol% loading (entry 9). Dendron-like derivatives 10
and 13 containing two pyrrolidine rings per molecule led to
chemical yields and ee values almost similar to those
obtained by proline itself, probably because proline residues
act as non interacting moieties and their catalytic potencies
are neither enhanced nor cancelled out by each other.

In an attempt to test the efficacy of catalyst Se, we submitted
4-bromo-benzaldehyde and 2-chloro-benzaldehyde as
acceptor substrates to the aldol process. The results are
presented in Table 2. When proline was used as catalyst in
the reaction between acetone and 4-bromo-benzaldehyde
in 20 mol% loading, the aldol product was obtained in
moderate ee values (62%), whilst in 10 mol% proline
loading practically no aldol product was acquired (entry 2).
However, when catalyst Se was employed in 10 mol%
catalyst loading, the aldol product was isolated in much
higher enantiomeric excess (80%) (entry 2). In a similar
manner, in the reaction between acetone and 2-chloro-
benzaldehyde, catalyst Se in 10 mol% loading led to a

higher ee value (74%) in comparison to that observed by
using proline itself (64% ee for 20 mol% proline and almost
no aldol product for 10 mol%) and in a comparable
chemical yield (entry 3).

In conclusion, the results of our study indicate that for high
enantioselectivity the catalyst should possess a chiral bulky
group at the 4-position of the pyrrolidine ring in addition to
carboxylic acid and secondary amine groups. In particular,
4-camphorsulfonyloxy-proline derivative Se, easily syn-
thesized from proline derivative 1, compares favourably to
proline for the direct asymmetric aldol reaction offering:
(a) higher enantioselectivity in comparison to proline and
(b) a decrease of the required amount (10%) in comparison
to proline (20-30%).

3. Experimental

3.1. General

Melting points were determined on a melting point
apparatus and are uncorrected. Specific rotations were
measured on a polarimeter using a 10 cm cell. NMR spectra
were recorded on 200 and 300 MHz Varian spectrometers.
Where applicable, structural assignments were based on
COSY experiments. Where rotamers are apparent peaks for
major and minor rotamers are reported, when resolved. IR
spectra were recorded on a Perkin-Elmer 841 Spectropho-
tometer. Analytical TLC plates (silica gel 60 F,s4) and silica
gel 60 (70-230 or 230—400 mesh) for column chroma-
tography were purchased from Merck. Visualisation of
spots was effected with UV light and/or phosphomolybdic
acid and/or ninhydrin both in ethanol stain. THF and 1,
4-dioxane were freshly distilled from sodium-benzo-
phenone ketyl radical under an argon atmosphere immedi-
ately prior to use. Et,O was treated with calcium chloride
and stored over Na. DMF was stirred in the presence of P,O5
for 15 h and distilled under reduced pressure. Acetone was
dried overnight over 3 A activated molecular sieves (10%
w/v) and then distilled. All other solvents and chemicals
were of reagent grade and used without further purification.
The samples for elemental analyses were dried over P,Os
under high vacuum for 48 h.

Table 2. Comparison between proline and catalyst Se in the direct asymmetric aldol reaction

Entry® Substrate Product Proline (10 mol%) Proline (20 mol%) Se (10 mol%)
Yield (%)°  ee (%) Yield (%)°  ee (%)° Yield (%)°  Ee (%)°
CHO (0] OH
1 02N©/ % <5 n.d? 63 69 71 90
NO,
CHO O OH
2 Br/©/ % <5 n.dd 71 62 74 80
Br
CHO o  OH
3 @E(n % <5 n.d.! 80 64 78 74
Cl

# Reactions carried out for 16-18 h at rt.

® Isolated yields after column chromatography.

