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Syntheses and spectroscopic properties of benzophenoxazine fluorescent dyes are reviewed from the perspective of their potential applications
as probes in biotechnology, especially with respect to intracellular imaging.
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1. Introduction

Meldola’s Blue 1, Nile Red 2, and Nile Blue 3 have some de-
sirable attributes as fluorescent probes.> Dyes 2 and 3 have
reasonably high fluorescence quantum yields in apolar sol-
vents and they fluoresce at reasonably long wavelengths.
Nile Red, in particular, fluoresces far more strongly in apolar
media than in polar ones, and the fluorescent emission shows
a large bathochromic (i.e., red-) shift in polar media, hence
it can be used as a probe for environment polarity;*~° these
characteristics may be attributes for some applications, but

* Corresponding author. Tel.: +1 979 845 4345; fax: +1 979 845 1881;
e-mail: burgess@tamu.edu

0040-4020/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.08.056

limitations for others. None of these dyes are significantly
soluble in aqueous media, and their quantum yields are dra-
matically reduced. One of the big challenges in the produc-
tion of fluorescent dyes is to produce water-soluble probes
that fluoresce strongly in aqueous media, particularly above
600 nm or at even longer wavelengths. Motivation for
research in this area is drawn from needs for intracellular,
tissue, and whole organism imaging where near-IR dyes
are f7ar more conspicuous than ones emitting at 550 nm or
less.

The phenoxazine skeleton may be extended by adding fused
benzene rings to the a—c or h—j faces. Benzophenoxazines of
this type are ‘angular’! or ‘linear’ depending on the orienta-
tion of the ring fusion, as illustrated in Figure 1a.
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Figure 1. (a) Phenoxazines and benzophenoxazines; (b) structures of the
three best known fluorescent dyes in this class.

Substituents that freely donate and/or accept electron den-
sity on benzophenoxazine cores can, in some orientations,
give fluorescent compounds. The first notably fluorescent
compound to be discovered in this class was Meldola’s
Blue 1, but Nile Red 22 and Nile Blue 37 are far more fre-
quently used in contemporary science.

The objective of this review is to summarize the state of the
art of benzophenoxazine dyes in such a way that all readers
can understand quickly what has been done to develop useful
probes in this category. Inspired readers should also be able
to use this summary to design research approaches that are
not yet explored but would lead to useful endpoints.

2. Meldola’s Blue

This dye is used in textiles, paper, and paints, mainly as a pig-
ment. It is not a particularly useful fluorescent dye for label-
ing proteins because of its poor water solubility. Further, its
fluorescence is weak in all common media (e.g., EtOH) and
does not give a clear indication of the surrounding polarity.
However, Meldola’s Blue has been used as a component in
redox sensors'® for detection of materials such as NADH,?
pyruvates,® hydrogen peroxide,'? glucose,'' and 3-hydroxy-
butyrate.!? It has also been used in electrochemical experi-
ments involving DNA wherein the dye mediates electron
transport. '3

2.1. Syntheses
The original (1879) synthesis of Meldola’s Blue involved

condensation of a nitroso compound with 2-naphthol at ele-
vated temperatures (Scheme 1a).'* Details of the reaction

conditions and the yield were not given. Subsequently, Mel-
dola’s Blue has been made with a variety of counter ions via
reactions involving different Lewis acids (Scheme 1b).!
Counter ion modifications have been used to modulate the
electronic properties of solid materials for applications not
directly related to labeling biomolecules.

a
CH;COOH

NO
o - oo
Me,N Ho 110 °C

e
o TN
Me,*™N o

1

EtOH
Amax abs 240 nm
7*max emiss 568 nm

(=3
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—_—T

(ii) OH

ZnCl,, EtOH, 70 °C

. l
g
CI Me,*N o}

1
Meldola's Blue

Me,N :

Scheme 1. (a) Original synthesis of Meldola’s Blue; (b) a more recent
approach.

2.2. Photophysical properties

Phenoxazines without strongly electron withdrawing or
donating substituents have unexceptional absorbance char-
acteristics, and they are not particularly fluorescent com-
pounds. Fusion of a benzene ring onto the heterocycle
does not alter this situation dramatically. Meldola’s Blue
has one dimethylamino substituent and the heterocyclic
core is oxidized. These changes in the composition of the
heterocycle shift its absorption and emission characteristics
into a useful range: A ax aps 940 M, Aax emiss 768 nm EtOH.
This dye is not noted for its solvatochromic properties.!”

3. Nile Red derivatives
3.1. Introduction

Nile Red has a neutral oxidized phenoxazine system, i.e., it
is a phenoxazinone. The 9-diethylamino substituent is able
to donate electron density into the carbonyl group across
the ring; this electronic arrangement probably accounts for
its highly fluorescent properties (Fig. 2).

The water-solubility of Nile Red is extremely poor, but in
other solvents its fluorescence maxima and intensity are
good indicators of the dye’s environment-polarity. As
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Figure 2. Electron delocalization in Nile Red.

mentioned above, this solvatochromic effect is such that
polar media cause a red-shift but decreased fluorescence
intensity. This decreased fluorescence intensity is probably
due to self-quenching of the dye in face-to-face aggregates.
Consequently, this dye is particularly useful for studying
lipids and events that involve impregnation of the dye in
apolar media. Surprisingly, very few water-soluble analogs
of Nile Red have been reported, and only limited fluores-
cence data have been given for those.

3.2. Syntheses

The first synthesis of Nile Red was a condensation reaction
of a nitrosophenol (Scheme 2a). The patent literature indi-
cates that other solvent systems can be used. It is also possi-
ble to prepare Nile Red via hydrolysis of Nile Blue as

indicated in Scheme 2b. The product is usually isolated via
chromatography on silica.

OH
NO
+
Et,N” : :OH ‘ ‘
N
/C[ \i
Et,N o o

2 10 %

Et,N” : ‘ / ‘! *H
N

/C[ \:{‘

Et,N o) o

2 22%

CH3COOH
—_—
70°C, 1h

0.5 % HZSO4
requx 2h

Scheme 2. (a) Original synthesis of Nile Red; (b) synthesis from Nile Blue.

Substituted or modified Nile Red derivatives may be pre-
pared via variations of the syntheses above, i.e., de novo
methods, or by functionalizing Nile Red itself. For instance,

a de novo approach was used to prepare the 6-carboxyethyl
derivatives 4 (reaction 1). These are potentially interesting
since hydrolysis of the ester would give a carboxylic acid
for attachment to biomolecules; however, this does not
appear to have been attempted yet.!® The patent literature also
describes a synthesis of the 2-carboxy Nile Red derivative.2°

o ()

O/ O ethanol, reflux
R1 + —_—
N HO OH 3h
RZ

COOC,Hs
o OIS ﬂ

COOC,Hs

R, R? = H and simple linear alkyl

OH, &N
ENOH, AN O

24 - 60 %
MeOH
Mmax abs 545 +/- 25 nm
Amax emiss 620 +/- 5 nm

(1)

De novo syntheses of 1- and 2-hydroxy Nile Red, com-
pounds 5 and 6, respectively, have also been performed,
and the products are easily modified via other reactions.?!
Thus, Briggs and co-workers at Amersham prepared the par-
ent hydroxy compounds as shown in Scheme 3. Some of the
reactions used to derivatize these materials are also shown.
In some ways the hydroxyl group of the hydroxy Nile
Reds 5 and 6 is an inconvenience because the spectroscopic
properties of the dye under physiological conditions become
highly pH dependent. However, this phenol is useful as
a functional group to incorporate a handle for attachment
to biomolecules (Scheme 3d).

A series of fluorinated phenoxazines (not shown) and benzo-
phenoxazines (Scheme 4) have been prepared via sequential
SNATr substitutions reactions of fluorinated aromatics.?? The
6-fluoro substituent in the compound shown below changes
its spectroscopic properties slightly (see below) and, pre-
sumably its pH dependence.

The so-called ‘FLAsH dyes’ feature bisarsenic(3+)-based
dye precursors that are non-fluorescent, presumably due to
rapid quenching of the excited state via intramolecular
energy transfer. However, the disposition of the arsenic
dyes is such that they are thought to react with dicysteine
units engineered into modified proteins that are expressed
within cells. This type of reaction has at least two effects,
it: (i) alters the oxidation potential of the arsenic centers
and (ii) restricts rotations about the C—As bonds. For what-
ever reason, structural changes such as this render the dye-
protein complex fluorescent. Only proteins within the cell
that have the special arrangement of Cys-residues are likely
to become labeled in this way, so the approach allows for
highly selective visualization of the engineered protein
(Fig. 3).

The original FLAsH dyes were fluorescein derivatives.”® A
range of bisarsenic derivatives on different dye skeletons
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Scheme 3. (a) Synthesis of 1-hydroxy Nile Red; (b) synthesis of 2-hydroxy Nile Red; and (c) some derivatization reactions of 1-hydroxy Nile Red.

has been prepared for evaluation, but only fluorescein and
Nile Red derivatives have emerged as useful. This is because
several parameters must be controlled tightly if this type of
experiment will work. For instance, the As-to-As distance
must match the disposition of the target thiols, the ethane-
dithiol (EDT) concentration in the cell is critical, and the
dye must permeate into the cell.

The FLAsH Nile Red derivative 8 was prepared as indicated
in Scheme 5. This involves a standard condensation reaction
to form the benzophenoxazine core, but without the N,N-di-
ethyl substituents of Nile Red. These were omitted to allow
more space for manipulations at the 6- and 8-positions.
FLASsH dye 8 gives less fluorescent enhancement on binding
than similar fluorescein dyes, but it emits at a longer wave-
length (604 nm) and that, as mentioned before, is a more
transparent region of the spectrum for intracellular imaging.
Calcium-induced conformational changes of appropriately
modified, intracellular calmodulin have been followed using
FLAsH dye 8.4

Scheme 6 describes syntheses of two more classical thiol-
selective dyes, ones that rely on Sn2 displacement of iodide
from iodoacetyl groups.> Thus probes 9 and 10 were pre-
pared from a Nile Red derivative and from a 2-hydroxy
Nile Red compound, respectively. Curiously, when these
were complexed to a particular Cys-residue in maltose bind-
ing protein, dye 9 showed a three-fold enhancement of fluo-
rescence, while the emission from 10 was reduced by
a factor of five. The authors explain this by proposing that
10 is less constrained when bound to protein.

Two interesting questions arise from the work on Nile Red
derivatives that is described above. First, would water-solu-
ble derivatives of Nile Red have high quantum yields in
aqueous media? As already stated, most Nile Red deriva-
tives do not fluoresce strongly in polar media, but this could
be due to aggregation effects that might be avoided if the
dye has some intrinsic water solubility. Second, do water-
soluble Nile Red derivatives also show the pronounced
bathochromic shift in polar media, that is, observed for
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Scheme 4. Preparation of 6-fluoro Nile Red.
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Figure 3. Conceptual basis of fluorescent arsenic dyes.

compounds in the series with little or no significant aqueous
solubility?

No significantly water-soluble Nile Red derivatives have
been prepared to answer the questions posed above until re-
cent work!'® from our laboratories. Classical condensation
routes were used to prepare the three Nile Red derivatives
11-13 (Scheme 7). These were designed to be water soluble,
but, surprisingly, the diol/phenol 11 was not, even in aqueous
base. The other two compounds do have very good water sol-
ubilities. Their spectroscopic properties are discussed in the
next sub-section; but the data shown in Table 3 show that
the answers to both these questions were affirmative for
compounds 12 and 13.

Some researchers may be interested in access to more
sophisticated analogs of Nile Red. One obvious approach

NH, o ‘
IDUEEDS
O,N OH HO o

100 °C, 12 h
“MeOH
O,N 0 0 e0

8 % 46 %

80 % AcOH
—_——

Hg(OAc),
B —
AcOH, 50 °C

HgOAc  HgOAc

intermediate used
as crude material

L
HoN O [0}
As As

s s s s
-/ /

(i) AsCls, Pd(OAc),, DIEA
NMP, 25 °C, 12 h

(i) EDT, acetone, 25 °C, 12 h

8
7%

Scheme 5. Preparation of the FLAsH system 8.

would be to prepare iodo-, bromo-, or chloro-substituted
compounds then elaborate them via organometallic cou-
plings. There have been reports of attempted halogenation
of Nile Red, but the regioselectivity and extent of the halo-
genations proved hard to control and mixtures were pro-

duced.?6-28

3.3. Spectroscopic properties

Table 1 summarizes spectroscopic data for Nile Red in dif-
ferent solvents, all taken from the same source.* These
data show decreased fluorescence intensity of Nile Red cor-
relates much more with hydrogen bonding than with solvent
polarity, and the magnitude of this difference is best appre-
ciated from the graphical presentation of only the emission
wavelengths and intensities that is given in Figure 4. How-
ever, the bathochromic shift seems to be a function of solvent
polarity, consistent with stabilization of relatively polar
excited states.

A similar study featuring emission and absorption maxima,
quantum yields, and solvent polarities was performed for

Table 1. Solvent dependency of emission intensities and wavelengths for
Nile Red 2

Solvent Amax abs Amax emiss Relative fluorescence
(nm) (nm) intensity
Water 591 657 18
EtOH 559 629 355
Acetone 536 608 687
CHCl; 543 595 748
iso-Amyl acetate 517 584 690
Xylene 523 565 685
n-Dodecane 492 531 739
n-Heptane 484 529 585
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Figure 4. Solvent dependency of emission intensities and wavelengths for
Nile Red 2.

Table 2. Solvent dependency of quantum yield and wavelengths for
2-hydroxy Nile Red 6

Solvent Amax abs (nm) )\max emiss (nm) Quantum
yield (@)
Cyclohexane 514 528 0.51
Dibutyl ether 514 555 0.66
Toluene 525 568 0.76
Acetone 528 608 0.78
EtOH 544 634 0.58
1,2-Ethanediol 584 655 0.40
CF;CH,OH 587 653 0.24
(CF;),CHOH 612 670 0.09

2-hydroxy Nile Red 6 (Table 2). Selected data from this
study are shown in Figure 5. Just as with Nile Red, polar
hydrogen-bonding solvents correlate with reduced quantum
yields and significant bathochromic shifts.

Fluorescence lifetimes contribute to two important physical
parameters of fluorescent dyes. Dyes with long fluorescent
lifetimes can emit strongly because non-radiative processes
are relatively slow, and because intersystem crossing to trip-
let states is less competitive.

Fluorescence lifetimes for Nile Red in different solvents
have been measured (Table 3). These data show that the
fluorescence lifetime of Nile Red is 3.65 ns (EtOH)?° in com-
parison to fluorescein (4.25 ns, EtOH)** and tetramethyl-
rhodamine (i.e., rhodamine 6-G, 3.99 ns, EtOH).>° The
fluorescent lifetime of Nile Red does not seem to vary much
with solvent polarity, but it is extremely sensitive to H-bond-
ing. In hydrogen-bonding solvents the fluorescence lifetime
of Nile Red decreases dramatically.

As stated above, the bias of this review is to highlight poten-
tial applications in biotechnology, especially for intracellu-
lar imaging. There are two common approaches to long
wavelength dyes for imaging in tissues. The first, and most
obvious, is to prepare analogs of known dyes with extended
conjugated systems. Secondly, two-photon absorption can
be used,?! in which two long wavelength photons absorbed
by a molecule promote it to an excited state that then emits

0.8
®

*
acetone

07 toluene

*

0.6 dibutylether

EtOH
0.5 1 ¢
cyclohexane

0.4 - -
1,2-ethanediol

quantum yield

0.3 4

*
0.2 CF,CH,OH

0.1 .
(CF,),CHOH
0.0

T
500 600 700
wavelength of emission (nm)

Figure 5. Solvent dependency of quantum yield and wavelengths for
2-hydroxy Nile Red 6.

Table 3. Spectroscopic properties of water-soluble Nile Red derivatives
11-13 in different solvents

Dye Amax abs Amax emiss Quantum Solvent
(nm) (nm) yield (@)

11 542 631 0.56 EtOH

12 520 632 043 EtOH

12 560 648 0.33 Phos" 7.4
12 556 647 0.07 Bor® 9.0
13 548 632 0.42 EtOH

13 558 652 0.37 Phos® 7.4
13 556 650 0.18 Bor® 9.0

? pH 7.4 Phosphate buffer.
® pH 9.0 Borate buffer.

a single photon of higher energy. This is a way to excite in-
tracellular or tissue samples at a wavelength that is more
transparent to these media. The dependence of two-photon
absorption on the intensity of laser beam allows for high spa-
tial selectivity by focusing the laser beam on the target cell
and thus preventing any damage to adjacent cells. Relatively
few dyes are suitable for practical experiments using
two-photon excitation because most do not absorb two
long wavelength photons efficiently, i.e., they have poor
two-photon cross-sections. Unfortunately, Nile Red has a
relatively poor two-photon cross-section.*!

One issue with two-photon excitation experiments is that the
emitted light is of a short wavelength compared to the exci-
tation source, and this might not be in a convenient region to
permeate out of cells of other tissues, and for detection. One
strategy to circumvent this problem is to arrange a fluores-
cence energy transfer system (FRET) featuring a donor
with a large two-photon cross-section and an acceptor with a
more convenient, longer wavelength, and emission maxima.
2-Hydroxy Nile Red derivatives are being used in such
systems. Thus a series of compounds (of which 14 and 15
are two of the simplest; Fig. 6) have been prepared toward
this end; and donor-to-acceptor energy transfer efficiencies
of more than 70% were observed (Fig. 5).3233 These
compounds presumably do not have the solubility and size
characteristics that render them suitable for a range of
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Scheme 6. Two thiol-selective dye electrophiles: (a) a Nile Red derivative;
(b) a 2-hydroxy Nile Red derivative.

applications in biotechnology, so further developments in
this area would be opportune.

Finally, there is the possibility that the fluorescence of Nile
Red is somewhat attenuated if the excited state of the benzo-
phenoxazinone core is reduced via electron transfer from the
9-amino substituent. We mention this because the possibility
has been explored via AM1 calculations.>* These gauge the
degree of charge transfer in a planar state relative to a twisted
one in which the amine lone pair is not disposed to electron
donation to the heterocycle. The degree of electron transfer
from the 9-amino substituent will be dependent on the con-
formation and on the reduction potential of the heterocycle
in its excited state. If intramolecular charge transfer was
a major pathway for quenching the fluorescence of Nile
Red derivatives, it would be expected that compound 16

would be less fluorescent than Nile Red itself; this dye itself
has not been prepared.

HO3S/\/\O

N

16
more or less fluorescent
than Nile Red?

4. Nile Blue
4.1. Introduction

Nile Blue has a positively charged, oxidized, phenoxazine
system, i.e., it is a phenoxazinium; the conspicuous differ-
ence between this and Nile Red 2 is that the latter is neutral.
Both dyes have a 9-diethylamino substituent to donate elec-
tron density across the ring, but Nile Red 2 and Blue 3 have
different electron acceptors, a carbonyl and an iminium
group, respectively (Fig. 7).

One obvious consequence of the difference in charges for
Nile Red 2 and Blue 3 is that water-solubility of Nile Blue
is significantly better. Like its Red cousin, the fluorescence
maxima and intensity of Nile Blue are good indicators of
the polarity of the dye’s environment. This solvatochromic
effect gives a red-shift in polar media, as would be expected
for stabilization of a more charged excited state. The inten-
sity of the fluorescence of 3 in water is about 0.01; this is
a small value but, in comparison with the lack of fluores-
cence of Nile Red in aqueous media, this is significant.

4.2. Syntheses

The original synthesis of Nile Blue? involved condensation
of 5-amino-2-nitrosophenol with 1-aminonaphthalene in
acetic acid, but the yield was only 3%. However, use of

perchloric acid in ethanol gives a significantly higher yield
(reaction 2).3°

NH,

NO
ISR O®
Et,N OH

2)
N\
UL o
Et,N o N*H,

3
31 %

70 % HCIO,
—_—
EtOH, reflux, 5 min

De novo syntheses of Nile Blue derivatives involve use of
similar, but substituted starting materials. Scheme 8 de-
scribes syntheses of dyes 17-20 that incorporate 8-hydroxy
julolidine.®® This amine is a ‘privileged fragment’ in dye
syntheses because it holds the nitrogen lone pair in
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Scheme 7. Synthesis of 2-hydroxy Nile Red derivatives featuring the following
sulfonic acid combination.

Amax abs 048 nm
7"max emiss 632 nm

Amax abs 998 nm
}vmax emiss 652 nm

functionalities: (a) a diol; (b) a dicarboxylic acid; and (c) a carboxylic acid
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Figure 6. Two-photon-donor acceptor FRET cassettes: (a) Dlisa two-photon donor used to make cassette 14; (b) cassette 15 is made from D>

conjugation with the aromatic rings. This alters the reactivity
of the starting material; in fact, nitrosylated 8-hydroxy-
julolidine was insufficiently reactive in this synthesis so
Hartmann and co-workers modified the synthon to include
the reactive azo-functionality as shown. Unfortunately, the
julolidine fragment is quite hydrophobic too, so the product
dyes have very limited solubility in aqueous systems.

An early synthesis of Nile Red featured hydrolysis of a Nile
Blue derivative (see Scheme 2b). This implies that Nile Blue
derivatives have finite hydrolytic stability, and this could be
a drawback in some situations. Dyes 17-20 are much less
vulnerable to this mode of decomposition because of their
fused cyclic structures that hold the amines in place.

Nile Blue derivatives with enhanced water-solubilities and/
or groups for bioconjugation can be made from amines
with appropriate N-substituents. For instance, Scheme 9
shows preparations of dyes 21,3637 22/23,383% and 24/25%°
in which sulfonic acid groups enhance water solubilities
and carboxylic acid groups could potentially be activated
and reacted with amines on biological molecules. The syn-
theses of 24 and 25 are shorter and higher yielding than other
syntheses of water-soluble Nile Blue derivatives.

Compounds 22 and 23 are the ‘EVO Blue’ dyes.>®° These
have been claimed to be more stable than rhodamine and
BODIPY dyes under acidic conditions. This enhanced acid
stability was suggested to be useful in the context of high
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Figure 7. Structures of Nile-Red and Blue contrasted.

throughput screening and solid phase syntheses that involve
cleavage from resins by acids.

Other approaches to water-soluble Nile Blue derivatives have
involved modification of the parent dye after the hetero-
cyclic framework was assembled. For instance, Scheme 10a
shows a patent procedure for alkylation of the 5-amino/
iminium substituent; we note that chlorosulfonic acid is an
unusual choice for the ester hydrolysis reaction. In the second
example, Scheme 10b, an amino anthracene was used to pre-
pare a derivative of Nile Blue that has an extended aromatic
system. This modification gave a probe with absorbance and
fluorescence emission shifted to the red. Unfortunately, the
material 27 was probably not a pure compound since the de-
gree of sulfonation, the regiochemistry, and the chemical/
quantum yields were not given.*!

Direct iodination of Nile Blue is possible, and the 6-iodo de-
rivative 28 can be prepared from this (Scheme 11). However,
chromatography was required, the yield of the iodinated
product was low, and slight variation of the conditions can
lead to formation of other regioisomers. Similar consider-
ations apply to the corresponding bromination reaction, ex-
cept the product yield was better. Conversely, the de novo
synthesis of the 2-iodo derivative 30 is unambiguous with
respect to the regioisomer formed, but column chromato-
graphy is still required and the yield is also low. The diiodide
31 can be formed by a second iodination of the 2-iodide.
These halogenated derivatives are potentially useful for
forming more sophisticated derivatives, but they were
originally prepared as possible photosensitizers to initiate
processes that are destructive to carcinogenic cells.*>*3

These photosensitizers promoted to the excited singlet state
decays to the triplet state and generates singlet oxygen,
which is considered to be responsible for its potent activity
toward cancer cells.

4.3. Spectroscopic properties

Like Nile Red 2, Nile Blue shows progressively longer
absorption and emission maxima as the solvent polarity is
increased. However, the Stokes’ shifts observed for the red
probe 2 in different solvents is far greater; this parameter
for the Blue compound can still be exceptionally high
(almost 100 nm), but in polar solvents it is reduced to around
40 nm (Table 4).4

Table 4. UV absorption and fluorescence emission maxima of Nile Blue 3 in
different solvents

Solvent Amax abs (nm) Amax emiss (nm)
Toluene 493 574
4-Chlorobenzene 503 576
Acetone 499 596
DMF 504 598
CHCl, 624 647
1-Butanol 627 664
2-Propanol 627 665
EtOH 628 667
MeOH 626 668
Water 635 674
1.0 N HCI, pH 1.0 457 556
0.1 N NaOH, pH 11.0 522 668
NH4OH, pH 13.0 524 668

Table 5. Study of effect of different anions on spectral properties of Nile
Blue in different solvents

Anion Solvent Amax abs (nm) Amax emiss (nm)
Chloride EtOH 628 689
(o)
OY
632 —
o
MeO OH
\L J/ 634 694
(6]
Acetate EtOH 628 689
(o)
OY
632 687
o
MeO OH
\L J/ 634 700
(0]
Benzoate EtOH 628 691
(o)
OQ(
2
Oj/ 63 690
MeO OH
I J/ 634 702
(0]
iso-Butanoate EtOH 628 691
Hydroxide EtOH 515 661
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Scheme 8. Syntheses of Nile Blue derivatives from 8-hydroxyjulolidine.