¢ The ee was determined by HPLC on a Daicel Chiralpak AD-RH column.
4 Not determined.
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3.1.1. (25,4R)-Di-tert-butyl 4-(benzyloxy)pyrrolidine-1,2-
dicarboxylate (2). To a stirred solution of Boc-L-Pro(Bn)—
OH (322 mg, 1.00 mmol) in CH,Cl, (1 mL), a solution of
tert-butyl-2,2 2-trichloroacetimidate (440 mg, 2.00 mmol)
in C¢H;, (2 mL) was added, followed by BF5-Et,O (20 pL).
The stirring was continued for 24 h at rt. Work-up involved
filtration of the reaction mixture through a pad of Celite® to
remove trichloroacetamide and removal of the solvent under
reduced pressure. The residue was purified by column
chromatography using a mixture of CHCl3/MeOH 95:5 as
eluent to afford 2. Yellowish oil (315 mg, 84%); [a]p—23.9
(¢ 1.0, CHCly); 'H NMR (200 MHz, CDCl3) ¢ 1.45 [br,
18H, 2 X C(CH3;)5], 2.05 (m, 1H, CHHCHN), 2.35 (m, 1H,
CHHCHN), 3.45-3.75 (m, 2H, CH,N), 4.10-4.38 (m, 2H,
CHN, OCH), 4.42-4.60 (m, 2H, CH,Ph), 7.25-7.42 (m, 5H,
Ph); '*C NMR (50 MHz, CDCl3) 6 27.9, 28.3, 35.4, 36.7,
51.2, 51.8, 58.6, 71.1, 75.7, 76.7, 79.7, 79.9, 81.0, 127.6,
127.7, 128.4, 137.7, 154.0, 172.1; IR [film, (cm ™ "]: 1730
and 1698 (C=0); MS (ESI): m/z (%): 378 (23) [M+H™],
400 (100) [M+Na™]. Anal. Caled for CpH3NOs: C,
66.82; H, 8.28; N, 3.71. Found: C, 66.59; H, 8.38; N, 3.68.

3.1.2. (2S,4R)-Di-tert-butyl 4-hydroxypyrrolidine-1,2-
dicarboxylate (3). To a stirred solution of 2 (380 mg,
1.00 mmol) in anhydrous 1,4-dioxane (10 mL), 10% Pd/C
(40 mg) was added. The reaction mixture was stirred under
H, for 24 h at rt. After filtration through a pad of Celite®, the
solvent was removed and the residue was purified by
column chromatography using EtOAc as eluent to give 3.
Colourless oil (240 mg, 84%); [a]p—68.0 (c 1.0, MeOH);
[Lit." [a]3! —68.9 (¢ 1.06, MeOH)]; '"H NMR (200 MHz,
CDCl3) 6 1.45 [br, 18H, 2XC(CH3)s], 2.01 (m, I1H,
CHHCHN), 2.25 (m, 1H, CHHCHN), 2.92 (br, 1H, OH),
3.33-3.68 (m, 2H, CH,N), 4.28 (m, 1H, CHN), 4.45 (m, 1H,
OCH); '*C NMR (50 MHz, CDCl;) 6 27.9, 28.3, 38.3, 39.1,
54.5, 58.5, 69.1, 70.0, 79.9, 80.2, 81.1, 154.3, 172.2; IR
[film, (cm ™~ ")]: 1745 and 1690 (C=0); MS (FAB): m/z (%):
288 (100) [M+H™]. Anal. Calcd for C;4H,sNOs: C, 58.52;
H, 8.77; N, 4.87. Found: C, 58.65; H, 7.69; N, 4.88.

3.2. General procedure for the preparation of the
carboxylates 4a,d

To a solution of 3 (290 mg, 1.00 mmol) in dichloromethane
(8 mL) was added (1S)-(—)-camphanic acid or (1R)-(+)-
camphanic acid (200 mg, 1.00 mmol) followed by DCC
(227 mg, 1.10 mmol) and DMAP (12 mg, 0.10 mmol). The
mixture was stirred for 24 h. The dicyclohexylurea was
filtered off, the solvent was removed, water (5 mL) was
added and the product was then extracted with EtOAc (3 X
10 mL). The combined organic layers were washed
consecutively with 1 M KHSO, (1 X25mL), H,O (1X
30 mL), NaHCO; 10% (1X25 mL), H,O (1 X30 mL) and
dried over Na,SO,4. The solvent was evaporated and the
residue was purified by column chromatography using a
mixture of EtOAc/petroleum ether 40-60 1:1 as eluent to
give 4ad.

3.2.1. (25,4R)-Di-tert-butyl 4-[(1S,4R)-4,7,7-trimethyl-3-
0xo0-2-oxa-bicyclo[2.2.1]heptane-1-carbonylox]pyrro-
lidine-1,2-dicarboxylate (4a). Pale yellow solid (374 mg,
80%); mp 173-175 °C; [a]p—61.0 (¢ 1.0, CHCl3); "H NMR
(200 MHz, CDCl3) ¢ 0.90 (s, 3H, CH3), 1.03 (s, 3H, CHy),

1.10 (s, 3H, CHj3), 1.44 [br, 18H, 2 X C(CHjs)s], 1.50-2.50
(series of m, 6H, 2 XCH,, CH,CHN), 3.40-3.80 (m, 2H,
CH,N), 4.23 (m, 1H, CHN), 5.28 (m, 1H, OCH); '°C NMR
(50 MHz, CDCl3) ¢ 9.5, 16.5, 16.6, 27.8, 28.1, 28.2, 28.7,
29.9, 30.2, 31.9, 32.0, 32.1, 32.6, 35.2, 36.2, 52.0, 54.3,
54.7, 58.1, 73.4, 74.1, 80.1, 80.3, 81.4, 90.6, 153.6, 166.9,
171.2, 178.0; IR [KBr, (cm™Y]: 1795, 1738 and 1704
(C=0); MS (FAB): m/z (%): 468 (5) [M+H"]. Anal.
Calcd for C,4H37NOg: C, 61.65; H, 7.98; N, 3.00. Found: C,
61.80; H, 8.32; N, 3.21.

3.2.2. (25,4R)-Di-tert-butyl 4-[(1R,4S)-4,7,7-trimethyl-3-
0x0-2-oxa-bicyclo[2.2.1]heptane-1-carbonyloxy]pyrro-
lidine-1,2-dicarboxylate (4d). White solid (384 mg, 82%);
mp 153-155°C; [alp—18.0 (¢ 1.0, CHCl3); 'H NMR
(200 MHz, CDCl3) 6 0.91 (s, 3H, CH3), 1.01 (s, 3H, CH3),
1.08 (s, 3H, CH3), 1.44 [br, 18H, 2 X C(CH3)s], 1.50-2.48
(series of m, 6H, 2 XCH,, CH,CHN), 3.49-3.78 (m, 2H,
CH,N), 4.11 (m, 1H, CHN), 5.34 (m, 1H, OCH); '°C NMR
(50 MHz, CDCls) 6 9.5, 16.5, 16.6, 27.8, 28.1, 28.8, 29.9,
30.4, 31.9, 32.0, 32.1, 32.5, 35.2, 36.3, 52.0, 52.1, 54.1,
54.6, 58.2,73.2, 74.1, 80.3, 81.4, 90.5, 153.5, 166.7, 171.2,
177.8; MS (ESI): m/z (%): 490 (100) [M+Na™]. Anal.
Calcd for C,4H37NOg: C, 61.65; H, 7.98; N, 3.00. Found: C,
61.78; H, 8.30; N, 3.26.

3.3. General procedure for the preparation of the
sulfonates 4b,e

To a stirred solution of 3 (290 mg, 1.00 mmol) in anhydrous
THF (8 mL) were added NMM (0.14 mL, 1.25 mmol) and
(1R)-(—)-camphor-10-sulfonyl chloride or (1S)-(+)-cam-
phor-10-sulfonyl chloride (315 mg, 1.25 mmol) at O °C. The
reaction mixture was stirred at 0 °C for 30 min and at rt for
24 h. The solvent was removed, water (15 mL) was added
and the product was then extracted with EtOAc (3 X 10 mL).
The combined organic layers were washed consecutively
with 1 M KHSO, (1X25 mL), H,O (1 X30 mL), NaHCO;
10% (1 X25 mL), H,O (1 X30 mL) and dried over Na,SOy.
The solvent was evaporated and the residue was purified by
column chromatography using initially a mixture of EtOAc/
petroleum ether 40-60 1:1 and finally EtOAc as eluents to
give 4b.e.