Table 4 also reveals that the spectroscopic characteristics of
Nile Blue are pH dependent. This is because under basic
conditions the iminium group will be deprotonated, whereas
under strongly acidic conditions the 5-amino might even be-
come protonated.*> Curiously, the spectroscopic properties
of Nile Blue are somewhat dependent on the counter ion
used.*® We speculate that this could even be a reflection on
intimate ion pairing influencing the solvent sphere of the
dye (Table 5).

The fluorescence lifetime of Nile Blue 3 in ethanol
has been measured at 1.42 ns. This is shorter than the

S

heads
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CH,Cly; @ 0.42
Amax abs 668 nm
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corresponding value of Nile Red (see above; 3.65 ns).
The lifetime of Nile Blue is relatively invariant at dilute
concentrations (1073~107% mol dm~3) but changes as the
concentration is increased, and in different solvents.
This is probably an indication of the interdependence
of the spectroscopic properties and the degree of aggre-
gation in solution. In support of this assertion, we note
that the lifetimes do not seem to be significantly im-
pacted by the viscosity of the medium, but they are
temperature dependent.*’” As far as we are aware, the
two-photon cross-section of Nile Blue has not been
reported.
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Scheme 9. Syntheses of Nile Blue derivatives with water solubilizing N-substituents.
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Scheme 10. Preparation of water-soluble Nile Blue derivatives: (a) with only carboxylic side chain; (b) with carboxylic acid side chain and two additional

sulfonic acid groups.

5. Other benzophenoxazine dyes
5.1. Introduction

There is no obvious reason why benzo[a]phenoxazines
should be more fluorescent than similar compounds with
different ring fusion patterns. Our interpretation of the liter-
ature is that other phenoxazines with appropriate substitu-
ents have certainly been less well studied as fluorescence
probes, and are probably less synthetically accessible.

5.2. Syntheses

The benzo[c]phenoxazine 32 has been prepared via a route
that is similar to those used for the Nile compounds 2 and
3. 1-Naphthol is used in this synthesis (reaction 3)*® rather
than 2-naphthol, the isomer used for 2 and 3. This change
is necessary to obtain the different ring fusion, but it also
may account for the very poor yield. This is because of the
well-known reduced reactivity for 1-napthol at the 2-posi-
tion in electrophilic substitution reactions, relative to the
greater tendency for 2-napthol to react at the 1-position. To
the best of our knowledge, the fluorescent properties of 32
have not been reported in any depth; indeed, the molecule
lacks an electron donor in conjugation with the carbonyl to
give it the type of extended oscillating dipole that seems to
be common for fluorescent molecules.

ZnCl,, CH,COOH
—_—
25°C, 24 h

ON
T
S o

N

0L

3

SR §
2-3%

EtOH

}Jmax abs 505 nm

32

Benzo[b]phenoxazines are linear. Substituted derivatives
of these are numbered according to the system shown
below.

The linear system 33 has been prepared via the high temper-
ature condensation process shown in reaction 4.*® This
has absorption and fluorescence emission properties that
are characteristic of an extended aromatic heterocycle.
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Like 32, this compound does not have substituents that
would allow it to be reduced to a phenoxazinone or phenox-
azinium form.

HO
—_—
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33
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Amax abs 365 Nm
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toluene; © 0.28
Amax abs 361 nm
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Some nitro and amino derivatives of benzo[b]phenoxazines
have been reported in literature, and Scheme 12 shows
them.*® Parts a and b show nitrosylation/oxidation reactions
that can be used to prepare nitro-substituted derivatives 35
and 36. Predictably, these are not particularly fluorescent
compounds. However, the 1,9-diaminobenzo[b]phenoxazi-
nium 37 has the potential to be strongly fluorescent. Unfor-
tunately, it was neutralized to 38 then the fluorescence
properties were recorded.

6. Conclusions

Current knowledge of fluorescent benzophenoxazine-
derived probes is based almost on the benzo[a]phenoxazine
ring fusion series. Almost all the syntheses feature high
temperature condensation methods, and not contemporary
synthetic methods like, for example, Buchwald—Hartwig
couplings to introduce amine substituents. In fact, many of
the synthetic methods reported are based on the procedures
that are now over a century old. This, and the prevalence
of patent literature in this area, mean that many of the experi-
mental procedures presented are difficult to follow, and
complete spectroscopic data is rarely recorded.

Nile Red and its derivatives have some interesting spectro-
scopic properties (long wavelength emissions, large Stokes’
shifts) but most compounds in this series have limited water
solubilities. There are, however, some recent efforts to make
modified compounds to redress this. Nile Blue and its deriv-
atives tend to be more water soluble.

Relatively little work has been done to modify benzo-
phenoxazine dyes so that they emit even further to the red:
the longest wavelength emission in the existing probes is
about 700 nm. To this end, it would be useful to have access
to more functionalized compounds that can be prepared
easily on a gram scale, like 2-hydroxy Nile Red 6. Other
modifications might be used to give derivatives with en-
hanced extinction coefficients (these tend to be 10,000 or
less), or improved two-photon cross-sections. These types
of developments would be facilitated by more detailed stud-
ies of fundamental reactions that can be used to modify these
compounds, e.g., halogenation and nitration.

a

N t‘
N
Et,N” i :o ‘ N*H,

W
0
Et,N o) N*H, CH,COO-

NIS, CH3COOH
CF3CH,0H, 90 °C, 80 min

28
22 %
MeOH
Amax abs 642 nm

b

e
N
UL o
Et,N o N*H;

Br,, CH,COOH
CF4CH,0H, 25 °C, 20 min

29
48 %
MeOH
Amax abs 643 NM

[

|
NO O CH3COOH, cat. HCI
_— =
* 120 °C, 2.5 h
Et,N OH NH,
|

e

N
UL o
Et,N o] N*H,

30
11 %
MeOH
Amax abs 633 nm

d

|
ve
~
Et,N o) N*H,
|

e
N
OO o
Et,N o N*H,
31 !

38 %
MeOH
Amax abs 690 Nm

NIS, CH,COOH
CF4CH,0H, 25 °C, 30 min

Scheme 11. Preparation of halogenated Nile Blue derivatives: (a) 6-iodo;
(b) 6-bromo; (c) 2-iodo; and (d) 2,6-diiodo.
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a
NaNOz CH3;COOH
OO DMF, 70 °C, 10 min.
H
LN (0]
34
34 %
EtOH toluene; ® 0.05
Amax abs 436 nm Amax abs 438 nm
Amax emiss absent Amax emiss 900-530 nm
b
NaN02 CH3COOH
25 °C,3h
35
30 % 9 %
toluene; @ 0.05 toluene; ® 0.30
) Amax abs 470 nm Amax abs 412 nm
Amax emiss 500-610 nm A ‘max emiss 515 nm
Cc

__SnClp HC! HC!
@ OO EtOH, reflux, 5 h
N
) Z KOH, EtOH
Cl —
H,*N o]

37
51 %
NH,
L
HN o

83 %
EtOH; ® 0.05
Amax abs 970 nm
)~max emiss 760-790 nm

Scheme 12. Syntheses of benzo[b]phenoxazine derivatives: (a) 9-nitro;
(b) 1,9-dinitro and 9-nitro-1,12-bis(benzo[b]phenoxazine); and (c) 1-amino-
9-iminobenzo[b]phenoxazine.

As far as we can see, there is no good reason why virtually all
fluorescent dyes in this series are benzo[a]phenoxazine de-
rivatives, and not any other ring fusion. This appears to be
merely a question of synthetic availability.

Overall, benzophenoxazine-based probes are an intriguing
subset of the fluorescent dye toolbox. They have some obvi-
ous drawbacks for applications in biotechnology, but the de-
velopments that need to be made to make more useful labels
of this type are reasonably well defined.
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Abstract—A new and convenient method for the acid-catalysed Michael addition reactions of alcohols, thiols and amines to methyl vinyl
ketone has been developed using the ionic liquid ethyltri-n-butylphosphonium tosylate. The reaction conditions are mild and obviate the
need for toxic and expensive Lewis acid catalysts, offering advantages over more commonly used systems.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

The Michael addition' is a powerful reaction for the forma-
tion of carbon—carbon and carbon—hetero atom bonds.> Both
Michael- and hetero-Michael additions are widely used in
inter- and intra-molecular reactions to give products, which
include important building blocks for many biologically
active molecules. Hetero-Michael addition of amines to
a,B-unsaturated carbonyl compounds gives B-amino ke-
tones, which are attractive for their use as synthetic inter-
mediates of anticancer agents, antibiotics and other drugs.’
Michael addition of a thiol to an o,B-unsaturated ketone
results in the formation of a sulfur—carbon bond; this is
a key reaction in the synthesis of biologically active com-
pounds such as the calcium antagonist diltiazem.* Similarly,
B-oxy ketones are also important in organic synthesis.’
Moreover the B-amino, B-thio and -oxy ketone functional-
ities occur in many natural products.®

The uncatalysed addition reaction of alcohols to a,-unsatu-
rated ketones proceeds very slowly and gives only moderate
yields of the B-oxy ketones. Other methods most commonly
employed use red mercury oxide and boron trifluoride ether-
ate as catalysts, which are both toxic.”®P These methods also
require working under an inert atmosphere. Other methods
widely used are the acid- or base-catalysed reaction of the
neat reagents but in this case the reaction mixture needs to
be neutralised very carefully, otherwise the ethers decom-
pose on distillation. A significant drawback to this method
is that the reaction is difficult to control and can be very
violent thus requiring cooling or the use of an inert solvent.
The Mannich reaction is a classic method for the preparation
of B-amino ketones® but this reaction has serious disadvan-
tages, including drastic reaction conditions and long reaction

* Corresponding author. Tel.: +44 1274233790; fax: +44 1274235600;
e-mail: n.karodia@bradford.ac.uk

0040-4020/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.09.052

times.®*4 In contrast, the aza-Michael addition route usually
requires acid- or base-catalysis to activate one of the sub-
strates.>” High costs coupled with environmental issues
due to the large amount of acidic effluents being generated
are drawbacks associated with Lewis acid-catalysed aza-
Michael reactions.'® Thiols are typically difficult to use in
the presence of Lewis acidic metals since they are known
to poison these catalysts. In the thia-Michael reaction, the
thiols are generally activated by deprotonation.!!

The past five years have seen concerted efforts to develop
effective, economical and environmentally friendly method-
ologies for the hetero-Michael addition. Some of these excit-
ing developments include the use of an azaphosphatrane
nitrate salt,'> CeCly-7H,O/NaL,'* Nafion® SAC-13,'#
Bi(NO3)3,"> Bi(OTf)3,'° InBrs,'” Cu(BF,),,'* and strong
Brgnsted acids.!® There are also examples of the use of
ammonium ionic liquids as catalysts and/or solvents for the
hetero-Michael addition of thiols,?° and aliphatic amines.?!

With a view to establishing more practical reaction con-
ditions, as well as facilitating the recovery of the products,
we have investigated the application of the phospho-
nium ionic liquid, ethyltri-n-butylphosphonium tosylate
(n-BuzPEtOTs) in the acid-catalysed hetero-Michael addi-
tion of a series of alcohols, thiols and amines to methyl
vinyl ketone (MVK) as the prototypical Michael acceptor
(Scheme 1). This method obviates the need for expensive
metal catalysts and strong bases, and instead uses cheap
and readily available reagents.

(]

NN

TsOH, n-BuzPEtOTs

N

NuH = ROH, RNH,, RoNH, RSH
R = aliphatic, aromatic

Scheme 1. Acid-catalysed hetero-Michael addition in n-Bu;PetOTs.
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Phosphonium tosylates have proven to be effective solvents
for organic synthesis, having the advantages of high thermal
stability, tolerance towards air and moisture and low vapour
pressures. Phosphonium tosylates are cheap, non-corrosive
and some are solid at room temperature, making them easy
to handle and to separate from the reaction products.?>*3

2. Results and discussion

Ethyltri-n-butylphosphonium tosylate (n-Bu;PEtOTs) was
chosen because its melting point permits reactions at rela-
tively low temperatures. It also crystallises readily, making
it easy to separate from the product and recycle. In addition,
it is economically and readily synthesised from commer-
cially available starting materials (tri-n-butylphosphine and

Table 1. Hetero-Michael addition to methyl vinyl ketone (MVK)

ethyl tosylate) at low cost. Initially the hetero-Michael reac-
tion was attempted in the ionic liquid without any catalyst,
however, no detectable yield of product was observed. p-Tol-
uenesulfonic acid monohydrate (TsOH -H,0) was chosen as
the catalyst because it is the conjugate acid of the solvent an-
ion. The optimum quantity for the reaction was established
as 2% by systematically varying the quantity of the catalyst
and monitoring the yield of the product obtained.

Selected results are summarised in Table 1. The reaction
with the aliphatic alcohols, which are weak nucleophiles,
(Entries 1-8) gave yields ranging from 12—75%, which com-
pare well with other methods.”*'* Varying the ratio of donor
and acceptor did not affect the yields significantly (Entries
1-3). In our adaptation, the best isolated yield (59%) for
the reaction with ethanol (Entry 3) compares well with the

Entry Michael donor MVK/Michael donor Time [h] Product Yield (%)* (isolated) Reference
0 24
1 EtOH 1:1 3 Et\o/\)k 62 27
o]
2 EtOH 1.5:1 3 Et\o/\)\ 67 27
0
3 EtOH 1:1.5 3 Et\o/\)\ 66 (59) 27
o)
4 EtOH 1:1 6 Et\O/\)J\ 64 27
0
5 n-BuOH 1:1 3 76 (63) 28
BU\O/\A
_ o]
6 i-PrOH 1:1 3 "Pr\o/\)J\ 52 (45) 29
o)
7 +-BuOH 1:1 3 g 22 (12) 30
t- Bu\o/\)J\
o)
8 CeHsCH,OH 1:1 3 80 (75) 19
Ph/\O/\)J\
o)
9 CeHsOH 1:1 3 100 26
Ph\o/\)J\
o)
10 Bu,NH 1:1 1 BU\N/\)]\ 82 31
|
Bu
H o)
11 @ 1:1 1 QN/\)J\ 83 32
o]
12 [ NH 1:1 1 ﬁN/\)J\ 80 31
o/ !
§ e
13 @/ “Me 1:1 3 NV\H/ 90 12
o]
H
NH,
14 ©/ 11 3 N\/\n/ 95" 33
o]
NH, N
s ©/ 2.1:1 3 ©/ N 100 (98) 34
o]

(continued)
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Table 1. (continued)

Entry Michael donor MVK/Michael donor Time [h] Product Yield (%)* (isolated) Reference
NH, N )
16 /©/ 2.1:1 3 100 (98) 34
0
NH, N )
17 /©/ 2.1:1 3 /©/ V\g/ 100 (98) 33
02N OZN
/\/\ O
18 SH 1:1 3 /\/\s/\)\ 95 (90) 20a
0
19 ©ASH 11 3 100 (96) 14

SH
20 ©/ 1:1 3

@AS/\)J\

©/S\/\([)( 100 12

Reactions were conducted at 40 °C on a 5.0 mmol scale.
2 Yield determined by 'H NMR.
® A small amount (2%) of the bis-addition product was also obtained.

yields for the BF5- OEt,-catalysed reaction (52-77%)’* and
is only slightly lower than the reaction catalysed with
sodium ethanolate (71%).2* The only method giving signif-
icantly higher yields (95%) is the acid-catalysed reaction of
MVK in an excess of ethanol.?> The reactions with n-butanol
(Entry 5) and benzyl alcohol (Entry 8) were similar to those
of the other primary alcohols and good yields of 63% and
75% were obtained. The reaction of benzyl alcohol com-
pares well with the Brgnsted acid-catalysed reaction where
72% yield was obtained after 48 h.!® In comparison to the
primary alcohols, the yield for isopropanol (Entry 6) was
marginally lower (~45%) but still superior to the known
base-catalysed (12-20%)?* and the BF;- OFEt,-catalysed re-
actions (34%).” Unsurprisingly, tert-butanol (Entry 7) gave
lower yield (22%), as expected for a hindered nucleophile.
A yield was not quoted for the equivalent BF;-OEt,/HgO-
method.” In comparison to the pyridine-catalysed reaction
of phenol (Entry 9) with MVK at 100 °C, the BuzPEtOTs/
TsOH system was more efficient giving 100% conversion
in only 3 h.2® These oxo-Michael reactions in ethyltri-n-
butylphosphonium tosylate cannot be compared with the
corresponding reactions in imidazolium ionic liquids since
there are no reports of oxo-Michael reactions in this class
of ionic liquids.

A broad range of aliphatic and aromatic amines were also
effective nucleophiles, generating 4-aminobutanone deriva-
tives (Entries 10—-17). The reactions were fast and excellent
yields were obtained (82-98%) with both primary and
secondary amines. These results compare very well with
the recently reported improved method for the reaction of
di-n-butylamine with MVK, involving Lewis acid catalysis
by a CeCls-7H,0O/Nal system supported in SiO,, which
gave the addition products in 84% yield after 5h.'3
Whilst the yield is comparable with that obtained in the
Bu;PEtOTs/TsOH system (82%) the reaction time was
greatly extended. Furthermore, the workup involved extrac-
tion, washing and flash chromatography, which are unneces-
sary with the reactions in the phosphonium ionic liquid.
Similarly the reactions of piperidine and morpholine gave

4-piperidin-1-yl-butan-2-one and 4-morpholinobutan-2-one
in 83% and 80% yields, respectively, which compares fa-
vourably with the reaction catalysed by the azaphosphatrane
nitrate where yields of 88% and 90% were obtained after
20 h reaction time.!'? The Cu(acac),-catalysed reaction in
the ionic liquid [bmim]BF,, appears to be the most efficient
for the reactions of aliphatic amines giving high yields in
10-60 min.2!® Excellent yields were also obtained with
aromatic amines (Entries 12-14) and these are superior to
the yields obtained with strong Brgnsted acids.'’

We found that both aliphatic and aromatic thiols reacted
equally well with methyl vinyl ketone in the BusPEtOTs/
TsOH system and the Michael adducts were obtained in
excellent yields (95-100%) (Entries 18, 20). This is a favour-
able contrast with the Brgnsted acid catalyst, Tf,NH, which
was used in acetonitrile as the solvent.'® Thiophenol could
not be used as a reactant in that system and a yield of only
66% was obtained after 1h for benzyl mercaptan.!® The
yields were similar to those obtained with bismuth triflate.'®
While the reaction of thiophenol in the ammonium ionic
liquid, 1-pentyl-3-methylimidazolium bromide was rapid
and the Michael adduct was isolated in 75% yield after
only 45 min,?®® the reaction catalysed by an azaphospha-
trane nitrate salt resulted in 95% yield after 40 h.'> There
appears to be an advantage in using ionic liquids as solvents/
catalysts for this reaction.

3. Conclusion

We have developed a new method for the hetero-Michael
addition of alcohols, thiols and amines to methyl vinyl
ketone, which uses very small amounts of a non-aqueous,
non-volatile and inexpensive acid as catalyst. The yields
are good, even when equimolar amounts of the reagents
are used. In addition, we are avoiding some of the problems
associated with the other methods recently developed. The
reaction conditions are mild and there is no need to work
under an inert atmosphere.
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The role of the ionic liquid in the hetero-Michael reaction is
not yet understood and further investigations are necessary.
These results show that the phosphonium ionic liquid acts
differently to the ammonium-based ionic liquids in that
both aliphatic and aromatic amines reacted equally well in
the phosphonium ionic liquid while only aliphatic amines
have been successful Michael donors in ammonium ionic
liquids.?' The oxo-Michael reaction has not been reported
in ammonium ionic liquids and therefore comparisons can-
not be made, however, the thia-Michael reaction has been
well studied and excellent yields were reported, which are
comparable to the results obtained in this study.?®

4. Experimental
4.1. General

Chemicals were obtained from Aldrich or Lancaster. Methyl
vinyl ketone and aniline were distilled prior to use, all other
materials were used as received. 'H and '*C NMR spectra
were recorded at 270 and 68 MHz, respectively, on a Jeol
GX270 spectrometer. All spectra were measured in CDCl3
as the solvent and the chemical shifts were referenced to tet-
ramethylsilane (TMS) as an internal standard (O ppm). The
3P NMR spectrum was recorded at 121 MHz on a Bruker
AM-300 spectrometer at 121 MHz in CDCl; as the solvent
and phosphoric acid as the external standard. The IR spec-
trum was recorded using a KBr disc on a Nicolet 140
FTIR spectrometer in the range 4000-400 cm ™. The accu-
rate mass measurement was carried out at the EPSRC
National Mass Spectrometry Service Centre, Chemistry
Department, University of Wales, Swansea. The melting
point was recorded on a Reichert hot-stage melting point
apparatus and is uncorrected.

4.2. Preparation of ethyltri-n-butylphosphonium
tosylate

Ethyltri-n-butylphosphonium tosylate was prepared by heat-
ing a solution of tri-n-butylphosphine (11 g, 54 mmol) and
ethyl tosylate (11 g, 54 mmol) in dry toluene (40 mL) at
100 °C under a nitrogen atmosphere for 16 h. The solvent
was evaporated to give a white solid, which was suspended
in dry ether, filtered and washed with dry ether to furnish
the product (96%) as a white solid, mp 73-76 °C (lit.:
74.5-75.2°C),>** IR wya/em™' (KBr) 3086w (CH),
3050w (CH), 3021w (CH), 2950s (CH), 2929s (CH),
2865s (CH), 1465m (P-C), 1129vs (S=0), 1043s, 1014s,
815s, 710s, 681s, 579s; oy (CDCl3) 091 OH, t, J 7,
3xCH3(CH,)sP), 1.22 (3H, dt, J 18 and 8, CH;CH,P),
1.42-1.56 (12H, m, 3xCH;3(CH,),CH,P), 2.17-2.39 (6H,
m, 3xCH;3(CH,),CH,P), 2.32 (3H, s, CH3C¢Hs), 2.33 (2H,
dt, J 13 and 8, CH;CH,P), 7.11 (2H, d, J 8, H-3 and 3’ of
tolyl), 7.16 (2H, d, J 8, H-2 and 2’ of tolyl); 6c (CDCl3)
6.1 (d, J 5, CH3;CH,P), 12.6 (d, J 50, CH;CH,P), 13.5 (3C,
d, J 7, CH3(CH,)3P), 18.3 (3C, d, J 47, CH;CH,CH,CH,P),
21.3 (CH3CgHs), 23.7 (3C, d, J 4, CH,CH,P), 23.9 (3C, d,
J 13, CH,CH,CH,P), 126.1 (C-3 and 3’ of tolyl), 128.4
(C-2 and 2’ of tolyl), 138.9 (C-4 of tolyl), 144.5 (C-1 of
tolyl); op +35.2; m/z (EI) 231.2236 (M*, C 4H;,P requires
231.2236), 171.0109 (M, C;H;SO; requires 171.0121).