3.3.1. (25,4R)-Di-tert-butyl 4-{[(1R,4S)-7,7-dimethyl-2-
oxobicyclo[2.2.1]heptan-1-ylJmethylsulfonyloxy }pyrro-
lidine-1,2-dicarboxylate (4b). Colourless oil (426 mg,
85%); [alp—44.0 (¢ 1.0, CHCly); 'H NMR (200 MHz,
CDCl;) 6 0.80-2.56 (series of m, 35H, 2XCHs, 2X
C(CH3)3, 3XCH,, CH, CH,CHN, CH,SO,) 3.40-3.80 (m,
2H, CH,N), 4.30 (m, 1H, CHN), 5.29 (m, 1H, OCH); '*C
NMR (50 MHz, CDCls) 6 19.6, 19.7, 25.2, 26.8, 27.9, 28.0,
28.3, 33.1, 35.5, 36.6, 42.3, 42.7, 51.9, 52.1, 58.4, 64.2,
71.9,72.8, 80.1, 80.3, 81.4, 153.8, 171.6, 172.3, 212.8; MS
(ESD): mlz (%): 524 (100) [M+Na*]. Anal. Calcd for
C,4H30NOgS: C, 57.46; H, 7.84; N, 2.79. Found: C, 57.70;
H, 7.55; N, 2.76.

3.3.2. (25,4R)-Di-tert-butyl 4-{[(15,4R)-7,7-dimethyl-2-
oxobicyclo[2.2.1]heptan-1-yl]methylsulfonyloxy}pyrro-
lidine-1,2-dicarboxylate (4e). White solid (442 mg, 88%);
mp 93-95°C; [a]p—10.6 (¢ 1.0, CHCl5); 'H NMR
(200 MHz, CDCl3) ¢ 0.76 (s, 3H, CH3), 0.96 (s, 3H, CH3),
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1.37 [br, 18H, 2 X C(CHj3);3], 1.40-2.60 (series of m, 9H, 3 X
CH,, CH, CH,CHN), 2.91 (d, J=14.9 Hz, 1H, CHHSO,),
3.40-3.83 (m, 3H, CH,N, CHHSO,), 4.16 (m, 1H, CHN),
5.17 (m, 1H, OCH); >C NMR (50 MHz, CDCl;) 6 19.2,
19.3, 24.5, 24.6, 26.5, 27.6, 27.9, 35.9, 37.2, 42.1, 42.3,
477, 52.1, 52.4, 57.6, 57.7, 57.8, 78.2, 78.9, 80.0, 81.2,
153.2, 170.8, 170.9, 213.8; IR [KBr, (cm ™ )]: 1749, 1728
and 1700 (C=0), 1365 and 1160 (S=0); MS (ESI): m/z
(%): 524 (100) [M+Na™]. Anal. Calcd for C,4H3oNOgS: C,
57.46; H, 7.84; N, 2.79. Found: C, 57.71; H, 7.60; N, 2.74.

3.4. General procedure for the preparation of the
carbonates 4c,f

To an ice-cold solution of 3 (290 mg, 1.00 mmol) in dry
THF (5 mL), NaH (24 mg, 1.00 mmol) was added. The
mixture was warmed up to rt and stirred for 30 min, after
which (—)- or (+)-menthyl chloroformate (240 mg,
235 pL, 1.10 mmol) was added. The stirring was continued
at rt for 22 h. The solvent was removed under reduced
pressure, water (7 mL) was added and the product was then
extracted with EtOAc (3 X6 mL). The combined organic
layers were washed consecutively with 1 M KHSO, (1X
20 mL), H,O (1 X25 mL), NaHCO3; 10% (1 X20 mL), H,O
(1 X25mL) and dried over Na,SO,. The solvent was
evaporated and the residue was purified by column
chromatography using a mixture of EtOAc/petroleum
ether 40-60 1:1 as eluent to give 4c.f.

3.4.1. (25,4R)-Di-tert-butyl 4-{[(1R,2S,5R)-2-isopropyl-5-
methylcyclohexyloxy]carbonyloxy}pyrrolidine-1,2-
dicarboxylate (4c). Pale yellow oil (423 mg, 90%); [«a]p—
66.0 (¢ 1.0, CHCl5); "H NMR (200 MHz, CDCl;) ¢ 0.70—
2.50 (series of m, 38H, 3 X CHj3, 2 X C(CH3)3, 3 X CH,, 3 X
CH, CH,CHN), 3.50-3.80 (m, 2H, CH,N), 4.22 (m, 1H,
CHN), 4.48 (m, 1H, CHCHO), 5.17 (m, 1H, OCH); "*C
NMR (50 MHz, CDCl3) ¢ 16.1, 20.6, 21.8, 23.1, 25.9, 27.8,
27.9, 28.2, 31.3, 33.9, 354, 36.5, 40.6, 46.8, 51.9, 58.2,
75.0, 75.8, 78.8, 80.0, 80.2, 81.3, 153.5, 154.0, 171.5; MS
(ESI): mlz (%): 470 (45) [M+H™"], 492 (100) [M+Na™].
Anal. Calcd for C,5H43NO5: C, 63.94; H, 9.23; N, 2.98.
Found: C, 64.10; H, 9.45; N, 2.79.

3.4.2. (25,4R)-Di-tert-butyl 4-{[(1S,2R,5S)-2-isopropyl-5-
methylcyclohexyloxy]carbonyloxy}pyrrolidine-1,2-
dicarboxylate (4f). Pale yellow oil (437 mg, 95%); [a]p+
25.0 (¢ 1.0, CHCly); "H NMR (200 MHz, CDCl;) 6 0.68—
2.53 (series of m, 38H, 3 X CHj3, 2 X C(CH3)3, 3 X CH,, 3 X
CH, CH,CHN), 3.50-3.77 (m, 2H, CH,N), 4.25 (m, 1H,
CHN), 4.50 (m, 1H, CHCHO), 5.12 (m, 1H, OCH); "*C
NMR (50 MHz, CDCls) 6 16.1, 20.6, 21.8, 23.1, 25.9, 27.8,
28.2, 31.3, 33.9, 354, 36.5, 40.6, 46.9, 51.8, 52.0, 58.1,
74.9,75.8,78.7,79.9, 80.1, 81.2, 153.5, 154.0, 171.4, 171.5;
IR [film, (cmfl)]: 1742 and 1709 (C=0); MS (ESI): m/z
(%): 470 (40) [M+H™1, 492 (100) [M+Na™]. Anal. Calcd
for C,sH43NO7: C, 63.94; H, 9.23; N, 2.98. Found: C, 64.08;
H, 9.45; N, 2.76.

3.4.3. 5-[(3R,55)-1,5-Bis(fert-butoxycarbonyl)pyrrolidin-
3-yloxy]-5-oxopentanoic acid (6). To a stirred solution of 3
(287 mg, 1.00 mmol) in CH,Cl, (7 mL), a solution of
glutaric anhydride (224 mg, 2.00 mmol) in CH,Cl, (3 mL)
was added, followed by DMAP (16 mg, 0.13 mmol). The