4.3. Representative procedure

In a typical reaction methyl vinyl ketone (350 mg, 5 mmol),
ethanol (230 mg, 5 mmol), p-toluenesulfonic acid (20 mg,
0.1 mmol) and ionic solvent n-BuzPEtOTs (2 g) were placed
in a 25 mL round-bottomed flask fitted with a condenser and
a magnetic stirrer bar. The mixture results in a homogeneous
solution on heating at 40 °C and the reaction mixture was
stirred at this temperature for 3 h. The product was isolated
by Kugelrohr distillation or extraction with diethyl ether
(3x10 mL) followed by filtration through a silica plug to
give 4-ethoxybutan-2-one; oy (CDCl3) 1.18 (3H, t, J 7,
CH;CH,-0), 2.19 (3H, s, CH5CO), 2.69 (2H, t, J 6,
O-CH,CH,CO), 3.49 (2H, q, J 7, CH;CH,-0), 3.68 (2H, t,
J 6, 0-CH,CH,CO);?” 6 (CDCl3) 15.0 (CH3;CH,-0), 30.3
(CH5C=0), 43.7 (O-CH,CH,CO), 65.4 (O-CH,CH,CO),
66.3 (CH3CH,-0), 207.2 (C=0).%’

Similarly, all the products of the hetero-Michael reactions
were analysed by 'H NMR spectroscopy and the data
compared with the literature (Table 1).
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Abstract—Enantiodivergent formal synthesis of (+)- and (—)-muricatacins from p-xylose has been accomplished through utilization of
the latent plane of symmetry present in the starting monosaccharide. This approach was extended to the preparation of two novel (+)- and
(—)-muricatacin 7-oxa analogs (2 and ent-2, respectively), which showed in vitro antitumor activity toward some human malignant cells.
The analog ent-2 showed a powerful antiproliferative activity against the K562 cell line, being 36-fold more potent than the standard cytotoxic
agent, doxorubicin. Compound 2, however, showed a powerful cytotoxic activity against HL-60 cells, being more than 17-fold more potent
with respect to the reference compound.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction them were found to be too toxic for general clinical applica-
tions. On the contrary, the corresponding L-configuration
Development of efficient chemical pathways that allow the counterparts are not recognized by normal cellular enzymes
preparation of both enantiomers of compounds of biomedi- and are less toxic to normal cells.? A number of biologically
cinal interest is an important goal in the synthetic organic active natural products comprised of both (+)- and (—)-enan-
chemistry. Enantiomers of biologically active natural prod- tiomers have been described.** One such molecule that has
ucts often exhibit improved potencies or even novel activi- attracted considerable attention since its isolation from the
ties altogether. For example, the unnatural (—)-enantiomer seeds of the tropical plant Anona muricata® is muricatacin
of the antitumor, antibiotic roseophilin is 2—10 times more (5-hydroxy-4-heptadecanolide), an acetogenin derivative
potent than the natural (+)-isomer in cytotoxicity assays.! that shows strong cytotoxic activity against certain human
Numerous nucleoside analogs of natural b-configuration dis- tumor cell lines. The isolated sample was a mixture of enan-
played a potent antitumor or antiviral activity, but most of tiomers 1 and ent-1 (Scheme 1) with the (—)-(R,R)-isomer
OR' OR'
P - . OH B W 5
d ’ OH: OH ' Y

1 R=CyHpg R = H1 D-Xylose ent-1 R=CqpHas R = H 1

2 R=CHy0CoH2;R" =H (Latent plane of symmetry) ent-2 R = CHy0CqoH21;R* =H

3 R=CHO;R'=Bn ent-3 R=CHO; R' =Bn

4 R=CH,0H;R"=H ent-4 R =CH,0OH; R'=H

Scheme 1. Enantiodivergent strategy for the preparation of (+)- and (—)-muricatacin related lactones by chirality transfer from p-xylose (sugar numbering). (i)
‘CH,CO,R’—introduction at C-1 followed by y-lactonization, (ii) oxidative glycol cleavage of the C4,—Cs bond, (iii) ‘CH,CO,R’—elongation at C-5 followed
by vy-lactonization, (iv) C,—C, glycol cleavage.
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ent-1 being predominant (ee, ca. 25%). Both (+)- and
(—)-muricatacins show similar antitumor potency,*> and
not surprisingly were the object of numerous synthetic ef-
forts. Syntheses of (+)- and/or (—)-muricatacin from various
non-carbohydrate precursors have been reported,>® along
with a number of carbohydrate based approaches,”® most
being target oriented. Hence, development of new and flex-
ible strategy that would enable the preparation of not only
both enantiomers 1 and ent-1, but also a variety of their iso-
steric analogs is still demanded. A number of muricatacin
stereoisomers and analogs have also been synthesized,”!°
but only a few have been evaluated for their antitumor activ-
ity.!” Herein we report a novel general approach to the enan-
tiodivergent formal synthesis of (+)- and (—)-muricatacins
from p-xylose'! based on the latent symmetry concept,'?
as well as the preparation and antitumor screening of two
novel (+)- and (—)-muricatacin 7-oxa analogs 2 and ent-2.

2. Results and discussion

Our enantiodivergent strategy relies on the synthesis of both
enantiomeric forms of aldehydo-lactone 3 from p-xylose. As
outlined in Scheme 1, (+)-muricatacin (1) might be prepared
by a sequence that will ensure the introduction of the C-2 and
C-3 stereocenters of D-xylose into the target structure 1 via
the aldehydo-lactone 3. It was further assumed that the inter-
mediate 3 should be available from a suitably protected
D-xylose derivative through the following several key steps:
(i) ‘CH,CO,R’—introduction at C-1 followed by vy-lactoni-
zation and (ii) oxidative glycol cleavage of the C4,—Cs bond.
Due to the latent plane of symmetry present in the starting
monosaccharide an alternative sequence, which involves
(iii) ‘CH,CO,R’—e¢longation at C-5 followed by vy-lactoni-
zation and (iv) C,—C, glycol cleavage in a suitably protected

BzO BzO
O.
\&0_7“”0 a \5—7,\\\OH
BnO "”O)O Bnd  “OH
5 6

OB

(0]
14
li li
OH OH
O\/ (CHz)gMe OH
0] o)
0] 0]
2 4

n OBn
O._(CHy)gMe j OH
- -
(0] (0]
(0]
12

D-xylose derivative, should provide access to the aldehydo-
lactone ent-3 bearing the C3—C, chiral segment of p-xylose.
It was further assumed that both intermediates 3 and ent-3
could be converted to the targets 1 and ent-1 by a Wittig
elongation/catalytic reduction process. Alternatively, the
chiral synthons 3 and ent-3 may be first converted to the di-
hydroxylactones 4 and ent-4 and finally to the targets 1 and
ent-1 via a known two-step sequence.® Moreover, we have
also planned to adopt this enantiodivergent strategy for the
preparation of both enantiomeric forms of hitherto unknown
muricatacin 7-oxa analogs 2 and ent-2 via the hydroxyl-
actones 12 (Scheme 2) and ent-12 (Scheme 3).

The formal synthesis of 1, along with the preparation of
corresponding 7-oxa-analog 2 is summarized in Scheme 2.
The sequence started from 5-O-benzoyl-3-O-benzyl-1,2-O-
cyclohexylidene-a-p-xylofuranose (5), which is prepared
from p-xylose in four steps.!* Hydrolytic removal of the
cyclohexylidene protective group in 5 with aq acetic acid,
gave the corresponding lactol 6. Wittig olefination of 6
with methyl(triphenylphosphoranylidene)-acetate in DMF
took place stereoselectively to afford the (E)-unsaturated es-
ter 7 (83%) as the only isolable product. The E-selectivity of
this step was essential, because it is well known that similar
(Z)-a.,B-unsaturated esters rapidly undergo a sequential
lactonization/Michael ring-closure process.'® Catalytic
hydrogenation of 7 over PtO, in ethanol yielded the corre-
sponding saturated ester 8, which upon treatment with aq
trifluoroacetic acid gave hydroxylactone 9 in excellent
yield. Sodium methoxide O-debenzoylation of 9 furnished
a moderate yield of dihydroxylactone 10. By using the last
two-step sequence ester 8 was converted to lactone 10 in
51% overall yield. However, we found that direct treatment
of 8 with sodium methoxide in methanol provides the de-
sired intermediate 10 in significantly higher yield (82%).
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OH OH OH OH
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ld ore
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© OH OH
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Scheme 2. (a) 7:3 AcOH/H,0, reflux, 5.5 h, 85%; (b) PhsP/CHCO,Me, DMF, 60-70 °C, 3.5 h, 84%; (c) Ho/PtO,, EtOH, 1t, 16 h, 75%; (d) 2:1 TFA/H,0, tt,
2.5 h, 92%; (¢) NaOMe, MeOH, 1t, 1.5 h, 55% from 9, 82% from 8; () aq NalOy, silica gel, CH>Cl,, rt, 1 h, 89%; (g) [PhsPCH,(CH,)oMe]*Br~, LIHMDS, THF,
—78 °C—1t, 72 h, 7%; (h) (i) NaBH,, MeOH, 0 °C —rt, 1.5 h, (ii) TFA, 2 h, 73%; (i) H,-Pd/C, EtOAc, 1t, 19 h, 69% of 4, 82% of 2; (j) C1oHz,Br, Ag,0, AgOTY,

Et,0, reflux, 7.5 h, 80%.
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Scheme 3. (a) (i) BnBr, NaH, DMF, 0 °C—t, 2.5 h, (ii) NaOMe, MeOH, tt, 2 h, 89%; (b) DCC, anhyd H;PO,, Py, DMSO, 1t, 3.5 h, 83%; (c) Ph;P/CHCO,Me,
CH,Cl,, Ny, 1t, 2 h, 97%; (d) Hy/PtO,, EtOH, rt, 19 h, 92%; (e) 1:1 AcOH/H,0, reflux, 1.5 h, 64% of 20, 7% of 21; (f) aq NalQy, silica gel, CH,Cl,, 1t, 1.5 h,
98%; (g) 2:1 TFA/H,0, 1t, 1.5 h, 77% from 20; (h) (i) NaBH,, MeOH, 0 °C—rt, 2.5 h, (ii) TFA, 1 h, (iii) H,-Pd/C, 19 h, 71%; (i) (i) NaBH,, MeOH, 0 °C —rt,
2 h, (ii) TFA, 1 h, 68% from 20; (j) C,oH»;Br, Ag,0, AgOTf, Et,0, reflux, 5.5 h, 71%; (k) H,/PtO,, EtOH, rt, 19 h, 87%.

Oxidative cleavage of the diol functionality in 10 was
achieved by treatment with NalO4-impregnated wet silica
in dichloromethane, whereby the aldehydo-lactone 3 was
obtained. In the light of its stereochemical features the
molecule 3 fully corresponds to the chiral lactone core of
(+)-muricatacin (1).

With the requisite intermediate 3 in hand, we next focused
on its C;;-elongation in order to elaborate the muricatacin
side chain. According to the initial plan, Wittig olefination
of aldehyde 3 with the appropriate C;;-ylide should enable
us to resolve this problem. However, reaction of 3 with
Ph;P=CH(CH,)Me results in complex mixtures of products
under a variety of experimental conditions, possibly because
of the electrophilic nature of the lactone moiety. The best
experimental protocol, which provides a poor yield (7%) of
the desired olefin 11, involved a reaction of aldehyde 3 with
the Wittig reagent generated in situ from undecyltriphenyl-
phosphonium bromide and LiHMDS in THF at —78 °C.!7
Disappointingly, all attempts to improve the outcome of
this transformation were unsuccessful. We were therefore
forced to find an alternative methodology for elaboration of
the muricatacin side chain. According to the plan presented
in Scheme 1, conversion of aldehyde 3 to the corresponding
diol 4 represents a possible alternative route for completion
of the synthesis.

The preparation of 4 began with the synthesis of the primary
alcohol 12 from dihydroxylactone 10. Oxidative cleavage of
the terminal diol in 10 provided the aldehydo-lactone 3,
which was isolated in pure form after the usual work-up
and used in the next step without further purification. Subse-
quent reduction of crude 3 with sodium borohydride gave the
expected primary alcohol 12 along with an equal amount of

ester 13, as established from 'H NMR of crude reaction
mixture.'® The mixture was not separated, but was further
treated with aq trifluoroacetic acid to complete the lactoniza-
tion of ester 13 into lactone 12. The intermediate 12 was thus
obtained in a 73% overall yield with respect to the starting
compound 10 (based on recovered intermediate 3). Catalytic
hydrogenolysis of 12 (10% Pd/C) furnished the known diol
4, which was recently used a convenient intermediate for the
preparation of conformationally constrained analogs of di-
acylglycerol.!® The 'H and '3C NMR spectral data and the
optical rotation of diol 4 thus obtained were in full agree-
ment with reported values.!” Compound 4 can be converted
to (+)-muricatacin according to the reported procedure.®

Hydroxylactone 12 also represents a divergent intermediate
for the preparation of (+)-muricatacin 7-oxa analog 2. Thus,
O-alkylation of 12 with decyl bromide gave the correspond-
ing 7-O-decyl derivative 14 (80%), which was subsequently
O-debenzylated, under the conditions similar to those al-
ready used for the conversion of 12 to 4. (+)-Muricatacin
7-oxa-analog 2 was thus obtained in 82% yield.

The 5-O-benzoyl-1,2-O-cyclohexylidene-a-p-xylofuranose
(15), readily available from p-xylose,'*!5 was used as a start-
ing material for the formal synthesis of (—)-muricatacin
(ent-1), as well as for the preparation of its 7-oxa-analog
ent-2 (Scheme 3). Compound 15 was converted to the pri-
mary alcohol 16 through a simple one-pot procedure, which
involved 3-O-benzylation of 15 (BnBr, NaH, DMF) fol-
lowed by 5-O-debenzoylation of 5§ (NaOMe, MeOH). The
intermediate 16 was thus obtained in 89% overall yield
with respect to 15. Oxidation of the primary hydroxyl group
in 16 gave the unstable®® aldehyde 17 (83%), which upon
treatment with methyl(triphenylphosphoranylidene)-acetate
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in dry dichloromethane afforded the expected unsaturated
ester 18 as a 2:1 mixture of the corresponding Z- and E-iso-
mers. Catalytic hydrogenation of 18, followed by hydrolytic
removal of the cyclohexylidene protective group in 19, gave
a 64% yield of the corresponding lactol 20 (based on recov-
ered 19), accompanied with a small amount of the carboxylic
acid 21 (7%). In an alternative procedure the crude mixture
obtained after hydrolysis of 19 was treated with an ethereal
solution of diazomethane to convert the carboxylic acid 21 to
the ester 20. In this way, the required intermediate 20 was
obtained in 81% yield. Oxidative cleavage of purified diol
20 with sodium periodate on silica gel afforded the formate
22, which upon treatment with aq trifluoroacetic acid yielded
the y-lactone ent-3, with absolute configuration of both
stereocenters corresponding to (—)-muricatacin (ent-1).
Spectral data ("H and '*C NMR) and physical constants
([o]p and Ry) of ent-3 thus obtained were in full agreement
with values recorded for the opposite enantiomer 3.

The intermediate ent-3 was converted to dihydroxylactone
ent-4 by the newly developed one-pot procedure comprised
of previous sodium borohydride reduction of ent-3 to the
corresponding primary alcohol (not shown in the reaction
scheme), followed by a subsequent hydrogenolytic removal
of benzyl ether protective group in the intermediate under
the acidic conditions (10% Pd/C, 2:1 TFA/MeOH). This pro-
cedure provided the desired intermediate ent-4 in 71% over-
all yield. The 'H and '3C NMR spectral data, as well as the
value of optical rotation for ent-4 were fully consistent with
those reported previously.® Since the conversion of diol ent-4
to (—)-muricatacin through a three-step sequence has been
previously reported by Saniere et al.,® the preparation of
ent-4 formally represents a novel synthesis of (—)-muricata-
cin (ent-1) from p-xylose.

Moreover, the aldehydo-lactone ent-3 was converted to the
(—)-muricatacin 7-oxa-analog (ent-2) through a three-step
sequence similar to that already used for the conversion of
3 to 2. Thus, sodium borohydride reduction of the aldehyde
group in ent-3 gave the primary alcohol ent-12, which was
subsequently converted to the 7-O-decyl derivative ent-14
after reaction with decyl bromide in refluxing ether, in pres-
ence of Ag,0 and AgOTf as catalysts. Hydrogenolytic re-
moval of benzyl ether protective group in ent-14 furnished
the target ent-2 to be ready for biological testing.

2.1. Evaluation of cytotoxic activity

Compounds 2 and ent-2 were evaluated for their in vitro
cytotoxicity against human myelogenous leukemia K562,
promyelocytic leukemia HL-60, human T-cell leukemia
(JURKAT), cervix carcinoma HeLa, and estrogen receptor
positive breast adenocarcinoma MCF-7 cell line. Cytotoxic
activity was evaluated by using MTT assay,?! after exposure
of cells to the tested compounds for 48 h. Standard cytotoxic
agent doxorubicin (DOX) was used as a positive control in
this assay. The results are presented in Table 1.

Compound 2 showed a powerful antiproliferative activity
against the HL-60 cell line, being over 17-fold more potent
with respect to doxorubicin. This analog was also active
against the K562 and JURKAT cells, but the respective
ICso values were more than 5- and 12-fold higher with

Table 1. In vitro cytotoxicity of 2, ent-2, and DOX

Compds ICsp, uM*

K562 HL-60 JURKAT HelLa MCEF-7
2 1.96 0.26 4.89 >100 >100
ent-2 0.01 2.96 1.06 23.58 31.55
DOX 0.36 4.62 0.39 1.17 0.75

? 1Csy is the concentration of compound required to inhibit the cell growth
by 50% compared to an untreated control.

respect to those observed for the reference compound,
DOX. The opposite enantiomer ent-2 showed a powerful
cytotoxic activity against K562 cells being 36-fold more
potent than doxorubicin. Against the HL-60 cell line, this
compound exhibited a significant antiproliferative activity,
which was 35% higher than that observed for doxorubicin.
This analog was also active against the JURKAT, HeLa,
and MCF-7 cells but with respective ICsy values being
over 2-, 20- and 40-fold higher than those observed for the
reference compound.

3. Conclusions

In conclusion, a new and general strategy for the synthesis of
enantiopure  5-hydroxyalkylbutan-4-olides by chirality
transfer from p-xylose has been developed. The synthetic
pathway that furnished with the preparation of (+)- and
(—)-5,6-dihydroxy-4-hexanolides 4 and ent-4 formally rep-
resents a new enantiodivergent synthesis of (+)- and (—)-
muricatacins from p-xylose. This approach has been applied
for the preparation of hitherto unknown (+)- and (—)-muri-
catacin 7-oxa analogs 2 and ent-2, which showed powerful
antiproliferative activities against some malignant cells. In
addition to providing access to both enantiomers of 1 and
2, this enantiodivergent approach is flexible and straightfor-
ward. It uses non-expensive reagents and a readily available
starting material. These advantages make the synthetic
methodology suitable for easy preparation of a variety of
muricatacin analogs in both enantiomeric series for biologi-
cal evaluation.

4. Experimental
4.1. General methods

Melting points were determined on a Bilichi 510 apparatus
and were not corrected. Optical rotations were measured on
P 3002 (Kriiss) and Polamat A (Zeiss, Jena) polarimeters in
chloroform solutions at room temperature. IR spectra were
recorded with Specord 75 (Carl-Zeiss) and Nexus 670
(Thermo Nicolet, DTGS-detector) IR spectrophotometers.
NMR spectra were recorded on a Bruker AC 250 E instru-
ment and the chemical shifts (-scale) are expressed in parts
per million values downfield from tetramethylsilane. Chem-
ical ionization mass spectra were recorded on Finnigan-MAT
8230 spectrometer with isobutane as a reagent gas. TLC was
performed on DC Alufolien Kieselgel 60 Fys4 (E. Merck).
Flash column chromatography was performed using Kiesel-
gel 60 (0.040-0.063 mm, E. Merck). All organic extracts
were dried with anhydrous Na,SO,. Organic solutions were
concentrated in a rotary evaporator under diminished pres-
sure at a bath temperature below 35 °C.
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4.1.1. 5-0-Benzoyl-3-O-benzyl-p-xylofuranose (6). A
solution of 5 (3.644 g, 8.58 mmol) in 70% aq AcOH was
stirred for 5.5 h at reflux. After the mixture cooled to room
temperature it was concentrated by co-distillation with tolu-
ene and the residue purified by flash column chromato-
graphy (3:2 toluene/EtOAc), to afford pure 6 (2.517 g,
85%) as a colorless solid. Recrystallization from CH,Cl,/
hexane gave an analytical sample 6 as colorless needles,
mp 59-60 °C, [a]F —18.1>+4.2 (24 h, ¢ 1.0, CHCly),
R;=0.68 (Et,0), anomeric ratio: o/3=3:1 (from 'H NMR
spectrum recorded immediately after dissolution of the sam-
ple). IR (KBr): ¥ax 3420 (OH), 1720 (C=0), 1600 (Ph). 'H
NMR (CDCl3+D,0): § 4.05 (br s, 0.25H, J,3=1.3, J34=
3.5Hz, H-38), 4.09 (dd, 0.75H, J,3=2.9, J;4=4.8 Hz,
H-3a), 4.24 (dd, 0.75H, J,,=3.8 Hz, H-2a), 4.33 (br s,
0.25H, H-2P), 4.41-4.78 (m, 4H, PhCH,, H-4B, H-4a,
H-58 and H-5a), 5.27 (br s, 0.25H, H-1B), 5.56 (d, 0.75H,
J12,=3.8 Hz, H-1a), 7.18-8.09 (m, 10H, 2xPh). 3*C NMR
(CDCly): 6 63.61 (C-5a), 64.12 (C-5B), 71.94 (PhCH,-a),
72.51 (PhCH,-B), 75.02 (C-2a), 76.35 (C-4a), 77.50
(C-2B), 79.08 (C-4PB), 82.07 (C-3B), 82.85 (C-3a), 96.26
(C-1a), 103.36 (C-1B), 127.49, 127.59, 127.73, 127.82,
127.89, 128.19, 128.28, 128.39, 128.46, 128.56, 129.61,
129.72, 129.98, 133.05 and 137.34 (2xPh), 166.49
(C=0). MS (CI): m/z 401 M*—H+C4Hjo), 383
(M*—OH+C4H,p), 345 (MH"), 327 (M*—-OH), 237
(M*—O0Bn). Anal. Found: C, 66.53; H, 6.06. Calcd for
ClgHz()O(,: C, 6627, H, 5.85.

4.1.2. Methyl 7-O-benzoyl-5-0-benzyl-2,3-dideoxy-p-xylo-
hept-2-enonate (7). To a solution of 6 (1.985 g, 5.76 mmol)
in dry DMF (37 mL) was added Ph;P—=CHCO,Me (2.508 g,
7.5 mmol). The mixture was stirred for 3.5 h at 60-70 °C
and then evaporated. The residue was purified by flash
column chromatography (Et,O) to afford pure 7 (1.948 g,
84%) as a colorless syrup, [a] —13.8 (¢ 1.0, CHCI,),
Ry=0.5 (4:1 'PrO/EtOAc). IR (KBr): vpa 3450 (OH),
1700 (C=0), 1620 (C=C), 1600 (Ph). '"H NMR (CDCl5):
0 3.33 (br s, 2H, exchangeable with D,O, 2xOH), 3.63 (t,
1H, J45=J56=3.8 Hz, H-5), 3.74 (s, 3H, CO,Me), 4.15
(m, 1H, H-6), 4.36 (dd, 1H, J¢7,=4.8, J7,7vb=11.5 Hz, H-
7a), 4.46 (dd, 1H, Je7=6.8, J7.7b=11.5 Hz, H-7b), 4.62
(m, 1H, H-4), 4.64 and 4.72 (2xd, 2H, J,.,=11.2 Hz,
PhCH,), 6.20 (dd, 1H, J,4=1.9, J,3=15.6 Hz, H-2), 7.07
(dd, 1H, J34=4.4, J,3=15.6 Hz, H-3), 7.22-8.06 (m, 10H,
2xPh). 3C NMR (CDCls): 6 51.68 (CO,Me), 65.82 (C-7),
70.23 (C-6), 71.19 (C-4), 74.75 (PhCH,), 79.96 (C-5),
121.25 (C-2), 128.21, 128.29, 128.37, 128.52, 129.49,
129.61, 133.22 and 136.97 (2xPh), 147.39 (C-3), 166.63
and 166.81 (C-1 and PhC=0). MS (CI): m/z 401 (MH"),
369 (M*—OMe). Anal. Found: C, 66.25; H, 5.88. Calcd
for C22H2407: C, 6599, H, 6.04.

4.1.3. Methyl 7-O-benzoyl-5-0-benzyl-2,3-dideoxy-p-xylo-
heptonate (8). A solution of 7 (0.554 g, 1.38 mmol) in EtOH
(11 mL) was hydrogenated over PtO, (8 mg) for 16 h at
room temperature. The mixture was filtered and the catalyst
washed with EtOH. The organic solution was evaporated
and the residue was purified by flash column chromato-
graphy (9:1 Pr,O/EtOAc) to afford pure 8 (0.419 g, 75%)
as a colorless syrup, [2]3 —12.8 (¢ 1.0, CHCL,), R=0.36
(4:1 ProO/EtOAc). IR (film): vy 3470 (OH), 1720
(C=0), 1600 (Ph). 'H NMR (CDCl3): ¢ 1.89 (m, 2H,

2xH-3), 2.49 (m, 2H, 2xH-2), 2.72 (d, 1H, J40u=6.5 Hz,
exchangeable with D,O, OH-4), 3.06 (d, 1H, Js og=5.9 Hz,
exchangeable with D,O, OH-6), 3.48 (dd, 1H, J45=4.0,
Js6=3.1Hz, H-5), 3.67 (s, 3H, CO,Me), 3.88 (m, 1H,
H-4), 4.17 (m, 1H, H-6), 4.41 (dd, 1H, J¢7,=5.0, J7, 7=
11.5 Hz, H-7a), 4.47 (dd, 1H, J¢7%=6.7, J7,7b=11.5 Hz,
H-7b), 4.73 (s, 2H, PhCH,), 7.28-8.09 (m, 10H, 2xPh).
13C NMR (CDCly): 6 29.0 (C-3), 30.49 (C-2), 51.65
(CO,Me), 66.12 (C-7), 70.22 (C-6), 71.15 (C-4), 75.11
(PhCH,), 80.9 (C-5), 128.16, 128.38, 128.42, 128.47,
128.56, 129.63, 133.15 and 137.39 (2xPh), 166.56
(PhCO), 174.27 (CO,Me). MS (CI): m/z 403 (MH™"), 371
(M*—OMe). Anal. Found: C, 66.02; H, 6.21. Calcd for
C22H2607: C, 6566, H, 6.51.

4.1.4. 7-O-Benzoyl-5-0O-benzyl-2,3-dideoxy-p-xylo-hep-
tono-1,4-lactone (9). A solution of 8 (0.127 g, 0.31 mmol)
in a mixture of TFA (2 mL) and water (1 mL) was stirred
at room temperature for 2.5 h. The volatiles were removed
by co-distillation with toluene and the residue purified by
flash column chromatography (4:1 CH,Cl,/EtOAc) to give
pure 9 (0.106 g, 92%) as a colorless oil, [a]F —19.3
(c 0.99, CHCl3), Ry=0.46 (4:1 CH,Cl,/EtOAc). IR (film):
Vmax 3450 (OH), 1780 (C=O0, lactone), 1710 (C=0, Bz),
1600 (Ph). 'H NMR (CDCls): 6 1.82-2.41 (m, 2H, 2x
H-3), 2.61 (m, 2H, 2xH-2), 3.15 (s, 1H, exchangeable
with D,0O, OH), 3.60 (dd, 1H, J45=5.8, J56=3.1 Hz, H-5),
4.11 (m, 1H, H-6), 4.37 (dd, 1H, J¢ 7,=5.2, J7,7v=11.5 Hz,
H-7a), 4.49 (dd, 1H, J¢7,=6.7, J7,76=11.5 Hz, H-7b), 4.73
and 4.85 (2xd, 2H, Jg.,=11.6 Hz, PhCH,), 4.82 (m, 1H,
H-4), 7.29-8.05 (m, 10H, 2xPh). '3C NMR (CDCl):
0 24.52 (C-3), 28.24 (C-2), 65.85 (C-7), 69.06 (C-6), 74.18
(PhCH,), 79.73 (C-5), 80.83 (C-4), 127.91, 128.0, 128.15,
128.25, 128.32, 129.46, 133.08 and 137.21 (2xPh), 166.4
(PhCO), 176.89 (C-1). MS (CI): m/z 371 (MH™").

4.1.5. 5-0-Benzyl-2,3-dideoxy-p-xylo-heptono-1,4-
lactone (10). Procedure A: a solution of 9 (0.107 g,
0.29 mmol) in 0.09 M methanolic NaOMe (0.6 mL,
0.06 mmol) was stirred for 1 h at room temperature. An addi-
tional amount of 0.09 M NaOMe in MeOH (0.3 mL,
0.03 mmol) was added to the reaction mixture and stirring
was continued for the next 1 h at room temperature. The mix-
ture was neutralized with 1 M AcOH in MeOH (0.09 mL,
0.09 mmol) and evaporated. Flash column chromatography
(4:1—1:4 CH,CL,/EtOAc) of the residue gave pure 10
(0.043 g, 55%) as a colorless syrup, R,=0.31 (EtOAc).

Procedure B: a solution of 8 (1.458 g, 3.62 mmol) in 0.09 M
methanolic NaOMe (6.9 mL, 0.63 mmol) was stirred for
1.5 h at room temperature, then acidified with 2:1 aq TFA
(0.08 mL) and concentrated by co-distillation with toluene.
Flash column chromatography (EtOAc) of the residue gave
pure 10 (0.7932 g, 82%) as a colorless oil, [a]F +3.0 (¢
1.06, CHCl3), R;=0.31 (EtOAc). IR (film): vy, 3400
(OH), 1750 (C=0), 1610 (Ph). '"H NMR (CDCl;+D,0):
0 1.91 and 2.25 (2xm, 2H, 2xH-3), 2.35 (m, 2H, 2xH-2),
349 (t, 1H, J4s5=J56=4.9Hz, H-5), 3.60 (dd, 1H,
]6,721:5'2" J7a,7b:11'6 HZ, H-7a), 367 (dd, lH, J6,7b:5'29
J7a75=11.6 Hz, H-7b), 3.81 (m, 1H, H-6), 4.62-4.83 (m,
3H, PhCH, and H-4), 7.24-7.4 (m, SH, Ph). '3C NMR
(CDCl3): 6 24.49 (C-3), 28.24 (C-2), 63.54 (C-7), 70.98
(C-6), 74.41 (PhCH,), 80.70 (C-5), 80.73 (C-4), 128.09,
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128.17, 128.5 and 137.43 (Ph), 177.32 (C-1). MS (CI): m/z
267 (MH"). Anal. Found: C, 63.43; H, 6.63. Calcd for
C|4H1805: C, 6315, H, 6.81.

4.1.6. 6-Aldehydo-5-0O-benzyl-2,3-dideoxy-L-threo-hex-
ono-1,4-lactone (3). To a solution of 10 (0.793 g,
2.98 mmol) in CH,Cl, (11 mL) was added Kieselgel 60
(6.0g, 0.063-0.2nm) and 0.65M aq NalO, (6.0 mL,
3.90 mmol). The resulting heterogeneous mixture was vigor-
ously stirred for 1 h at room temperature then filtered and
evaporated. Flash column chromatography (2:1 toluene/
EtOAc), followed by crystallization from CH,Cl,/hexane
gave an analytical sample 3 (0.621 g, 89%) as colorless nee-
dles, mp 93-94 °C, [a]& +135.8 (c 1.08, CHCl3), R;=0.3
(2:1 toluene/EtOAc). IR (film): v, 1770 (C=0, lactone),
1720 (CH=0). 'H NMR (CDCl3): 6 1.92-2.68 (m, 4H,
2xH-2 and 2xH-3), 3.78 (dd, 1H, J45=2.7, Js6=1.5 Hz,
H-5), 4.58 (d, 1H, J,,,,=11.9 Hz, PhCHa), 4.74-4.85 (m,
2H, H-4 and PhCHbD), 7.33 (m, 5H, Ph), 9.68 (d, 1H, H-6).
13C NMR (CDCl3): 6 23.38 (C-3), 27.61 (C-2), 73.33
(PhCH,), 78.69 (C-4), 83.88 (C-5), 128.2, 128.52, 128.69
and 136.76 (Ph), 176.57 (C-1), 201.57 (C-6). MS (CI): m/z
469 (2M*+H), 235 (MH™"). Anal. Found: C, 66.30; H, 6.00.
Calcd for C13H1404: C, 66.66; H, 6.02.

4.1.7. (Z)-6-C-Decylidene-5-0O-benzyl-2,3-dideoxy-L-threo-
hexono-1,4-lactone (11). To a stirred suspension of undecyl-
triphenylphosphonium bromide (0.716 g, 1.44 mmol) in dry
THF (5 mL) was added a 1 M solution of LIHMDS in dry
THF (1.44 mL, 1.44 mmol) dropwise over a period of
5 min at 0 °C under N,. The bright red solution was stirred
for another 15 min, cooled to —78 °C, and a solution of
the aldehyde 3 (0.1698 g, 0.72 mmol) in dry THF (1.5 mL)
was instantly added. The mixture was stirred for 3 h at
—78 °C, while it was allowed to warm to room temperature.
The light yellow mixture was stirred at room temperature for
72 h, then quenched with 10% aq NH4Cl (5 mL), and
extracted with Et,O. The combined organic phases were
washed with brine, dried, and evaporated. Flash column
chromatography of the residue (2:1 toluene/EtOAc) gave
pure (Z)-olefin 11 (0.0175 g, 7%) as a colorless oil, [o]F
+40.2 (¢ 0.74, CHCIy), R;=0.45 (9:1 toluene/EtOAc). IR
(film): ¥ 1780 (C=0). 'H NMR (CDCl5): 6 0.89 (t,
3H, J=6.4 Hz, Me), 1.07-1.60 (m, 16H, 8§xCH,), 1.95-
2.67 (m, 6H, H-2, H-3 and H-8), 4.24 (dd, 1H, J,5=54,
Js5.6=9.4 Hz, H-5), 4.38 and 4.66 (2xd, 2H, J,.,,=12.0 Hz,
PhCH;), 4.55 (m, 1H, H-4), 541 (m, 1H, J56=9.4,
Je7=11.4 Hz, H-6), 5.80 (m, 1H, Js;,=11.4, J;5=7.8 Hz,
H-7), 7.25-7.43 (m, 5H, Ph). 'H NOE contact: H-6 and
H-7. 3C NMR (CDCly): 6 14.07 (Me), 22.65, 23.80,
28.07, 28.30, 28.31, 29.45, 29.52, 29.58 and 31.88
(9xCH,, C-2 and C-3), 70.05 (PhCH,), 75.25 (C-5), 81.77
(C-4), 124.81 (C-6), 127.66, 128.36 and 138.09 (Ph),
137.39 (C-7), 177.20 (C-1). MS (CI): m/z 373 (MH™).

4.1.8. 5-0-Benzyl-2,3-dideoxy-L-threo-hexono-1,4-lac-
tone (12). To a cooled (0°C) and stirred solution of 3
(0.122 g, 0.52mmol) in MeOH (1.2mL) was added
NaBH, (0.0197 g, 0.52 mmol) in two portions, and the re-
sulting suspension was stirred at 0°C for 1.5h. TFA
(2 mL) was then added and the mixture was stirred for addi-
tional 2 h while it was allowed to warm to room temperature.
The volatiles were removed by co-distillation with toluene

and the residue purified by flash column chromatography
(4:1 CH,CI,/EtOAc). The unchanged aldehyde 3 (0.015 g,
12%) was first eluted, followed by pure 12 (0.082 g, 73%
on the basis of the recovered intermediate 3) that was
isolated as a colorless oil, [a]E +22.9 (¢ 1.09, CHCly),
R=0.24 (4:1 CH,CI,/EtOAc). IR (film): v, 3450 (OH),
1770 (C=0). '"H NMR (CDCl): ¢ 1.87-2.32 (m, 2H,
2xH-3), 2.36-2.85 (m, 3H, 2xH-2 and OH), 3.50 (m, 1H,
H-5), 3.70 (dd, 1H, J56,=4.9, Jeacb=11.6 Hz, H-6a), 3.79
(dd, 1H, J56,=5.3, Jeasb=11.6 Hz, H-6b), 4.65 and 4.73
(2xd, 2H, Jg4,=11.6 Hz, PhCH,), 4.70 (m, 1H, H-4),
7.28-7.45 (m, 5H, Ph). '*C NMR (CDCl3): 6 24.08 (C-3),
28.22 (C-2), 60.93 (C-6), 72.99 (PhCH,), 80.22 (C-4),
80.51 (C-5), 127.79, 127.86, 128.4 and 137.71 (Ph),
177.36 (C=0). MS (CI): m/z 473 2M*+H), 237 (MH™).

4.1.9. 2,3-Dideoxy-L-threo-hexono-1,4-lactone (4). A solu-
tion of 12 (0.082 g, 0.35 mmol) in EtOAc (1.7 mL) was
hydrogenated over 10% Pd/C (0.041 g) for 18 h at room
temperature. The mixture was filtered and the catalyst
washed successively with EtOAc and MeOH. The combined
organic solutions were evaporated and the residue was puri-
fied by flash column chromatography (EtOAc) to afford pure
4 (0.035 g, 69%) as a colorless syrup, [a]p +58.0 (¢ 2.01,
MeOH), lit."” [a]p +58.18 (c 2.03, MeOH), R;=0.22
(EtOAc). IR (film): vy, 3384 (OH), 1759 (C=0). 'H
NMR (CDCl3): 6 2.26 (m, 2H, 2xH-3), 2.57 (m, 2H,
2xH-2), 3.46-3.84 (m, 4H, H-5, 2xH-6 and OH), 4.14 (br
s, 1H, OH), 4.59 (m, 1H, H-4). 13C NMR (CDCl5): 6 23.9
(C-3), 28.45 (C-2), 63.27 (C-6), 73.56 (C-5), 80.77 (C-4),
178.21 (C-1).

4.1.10. 5-0-Benzyl-6-0-decyl-2,3-dideoxy-L-threo-hex-
ono-1,4-lactone (14). To a solution of 12 (0.101 g,
0.43 mmol) in dry Et;O (2 mL) were added successively
Ag->0 (0.249 g, 1.07 mmol), AgOTf (0.028 g, 0.11 mmol),
and C;oH,Br (0.44 mL, 2.13 mmol). The mixture was
stirred under reflux for 7.5 h, then diluted with CH,ClI,
(10 mL), filtered, and evaporated. The residue was purified
by flash column chromatography (CH,Cl,) to give pure 14
(0.129 g, 80%) a colorless oil, [a]F +30.2 (c 1.05, CHCl5),
R=0.24 (CH,Cly). IR (film): »;,x 1779 (C=0). '"H NMR
(CDCl3): 0 0.88 (t, 3H, Me), 1.16-1.65 (m, 16H, 8 xCH,),
1.93-2.31 (m, 2H, 2xH-3), 2.32-2.67 (m, 2H, 2xH-2),
3.44 (t, 2H, J=6.6 Hz, 2xH-8), 3.60 (m, 3H, H-5 and
2xH-6), 4.60 and 4.77 (2xd, 2H, J,.,=11.8 Hz, PhCH,),
470 (m, 1H, H-4), 7.24-7.41 (m, 5H, Ph). '3C NMR
(CDCl3): 6 13.97 (Me), 22.52, 23.89, 25.98, 28.18, 29.17,
29.29, 29.41, 29.45, 29.49 and 31.74 (8xCH,, C-2 and
C-3), 69.61 (C-6), 71.64 (C-8), 72.77 (PhCH,), 78.9 (C-5),
79.67 (C-4), 127.65, 127.70, 128.26 and 137.90 (Ph),
177.34 (C-1). MS (CI): m/z 377 (MH"). Anal. Found: C,
73.18; H, 9.50. Calcd for C,3H3604: C, 73.37; H, 9.64.

4.1.11. 6-0-Decyl-2,3-dideoxy-L-threo-hexono-1,4-lac-
tone (2). A solution of 14 (0.084 g, 0.22 mmol) in EtOAc
(1.7 mL) was hydrogenated over 10% Pd/C (0.042 g) for
19h at room temperature. The suspension was filtered
through a Celite pad and washed with EtOAc. The combined
filtrates were evaporated and the residue purified by flash
column chromatography (CH,Cl, —9:1 CH,Cl,/EtOAc) to
afford pure 2 (0.051 g, 82%) as a colorless solid. Recrystal-
lization from CHCls/hexane gave an analytical sample 2, mp
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42 °C, [a]g +33.0 (¢ 0.83, CHCly), R~=0.21 (9:1 CH,Cl,/
EtOAc). IR (film): w,., 3427 (OH), 1737 (C=0). 'H
NMR (CDCls): 6 0.85 (t, 3H, J=6.4 Hz, Me), 1.13-1.63
(m, 16H, 8xCH,), 2.24 (m, 2H, 2xH-3), 2.39-2.72 (m,
2H, 2xH-2), 2.87 (br s, 1H, exchangeable with D,0, OH),
3.44 (t, 2H, J=6.6 Hz, 2xH-8), 3.51 (d, 2H, Js6=5.8 Hz,
2xH-6), 3.78 (br s, 1H, H-5), 4.56 (td, 1H, J45=3.4,
J34=7.0 Hz, H-4). 13C NMR (CDCly): 6 13.99 (Me),
22.56, 23.74, 25.96, 28.27, 29.2, 29.45, 29.47 and 31.78
(8xCH,, C-2 and C-3), 71.12 (C-6), 71.69 (C-8), 71.94
(C-5), 79.79 (C-4), 177.53 (C-1). MS (CI): m/z 573
(2M*+H), 287 (MH"). Anal. Found: C, 66.99; H, 10.74.
Calcd for C16H3()O4I C, 6710, H, 10.56.

4.1.12. 3-O-Benzyl-1,2-0O-cyclohexylidene-a-p-xylofura-
nose (16). To a cooled (0 °C) and stirred solution of 15
(2.603 g, 7.78 mmol) in anhydrous DMF (39 mL) were
added successively NaH (0.403 g, 13.4 mmol) and BnBr
(1.4 mL, 11.77 mmol), and the mixture was stirred for
2.5 h at room temperature. The mixture was cooled to 0 °C
and treated with 0.1 M NaOMe in MeOH (15.6 mL,
1.56 mmol) while stirring for 2h at room temperature.
The mixture was neutralized with 1 M AcOH in MeOH
(1.56 mL, 1.56 mmol), evaporated by co-distillation with
toluene, and the residue purified by flash column chromato-
graphy (9:1 CH,CIl,/EtOAc) to afford pure 16 (2.22 g, 89%)
as a colorless oil, [a] —57.7 (¢ 0.99, CHCl3), R,=0.32 (9:1
CH,CL/EtOAc). IR (film): v, 3450 (OH). 'H NMR
(CDCl3): 6 1.32-1.77 (m, 10H, 5xCH, from C¢H,), 2.33
(brs, 1H, exchangeable with D,O, OH), 3.84 (dd, 1H, J4 5,=
4.6, Js,5b=11.8 Hz, H-5a), 3.96 (dd, 1H, J45,=5.0 Hz,
Jsasp=11.8 Hz, H-5b), 4.03 (d, 1H, J54=3.4 Hz, H-3),
4.28 (m, 1H, H-4), 4.50 and 4.73 (2xd, 2H, Jg.,=12.0 Hz,
PhCH,), 4.65 (d, 1H, J,,=3.8 Hz, H-2), 6.00 (d, 1H,
J1,=3.8 Hz, H-1), 7.28-7.44 (m, 5H, Ph). '3C NMR
(CDCly): 6 23.53, 23.81, 24.83, 35.78 and 36.42 (5xCH,
from CgH;g), 60.92 (C-5), 71.86 (PhCH,), 80.0 (C-4),
81.99 (C-2), 82.86 (C-3), 104.61 (C-1), 112.44 (Cq from
CeHyp), 127.63, 128.09, 128.59 and 137.11 (Ph). MS (CI):
m/z 642 (2M*+H), 321 (MH"). Anal. Found: C, 65.01; H,
6.61. Calcd for CgH»,04: C, 64.66; H, 6.63.

4.1.13. 3-0O-Benzyl-1,2-0-cyclohexylidene-a-p-xylo-pen-
tadialdo-1,4-furanose (17). To a stirred solution of 16
(2935 g, 9.16 mmol) and DCC (5.67 g, 27.48 mmol) in
anhydrous DMSO (14.6 mL), were added dry pyridine
(0.36 mL; 5 mmol) and 0.82 M solution of anhydrous
H3PO4in DMSO (5.5 mL, 4.5 mmol). The resulting reaction
mixture was stirred at room temperature for 3.5 h and then
diluted with EtOAc (50 mL). A solution of oxalic acid
(2.31 g, 10.15 mmol) in MeOH (7 mL) was added and the
resulting suspension was washed successively with 10% aq
NaCl (100 mL) and 10% aq NaHCO; (50 mL). The organic
layer was separated and the aqueous solution extracted with
EtOAc (2x30 mL). The combined organic solution was
washed with brine, dried, and concentrated by co-distillation
with toluene. Flash column chromatography (9:1 toluene/
EtOAc) of the residue gave pure 17 (2.429 g, 83%) as an
unstable pale yellow syrup, [a]5 —41.4 (c 0.95, CHCIy),
R,=0.27 (9:1 toluene/EtOAc). IR (film): vy 1720
(CH=O0). 'H NMR (CDCl): 6 1.34-1.76 (m, 5xCH, from
CeHy0), 4.37 (d, 1H, J34=3.7Hz, H-3), 449 and 4.62
(2xd, 2H, J;.»=11.9 Hz, PhCH,), 4.58 (dd, 1H, J34=3.7,

J,5=1.5Hz, H-4), 466 (d, 1H, J;,=3.5Hz, H-2), 6.14
(d, 1H, J, ,=3.5 Hz, H-1), 7.27-7.41 (m, 5H, Ph), 9.69 (d,
1H, CHO). 3C NMR (CDCly): 6 23.53, 23.81, 24.75,
35.85 and 36.67 (5xCH, from CgH,o), 72.36 (PhCH,),
81.76 (C-2), 83.92 (C-3), 84.58 (C-4), 105.8 (C-1), 113.31
(Cq from CgH, ), 127.66, 128.11, 128.51 and 136.69 (Ph),
200.07 (CH=O0). MS (CI): m/z 637 (2M*+H), 319 (MH™).

4.1.14. Methyl 3-0O-benzyl-5,6-dideoxy-1,2-0O-cyclohexyl-
idene-a-p-xylo-heptofuranuronate (19). A mixture of 17
(2.429 g, 7.63 mmol) and Ph;P=CHCO,Me (6.412 g,
19.18 mmol) in anhydrous CH,Cl, (92 mL) was stirred un-
der N, at room temperature for 2 h and then evaporated.
The residue was purified by flash column chromatography
(9:1 toluene/EtOAc) to give 18 (2.767 g, 97%) as a 2:1 mix-
ture of corresponding Z- and E-isomers. A solution of 18
(2.767 g, 7.39 mmol) in EtOH (55 mL) was hydrogenated
over PtO, (0.029 g) for 19 h at room temperature. The mix-
ture was filtered and the catalyst washed with EtOH. The
organic solution was evaporated and the residue was purified
by flash column chromatography (15:1 toluene/EtOAc) to
afford pure 19 (2.571 g, 92%) as a colorless oil, [a]3 —38.6
(c 1.02, CHCI3), R=0.31 (15:1 toluene/EtOAc), IR (film):
Vmax 1740 (C=0). 'H NMR (CDCls): 6 1.33-1.77 (m,
5xCH, from CgHjp), 2.04 (m, 2H, 2xH-5), 2.40 (m, 2H,
2xH-6), 3.66 (s, 3H, CO,Me), 3.82 (d, 1H, J34=3.1 Hz,
H-3), 4.18 (ddd, 1H, J34=3.1 Hz, J45,=5.6, J4 5,=8.4 Hz,
H-4), 4.50 and 4.71 (2xd, 2H, J,,,,=12.0 Hz, PhCH,), 4.61
(d, 1H, J,,=3.9 Hz, H-2), 591 (d, 1H, J,,=3.9 Hz, H-1),
7.25-7.37 (m, 5H, Ph). >*C NMR (CDCls): 6 23.51 (C-5),
23.81, 23.82, 24.86, 35.68 and 36.29 (5xCH, from CgH ),
30.56 (C-6), 51.41 (CO,Me), 71.67 (PhCH,), 79.12 (C-4),
81.82 (C-2), 82.19 (C-3), 104.22 (C-1), 111.97 (Cq from
CgHyo), 127.57, 127.80, 128.38 and 137.50 (Ph), 173.57
(C-7). MS (CI): m/z 377 (MH"), 345 (M*—OMe).

4.1.15. Methyl 3-O-benzyl-5,6-dideoxy-p-xylo-heptofura-
nuronate (20) and 3-O-benzyl-5,6-dideoxy-p-xylo-hepto-
furanuronic acid (21). Procedure A: a solution of 19
(1.322 g, 3.51 mmol) in 50% aq AcOH (38 mL) was heated
under reflux for 2 h and then concentrated by co-distillation
with toluene. The residue was purified by flash column
chromatography (1:1 toluene/EtOAc). Eluted first was the
unchanged starting compound 19 (0.142 g, 11%). Eluted
second was the pure 20 (0.596 g, 64% on the basis of the re-
covered starting material 19) as a colorless syrup, R,=0.24
(1:1 toluene/EtOAc). Final eluting of the column with
EtOAc gave pure 21 (0.074 g, 7%) as a colorless syrup,
[a]5 —4.1 (c 0.9, EtOH), R=0.44 (999:1 EtOAc/AcOH).
IR (film): v, 3395 (OH), 1713 (C=O0). 'H NMR (ace-
tone-dg): 6 1.84-2.60 (m, CH,-5, CH,-6a and B), 3.87—
3.92 (m, H-3a and B), 4.14-4.32 (m, H-2 and H-4o and
B), 4.50 and 4.83 (2xd, 2H, PhCH,), 5.05 (s, H-1pB), 5.34
(d, J, ,=4.3 Hz, H-1a), 7.21-7.48 (m, 5H, Ph). >°C NMR
(acetone-dg): 6 25.62, 26.39, 30.72 and 30.91 (C-5, C-6a
and B), 72.02 and 72.23 (PhCH, o and B), 76.23, 77.70,
80.03 and 80.22 (C-2 and C-4a and B), 84.66 (C-3p),
85.01 (C-3a), 96.63 (C-la), 104.14 (C-1B), 128.22,
128.33, 128.34, 128.46, 129.02, 129.07, 139.28 and 139.51
(Ph), 174.73 and 174.82 (C=0, o, and ).

Procedure B: a solution of 19 (1.103 g, 2.9 mmol) in 50% aq
AcOH (31 mL) was heated under reflux for 2 h and then
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concentrated by co-distillation with toluene. The residue
was dissolved in ether (9 mL) and treated for 1.5 h at room
temperature with an ethereal solution of diazomethane
(9 mL), generated from N-methyl-N'-nitro-N-nitroso guani-
dine (0.532 g) and 5 M NaOH (2.4 mL). The mixture was
evaporated and the residue purified by flash column chro-
matography (1:1 toluene/EtOAc). Eluted first was the un-
changed starting compound 19 (0.149 g, 13%). Eluted
second was the pure 20 (0.607 g, 81% on the basis of the re-
covered starting material 19) as a colorless syrup, R,=0.24
(1:1 toluene/EtOAc), [a]% +2.0 (¢ 1.08, CHCI5), anomeric
ratio: o/B=3:1 (from 'H NMR). IR (film): v, 3400
(OH), 1720 (C=0). 'H NMR (CDCl3+D,0): 6 1.96 (m,
2H, 2xH-5a and B), 2.41 (m, 2H, 2xH-6), 3.66 (s, 2.25H,
CO,Me-a), 3.71 (s, 0.75H, CO,Me-B), 3.84 (dd, 0.25H,
Jo3=1.2, J34=4.3 Hz, H-3B), 3.88 (dd, 0.75H, J,3=2.6,
J34=4.6 Hz, H-3a), 4.16-4.32 (m, 2H, H-2 and H-4), 4.54
and 4.71 (2xd, 1.5H, J,,,,=12.0 Hz, PhCH,-a), 4.55 and
4.70 (2xd, 0.5H, J4.,»,=11.7 Hz, PhCH,-$), 5.30 (s, 0.25H,
H-1B), 5.44 (d, 0.75H, J, ,=4.3 Hz, H-1a), 7.30-7.41 (m,
5H, Ph). 1*C NMR (CDCls): § 24.6 (C-5a), 25.51 (C-5),
30.53 (C-6a), 30.7 (C-6B), 51.62 (CO,Me-a), 51.65
(COMe-B), 71.79 (PhCH,-a), 72.47 (PhCH,-B), 75.57
(C-2B), 77.63 (C-2a), 77.89 (C-4PB), 80.45 (C-4a), 82.56
(C-3B), 83.67 (C-3a), 95.59 (C-1a), 102.9 (C-1B), 127.61,
127.78, 127.87, 128.19, 128.4, 128.59, 136.94 and 137.74
(Ph), 174.06 (C-7). MS (CI): m/z 557 2M*—OH—H,0),
297 (MHY), 279 (M*—OH). Anal. Found: C, 61.08; H,
6.66. Calcd for C;sH,,O: C, 60.80; H, 6.80.