stirring was continued for 36 h at rt. The solvent was then
removed under reduced pressure, water (8 mL) was added
and the product was extracted with EtOAc (3 X8 mL). The
combined organic layers were washed consecutively with
1 M KHSO,4 (1X20mL) and H,O (1X25 mL) and dried
over Na,SO,4. The solvent was evaporated and the residue
was purified by column chromatography using EtOAc as
eluent to give 6. Light yellowish oil (300 mg, 75%); [a]p —
37.3 (¢ 1.1, CHCls); "H NMR (200 MHz, CDCl3) 6 1.47 [br,
18H, 2 X C(CHj3)3], 1.92-2.08 (m, 2H, CH,CH,CH,), 2.17
(m, 1H, CHHCHN), 2.27-2.51 (m, SH, CHHCHN, CH,.
CH,CH,), 3.40-3.78 (m, 2H, CH,N), 4.25 (m, 1H, CHN),
5.27 (m, 1H, OCH); '>C NMR (50 MHz, CDCl;) 6 19.6,
27.8, 27.9, 28.2, 29.6, 32.8, 33.1, 35.5, 36.5, 51.9, 52.1,
58.4,71.9,72.8,80.3, 80.5, 81.5, 153.9, 171.6, 172.3, 177.9;
IR [film, (cm~")]: 1738 and 1705 (C=0); MS (FAB): m/z
(%): 402 (10) [M+H™], 424 (2.5) [M+Na™]. Anal. Calcd
for C;oH31NOg: C, 56.84; H, 7.78; N, 3.49. Found: C, 56.65;
H, 7.69; N, 3.48.

3.4.4. (S)-Methyl 2-[2,4-bis(tert-butoxycarbonyl)butana-
mido]acetate (8). To a stirred solution of (S)-2,4-bis(tert-
butoxycarbonyl)butanoic acid (7) (318 mg, 1.00 mmol) in
CH,Cl, (10 mL) were added methyl glycinate hydro-
chloride (126 mg, 1.00 mmol), 1-[3-(dimethylamino)-
propyl]-3-ethylcarbodiimide hydrochloride (211 mg,
1.10 mmol), 1-hydroxybenzotriazole (135 mg, 1.00 mmol)
and EN (0.16 mL, 1.10 mmol). The reaction mixture
was stirred for 1 h at 0 °C and for 16 h at rt. The solvent was
removed, water (8 mL) was added and the product was
extracted with EtOAc (3X8 mL). The combined organic
layers were washed consecutively with 1 M KHSO, (1 X
10 mL), H,O (1X10mL), 5% aqueous NaHCO; (1X
10 mL), H,O (1 X 10 mL), dried (Na,SO,), and the solvent
was evaporated to give 8. White solid (292 mg, 75%); mp
100-101 °C; [alp—29.4 (¢ 1.0, CHCly); 'H NMR
(200 MHz, CDCl3) 6 1.40 [br, 18H, 2 X C(CH3)3], 1.70-
2.00 (m, 2H, CHCH,), 3.05 (m, 1H, CHHNHOCO), 3.45
(m, 1H, CHANHOCO), 3.69 (s, 3H, OCH3), 3.85-4.35 (m,
3H, CH, CH,COOCH3), 5.22 (m, 1H, CH,NHOCO), 5.50
(d, J=8 Hz, 1H, CHNHOCO), 8.64 (m, 1H, NHCO); "*C
NMR (50 MHz, CDCl3) 6 28.2, 28.3, 34.2, 36.7, 41.1, 51.6,
52.2,79.5,79.9,155.6,156.7,170.1,172.1; IR [KBr, (cm ™ ")]:
3331 (N-H), 1754, 1705 and 1689 (C=0), 1519 (N-H);
MS (ESD): m/z (%): 389 (25) [M*]. Anal. Caled for
C7H31N307: C, 52.43; H, 8.02; N, 10.79. Found: C, 52.56;
H, 7.98; N, 10.80.

3.4.5. (2S,4R)-Di-tert-butyl 4-(5-((S)-3-(5-((3R,55)-1,5-
bis(tert-butoxycarbonyl)pyrrolidin-3-yloxy)-5-oxopenta-
namido)-4-(2-methoxy-2-oxoethylamino)-4-oxobutyl-
amino)-5-oxopentanoyloxy)pyrrolidine-1,2-dicarboxyl-
ate (9). The fert-butoxycarbonyl groups of 8 (390 mg,
1.00 mmol) were removed by treatment with 5 N HCI in
Et;O (14 mL) for 1 h at rt. After evaporation, Et,O was
added and the product was filtered and recrystallised from
MeOH/Et,0. The product was suspended in CH,Cl, (8 mL)
and to the solution were added 6 (802 mg, 2.00 mmol), EDC
(422 mg, 2.20 mmol), HOBt (270 mg, 2.00 mmol) and Et;N
(0.70 mL, 5.00 mmol). The reaction mixture was stirred for
1h at 0°C and for 30 h at rt. The solvent was removed,
water (15 mL) was added and the product was extracted
with EtOAc (3 X 10 mL). The combined organic layers were
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washed consecutively with 1 M KHSO,4 (1 X25 mL), H,O
(1X30 mL), 5% aqueous NaHCOj5 (1X25 mL), H,O (1 X
30 mL), dried (Na,SO,), and the solvent was evaporated to
give a residue, which was further purified by column
chromatography using initially CHCl; and finally CHCl,/
MeOH 95:5 as eluents to give 9. Colourless oil (670 mg,
70%); [a]lp—48.0 (¢ 1.0, CHCl3); 'H NMR (200 MHz,
CDCl3) 6 1.48 [br, 36H, 4 X C(CH3)3], 1.68-2.75 (m, 18H,
2 X CH,CH,CH,, CHCH,CH,, 2XOCHCH,CHN), 2.92
(m, 1H, CHCH,CHH), 3.40-4.08 (m, 9H, CHCH,CHH,
2XCH;N, OCH;, CHHCOOCH;), 4.10-4.35 (m, 3H,
CHHCOOCH;, 2 X OCHCH,CHN), 4.47 (m, 1H, CHCH,-
CH,), 5.17-5.35 (m, 2H, 2X OCH), 6.68-7.00 (m, 2H, 2X
NHCO), 8.26 (m, 1H, NHCO); *C NMR (50 MHz, CDCls)
0 20.4, 20.8, 28.0, 28.3, 33.3, 33.5, 34.2, 35.2, 35.3, 35.5,
35.7, 36.3, 36.5, 41.1, 49.9, 51.8, 52.0, 52.1, 52.3, 58.4,
71.7, 72.0, 72.7, 80.4, 81.5, 153.9, 170.1, 171.6, 171.7,
171.9, 172.5, 172.9, 173.7; IR [film, (cm ™~ ")]: 3315 (N-H),
1735, 1696, 1683 and 1650 (C=0), 1535 (N-H); MS
(FAB): mlz (%): 956 (47) [M+H"]. Anal. Caled for
C4sH73Ns047: C, 56.53; H, 7.70; N, 7.33. Found: C, 56.55;
H, 7.71; N, 7.35.

3.4.6. Compound 12. To a solution of 3 (575 mg,
2.00 mmol), in dichloromethane (10 mL), (1R,35)-(+)-
camphoric acid (200 mg, 1.00 mmol) was added, followed
by DCC (454 mg, 2.20 mmol) and DMAP (24 mg,
0.20 mmol). The mixture was stirred for 36 h at rt. The
dicyclohexylurea was filtered off, the solvent was removed,
water (12 mL) was added and the product was then
extracted with EtOAc (3X 10 mL). The combined organic
layers were washed consecutively with 1 M KHSO, (1 X
25 mL), H,O (1 X30 mL), NaHCO; 10% (1 X25 mL), H,O
(1 X30mL) and dried over Na,SO,. The solvent was
evaporated and the residue was purified by column
chromatography using a mixture of EtOAc/petroleum
ether 40-60 1:1 as eluent to give 12. Colourless oil
(547 mg, 74%); [alp—32.8 (¢ 1.0, CHCly); 'H NMR
(200 MHz, CDCl3) 6 0.92 (s, 3H, CH3), 1.03 (s, 3H, CHj3),
1.18 (s, 3H, CH3), 1.38 [br, 36H, 4 X C(CH3);], 1.75-2.40
(series of m, 8H, 2XCH,, 2XCH,CHN), 2.75 (m, 1H,
CHCO), 3.30-3.70 (m, 4H, 2X CH,N), 4.10-4.26 (m, 2H,
2XCHN), 5.10-5.25 (m, 2H, 2XOCH); '*C NMR
(50 MHz, CDCl3) ¢ 13.9, 19.5, 19.9, 20.5, 24.2, 27.6,
27.7, 28.0, 28.1, 32.8, 33.2, 35.2, 36.3, 43.4, 51.7, 51.9,
54.0, 58.1, 71.7, 72.5, 79.8, 80.0, 81.1, 153.6, 153.8, 171.2,
171.3, 172.0; IR [film, (cm ~")]: 1806, 1762, 1741 and 1703
(C=0); MS (ESD): m/z (%): 739 (15) [M+H™"]. Anal.
Calcd for C38H62N2012: C, 6177, H, 846, N, 3.79. Found:
C, 61.90; H, 8.50; N, 3.82.