4.1.16. Methyl 2-O-benzyl-4,5-dideoxy-3-O-formyl-
p-threo-hexuronate (22) and 6-aldehydo-5-O-benzyl-2,3-
dideoxy-p-threo-hexono-1,4-lactone (ent-3). To a solution
of 20 (0.576 g, 1.94 mmol) in CH,Cl, (7.8 mL) were added
Kieselgel 60 (3.88 g, 0.063-0.2 nm) and 0.65 M aq NalO,
(3.9 mL, 2.53 mmol). The resulting heterogeneous mixture
was vigorously stirred for 1.5 h at room temperature, then
filtered, and evaporated by co-distillation with toluene to
afford crude 22 (0.561 g, 98%) as a yellow oil, which was
used in the next step without further purification. A minor
part of crude 22 was purified by flash column chromato-
graphy (49:1 CH,Cl,/EtOAc) to afford pure 22 as a colorless
syrup, [a]5 —15.1 (c 1.13, CHCl3), R=0.28 (49:1 CH,Cly/
EtOAc). IR (film): vp,x 3460 (OH), 1740-1720 (C=0).
'"H NMR (CDCls): 6 2.06 (m, 2H, 2xH-4), 2.30 (m, 2H,
2xH-5), 3.65 (s, 3H, CO,Me), 3.90 (dd, 1H, J,,=1.0,
J»3=3.7 Hz, H-2), 4.58 and 4.80 (2xd, 2H, J,.,=11.8 Hz,
PhCH,), 5.36 (td, 1H, J,3=3.7, J34.=J34=7.0 Hz, H-3),
7.25-7.40 (m, 5H, Ph), 8.03 (s, 1H, OCHO), 9.60 (d, 1H,
J1,=1.0Hz, H-1). 3C NMR (CDCl;3): 6 25.56 (C-4),
29.58 (C-5), 51.76 (CO,Me), 71.07 (C-3), 73.42 (PhCH,),
82.87 (C-2), 128.32, 128.45, 128.64 and 136.34 (Ph),
160.11 (OCHO), 172.67 (C-6), 200.37 (C-1). MS (CI): m/z
295 (MH"), 267 (MH*—CO). A solution of crude ester
22 (0.561 g) in a mixture of TFA (9.1 mL) and water
(4.55 mL) was stirred for 1.5 h at room temperature and
then concentrated by co-distillation with toluene. The resi-
due was chromatographed on a column of flash silica (2:1
toluene/EtOAc) to give pure ent-3 (0.35 g, 77% from 20)
as a white solid. Recrystallization from CH,Cl,/hexane
gave an analytical sample as colorless needles, mp 93—
94 °C, [a]5 —129.8 (¢ 1.0, CHCl3), R=0.3 (2:1 toluene/
EtOAc). IR, NMR, and mass spectral data of thus obtained

product ent-3 were consistent with those recorded for the
(+)-enantiomer 3 (Section 4.1.6). Anal. Found: C, 66.23;
H, 6.03. Calcd for C;3H;404: C, 66.66; H, 6.02.

4.1.17. 2,3-Dideoxy-p-threo-hexono-1,4-lactone (ent-4).
To a solution of ent-3 (0.111 g; 0.47 mmol) in MeOH
(1.1 mL) was added NaBH, (0.02 g; 0.52 mmol) in portions
at 0 °C. The reaction mixture was stirred for 1.5 hat 0 °C and
then for 1 h at room temperature. One more equivalent of
NaBH, (0.02 g; 0.52 mmol) was added and stirring was con-
tinued for an additional 1 h at room temperature. After cool-
ing to 0 °C, TFA (2 mL) was added and the reaction mixture
was stirred for an additional 1 h. To the mixture was finally
added 10% Pd/C (0.056 g) and the resulting suspension was
hydrogenated for 19 h at room temperature. The mixture was
filtered and the catalyst washed with methanol. The organic
solution was concentrated by co-distillation with toluene and
methanol. The residue was purified by flash column chroma-
tography (4:1 CH,Cl,/EtOAc) to afford pure ent-4 (0.048 g;
71%) as a colorless syrup, [a]p —40.0 (¢ 2.07, MeOH), 1it.®
[a]p —43.3 (¢ 0.9, MeOH), R=0.22 (EtOAc). Spectral data
of ent-4 were consistent with those recorded for the opposite
enantiomer 4 (Section 4.1.9), as well as with the reported
values.®

4.1.18. 5-0O-Benzyl-2,3-dideoxy-p-threo-hexono-1,4-lac-
tone (ent-12). To a solution of 20 (0.699 g, 2.36 mmol) in
CH,Cl, (9.5 mL) were added Kieselgel 60 (4.72 g, 0.063—
0.2 nm) and 0.65M aq NalO,4 (4.7 mL, 3.06 mmol). The
mixture was vigorously stirred at room temperature for
45 min, filtered, and the precipitate washed with CH,Cl,.
The combined organic solutions were dried and evaporated
to give chromatographically homogenous sample 22. A so-
Iution of crude 22 (0.665 g) in a mixture of TFA (10.8 mL)
and water (5.4 mL) was stirred at room temperature for
1.5 h. The mixture was concentrated by co-distillation with
toluene to give chromatographically homogenous lactone
ent-3 (0.598 g) as a colorless solid. To a cooled (0 °C) and
stirred solution of crude ent-3 (0.598 g) in MeOH (5.6 mL)
was added NaBH, (0.095 g, 2.52 mmol) and the mixture
was stirred for 1.5h at 0°C. One more equivalent of
NaBH, (0.095 g, 2.52 mmol) was added and stirring was
continued for an additional 1 h at room temperature. After
cooling to 0 °C, TFA (11.2 mL) was added and the reaction
mixture was stirred for an additional 1 h while it was allowed
to warm to room temperature. The mixture was concentrated
by co-distillation with toluene and the residue was purified
by flash column chromatography (4:1 CH,CIl,/EtOAc).
Eluted first was the unchanged intermediate ent-3 (0.092 g,
17% with respect to 20). Eluted second was the pure product
ent-12 (0.314 g, 68% from 20, on the basis of the recovered
ent-3), [a]5 —23.1 (¢ 1.05, CHCl3), R=0.24 (4:1 CH,Cl,/
EtOAc). Spectral data of ent-12 were consistent with those
recorded for the opposite enantiomer 12 (Section 4.1.8).

4.1.19. 5-0-Benzyl-6-0-decyl-2,3-dideoxy-p-threo-hex-
ono-1,4-lactone (ent-14). A mixture of ent-12 (0.054 g,
0.23 mmol), Ag,0 (0.133 g, 0.57 mmol), AgOTf (0.015 g,
0.06 mmol), and C;oH,Br (0.24 mL, 1.15 mmol) in anhy-
drous Et,O (0.55 mL) was heated under reflux for 5.5 h.
After the mixture cooled to room temperature it was diluted
with CH,Cl, (5 mL), filtered, and evaporated. Flash column
chromatography (CH,Cl,/EtOAc) of the residue gave pure
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ent-14 (0.061 g, 71%) as a colorless oil, [a]5 —35.1 (¢ 0.92,
CHCl3), Ry=0.24 (CH,Cl,). Spectral data of ent-14 were
consistent with those recorded for (+)-enantiomer 14 (Sec-
tion 4.1.10). Anal. Found: C, 73.03; H, 9.38. Calcd for
C23H3604: C, 7337, H, 9.64.

4.1.20. 6-0-Decyl-2,3-dideoxy-p-threo-hexono-1,4-lac-
tone (ent-2). A solution of ent-14 (0.061 g; 0.16 mmol)
in EtOAc (1.25 mL) was hydrogenated over 10% Pd/C
(0.031 g) following the same methodology as described
above (procedure in Section 4.1.11), to afford pure ent-2
(0.040 g, 87%), mp 42 °C, [a]p —33.0 (¢ 0.83, CHCl5),
Rr=0.21 (9:1 CH,CI,/EtOAc). Spectral data of ent-2 were
consistent with those recorded for (+)-enantiomer 2 (Section
4.1.11). Anal. Found: C, 67.01; H, 10.67. Calcd for
C16H3004: C, 6710, H, 10.56.

4.2. In vitro antitumor assay

Antitumor activity was evaluated by the tetrazolium colori-
metric MTT assay. The assay is based on cleavage of the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT) to formazan by mitochondrial dehydrogenases
in viable cells. Exponentially growing cells were harvested,
counted by trypan blue exclusion, and plated into 96-well
microtiter plates (Costar) at optimal seeding density of 10*
(K562, HL-60, JURKAT) or 5x10° (HeLa, MCF-7) cells
per well to assure logarithmic growth rate throughout the as-
say period. Viable cells were plated in a volume of 90 pL per
well, and preincubated in complete medium at 37° C for 24 h
to allow cell stabilization prior to the addition of substances.
Tested compounds, at ten the required final concentration, in
growth medium (10 pL/well) were added to all wells except
to the control ones and microplates were incubated for 24 h.
The wells containing cells without tested compounds were
used as control. Three hours before the end of incubation pe-
riod, 10 pL of MTT solution was added to each well. MTT
was dissolved in the medium at 5 mg/mL and filtered to ster-
ilize and remove a small amount of insoluble residue present
in some batches of MTT. Acidified 2-propanol (100 pL of
0.04 M HCl in 2-propanol) was added to each well and mixed
thoroughly to dissolve the dark blue crystals. After a few
minutes at room temperature to ensure that all crystals were
dissolved, the plates were read on a spectrophotometer plate
reader (Multiscan MCC340, Labsystems) at 540/690 nm.
The wells without cells containing complete medium and
MTT only acted as blank. The compound cytotoxicity was
expressed as the ICsy (50% inhibitory concentration).
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Abstract—This paper reports the design and synthesis of a new series of hydrogen bonding-mediated foldamer-derived tweezer receptors that
are used for efficient complexation of zinc porphyrin guest. One end of the rigidified aromatic amide backbone is incorporated with one
fullerene unit, while another end is connected to one pyridine or imidazole unit. The '"H NMR, UV-vis, and fluorescent investigations in
chloroform revealed that, due to the intramolecular hydrogen bonding-driven preorganized folded conformation, the fullerene and pyridine
units of the receptors are located with suitable spatial separation and consequently able to co-complex zinc porphyrin with remarkably
increased stability. In contrast, the imidazole-incorporated receptor displays a weakened binding affinity possibly due to structural mismatch-
ing and large steric hindrance. The association constants of the complexes of the new receptors with zinc porphyrin have been determined.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Development of synthetic receptors for efficient recognition
of special molecule or ion requires high structural and bind-
ing-site complementarity between the receptor and guest.!
In order to achieve high binding stability and selectivity,
more than one binding site is usually needed to be introduced
in the receptors and the binding sites should also be located
with suitable distance and orientation. Covalently bonded
molecular tweezers represent one class of structurally unique
receptors for many site-matching guests.? Nevertheless, the
synthesis of these receptors is usually of low efficiency or is
time-consuming, and in many cases their structural modifi-
cations are also difficult.> Therefore, it is of importance to
develop new, simple approaches for designing tweezer-
styled receptors.

We recently reported a new strategy for developing a new
generation of assembling tweezers by making use of hydro-
gen bonding-induced aromatic amide oligomers as back-
bones.*> Two or more zinc porphyrin or pyridine units
have been introduced to rationally designed folded back-
bones for efficient complexation of fullerene or porphyrin
guests by cooperative two-point interaction.® In this paper,
we report the synthesis of a new series of foldamer-derived
fullerene and pyridine-incorporated tweezer receptors that
can efficiently complex zinc porphyrin in chloroform.”

Keywords: Molecular recognition; Foldamer; Hydrogen bonding; Fullerene;

Porphyrin.
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2. Results and discussion

Three foldamer-based receptors 1-3 have been synthesized,
which were designed on the basis of recent reports that intra-
molecular three-centered hydrogen bonding can induce
linear aromatic amide oligomers to adopt folded or other
rigidified conformation.>® The pyridine or imidazole unit
was incorporated because they are good nitrogen ligands
for coordination with metallated porphyrins,” and fullerene
was introduced to the receptors because important 7T—TT
stacking has been revealed between fullerene and metallated
porphyrin.'©

The synthetic route for compound 1 is shown in Scheme 1.
Thus, compound 4 was first nitrated in concentrated sulfuric
acid to give 5'! in 72% yield. The latter was converted into 6
in 70% yield (two steps) by reacting with phosphorus penta-
chloride in 1,2-dichloroethane, followed by treatment of the
chloride intermediate with n-octanol. Palladium-catalyzed
hydrogenation of compound 6 in methanol generated amine
7 in 90% yield. With 7 available, the coupling reaction of
aniline 8! with acyl chloride 9'% in dichloromethane was
performed, which produced compound 10 in 80% yield.
The intermediate was again hydrogenated to give 11 in
96% yield. Aniline 11 was then reacted with 3-(diethyl-
amino)-3-oxopropanoic acid'* in dichloromethane in the
presence of N,N'-dicyclohexylcarbodiimide (DCC) to afford
intermediate 12 in 80% yield. Compound 12 was then hydro-
lyzed with LiOH in aqueous methanol and THF to afford 13
in 90% yield. The acid was reacted with 7 in chloroform also
with DCC as coupling reagent to produce 14 in 78% yield.
Finally, treatment of intermediate 14 with fullerene in
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toluene at room temperature in the presence of iodine and
7,11-diazabicyclo[5.4.0]lundec-11-ene (DBU) afforded 1 in
35% yield.

For the synthesis of compound 2 (Scheme 2), compound 15
was first prepared in 85% yield from the reaction of 7 with 9
in refluxing chloroform and triethylamine. The intermediate
then underwent palladium-catalyzed hydrogenation in di-
chloromethane and methanol to afford 16 in 96% yield.
Compound 16 was reacted with 13 in chloroform in the pres-
ence of DCC to afford 17 in 78% yield. Finally, compound
17 was treated with fullerene in the presence of iodine and
DBU in toluene to give 2 in 20% yield.

The synthetic route for compound 3 is provided in Scheme 3.
Compound 18'> was first treated with iodine and silver
sulfate in methanol to give 19 in 90% yield. The iodide
was then coupled with imidazole in hot DMF in the presence
of potassium carbonate, cupric iodide, and proline to afford
20 in 70% yield. Palladium-catalyzed hydrogenation of
compound 20 in methanol and dichloromethane produced
21 in 96% yield. The aniline derivative was then coupled
with 13 in chloroform in the presence of DCC to afford 22
in 70% yield. Finally, the intermediate was reacted with
fullerene and iodine in toluene in the presence of DBU to
give 3 in 18% yield.

The "H NMR spectra of compounds 1-3 and their precursors
14,17, and 22 in CDClj; are provided in Figure 1. The signals
of the NH protons have been assigned by the D,O exchange
experiments. The great difference between the chemical
shifts of the signals of the receptors and their precursors
may be attributed to the large shielding effect of the fullerene
unit in the receptors. Because the rigidified crescent second-
ary structure of the aromatic amide backbones in the recep-
tors has been previously established,' it is reasonable to

OH OH
NO,
7N HNO, H;SO, (7N PCls, CICH,CH,CI
@ 80°C4h 7 ROH, reflux
h 72% ; 8h, 70%
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Scheme 1.

assume that the present fullerene- and nitrogen ligand-
appended compounds also adopt folded conformation.

Adding zinc porphyrin 23 to the solution of 1 in CDCl;
caused important shifting of several signals of both com-
pounds (Figs. 1b—e), suggesting that important complexation
occurs between them. Similar results were also observed for
the solution of 2 and 23 in CDCl;. Quantitative complexing
behaviors of 1 and 2 with zinc porphyrin 23 in chloroform
were then investigated by the UV-vis spectroscopy. The
plots of the change of the UV-vis absorbance of 23 with
the incremental addition of 1 and 2 are shown in Figures 2
and 3. Remarkable hypochromic effect was exhibited for
the Soret band of 23, which also supports strong intermolec-
ular coordination. The UV-vis titration spectra of both sys-
tems displayed a clear isosbestic point for the Soret band and
the Q-band, suggesting a 1:1 binding mode.® The association
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constants (K,4c) of complexes 1-23 and 2-23 in chloroform
were determined by fitting their UV—vis titration data to
a 1:1 binding mode,®!” which gave a value of approximately
7.6x10% and 1.2x10* M, respectively. On the basis of the
identical titration method, the K, .. values of complexes
14-23 and 17-23 in chloroform have been determined to
be ca. 1.0x10° and 1.4x10° M, respectively. The UV-
vis titration spectra of 23 with 17 are shown in Figure 4 as
an example. These values are pronouncedly lowered than
those of the corresponding complexes of the fullerene-
appended foldamers. Considering the remarkably large
size of the fullerene unit, the increase in the stability of the
complexes of 1 and 2, relative to that of the corresponding
fullerene-free ligands, suggests that important w—7 stacking
interaction forms between 23 and the fullerene units in 1 and
2. The increased binding stability reflects that this stacking
and the intermolecular zinc—pyridine coordination join
together to promote the formation of a ‘two-point’-bound
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(c)
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Figure 1. Partial 'H NMR spectrum of (a) 14, (b) 1, (c) 1+23 (1:0.5), (d)
1+23 (1:1), (e) 23, (f) 17, (g) 2, (h) 22, and (i) 3 in CDCl; at 25°C
(6 mM). The labeled peaks are those of the amide protons.
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Figure 2. The change of the absorption spectra of 23 (2.8 x 107° M) with the
addition of 1 (0-70 equiv) in chloroform at 25 °C (inset: plot of the absorp-
tion of 23 at 422 nm vs [1]).

complex, as shown in Figure 5. The higher binding stability
of complex 2-23 might reflect a better spatial orientation of
the pyridine and fullerene units of 2 for cooperative binding
of zinc porphyrin 23.
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Figure 3. The change of the absorption spectra of 23 (2.8 x 107° M) with the
addition of 2 (0—130 equiv) in chloroform at 25 °C (inset: plot of the absorp-
tion of 23 at 422 nm vs [2]).
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Figure 4. The change of the absorption spectra of 17 (2.8 x 107° M) with the
addition of 23 (0—65 equiv) in chloroform at 25 °C (inset: plot of the absorp-
tion of 23 at 422 nm vs [17]).

The strong binding affinity of 1 and 2 toward 23 also caused
efficient quenching of the emission of 23. Fluorescent titra-
tion experiments were therefore also carried out in chloro-
form, which gave rise to a Ko, of ca. 7.8x10° and
1.3x10*M~! for complexes 1-23 and 2-23, respectively.
These values are consistent with the results obtained by
the UV-vis experiments. As an example, the fluorescent
titration results for compound 2 are shown in Figure 6.

R
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|
He O
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Figure 5. Proposed structures for ‘two-point’-bound complexes 1-23 (the
observed intermolecular NOE connections are shown) and 2-23.
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Figure 6. The change of the fluorescent spectra of 23 (1.2x 10~ M) with the
addition of 2 (0-17 equiv) in chloroform at 25 °C (inset: plot of the emission
change of 23 at 422 nm vs [2]).

Under similar experimental conditions, addition of 1 or 2 to
the solution of 24 of larger size in chloroform did not cause
obvious change of the UV-vis spectrum of 24, implying
that there is no important interaction. In contrast, UV-vis
titration experiments performed in chloroform revealed
important interaction between 24 and 17, which cor-
responded to a K, Of ca. 1.2x10° M. These results
can be explained by considering the increased steric repul-
sion between 24 and the large fullerene units in 1 and 2,
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which retards the possible intermolecular — stacking and
coordination interaction.

It has been established that imidazole is stronger than pyri-
dine as ligand for zinc porphyrin.® Surprisingly, adding 3
to the solution of 23 in chloroform only led to slight hypo-
chromism of the Soret band of the latter in the UV-vis
spectrum (Fig. 7), which corresponded to a K. of ca.
1.4x10> M~ for complex 3-23. In contrast, the K,soc Of
complex 22-23 in the same solvent was determined by
UV-vis titration experiments (Fig. 8) to be ca. 6.0x
10> M~!. This value is comparable to that of many of the
imidazole-zinc porphyrin complexes’ but is remarkably
higher than that of complex 3-23. These observations may
also be attributed to the great spatial hindrance of the fuller-
ene unit in 3, which obstructs the approach of 23 to the
imidazole unit of 3 as shown in Figure 9. In contrast, the
imidazole of fullerene-free 22 could efficiently coordinate
to 23 of smaller size by adopting the separated conformation
as shown in Figure 9 to form stable complex.
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Figure 7. The change of the absorption spectra of 23 (2.8 x 107® M) with the
addition of 3 (0-100 equiv) in CDCl; at 25 °C.
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Figure 8. The change of the absorption spectra of 23 (2.8 x 107° M) with the
addition of 22 (0-65 equiv) in chloroform at 25 °C (inset: plot of the absorp-
tion of 23 at 422 nm vs [22]).
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Figure 9. (a) Proposed repulsion of the fullerene unit in 3 toward zinc
porphyrin 23. (b) The structure of complex 22-23.

3. Conclusion

In summary, we have reported the synthesis of a new series
of foldamers, which are incorporated with one fullerene and
one pyridine unit, at the two ends of their aromatic amide
backbone. The '"H NMR, UV-vis, and fluorescent investiga-
tions in chloroform have revealed that the new rigidified
molecules are able to efficiently complex zinc porphyrin
as a result of cooperative coordination and m—m stacking
interactions. A ‘two-point’ binding mode has been proposed
for the new complexes. The stability of the new series of
complexes is sensitive to the steric effect and, as a result,
very weak complexation has been revealed for zinc porphy-
rin and imidazole-incorporated receptor of similar structure.
The result demonstrates that hydrogen bonding-induced
artificial secondary structures are new versatile assembling
building blocks for molecular recognition and supramolecu-
lar chemistry.

4. Experimental section
4.1. General methods

The 'HNMR spectra were recorded on 500, 400 or 300 MHz
spectrometer in the indicated solvents. Chemical shifts are
expressed in parts per million using residual solvent protons
as internal standards. Chloroform (7.26 ppm) was used as an
internal standard for chloroform-d. Elemental analysis was
carried out at the SIOC analytical center. Unless otherwise
indicated, all commercially available materials were used
as received. All solvents were dried before use following
standard procedures. All reactions were carried out under



Z.-Q. Wu et al. / Tetrahedron 62 (2006) 11054—-11062 11059

an atmosphere of nitrogen. Silica gel (1-4 um) was used for
column chromatography.

4.1.1. Compound 6. A suspension of compound 5'! (5.00 g,
35.7 mmol) and phosphorus pentachloride (7.90 g, 42.6
mmol) in 1,2-dichloroethane (35 mL) was heated under
reflux until a clear solution was formed. The solution was
cooled to 35 °C and n-octanol (55 mL) was added dropwise.
The mixture was heated again under reflux for 1 h and then
cooled to room temperature. The precipitate formed was
filtered and washed with cold water and ethanol. The crude
product was purified by recrystallization from acetonitrile to
give 6 as a white solid (6.30 g, 70%). 'H NMR (CDCl;,
400 MHz): ¢ 9.01 (s, 1H), 8.61 (d, J=5.7 Hz, 1H), 7.02 (d,
J=5.7Hz, 1H), 4.20 (t, J=5.7 Hz, 2H), 1.86 (t, J=5.7 Hz,
2H), 1.52-1.29 (m, 10H), 0.90 (t, J=6.6 Hz, 3H).
13C NMR (CDCl;, 300 MHz): 6 158.5, 154.3, 146.8,
136.8, 109.1, 70.1, 31.7, 29.1, 29.0, 28.5, 25.6, 22.5, 14.0.
MS (ED): m/z 253 [M+H]*. HRMS (EI): calcd for
C13H0N>03 [M—NH,]*: 235.1447. Found: 235.1455.

4.1.2. Compound 7. A suspension of 6 (5.06 g, 20.0 mmol)
and Pd-C (5%, 0.26 g) in methanol (200 mL) was stirred
under the atmosphere of hydrogen gas (1 atm) at room tem-
perature for 8 h. The solid was filtered off and the filtrate
concentrated in vacuo. The resulting residue was subjected
to flash chromatography (CH,Cl,/AcOEt 20:1) to give com-
pound 7 as a pale yellow solid (4.00 g, 90%). 'H NMR
(CDCl3, 400 MHz): 6 8.00 (s, 1H), 7.95 (d, J=5.7 Hz,
1H), 6.68 (d, J=5.4 Hz, 1H), 4.04 (t, J=6.3 Hz, 2H), 3.74
(br, 2H), 1.87-1.83 (m, 2H), 1.47-1.25 (m, 10H), 0.89 (t,
J=7.2Hz, 3H). '*C NMR (CDCls, 300 MHz): § 157.0,
137.6, 130.4, 124.1, 106.6, 70.3, 31.6, 29.1, 29.0, 28.5,
25.7,22.5, 14.0. MS (EI): m/z 222 [M]*. HRMS (EI): calcd
for C13H,N,0: 222.1732. Found: 222.1742.

4.1.3. Compound 10. To a stirred solution of compound 82
(3.26 g, 8.00 mmol) and triethylamine (1.00 g, 10.0 mmol)
in dichloromethane (50 mL) was added a solution of 9
(3.52 g, 8.00 mmol) in dichloromethane (25 mL). The solu-
tion was stirred at room temperature for 4 h and then washed
with diluted hydrochloric acid (20 mL), water (2x30 mL),
brine (30 mL) and dried over sodium sulfate. Upon removal
of the solvent under reduced pressure, the resulting residue
was purified by column chromatography (dichloromethane/
methanol 30:1) to give 10 as a yellow solid (6.50 g, 80%).
'"H NMR (CDCls, 400 MHz): 6 9.63 (s, 1H), 8.94 (s, 1H),
8.92 (s, 1H), 6.54 (s, 1H), 6.49 (s, 1H), 4.26 (t, J=7.2 Hz,
2H), 4.13-4.08 (m, 4H), 4.01 (t, J=6.6 Hz, 2H), 3.86
(s, 3H), 1.97-1.81 (m, 6H), 1.48-1.25 (m, 30H), 0.89-0.83
(m, 9H). '3C NMR (CDCls, 300 MHz): 6 165.7, 160.8,
160.5, 157.0, 156.5, 152.3, 141.6, 133.6, 131.2, 124.9,
120.8, 114.8, 98.3, 97.9, 70.4, 70.1, 70.0, 69.0, 51.6, 31.9,
31.8, 31.7, 31.6, 29.6, 29.3, 29.2, 29.1, 29.07, 28.8,
28.2,25.9,25.8,25.7,22.6, 22.6, 22.5, 14.0. MS (MALDI):
m/z 813.6 [M+H]*, 835.5 [M+Na]*. HRMS (MALDI):
calecd for C47H7;6N,OoNa [M+Na]*: 835.5449. Found:
835.5443.

4.1.4. Compound 11. A suspension of compound 10 (4.07 g,
5.00 mmol) and Pd-C (5%, 0.25 g) in dichloromethane and
methanol (50 mL, 1:1) was stirred under the atmosphere of
hydrogen gas (1 atm) at room temperature for 6 h. The solid

was filtered and the filtrate concentrated under reduced
pressure. The crude product was subjected to flash chroma-
tography (dichloromethane/methanol 30:1 v/v) to give 11
as a pale yellow solid (3.76 g, 96%). The compound was
unstable in air and used for the next step without further
characterization.

4.1.5. Compound 12. To a solution of compound 11 (2.35 g,
3.00 mmol) and 3-(diethylamino)-3-oxopropanoic acid
(0.48 g, 3.00 mmol) in dichloromethane (50 mL) was added
DCC (0.68 g, 3.3 mmol). The solution was stirred at room
temperature for 6 h and the solid formed was filtrated. The
solvent was then removed under reduced pressure and the
resulting residue was purified by column chromatography
(dichloromethane/methanol 20:1 v/v) to give 12 as a white
solid (2.22 g, 80%). '"H NMR (CDCls, 400 MHz): 6 9.99
(s, 1H), 9.76 (s, 1H), 8.95 (s, 1H), 8.90 (s, 1H), 6.43 (s,
2H), 4.10-3.92 (m, 8H), 3.78 (s, 3H), 3.43-3.33 (m, 4H),
1.85-1.78 (m, 8H), 1.50-1.09 (m, 46H), 0.82-0.76 (m,
12H). '3C NMR (CDCls, 300 MHz): 6 167.9, 163.9, 156.6,
154.0, 152.6, 152.4, 124.7, 121.8, 112.3, 98.5, 97.4, 70.4,
70.1, 51.5, 42.7, 40.8, 40.7, 31.7, 29.3, 29.2, 25.9, 22.6,
144, 14.0, 12.9. MS (MALDI-TOF): m/z 924 [M+H]*,
946 [M+Na]*, 962 [M+K]*. HRMS (MALDI-TOF): calcd
for C54H90N309 [M+H]+: 924.6677. Found: 924.6671.

4.1.6. Compound 13. To a solution of compound 12 (2.00 g,
2.02 mmol) in THF (40 mL), methanol (10 mL), and water
(10 mL) was added lithium hydroxide monohydrate
(1.00 g, 40 mmol). The mixture was stirred at room temper-
ature for 12 h and then acidified with dilute hydrochloric
acid to pH=3. The mixture was concentrated under reduced
pressure to ca. 10 mL and then stayed until no precipitate
was formed. The solid was filtered, washed with cold water
thoroughly, and then dried in vacuo. The crude product
obtained was purified by recrystallization from ethyl acetate
to give 13 as a white solid (1.76 g, 90%). "H NMR (CDCls,
300 MHz): 6 10.06 (s, 1H), 9.75 (s, 1H), 9.13 (s, 1H), 8.94 (s,
1H), 6.51 (s, 1H), 6.45 (s, 1H), 4.21-4.03 (m, 8H), 3.49 (s,
2H), 3.45-3.40 (m, 4H), 1.89-1.87 (m, 8H), 1.57-1.13 (m,
46H), 0.89-0.82 (m, 12H). '*C NMR (CDCls, 300 MHz):
0 164.9, 164.8, 162.8, 154.7, 153.6, 153.2, 126.7, 114.4,
97.3, 96.7, 70.7, 70.3, 69.4, 69.2, 43.6, 31.7, 31.7, 31.6,
29.4, 29.3, 29.2, 29.1, 29.0, 25.9, 25.8, 22.7, 22.6, 14.1,
14.0. MS (MALDI-TOF): m/z 910 [M+H]*, 932 [M+Na]*,
948 [M+K]". HRMS (MALDI-TOF): caled for
C53H88N309 [M+H]+: 910.6521. Found: 910.6515.

4.1.7. Compound 14. A suspension of compound 13 (0.91 g,
1.00 mmol), 7 (0.22 g, 1.00 mmol), and DCC (0.23 g,
1.10 mmol) in chloroform (25 mL) was stirred at room tem-
perature for 4 h. The solid formed was removed by filtration
and the filtrate concentrated under reduced pressure. The
resulting residue was subjected to column chromatography
(dichloromethane/methanol 15:1 v/v) to afford 14 as a white
solid (0.85 g, 78%). "H NMR (CDCl3, 400 MHz): 6 10.09 (s,
1H), 9.99 (s, 1H), 9.79 (s, 1H), 9.70 (s, 1H), 9.03 (s, 1H),
8.99 (s, 1H), 8.18 (d, J/=6.0 Hz, 1H), 6.98 (br s, 1H), 6.56
(s, 1H), 6.50 (s, 1H), 4.32-4.03 (m, 10H), 3.47 (s, 2H),
3.45-3.36 (m, 4H), 1.92-1.85 (m, 10H), 1.56-1.13 (m,
56H), 0.87-0.82 (m, 15H). '3C NMR (CDCl;, 300 MHz):
0 169.8, 163.0, 162.8, 162.3, 155.2, 154.3, 153.9, 152.9,
152.4, 144.8, 126.3, 125.2, 122.6, 121.4, 115.3, 114.9,
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109.9, 106.3, 97.7, 97.4, 70.5, 69.1, 69.0, 68.8, 61.5, 41.8,
31.9, 31.8, 29.4, 29.3, 29.2, 28.9, 25.9, 25.8, 25.7, 22.6,
21.6, 14.1. MS (MALDI-TOF): m/z 1148 [M+H]*, 1136
[M+Na]+. HRMS (MALDI-TOF) calcd for C66H108N509
[M+H]*: 1114.8147. Found: 1114.8142.

4.1.8. Compound 1. A solution of compound 14 (0.22 g,
0.20 mmol), fullerene (0.14 g, 0.20 mmol), and iodine
(50 mg, 0.20 mmol) in dry toluene was heated under reflux
for 10 min and then cooled to room temperature. DBU
(0.034 mL) was added with a syringe and the mixture stirred
for 12 h. Upon removal of the solvent in vacuo, the resulting
residue was subjected to column chromatography (toluene/
dichloromethane 20:1) to give compound 1 as a purple solid
(0.11 g, 35%). 'H NMR (CDCl3, 300 MHz): 6 9.93 (s, 1H),
9.78 (s, 1H), 9.72 (s, 1H), 9.15 (s, 1H), 9.04 (s, 1H), 8.85 (s,
1H), 8.25 (t, /=2.4Hz, 1H), 6.88 (dd, J,=1.2 Hz, J,=
6.3 Hz, 1H), 6.57 (s, 1H), 6.55 (s, 1H), 4.22-4.06 (m,
12H), 3.78 (br s, 2H), 2.02-1.86 (m, 12H), 1.46-1.30 (m,
54H), 0.89-0.84 (m, 15H). '3C NMR (CDCl;, 300 MHz):
0 162.6, 159.3, 158.8, 158.7, 154.9, 154.5, 145.3, 145.2,
145.1, 144.8, 144.7, 144.6, 143.8, 143.0, 142.9, 142.8,
142.3, 142.1, 141.1, 76.7, 76.6, 76.5, 31.8, 31.7, 29.6,
29.4, 29.3, 29.2, 29.1, 25.9, 22.6, 22.5, 14.1, 14.0. MS
(MALDI-TOF): m/z 1854 [M+Na]*. HRMS (MALDI-
TOF): calcd for C;6H;9sNsOoNa [M+Na]*: 1854.7310.
Found: 1854.7805.

4.1.9. Compound 15. To a solution of compound 7 (1.11 g,
5.00 mmol) and triethylamine (0.8 mL, 8.00 mmol) in chlo-
roform (80 mL) was added a solution of compound 9
(2.20 g, 5.00 mmol) in chloroform (20 mL). The mixture
was heated under reflux for 3 h and then cooled to room tem-
perature. After workup, the crude product was purified by
column chromatography (dichloromethane/AcOEt 10:1) to
afford 15 as a white solid (2.51 g, 80%). '"H NMR (CDCls;,
400 MHz): 6 9.73 (s, 1H), 9.65 (s, 1H), 8.91 (s, 1H), 8.28
(d, J=5.4 Hz, 1H), 6.86 (d, J=5.4 Hz, 1H), 6.54 (s, 1H),
4.29 (t, J=6.9 Hz, 2H), 4.21-4.12 (m, 4H), 2.00-1.84 (m,
6H), 1.49-1.29 (m, 30H), 0.89-0.86 (m, 9H). '*C NMR
(CDCl35, 300 MHz): 6 160.9, 160.6, 156.8, 153.7, 145.9,
142.5, 133.6, 131.4, 125.3, 114.2, 106.4, 97.9, 70.5, 70.2,
68.9, 31.7, 31.6, 31.7, 29.3, 29.2, 29.1, 29.0, 28.8, 25.8,
25.7, 22.6, 22.5, 14.7, 144, 14.0. MS (ESI): m/z 628
[M+H]+. HRMS (ESI): calcd for C;36HsgN3Og [M+H]+Z
628.4300. Found: 628.4320.

4.1.10. Compound 16. It was prepared as a white solid in 96%
yield by the palladium-catalyzed hydrogenation of 15 accord-
ing to the procedure described above for 11. 'H NMR
(CD;0D, 400 MHz): 6 9.81 (s, 1H), 8.55 (d, J=6.9 Hz, 1H),
8.24 (s, 1H), 7.78 (d, J=6.9 Hz, 1H), 7.02 (s, 1H), 4.60 (t,
J=6.9 Hz, 2H), 4.51 (t, J=6.9 Hz, 2H), 4.31 (t, J=6.6 Hz,
2H), 2.02-1.90 (m, 6H), 1.56-1.27 (m, 30H), 0.93-0.85 (m,
9H). '*C NMR (CDCl;, 300 MHz): 6 164.7, 162.1, 160.8,
159.0, 140.1, 132.9, 130.0, 128.9, 115.3, 1144, 111.2,
100.5, 73.9, 72.6, 71.9, 33.4, 33.4, 31.0, 30.9, 30.8, 30.9,
30.8, 30.8, 30.5, 30.1, 27.3, 27.1, 24.2, 24.1, 14.8. MS (ESI):
miz 598 [M+H]*, 638 [M+K]*. HRMS (ESI): calcd for
C36HeoN304 [M+H]*: 598.4507. Found: 598.4578.

4.1.11. Compound 17. It was prepared as a white solid
(78%) from the reaction of compounds 13 and 16 according

to the procedure described above for 12. 'H NMR (CDCl;,
400 MHz): 6 10.04 (s, 1H), 10.02 (s, 1H), 9.88 (s, 1H),
9.75 (s, 1H), 9.65 (s, 1H), 9.61 (s, 1H), 9.09 (s, 1H), 9.02
(s, 1H), 8.95 (s, 1H), 8.25 (d, J=5.4 Hz, 1H), 6.87 (d, J=
5.4 Hz, 1H), 6.53 (s, 2H), 6.49 (s, 1H), 4.20-4.03 (m,
14H), 3.46 (s, 2H), 3.43-3.35 (m, 4H), 1.91-1.80 (m,
20H), 1.45-1.12 (m, 70H), 0.88-0.82 (m, 21H). '*C NMR
(CDCl5, 300 MHz): 6 167.8, 163.8, 163.0, 162.9, 154.1,
153.9, 153.7, 153.6, 152.8, 152.7, 152.5, 145.0, 142.4,
142.3, 126.3, 126.1, 126.0, 125.1, 122.6, 122.3, 121.6,
115.5, 115.1, 114.9, 106.1, 97.9, 97.6, 97.4, 70.4, 70.3,
69.1, 69.0, 68.7, 42.8, 40.8, 31.8, 31.7, 29.6, 29.4, 29.3,
29.2, 29.1, 29.0, 28.8, 25.8, 25.7, 22.6, 14.4, 14.0, 12.9.
MS (MALDI-TOF): m/z 1490 [M+H]*, 1513 [M+Na]*,
1529 [M+K]*. HRMS (MALDI-TOF): caled for
C89H145N6012 [M+H]+: 1490.0921. Found: 1490.0915.

4.1.12. Compound 2. It was prepared as a purple solid
(20%) from the reaction of compound 17 with fullerene ac-
cording to the procedure described above for the preparation
of 1. 'TH NMR (CDClj3, 400 MHz): 6 10.27 (s, 1H), 9.80 (s,
1H), 9.75 (s, 1H), 9.62 (s, 1H), 9.17 (s, 1H), 9.10 (s, 1H),
8.92 (s, 1H), 8.80 (s, 1H), 8.10 (s, 1H), 7.97 (br, 1H), 7.36
(br s, 1H), 6.64 (s, 1H), 6.58 (s, 1H), 6.54 (s, 1H), 4.61 (br,
2H), 4.64 (br, 2H), 4.23-4.11 (m, 14H), 1.86-1.90 (m,
20H), 1.47-1.26 (m, 6H), 0.86-0.77 (m, 21H). '3C NMR
(CDCl3, 300 MHz): 6 158.6, 154.3, 148.5, 145.2, 145.1,
144.7, 144.6, 144.5, 143.8, 143.1, 143.0, 142.9, 142.2,
142.0, 140.9, 138.4, 128.5, 126.9, 125.0, 121.2, 120.5,
110.4, 97.6, 70.6, 70.4, 69.5, 69.2, 63.9, 56.0, 43.1, 31.8,
31.8, 31.7, 29.6, 29.5, 29.4, 29.3, 29.2, 25.9, 25.7, 25.5,
227, 22.6, 14.2, 14.0. MS (MALDI-TOF): m/z 2208
[M+H]*, 2230 [M+Na]*, 2246 [M+K]*. HRMS (MALDI-
TOF): calced for C49H;44NgO 2 [M+H]*: 2208.0764. Found:
2208.0759.

4.1.13. Compound 19. To a stirred solution of compound 18
(5.00 g, 20.0 mmol) in methanol (100 mL) were added
iodine (5.12 g, 20.0 mmol) and silver sulfate (6.26 g,
20.0 mmol). The suspension was stirred for 1 h and then
the solid was filtered off. The filtrate was concentrated under
reduced pressure and the resulting residue triturated in ethyl
acetate (100 mL). The organic phase was washed with water
(50 mLx2), brine (50 mL) and dried over sodium sulfate.
Upon removal of the solvent under reduced pressure, the re-
sulting residue was recrystallized from ethyl acetate to give
19 as a dark brown solid (6.79 g, 90%). 'H NMR (CDCls,
400 MHz): 6 8.08 (d, J/=2.1 Hz, 1H), 7.76 (dd, J,=2.4 Hz,
J>»=8.7Hz, 1H), 6.83 (d, J=8.7Hz, 1H), 4.06 (t, J=
6.6 Hz, 2H), 1.83-1.76 (m, 2H), 1.59-1.27 (m, 10H), 0.87
(t, J=6.9 Hz, 3H). '>*C NMR (CDCl;, 300 MHz): 6 152.3,
142.4, 133.7, 116.5, 80.2, 69.9, 31.7, 29.2, 29.1, 28.8,
25.8, 25.7, 22.6, 14.0. MS (EI): m/z 377 [M]*. HRMS
(ED): calcd for C14H,0NO5I: 377.0488. Found: 377.0488.

4.1.14. Compound 20. A suspension of compound 19
(3.75 g, 10.0 mmol), imidazole (0.80 g, 12.0 mmol), potta-
sium carbonate (3.45 g, 25.0 mmol), cupric iodide (0.10 g,
0.50 mmol), and proline (0.10 g, 1.00 mmol) in DMF
(20 mL) was stirred at 100 °C for 40 h and then concentrated
under reduced pressure. The residue was washed with water
and the solid filtered. The solid was triturated in ethyl
acetate (100 mL). The organic phase was washed with water
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(50 mL), brine (50 mL) and dried over sodium sulfate. After
the solvent was removed under reduced pressure, the crude
product was purified by column chromatography (dichloro-
methane/methanol 100:1) to give 20 as a yellow solid
(2.20 g, 70%). '"H NMR (CD;COCD3, 400 MHz): § 8.10
(s, 1H), 8.09 (s, 1H), 7.90 (dd, J;=3.3 Hz, J,=9.0 Hz,
1H), 7.63 (d, J=1.5 Hz, 1H), 7.52 (d, J/=9.0 Hz, 1H), 7.13
(s, 1H), 4.28 (t, J=6.6 Hz, 2H), 1.52 (m, 2H), 1.37-1.31
(m, 10H), 0.89 (t, J=6.9 Hz, 3H). '3C NMR (CDCls,
300 MHz): ¢ 151.7, 139.8, 135.7, 130.8, 129.7, 127.1,
119.1, 118.5, 115.7, 70.2, 70.0, 31.7, 29.1, 29.1, 28.8,
26.0, 25.7, 22.6, 14.1. MS (EI): m/z 317 [M]*. HRMS
(EI): caled for C;7H,4N3O5; [M+H]*: 318.1818. Found:
318.1822.

4.1.15. Compound 21. It was prepared as a pale yellow solid
(96%) from the palladium-catalyzed hydrogenation of 20
following the procedure described above for 11. 'H NMR
(CDCl3, 400 MHz): 6 8.63 (br, 1H), 7.29 (br, 2H), 6.88
(br, 1H), 6.73 (d, J=8.1 Hz, 2H), 6.66 (d, J=8.1 Hz, 1H),
6.11 (br, 2H), 3.93 (t, J=6.3 Hz, 2H), 1.77-1.70 (m, 2H),
1.39-1.14 (m, 10H), 0.82 (t, J=6.6 Hz, 3H). '*C NMR
(CDCl;, 300 MHz): 6 146.8, 138.2, 129.1, 119.9, 1114,
110.7, 107.9, 68.8, 31.7, 29.2, 26.0, 22.6, 14.1. MS (EI):
miz 287 [M]*. HRMS (EI): caled for C;7H,5N50:
287.1998. Found: 287.2004.

4.1.16. Compound 22. It was prepared as a pale yellow solid
(70%) from the reaction of compounds 13 and 21 according
to the procedure described above for 14. '"H NMR (CDCls,
400 MHz): ¢ 10.14 (s, 1H), 10.04 (s, 1H), 9.72 (s, 1H),
9.13 (s, 1H), 8.97 (s, 1H), 8.91 (d, J/=3.0 Hz, 1H), 7.99 (s,
1H), 7.36 (s, 1H), 7.26 (s, 1H), 7.00 (dd, J,=3.0 Hz,
J>=11.4Hz, 1H), 6.95 (d, /=11.4 Hz, 1H), 6.54 (s, 1H),
6.49 (s, 1H), 4.21-4.03 (m, 10H), 3.46 (s, 2H), 3.44-3.34
(m, 4H), 1.93-1.84 (m, 10H), 1.58-1.12 (m, 50H), 0.89-
0.82 (m, 15H). '3C NMR (CDCls, 300 MHz): § 167.8,
164.0, 163.6, 162.9, 154.0, 153.7, 152.7, 152.6, 147.3,
130.3, 125.7, 124.9, 122.7, 121.7, 115.7, 114.9, 114.8,
114.4, 111.7, 97.6, 97.2, 77.7, 76.6, 76.3, 70.5, 70.3, 69.3,
69.1, 69.0, 53.4, 42.8, 40.8, 40.6, 31.9, 31.7, 29.7, 29.3,
29.2, 29.1, 25.8, 22.6, 14.4, 14.0, 12.9. MS (MALDI-
TOF): m/z 1179 [M+H]*, 1201 [M+Na]*. HRMS (MALDI-
TOF): caled for C;oH;;;N¢Oy [M+H]*: 1179.8335. Found:
1179.8407.

4.1.17. Compound 3. It was prepared as a purple solid
(18%) from the reaction of 22 with fullerene according
to the procedure described above for the preparation of 1.
"H NMR (CDCls, 500 MHz): 6 10.19 (s, 1H), 9.77 (s, 1H),
9.20 (s, 1H), 9.05 (s, 1H), 8.92 (s, 1H), 8.88 (s, 1H), 8.06
(br, 1H), 7.39 (s, 1H), 7.29 (s, 1H), 7.05 (d, /=11 Hz, 1H),
6.96 (d, /=8.7 Hz, 1H), 6.58 (s, 1H), 6.57 (s, 1H), 4.23—
4.08 (m, 12H), 3.68 (br, 2H), 1.93-1.85 (m, 10H), 1.46-
1.27 (m, 50H), 0.86 (t, /=3 Hz, 15H). '>*C NMR (CDCl;,
300 MHz): o 158.6, 148.5, 145.6, 145.5, 145.3, 145.2,
144.8, 144.7, 144.6, 143.8, 143.1, 143.0, 142.9, 142.2,
142.1, 140.9, 138.5, 126.9, 125.0, 121.2, 120.9, 120.5,
114.4, 110.4, 69.6, 63.9, 56.0, 31.8, 31.7, 31.5, 29.6, 29.5,
29.4, 29.2, 29.1, 29.0, 25.9, 25.8, 22.6, 14.3, 14.0. MS
(MALDI-TOF): m/z 1898 [M+H]*, 1920 [M+Na]*, 1936
[M+K]+. HRMS (MALDI-TOF) calcd for C130H]09N609
[M+H]*: 1897.8256. Found: 1897.8250.

The method for the determination of association constants
has been reported in previous papers.®
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Abstract—2,4-Dibromopyridine undergoes a regioselective Suzuki cross-coupling reaction at position 2 with several alkenyl(aryl) boronic
acids to render 4-bromo-2-carbon substituted pyridines, difficult to be prepared otherwise, in good yields under palladium catalysis, either
Pd(PPh3)4/TIOH or Pd,dbas/PCys/K3PO, at 25 °C. This behavior is explained on the basis of the electrophilic character of both C—Br bonds,
being their relative reactivity in 2,4-dibromopyridine similar to that in the corresponding monobromopyridines. In addition, the dicoupled
compound 6 is not formed through a double oxidative addition of 2,4-dibromopyridine to Pd(PPh;).

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

As part of ongoing studies in our laboratories concerning
complex pyridine-containing molecules, we have recently
published an efficient and versatile stereoselective synthesis
of the ocular pigment A2E, a pyridinium bisretinoid fluoro-
phore.! The synthetic procedure that consisted in the substi-
tution of both bromides in 2,4-dibromopyridine by means of
two sequential selective palladium-catalyzed cross-coupling
reactions, selectively introduced an organic substituent only
at position 2 of the pyridine ring, followed by a second one
at position 4.2 This result prompted us to extend the applica-
bility of this methodology and to study the scope of the pro-
cesses. In addition, the 2,4-substituted pyridyl moiety is the
structural motif in numerous pharmaceuticals and natural
products.®> While 4-alkenyl(aryl)-2-bromopyridines can be
easily prepared from 4-bromopyridine followed by simple
introduction of a bromo substituent at position 2, there is
no straightforward method to 4-bromo-2-carbon substituted
pyridines.