3.5. General procedure for the removal of Boc and Bu’
protecting groups

Boc and Bu’ groups of 4a—f, 9, 12 (1.00 mmol) were
removed by treatment with SN HCIl in Et,0O (14 mL,
70 mmol) for 4 h at rt. After evaporation under reduced
pressure to a small volume (1 mL), anhydrous Et,O was
added (5 mL) and the precipitated product was afforded
through decantation.

3.5.1. (25,4R)-4-[(1S,4R)-4,7,7-Trimethyl-3-0x0-2-0xa-
bicyclo[2.2.1]heptane-1-carbonyloxy]pyrrolidine-2-carb-

oxylic acid hydrochloride (5a). White solid (334 mg,
96%); mp 219-221 °C; [alp—6.4 (¢ 1.0, DMF); '"H NMR
(200 MHz, CD;0D) 6 0.97 (s, 3H, CH3), 1.10 (s, 3H, CH3),
1.12 (s, 3H, CH3), 1.57-2.75 (series of m, 6H, 2X CH,,
CH,CHN), 3.58 (m, 1H, CHHN), 3.83 (dd, J=5.0, 13.6 Hz,
1H, CHHN), 4.63 (m, 1H, CHN), 5.67 (m, 1H, OCH); '*C
NMR (50 MHz, CD;0D) 6 9.9, 17.0, 17.2, 28.1, 29.8, 31.6,
35.9, 52.2, 55.6, 56.1, 59.7, 75.3, 92.4, 167.9, 170.2, 179.9;
MS (ESI): m/z (%): 312 (100) [M+H™]. Anal. Calcd for
C,;sH,;NOg-HCL: C, 51.80; H, 6.38; N, 4.03. Found: C,
52.01; H, 6.47; N, 4.11.

3.5.2. (28,4R)-4-{[(1R,4S)-7,7-Dimethyl-2-oxobicyclo-
[2.2.1]heptan-1-yllmethylsulfonyloxy}pyrrolidine-2-
carboxylic acid hydrochloride (5b). White solid (363 mg,
95%); mp 164—166 °C; [a]p—26.2 (¢ 1.0, MeOH); "H NMR
(200 MHz, CD;0D) 6 0.91 (s, 3H, CH3), 1.10 (s, 3H, CH3),
1.47-2.90 (series of m, 9H, 3 X CH,, CH,CHN, CH), 3.35
(m, 1H, CHHSO,), 3.62-3.87 (m, 3H, CH,N, CHHSO,),
4.64 (m, 1H, CHN), 559 (m, 1H, OCH); '>C NMR
(50 MHz, CDs0OD) 6 19.7, 19.9, 26.3, 27.7, 37.0, 434,
44.1, 49.1, 53.0, 59.2, 59.4, 80.8, 170.3, 216.6; MS (ESI):
mlz (%): 346 (100) [M+H™]. Anal. Calcd for C,5H,3NOg-
S-HCI: C, 47.18; H, 6.33; N, 3.67. Found: C, 47.02; H, 6.48;
N, 3.85.

3.5.3. (25,4R)-4-{[(1R,2S,5R)-2-Isopropyl-5-methylcyclo-
hexyloxy]carbonyl