The coupling between an organic electrophile and an alkenyl-
(aryl)boronic acid, known as Suzuki reaction, is amongst the
most outstanding reactions in organic synthesis.* Several
studies regarding selective palladium-catalyzed reactions of
dihalopyridines, mainly 2,5-, 2,3-, 2,6-, and 3,5-disubstituted,

Keywords: 2,4-Dibromopyridine; Suzuki reaction; Regioselectivity; Palla-

dium catalysis.

* Corresponding author. Tel.: +34 986813563; fax: +34 986812262, e-mail:
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have appeared in the literature during the last decade.’ The
observed selectivity was attributed either to the different
electrophilicities of the carbon atoms or to the lower reactiv-
ity of the monosubstitution product, because of electronic or
steric factors. However, the use of 2,4-dibromopyridine in
regioselective cross-couplings is scarce and, to the best of our
knowledge, there are only two examples, a Suzuki coupling
with 3-bromophenylboronic acid that gave the 2-coupled
compound in a moderate 24% yield®® and a palladium-
catalyzed amination with a poor regioselectivity.°®

In this work we report a study on the regioselectivity of
palladium-catalyzed cross-coupling reactions between aryl
and alkenyl boronic acids (Suzuki reaction) and 2,4-dibro-
mopyridine (Scheme 1). The '*C NMR spectrum of 2,4-
dibromopyridine shows that the chemical shifts of the carbon
centers with bromine atoms attached (C? and C*) differ
slightly (142.5 and 133.9 ppm, respectively). Therefore,
oxidative addition to Pd(0) could preferentially occur at one
carbon center, presumably C2, ensuring positional selective
coupling reactions as could be expected for an Sy2-like
process.

Br R(Br)

Pd(0)
@ +  R-B(OH), | \/
i N~ “R(Br)

N Br 2: R = phenyl, aryl
1 3: R = alkenyl

Scheme 1. Suzuki coupling of 2,4-dibromopyridine (1) and boronic acids
2 and 3.
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2. Results and discussion

To investigate the regioselectivity and efficiency of different
systems for the Suzuki cross-coupling reaction of 2,4-di-
bromopyridine (1)’ and arylboronic acids (2)® to afford
2-aryl-4-bromopyridine, the reaction with phenylboronic
acid (2a) was chosen as a model. The selectivity is given
as the ratio among the three possible products, the mono-
coupled regioisomers, 4 and 5, and the dicoupled product 6.

We have used Pd(0) and Pd(II) species as catalysts, and polar
and apolar solvents in aqueous or anhydrous conditions. The
results are shown in Table 1 and the identification of the
cross-coupling products was done either by comparison
with published data® and/or by NMR experiments.

When Pd(OAc), was utilized as pre-catalyst in the presence
of bulky and electron rich phosphines, [(2-biphenylyl)di-
tert-butylphosphine (2-BDBP)'? and PCy;''], known to ac-
celerate the oxidative addition step, with different anhydrous
bases (KF, K,CO3, Cs,CO3) we found out that the conver-
sions at 25 °C or 50 °C were still low in the presence of
2.0 or 2.4 equiv of phenylboronic acid. The dicoupled com-
pound 6a was the major product even if the reaction was run
with 1.0 equiv of phenylboronic acid (Table 1, entry 1). The
proportion of 6a, much higher than the statistical one, is dif-
ficult to explain solely on the basis of reactivity arguments.

If instead Pd,dba; was the palladium source, the outcome
was different depending upon the phosphine. While PCy3

Table 1. Reaction of 2,4-dibromopyridine (1) with phenylboronic acid (2a)
Br B(OH),

Br Ar Ar
X AS A A
| + — | + | +
~ / ~ ~
N Br N Ar N Br N Ar

1 2 4 5 6

X=H OMe Me F CHO CO,Me
2 a b c d e f

Entry 2 Reaction conditions® T  456° Yield®
(equiv) 0 (Conv)*
1 2a (1.2) Pd(OAc),, Cs,COs, 25 2:17 — (35)
PCyj;, dioxane
2 2a (1.0) Pddbas, K5PO,, 25 11:0.3:1 43 (60)
3 2a (2.5) PCys, dioxane 25 7:0:1 69 (>98)
4 2b (2.5) 25 7:0:1 72 (>98)
5 2b (1.0) Pd,dbas, KsPO4-1.5H,0, 25  1:1.2:15 — (46)
6 2b (2.5) 2-BDBP, toluene 40 1:1.2:26 82 (>98)
7 2a (2.5) 40  0:0:1 85 (>98)
8 2a (1.2) Pd(PPhs),, aq K,COs3, 50 6:1:0.5° 31 (75)
9 2a (2.0) toluene 50 6:1:1.5° 40 (>98)
10 2a (1.2) Pd(PPh;)4, aq TIOH, 25 18:1:1° 67 (>98)
11 2b (1.2) THF 25 15:1:1° 64 (>98)
12 2¢ (1.2) 25 17:1:1° 60 (>98)
13 2d(1.2) 25 15:1:1.5° 68 (>98)
14 2e (1.2) 25 — —(0)
15 2f (1.2) 25 — —(0)

2-BDBP: (2-biphenylyl)di-tert-butylphosphine.

% Pd(PPhs),, 8—15 mol %; Pd(OAc),, 1-5 mol %; Pd,dbas, 1.5-10 mol %.
® Calculated by 'H NMR of the crude mixture.

¢ Yield of the pure major product.

4 Conversion calculated by 'H NMR of the crude mixture.

¢ 4,4'-Dibromo-2,2'-bipyridine was detected in variable amounts.

gave a very selective catalyst in spite of the presence of
2.5 equiv of 2a (entry 3), 2-BDBP with 1.0 equiv of 2b at
25 °C yielded the dicoupled compound 6b as the major
product (entry 5). It is also interesting to point out that the
4-coupled compound 5a was obtained in higher ratio than
the 2-coupled 4a when 2-BDBP was used, either with
Pd(OAc), or with Pd,dba; (Table 1, entries 5-7).'2

When the reaction was carried out with Pd(PPhs),4 in combi-
nation with 3 M K,COj; in toluene a selectivity of 6:1:0.5
was obtained (entry 8), but 2.0 equiv of boronic acid and
temperatures up to 50 °C were necessary to achieve com-
plete conversion which, on the other hand, caused a reduction
of the selectivity (4a/5a/6a, 6:1:1.5) (entry 9). However,
Pd(PPh3), in the presence of 10% aq TIOH in THF at
25 °C (entry 10) gave a very good selectivity, ratio 4a/5a/
6a 18:1:1, with total conversion after 12-24 h.'3

In order to establish whether electronic effects of p-sub-
stituted arylboronic acids 2 (X=MeO, Me, F, CHO,
CO,Me) are important for this cross-coupling reaction, we
run the reaction with 2,4-dibromopyridine in the presence
of Pd(0) species [Pd(PPh;)4, aq TIOH, and THF, and Pd,dbaj;,
PCyj;, K5POy, and dioxane] at 25 °C. From the results shown
in Table 1 it is possible to infer that either electron donating
groups, such as MeO or Me, or fluoride (entries 11-13) on the
boronic acid did not influence much the final result, while
electron withdrawing groups, such as CHO or CO,Me,
prevented the cross-coupling to occur (entries 14 and 15).'

Thus, two catalytic systems, namely Pd(PPhs), in the pres-
ence of aqueous TIOH in THF and Pd,dbas/PCy; in anhy-
drous conditions (K3PO4 in dioxane), were found to be
highly selective to obtain 4-bromo-2-arylpyridines through a
Suzuki coupling of 2,4-dibromopyridine (1) and arylboronic
acids (2) at 25 °C. On the other hand, if the aim is to prepare
symmetrical 2,4-disubstituted pyridines, the reaction condi-
tions will be Pd,dbas, (2-biphenylyl)di-zers-butylphosphine,
K5PO,4-1.5H,0 with an excess of boronic acid (Table 1,
entries 6 and 7). Accordingly, two important ligands in
luminescence devices,'> 2,4-diphenylpyridine (6a) and 2,4-
di(methoxyphenyl)pyridine (6b), were obtained in very
good yields, 85 and 82%, respectively.

An important goal would be to prepare 2-alkenyl-4-bromo-
pyridines (4) in one step from 2,4-dibromopyridine (1).
For that purpose, we used boronic acids 3g, 3h, and 3i'¢
under both catalytic systems [Pd(PPhs)s, ag TIOH, and
THEF, and Pd,dba;, PCy;, K3PO,, and dioxane] at 25 °C
and the results are shown in Table 2.

Interestingly, boronic acids 3g, 3h, and 3i presented an
almost total selectivity for position 2 when the coupling
was run with Pd(PPhs), and TIOH in THF (Table 2, entries 1,
3, and 4).

However, when the reaction was performed with Pd,dbas/
PCyj; in the presence of 1.2 equiv of boronic acid 3g the
selectivity dropped to 5.5:1:1.5 (entry 2), lower than the
one for arylboronic acids 2 (Table 1). This result indicates
that there is a significant competition among 2,4-dibromo-
pyridine and the monocoupled compounds for the boronic
acid present in the reaction mixture.
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Table 2. Coupling of 2,4-dibromopyridine (1) and alkenylboronic acids 3g—i

©\/AB(0H) v S TBSOV&B(OH)z
2

3g 3h 3i

Entry 3 (equiv) Reaction conditions 4:5:6" Yield (%)b

1 3g (1.2) Pd(PPh;3)4, aq TIOH, THF 17:1:<1 71
2 3g (1.2) Pd,dbas, K3PO,, PCys,, dioxane 5.5:1:1.5 40°
3 3h (1.2) Pd(PPhs),, aq TIOH, THF 15:1:0 77
4 3i¢ (1.7)° Pd(PPhj),, aq TIOH, THF 16:1:0 75

? Calculated by 'H NMR of the crude reaction mixture.
® Yield of the pure major product.
¢ Conversion (81%) calculated by "H NMR of the crude reaction mixture.
4 Prepared in situ.
¢ Effective equivalents (1.2 equiv) considering boronic acid dimer and
protodeboronation by 'H NMR.

Due to the instability problems of compound 3i, caused by
the methyl group cis to the boronic acid moiety, an important
protodeboronation process was detected and, hence, a bigger
excess of 3i was needed (entry 4).!7 Thus, when 1.7 equiv
(1.2 effective, as determined by 'H NMR) of 3i were used,
compound 4i, key intermediate in the synthesis of A2E,?
was obtained in good yield.

We demonstrated the selectivity of the coupling by means of
two-dimensional NMR experiments ('H and '*C correla-
tions, HSQC and HMBC) with compounds 3h and 3i. All
the other compounds showed the same behavior, with (HS,
H3, and H?) pyridyl-proton shifts of the 4-coupled product
S at higher field.

So, 2-alkenyl-4-bromopyridines were obtained in good
yields (71-77%) when 2,4-dibromopyridine was treated
with alkenyl boronic acids in the presence of Pd(PPhj),/
TIOH in THF at 25 °C by means of a highly regioselective
cross-coupling process.

In order to get some insights into the mechanism of the
process, we studied the reaction of 2.,4-dibromopyridine
and Pd(PPhs), in toluene by 'H and 3'P NMR. Thus, treat-
ment of 2,4-dibromopyridine with 1.0 equiv of Pd(PPh3),
in toluene at 25 °C under oxygen-free conditions for 16 h
lead to a mixture of both c-palladium complexes 7 and 8
in 81% yield along with traces of a compound identified as
the dimeric complex 9 (Scheme 2).

To the best of our knowledge, this is the first time that the for-
mation of complex 7 has been observed by 'H and 'P NMR
and MS. The '"H NMR of c-palladium complex 7 (Fig. 1b)
shows the pyridine proton upfield shifted (7.40, 6.65, and
6.22 ppm for H®, H?, and H>, respectively) compared to
2,4-dibromopyridine signals (Fig. 1a) due to an anisotropic
shielding effect of the triphenylphosphine ligand as well as
by back donation from palladium to the pyridine ring via
the carbon atom. The oxidative addition of Pd-complex 7
undergoes a rapid conversion into the Pd-dinuclear-complex
9, whose structure has unequivocally been established by
X-ray crystallography, through an attack of the basic free
pyridyl nitrogen on the neighboring metal, followed by
elimination of one phosphine (Scheme 2). 'H NMR of the di-
nuclear complex 9 shows H? and H° at 6.73 ppm, while the
HS proton resonance appears as a multiplet at 8.32 ppm,

4 + 5
1 RB(OH),, 25 °CT

I?r
Br Br PhsP—Pd—PPhg
Xy Pd(PPhs), 573 A
O\—» | PPh; + |l + 2PPhg
6 / | ~
N Br N Pd-Br N Br

PPh;

50 °C
PPhs
65
L— Pd Ny
@ + 2 PPhy

8

L
Br

RB(OH),, 25 0%

Scheme 2. Reaction of 2,4-dibromopyridine (1) with 1.0 equiv of Pd(PPh3),.

0,

PhsP=0

ﬂ\ b CDCly

‘ H3 H5
b CD,Cl,
"
H3 + H5
L_,J CD,Cl,

ppm(t1) 8 oo 7. 50 7. oo 6 50

Figure 1. 'H NMR spectra: (a) 2,4-dibromopyridine (1); (b) complex 7;
(c) dinuclear complex 9.

upfield for a nitrogen coordinated to a metal atom indicating
that the deshielding effect induced by the coordination is
partially counteracted by the palladium back donation
(Fig. 1c). Its '3C NMR shows two characteristic resonances
at 189.1 and 151.7 ppm for C*>~Pd and C°®, respectively. The
tendency of the 2-carbon bonded pyridine to coordinate
another metal center through the nitrogen atom is in accor-
dance with its high basicity.'8

The X-ray structure of complex 9 shows a boat conformation
for the six-membered ring containing both Pd and N. Each
palladium atom exhibits a square-planar geometry with
bromide and phosphine trans to carbon and nitrogen, respec-
tively (Fig. 2).

The *'P NMR spectrum of the reaction of 2,4-dibromopyri-
dine and Pd(PPhj3), (Fig. 3) showed four signals. The signal
at 22.65 ppm corresponds to the monomeric complex 7 and
the presence of only one signal indicates that both phosphine
ligands are equivalent. The resonance at downfield shift,
23.86 ppm (Fig. 3a) was assigned to the 2-bromopyrid-
4-yl palladium complex 8, not observed in 'H NMR due to
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Br4

Figure 2. ORTEP representation of complex 9.

either detection limits or signal-overlapping. The ratio
between complex 7 and complex 8 in the oxidative addition
determines the selectivity of the cross-coupling process.
After 1 h, another signal started to appear at 30.45 ppm,
much higher field than in the monomeric complex, and is
due to the dimeric complex 9 (Fig. 3b).

The equilibrium between monomer complex 7 and dinuclear
complex 9 in toluene shifts to the monomer upon addition of
triphenylphosphine at 50 °C but no change is observed at
25 °C. Traces of air speed up the transformation of the mono-
nuclear complex (22.21 ppm) into the dinuclear complex
(30.45 ppm) (Scheme 2; Fig. 3b) due to the oxidation of
PPh; (—4.85 ppm) to PPh;0 (24.70 ppm).'°

Aiming to determine the formation pathway of the 2,4-
disubstituted pyridine 6, an equimolar mixture of both

7
OPPh, t PPh,
a A
9 |
b . )
T T T T T
30.0 25.0 -5.0

toluene-dg

Figure 3. 3P NMR spectra of the reaction of 1 with Pd(PPh;)4: (a) =1 h;
(b) r=11h.

monobromopyridines, 4a and Sa, was treated with Pd(PPh3),
(50 mol %), PhB(OH), (100 mol %), and 3 M K,CO;
(100 mol %) in toluene for 15 h at 50 °C. The NMR analysis
of the resulting reaction mixture showed that 2-bromo-4-
phenylpyridine Sa reacted seven fold faster than the
corresponding 4-bromopyridine 4a, in agreement with the
obtained regioselectivity (Table 1, entry 8). The electrophilic
character of the C-Br bond does not change much in the
monobromo derivatives 4a and 5a compared to 2,4-di-
bromopyridine (1) as shown by their '*C NMR shifts
(Fig. 4). Therefore, their reactivity should be similar to that
of 1 and, as expected, the selectivity dropped to 3.5:0:1
when the reaction was run in the presence of Pd(PPh3)4 and
TIOH in THF with 1.2 equiv of boronic acid for longer
periods.?’

The presence of compound Sa, even in those cases with ex-
cess of boronic acid, together with the reported observation
that potentially bifunctional 2,6-dichloropyridine adds oxi-
datively only to one molecule of Pd(PPhs),, 8% could indicate
that the dicoupled compound is formed mainly through the
monocoupled derivatives and not by double oxidative addi-
tion on 2,4-dibromopyridine (1). When 2,4-dibromopyridine

Br Br Ph
133.9 133.3
AS | A X
| 1425 P | 1429
N Br N Ph N Br
1 4a 5a

AS: -0.6 ppm

AS: +0.4 ppm

Figure 4. >C NMR chemical shifts for mono- and dibromopyridines.
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was treated with 2.0 equiv of Pd(PPh;), at 25 °C, the corre-
sponding 2,4-dimetallated pyridine was not detected but
the signals corresponding to mono- and di-palladium
complexes 7 and 9 (6=22.21 and 30.44 ppm, respectively)
along with triphenylphosphine oxide (6=24.70 ppm),
Pd(PPh3), (0=24.39 ppm), and the lower field signal,
24.05 ppm, assigned to the 2-bromopyrid-4-yl palladium
complex 8.2!

To summarize, we have carried out effective regioselective
Suzuki cross-couplings between 2,4-dibromopyridine and
several alkenyl(aryl) boronic acids that furnished 4-bromo-
2-carbon substituted pyridines, difficult to be prepared other-
wise, in good yields under palladium catalysis, either
Pd(PPh3)4/TIOH or Pd,dbas/PCys/K5PO,4 at 25 °C. Also, we
have shown that the C—Br bond at position 2 of the pyridine
ring is more reactive than at position 4 and the observed low
TON could be due to the formation of a dinuclear palladium
complex from the mononuclear c-alkenyl palladium com-
plex. In addition we have concluded that the dicoupled com-
pound 6 is not formed through a double oxidative addition of
2,4-dibromopyridine to Pd(0) species.

3. Experimental section
3.1. General

Reagents and solvents were purchased as reagent-grade and
used without further purification unless otherwise stated.
Solvents were dried according to published methods?? and
distilled before use. All reactions were performed in oven-
dried or flame-dried glassware under an inert atmosphere
of Ar unless otherwise stated. NMR spectra were recorded
in a Bruker AMX400 (400.13 MHz and 100.61 MHz for
proton and carbon, respectively) spectrometer at 298 K
with residual solvent peaks as internal reference and the
chemical shifts are reported in 6 (ppm), coupling constants
J are given in (hertz) and expressed as follows: s=singlet,
d=doublet, t=triplet, g=quartet, m=multiplet. '>C-multi-
plicities assigned with DEPT experiments and COSY,
HMBC, and HSQC methods were used to establish atom
connectivities. Electronic impact ionization (EI) and fast
atom bombardment (FAB) mass spectra were recorded on
a VG-Autospec M instrument. Infrared spectra (IR) were
obtained on a JASCO FT/IR-4200 infrared spectrometer.
Peaks are quoted in wave numbers (cm~!) and their relative
intensities are reported as follows: s=strong, m=medium,
w=weak. Melting points (mp) were taken on a Stuart Scien-
tific apparatus. Elemental analysis was performed using
a Fisons EA-1108 analyzer.

3.2. General methods for Suzuki reactions

Method A: in a Schlenk flask, a solution of Pd(PPhs), (0.08
or 0.24 equiv) and aryl(vinyl)boronic acid (1.2-2.0 equiv) in
THF (0.2 M) was thoroughly degassed. Then, a solution of
2,4-dibromopyridine (1.0 equiv) in THF (0.4 M) was added
dropwise followed by a previously degassed 10% aq TIOH
solution (3.8 equiv). The reaction mixture was stirred at
25 °C until no reaction progress was observed either by
TLC or by 'H NMR, 4-24 h. It was then diluted with
CH,Cl, and filtered through a plug of Celite®. The filtrate

was washed with saturated NaHCOj3; aqueous solution, dried
(Na,SO,), and concentrated to dryness.

Method B: in a Schlenk flask, a solution of Pd(PPhs),
(0.15 equiv) and aryl(vinyl)boronic acid (2.0 equiv) in tolu-
ene (0.14 M) was degassed via three ‘freeze—thaw’ cycles.
Then, a solution of 2,4-dibromopyridine (1.0 equiv) in tolu-
ene (0.35M) was added dropwise followed by 3 M aq
K,COj3; (2.0 equiv). The resulting mixture was heated at
50 °C, followed as in method A. After cooling down to
25 °C, water was added and the mixture was extracted
with diethyl ether. The combined organic extracts were
washed with water, dried (Na,SO,), and concentrated to
dryness.

Method C: in a Schlenk flask, a mixture of Pd,dbas
(0.10 equiv), PCy; (0.20 equiv), and aryl (vinyl)boronic
acid (1.0-2.4 equiv) in dioxane (0.2 M) was thoroughly de-
gassed. Then, a solution of 2,4-dibromopyridine (1.0 equiv)
in dioxane (0.2 M) was added dropwise, followed by K;PO,
(2.0 equiv). The reaction mixture was stirred at 25 °C for
26-72 h. It was then diluted with Et,O and filtered through
a plug of Celite®. The filtrate was dried (Na,SO,) and con-
centrated to dryness.

Method D: in a Schlenk flask, a mixture of Pd,dbas; (0.015
equiv), (2-biphenylyl)di-tert-butylphosphine (0.06 equiv),
K3PO,4-1.5H,0 (2.4 equiv), and aryl (vinyl)boronic acid
(1.0-2.5 equiv) in toluene (0.3 M) was degassed via three
‘freeze-thaw’ cycles. Then, a solution of 2,4-dibromopyri-
dine (1.0 equiv) in toluene (0.6 M) was added dropwise.
The reaction mixture was stirred at 25-40 °C for 24-42 h.
It was then diluted with Et,O and filtered through a plug
of Celite®. The filtrate was dried (Na,SO,) and concentrated
to dryness.

3.2.1. 4-Bromo-2-phenylpyridine (4a). Following method
A, 2,4-dibromopyridine (1) (50 mg, 0.21 mmol) with phe-
nylboronic acid (2a) (31 mg, 0.25 mmol) in the presence
of Pd(PPh3), (19 mg, 0.02 mmol) and 10% aq TIOH solution
(1.8 mL, 0.80 mmol) in THF (1.5 mL), for 24 h at 25 °C,
afforded, after purification by flash chromatography (SiO,,
92:8 hexane/EtOAc), 33 mg (67%) of 4-bromo-2-phenyl-
pyridine (4a)°* as a yellow oil, 2 mg (4%) of 2-bromo-4-
phenylpyridine (5a) as a white solid (mp 64 °C, hexane/
CH,Cl,, lit.” 65-66 °C), and 2 mg (4%) of 2,4-diphenyl-
pyridine (6a) as a yellow solid (mp 67-68 °C, hexane/
CH,Cl,, lit.*® oil). Data of 4a: 'H NMR (400 MHz,
CDCl3) 6 7.40 (dd, J=5.3 Hz, 1.7 Hz, 1H, H%), 7.44-7.51
(m, 3H, H* and H*), 7.90 (d, J=1.7 Hz, 1H, H%), 7.96-
798 (m, 2H, H?), 851 (d, J=5.3Hz, 1H, H° ppm.
13C NMR (100 MHz, CDCl3) 6 123.8 (CH), 125.1 (CH),
126.9 (2CH), 128.7 (2CH), 129.5 (CH), 133.3 (C), 137.9
(C), 150.2 (CH), 158.8 (C) ppm. IR (NaCl) » 3041 (d, C-
H), 1566 (f), 1544 (f), 1497 (d), 1460 (m), 1443 (), 1378
(), 1094 (d), 1072 (d), 1053 (m), 873 (d), 823 (m), 772
(f), 729 (m), 692 (f), 633 (m), 590 (m). MS (EI*) m/z (%)
236 ([M+1]* [¥'Br], 12), 235 (M* [3'Br], 98), 234 ([M+1]*
[7Br], 21), 233 (M* [Br], 100), 155 (9), 154 (70), 153
(10). HRMS (EI*) calcd for C;;HgN®'Br, 234.9820 and
C,;HgN"Br, 232.9840; found, 234.9828 and 232.9844.
Data of 5a: 'H NMR (400 MHz, CDCl) 6 7.45-7.52 (m,
4H, H>-H*-HY), 7.59-7.61 (m, 2H, H*), 7.70 (br s, 1H,
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H?), 8.40 (d, J=5.1 Hz, 1H, H®) ppm. '3C NMR (100 MHz,
CDCl;) 6 120.8 (CH), 125.8 (CH), 127.0 (2CH), 129.2
(2CH), 129.6 (CH), 136.7 (C), 142.9 (C), 150.4 (CH),
151.3 (C) ppm. IR (NaCl) » 3057 (d, C-H), 1585 (f), 1529
(f), 1457 (m), 1369 (m), 1125 (d), 1078 (m), 844 (d), 786
(d), 760 (f), 699 (m), 612 (d). MS (EI*) m/z (%) 236
(IM+11* [®'Br], 6), 235 (M* [3!Br], 48), 234 (IM+1]*
[7Br], 6), 233 (M* ["°Br], 49), 155 (13), 154 (100), 153
(13). HRMS (EI") calcd for C;Hg®'BrN, 234.9820 and
C,Hg"°BrN, 232.9840; found, 234.9821 and 232.9837.
Data of 6a: 'H NMR (400 MHz, CDCl;) 6 7.42 (dd,
J=5.1Hz, 1.7 Hz, 1H, H%), 7.44-7.55 (m, 6H, 2H*-2H>"—
HY-H*"), 7.68 (m, 2H, 2H>"), 7.94 (br s, 1H, H?), 8.11 (m,
2H, 2H?), 8.76 (d, J=5.1 Hz, 1H, H® ppm. '*C NMR
(100 MHz, CDCls) ¢ 118.5 (CH), 120.0 (CH), 126.9 (CH),
128.6 (CH), 128.8 (CH), 128.9 (CH), 138.2 (C), 139.2 (C),
149.0 (C), 149.9 (CH), 157.8 (C) ppm. IR (NaCl) » 3059
(d, C-H), 1594 (f), 1542 (m), 1497 (d), 1470 (m), 1445
(d), 1391 (m), 1075 (d), 887 (d), 844 (d), 760 (f), 737 (m),
693 (), 641 (d), 611 (d). MS m/z (%) 232 (IM+1]*, 3),
231 (M™, 100), 230 (82), 202 (5), 154 (4), 102 (3). HRMS
calcd for C;7H 3N, 231.1048; found, 231.1043.

Following method C, 24-dibromopyridine (1) (0.25 g,
1.05 mmol) with phenylboronic acid (2a) (0.31 g, 2.53
mmol) in the presence of Pddba; (0.10 g, 0.10 mmol),
PCy; (0.06 g, 0.21 mmol), and K5;PO,4 (0.45 g, 2.11 mmol)
in dioxane (10.5 mL), for 36 h at 25 °C, afforded, after puri-
fication by flash chromatography (SiO,, 92:8 hexane/
EtOAc), 173 mg (72%) of 4a and 25 mg (10%) of 6a.

3.2.2. 2,4-Diphenylpyridine (6a). Following method D,
2,4-dibromopyridine (1) (75 mg, 0.32 mmol) with phenyl-
boronic acid (2a) (96 mg, 0.79 mmol) in the presence of
Pd,dba; (4 mg, 5x 10~ mmol), (2-biphenylyl)di-tert-butyl-
phosphine (6 mg, 0.02 mmol), and K5PO,4-1.5H,0 (182 mg,
0.76 mmol) in toluene (1.5 mL), for 24 h at 40 °C, afforded,
after purification by flash chromatography (SiO,, 85:15
hexane/EtOAc), 63 mg (85%) of 2,4-diphenylpyridine (6a).

3.2.3. 4-Bromo-2-(p-methoxyphenyl)pyridine (4b). Fol-
lowing method A, 2,4-dibromopyridine (1) (100 mg,
0.42 mmol) with p-methoxyphenylboronic acid (2b)
(76 mg, 0.50 mmol) in the presence of Pd(PPh;), (114 mg,
0.10 mmol) and 10% aq TIOH solution (3.6 mL,
1.60 mmol) in THF (3.0 mL), for 12 h at 25 °C, afforded,
after purification by flash chromatography (SiO,, 85:15
hexane/EtOAc), 71 mg (64%) of 4-bromo-2-(p-methoxy-
phenyl)pyridine (4b) as a white solid (mp 37-38 °C, hexane/
CH,Cl,), 5 mg (4%) of 2-bromo-4-(p-methoxyphenyl)pyri-
dine (5b) as a white solid (mp 57 °C, hexane/CH,Cl,, lit.>3
54-55 °C), and 5 mg (4%) of 2,4-bis(p-methoxyphenyl)pyr-
idine (6b) as a white solid (mp 158 °C, hexane/CH,Cl,, lit.>*
152-153 °C). Data of 4b: 'H NMR (400 MHz, CDCl5) 6 3.83
(s, 3H, OMe), 6.97 (d, J=8.9 Hz, 2H, H*), 7.30 (dd,
J=5.1Hz, 1.6 Hz, 1H, H%), 7.81 (br s, 1H, H?), 7.92 (d,
J=8.9 Hz, 2H, H?), 8.43 (d, J=5.1 Hz, 1H, H®) ppm. '3C
NMR (100 MHz, CDCl3) 6 55.2 (CH3), 114.1 (2CH), 122.8
(CH), 124.3 (CH), 128.2 (2CH), 130.4 (C), 133.2 (C),
150.1 (CH), 158.4 (C), 160.8 (C) ppm. IR (NaCl) » 2957
(w, C-H), 2932 (w, C-H), 2836 (w, C-H). MS (EI*) m/z
(%) 266 ([M+1]* [3'Br], 12), 265 (M* [3!Br], 97), 264
(IM+11* [°Br], 14), 263 (M* ["°Br], 100), 250 ((M—CH;]*

[®'Br], 21), 248 (IM—CH;]* ["°Br], 22). HRMS (EI*) calcd
for ClelongrNO, 264.9925 and C12H1079BI'NO,
262.9946; found, 264.9926 and 262.9938. Anal. Calcd (%):
C 54.57, H 3.82; N 5.30; found: C 54.98, H 3.83, N 5.37.
Data of 5b: '"H NMR (400 MHz, CDCl;) 6 3.86 (s, 3H,
OMe), 7.00 (d, J=8.7 Hz, 2H, H*), 7.41 (dd, J=5.1 Hz,
1.5 Hz, 1H, H>), 7.56 (d, J=8.7 Hz, 2H, H?), 7.65 (br s,
1H, H%, 835 (d, J=5.1Hz, 1H, H® ppm. 3C NMR
(100 MHz, CDCl3) 6 55.4 (CH3), 114.7 (CH), 120.2 (2CH),
125.1 (CH), 128.2 (2CH), 128.8 (C), 142.9 (C), 150.2
(CH), 150.7 (C), 161.0 (C) ppm. IR (NaCl) » 2934 (w, C—
H), 2837 (w, C-H), 1609 (m), 1584 (s), 1520 (s), 1459 (m),
1372 (m), 1293 (m), 1253 (s), 1182 (m), 1120 (m), 1081
(m), 1047 (m), 987 (w), 822 (s), 753 (W), 686 (W), 570 (W).
MS (EI*) mlz (%) 266 ((M+11* [3'Br], 10), 265 (M* [¥'Br],
87), 264 (IM+11* ["Br], 12), 263 (M* ["°Br], 92), 185
(13), 184 (100), 169 (37), 153 (10), 141 (29), 140 (27), 114
(16), 92 (28), 69 (55). HRMS (EI*) calcd for C;,H,'BrNO,
264.9925 and C,H,¢’°BiNO, 262.9946; found, 264.9927
and 262.9946. Data of 6b: 'H NMR (400 MHz, CDCls)
6 3.87 (s, 6H, 2xOMe), 7.02 (m, 4H, H* and H*"), 7.34
(dd, J=5.2 Hz, 1.4 Hz, 1H, H>), 7.64 (d, J=8.7 Hz, 2H,
H?"), 7.83 (br s, 1H, H?), 8.01 (d, J=8.9 Hz, 2H, H?), 8.65
(d, J=5.2 Hz, 1H, H® ppm. '*C NMR (100 MHz, CDCl5)
6 55.3 (2CHs), 114.1 (CH), 114.5 (CH), 117.3 (CH), 119.0
(CH), 128.1 (CH), 128.18 (CH), 128.23 (CH), 130.9 (C),
132.2 (C), 148.6 (C), 149.9 (CH), 157.6 (C), 160.4 (2C). IR
(NaCl) » 3023 (w, C-H), 2959 (w, C-H), 2839 (w, C-H),
1607 (m), 1541 (m), 1517 (s), 1466 (w), 1425 (w), 1382
(w), 1306 (m), 1284 (w), 1250 (s), 1183 (s), 1116 (m),
1043 (s), 1020 (s), 828 (s), 814 (s), 755 (m), 540 (w). MS
(EIY) mlz (%) 292 (IM+11*, 3), 291 (M*, 100), 276 (10),
248 (4), 205 (4), 204 (4), 146 (4), 124 (3), 108 (2). HRMS
(EI*) caled for CoH;7;NO,, 291.1259; found, 291.1254.
Anal. Calcd for C;oH7NO,: C 78.33, H5.88, N 4.81; found:
C 78.35,H5.95, N 4.92.

Following method C, 2.,4-dibromopyridine (1) (0.25 g,
1.05 mmol) with p-methoxyphenylboronic acid (2b) (0.38 g,
2.53 mmol) in the presence of Pd,dbas (0.10 g, 0.10 mmol),
PCy;(0.06 g,0.21 mmol), and K;PO,4 (0.45 g,2.11 mmol) in
dioxane (10.5 mL), for 26 h at 25 °C, afforded, after purifica-
tion by flash chromatography (SiO,, 85:15 hexane/EtOAc),
0.20 g (72%) of 4-bromo-2-(p-methoxyphenyl)pyridine (4b)
and 31 mg (10%) of 2,4-bis(p-methoxyphenyl)pyridine (6b).

3.2.4. 2,4-Bis(p-methoxyphenyl)pyridine (6b). Following
procedure D, 2,4-dibromopyridine (1) (0.25 g, 1.05 mmol)
with  p-methoxyphenylboronic acid (2b) (0.40 g,
2.62 mmol) in the presence of Pd,dba; (14 mg, 0.2 mmol),
(2-biphenylyl)di-tert-butylphosphine (19 mg, 0.06 mmol),
and K3PO,4-1.5H,O (0.60g, 2.53 mmol) in toluene
(3.0 mL), for 42 h at 40 °C, afforded, after purification by
flash chromatography (SiO,, 75:25 hexane/EtOAc), 251 mg
(82%) of 6b.

3.2.5. 4-Bromo-2-(p-methylphenyl)pyridine (4c). Follow-
ing method A, 2,4-dibromopyridine (1) (75 mg, 0.32 mmol)
with p-methylphenylboronic acid (2¢) (52 mg, 0.38 mmol)
in the presence of Pd(PPhj3); (89 mg, 0.08 mmol) and
10% aq TIOH solution (2.7 mL, 1.22 mmol) in THF
(2.3 mL), for 12 h at 25 °C, afforded, after purification by
flash chromatography (SiO,, 95:5 hexane/EtOAc), 48 mg
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(60%) of 4-bromo-2-(p-methylphenyl)pyridine (4c) as
a white solid (mp 61 °C, hexane/CH,Cl,), 3 mg (3%) of
2-bromo-4-(p-methylphenyl)pyridine®* (5¢) and 3 mg (3%)
of 2,4-bis(p-methylphenyl)pyridine®® (6¢). Data of d4c:
'"H NMR (400 MHz, CDCl3) ¢ 2.41 (s, 3H, Me), 7.28 (d,
J=7.8 Hz, 2H, H?), 7.36 (dd, J=5.1 Hz, 1.8 Hz, 1H, H>),
7.86-7.88 (m, 3H, H* and 2H¥), 8.48 (d, J=5.1 Hz, 1H,
H® ppm. 3C NMR (100 MHz, CDCl;) 6 21.3 (CH3),
123.5 (CH), 124.9 (CH), 126.8 (CH), 129.6 (CH), 1334
(©), 1352 (C), 139.7 (C), 150.2 (CH), 158.8 (C) ppm.
FTIR (neat) » 3009 (w, C-H), 2939 (w, C-H), 2909 (w, C-
H), 2851 (w, C-H). MS (EI*) m/z (%) 250 (IM+1]* [¥'Br],
13), 249 (M* [8'Br], 95), 248 (IM+1]* [°Br], 39), 247
(M* [Br], 100). HRMS (EI*) caled for C;,H;oN®Br,
248.9976 and C;,H;(N"°Br, 246.9997; found, 248.9978
and 246.9997. Anal. Calcd (%): C 58.09, H 4.06, N 5.65;
found: C 58.11, H 4.03, N 5.69.

3.2.6. 4-Bromo-2-(p-fluorophenyl)pyridine (4d). Follow-
ing method A, 2,4-dibromopyridine (1) (27 mg, 0.11 mmol)
with p-fluorophenylboronic acid (2d) (18 mg, 0.13 mmol)
in the presence of Pd(PPh3), (29 mg, 0.02 mmol) and 10%
aq TIOH solution (0.9 mL, 0.40 mmol) in THF (1.5 mL),
for 16 h at 25 °C, afforded, after purification by flash chro-
matography (SiO,, 95:5 hexane/EtOAc), 19 mg (68%) of
4-bromo-2-(p-fluorophenyl)pyridine (4d) as an oil. Data of
4d: 'H NMR (400 MHz, CDCl;) 6 7.16 (t, J=8.6 Hz, 2H,
H*) 7.39 (dd, J=52Hz, 1.6Hz, IH, H, 7.85 (d,
J=1.6 Hz, 1H, H?), 7.96 (dd, J=8.6 Hz, 5.4 Hz, 2H, H?),
8.48 (d, J=5.2Hz, 1H, H® ppm. '*C NMR (100 MHz,
CDCl;3) 6 115.8 (d, Jc_g=21.6 Hz, 2CH), 123.5 (CH),
125.1 (CH), 1289 (d, Jc_r=8.5Hz, 2CH), 133.5 (C),
134.2 (d, Jc_g=3.3 Hz, C), 150.3 (CH), 157.8 (C), 163.8
(d, Jc_p=249.7 Hz, C) ppm. '°F NMR (376 MHz, CDCl,)
6 112.0 ppm. MS (EI*) m/z (%) 254 (IM+1]* [*'Br], 9),
253 (M* [®'Br], 92), 252 ([M+1]* [®Br], 13), 251 (M*
["Br], 100). HRMS (EI*) caled for C,;H,%!'BrFN,
252.9725 and C,;H,°BrFN, 250.9746; found, 252.9730
and 250.9737.

3.2.7. 4-Bromo-2-[(1E)-2-phenylethenyl]pyridine (4g).
Following method A, 2,4-dibromopyridine (1) (100 mg,
0.42 mmol) with (E)-2-phenylvinylboronic acid (3g)
(0.15 g, 1.01 mmol) in the presence of Pd(PPhj3), (38 mg,
0.03mmol) and 10% aq TIOH solution (3.6 mL,
1.60 mmol) in THF (3.0 mL), for 21 h at 25 °C, afforded,
after purification by flash chromatography (SiO,, 90:10 hex-
ane/EtOAc), 79 mg (72%) of 4-bromo-2-[(1E)-2-phenyleth-
1-enyl]pyridine (4g) as a white solid (mp 51 °C, hexane/
CH,Cl,) and traces of a compound identified as 24-
bis[(1E)-2-phenyleth-1-enyl]pyridine (6g) (mp 174 °C,
hexane/CH,Cl,, lit.?” 175°C). Data of 4g: 'H NMR
(400 MHz, CDCl;) 6 7.08 (d, J=16.1 Hz, 1H, H" or H?),
7.29-7.40 (m, 4H, ArH), 7.54-7.58 (m, 3H, ArH), 7.65 (d,
J=16.1Hz, 1H, H" or H?), 840 (d, J=5.2Hz 1H,
H® ppm. '*C NMR (100 MHz, CDCl3) 6 124.9 (CH),
125.0 (CH), 126.4 (CH), 127.1 (CH), 128.6 (CH), 128.7
(CH), 133.0 (C), 134.2 (CH), 136.0 (C), 150.1 (CH), 156.9
(C) ppm. MS (EI) m/z (%) 261 (IM+1]* ['Br], 20), 260
(M* [3!Br], 98), 259 ([M+1]* ["°Br], 21), 258 (M* ["°Br],
100). HRMS (EI*) calcd for C;3H;(N®'Br, 259.9898 and
C3H,oN7Br, 257.9918; found, 259.9894 and 257.9912.
Data of 6g: 'H NMR (400 MHz, CD,Cl,) ¢ 7.09 (d,

J=16.3Hz, 1H, H'"), 7.23 (d, J=16.1 Hz, 1H, H"), 7.29
(d, J=5.2Hz, 1H, H%, 7.3-7.4 (m, 7H, ArH and H?"),
7.51 (s, 1H, H?), 7.59 (d, J=7.5Hz, 2H, ArH), 7.62 (d,
J=7.5Hz, 2H, ArH), 7.72 (d, J=16.1 Hz, 1H, H?), 8.54
(d, J=5.2Hz, 1H, H®ppm. '3C NMR (100.63 MHz,
CD,Cl,) 6 119.7 (CH), 120.1 (CH), 126.6 (CH), 127.6
(CH), 127.7 (CH), 128.5 (CH), 128.9 (CH), 129.31 (CH),
129.34 (CH), 129.4 (CH), 133.3 (CH), 133.6 (CH), 136.9
(C), 137.3 (C), 145.9 (C), 150.4 (CH), 156.5 (C) ppm.
FTIR (neat) v 3025 (d, C-H). MS (EI*) m/z (%) 284
(IM+11*, 6), 283 (M*, 37), 282 (IM—1]*, 100). HRMS calcd
for C,,H;7N, 283.1361; found, 283.1348.

3.2.8. 4-Bromo-2-[(1E)-6-hydroxyhexenyl]pyridine (4h).
Following method A, 2,4-dibromopyridine (1) (100 mg,
0.42 mmol) with (E)-6-hydroxyhex-1-en-1-ylboronic acid
(3h) (73 mg, 0.51 mmol) in the presence of Pd(PPhj),
(39 mg, 0.03 mmol) and 10% aq TIOH solution (3.6 mL,
1.60 mmol) in THF (3.0 mL), for 24 h at 25 °C, afforded,
after purification by flash chromatography (SiO,, 40:60
hexane/EtOAc), 83 mg (77%) of 4-bromo-2-[(1E)-6-hy-
droxyhex-1-enyl]pyridine (4h) as a yellow oil and 5 mg
(5%) of 2-bromo-4-[(1E)-6-hydroxyhex-1-enyl]pyridine
(5h) as an oil. Data of 4h: 'H NMR (400 MHz, CDCl5)
6 1.52-1.62 (m, 4H, H* and H%), 2.21 (br s, 1H, OH), 2.27
(c, J=7.0 Hz, 2H, H), 3.64 (t, J=6.2 Hz, 2H, H%), 6.39
(dt, J=15.7Hz, 14Hz, 1H, H"), 6.72 (dt, J=15.7 Hz,
7.0 Hz, 1H, H?), 7.23 (dd, J=5.3 Hz, 1.8 Hz, 1H, H’), 7.39
(d, J=1.8 Hz, 1H, H?), 8.28 (d, J=5.3 Hz, 1H, H) ppm.
13C NMR (100 MHz, CDCl;) 6 24.9 (CH,, C*), 32.1 (CHa,
CY), 324 (CH,, C*), 62.4 (CH,, C%), 124.1 (CH, C3),
124.7 (CH, C%), 128.9 (CH, C!), 133.1 (C, C*), 137.4 (CH,
C?), 149.9 (CH, C°), 157.4 (C, C? ppm. FTIR (NaCl) »
3500-3000 (br, O-H), 2932 (s, C-H), 2860 (m, C-H), 1652
(m), 1568 (s), 1542 (s), 1464 (m), 1385 (m), 1063 (w), 972
(m), 876 (w), 818 (w), 690 (m). MS (EI*) m/z (%) 258
(IM+11* [®'Br], 2), 257 (M* [®'Br], 14), 256 (IM+1]*
["Br], 6), 255 (M* [Br], 12). HRMS (EI*) calcd for
C;H,4sNO®Br, 257.0238 and C;;H;4,NO’°Br, 255.0259;
found, 257.0228 and 255.0257. Data of 5h: 'H NMR
(400 MHz, CDCls) 6 1.51-1.65 (m, 4H, H* and H), 2.29
(m, 2H, H*), 3.69 (t, J=6.1Hz, 2H, H®), 6.28 (d,
J=15.8 Hz, 1H, H'), 6.49 (dt, J=15.8 Hz, 6.9 Hz, 1H,
H?), 7.15 (dd, J=5.2 Hz, 1.4 Hz, 1H, H®), 7.39 (br s, 1H,
H?), 8.24 (d, J=5.2 Hz, 1H, H®) ppm. '3C NMR (100 MHz,
CDCl3) 6 25.0 (CH,), 32.2 (CH,), 32.7 (CH,, C*), 62.6
(CH,, C%), 119.7 (CH, C%), 124.7 (CH, C%), 126.8 (CH,
C"), 137.6 (CH, C?), 142.8 (C, C?), 148.0 (C, C*), 150.1
(CH, C® ppm. MS (EI*) m/z (%) 258 ((IM+1]* [!Br], 0.8),
257 (M* [®'Br], 6), 256 (IM+11* ["°Br], 3). HRMS (EI*)
caled for C;;H;,NO3®Br, 257.0238 and C,;H;;,NO”°Br,
255.0259; found, 257.0230 and 255.0257.

3.2.9. 4-Bromo-2-[(1E)-3-tert-butyldimethylsilyloxy-2-
methylpropenyl]pyridine (4i). To a cold (—78 °C) solution
of (E)-tert-butyl(3-iodo-2-methylallyloxy)dimethylsilane®®
(0.45 g, 1.44 mmol) in THF (4.0 mL) in a Schlenk flask
was added dropwise fBuli (1.8 mL, 1.7M in pentane,
3.03 mmol) and the mixture was stirred at —78 °C for
30 min. Then, B(OiPr); (0.7 mL, 2.88 mmol) was added
dropwise and the mixture was stirred at 0 °C for 2 h. At
this time, following method A, Pd(PPh;), (78 mg,
0.07 mmol), a solution of 2,4-dibromopyridine (1) (0.19 g,
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0.80 mmol) in THF (4.0 mL) and a 10% aq TIOH (7.0 mL,
3.2 mmol) solution were added sequentially and the mixture
was stirred at 25 °C until complete disappearance of dibro-
mopyridine 1 as observed by TLC and NMR (10 h). The
crude mixture was diluted with Et,O, filtered through a
Celite® plug, and washed with an aqueous saturated
NaHCOj; solution. The organic layer was dried over Na,SOy4
(anhyd) and concentrated in vacuo. The residue was purified
by column chromatography on silica gel (96:4 hexane/
EtOAc) affording 0.20 g (75%) of 4-bromo-2-[(1E)-3-tert-
butyldimethylsilyloxy-2-methylprop-1-enyl]pyridine 4i as
a yellow oil and 13 mg (5%) of 2-bromo-4-[(1E)-3-tert-
butyldimethylsilyloxy-2-methylprop-1-enyl]pyridine 5i as
a yellow oil. Data of 4i: 'H NMR (CD,Cl,) 6 0.12 (s, 6H,
Si(CHj3),), 0.95 (s, 9H, Bu), 2.05 (br s, 3H, CHj3), 4.19 (d,
J=0.7 Hz, 2H, H*), 6.51 (m, 1H, H"), 7.26 (dd, J=5.3 Hz,
1.8 Hz, 1H, H%), 7.39 (d, J=1.8 Hz, 1H, H?), 8.38 (d,
J=5.3 Hz, 1H, H®) ppm. *C NMR (CD,Cl,) 6 —5.1 (CHs,
Si(CH3),), 15.8 (CH3, CH5;—C?), 18.9 (C, C-rBu), 26.3
(CH3, Bu), 68.5 (CH,, C¥), 121.7 (CH, C"), 124.3 (CH,
C%), 127.6 (CH, C3), 132.9 (C, C%), 145.1 (C, C?), 150.4
(CH, C9), 159.2 (C, C? ppm. FTIR (neat) » 2929 (w, C-H),
2855 (w, C-H). MS (EI") m/z (%) 343 (M* [®'Br], 21), 341
(M*["°Br], 21), 286 ((M—Bu]* [®'Br], 100), 284 ((M—Bu]*
[”Br], 95). HRMS (EI*) caled for C;5H,4NOSi®'Br,
343.0790 and C,sH,4NOSi"’Br, 341.0810; found, 343.0794
and 341.0810. Data of 5i: '"H NMR (CDCl3) 6 0.11 (s, 6H,
Si(CH3;),), 0.95 (s, 9H, Bu), 1.83 (s, 3H, CH3), 4.17 (s, 2H,
H*), 6.44 (s, 1H, H"), 7.12 (dd, J=5.1 Hz, 1.2 Hz, 1H, H’),
7.35 (br s, 1H, H?), 8.28 (d, J=5.1Hz, 1H, H®) ppm.
13C NMR (CDCl3) 6 —5.4 (CHs, Si(CHs),), 15.2 (CHa,
CH5-C?), 18.4 (C, C—Bu), 25.9 (CHs, rBu), 67.5 (CH,,
C%), 119.5 (CH, C"), 122.7 (CH, C°), 127.5 (CH, C°),
1423 (C, C?), 143.7 (C, C%), 148.7 (C, C*), 149.7 (CH,
C% ppm. FTIR (neat) » 2951 (w, C-H), 2929 (w, C-H),
2855 (w, C-H), 1660 (w). MS (EI*) m/z (%) 343 (M*
[3'Br], 2), 342 (IM—11* [3'Br], 11), 341 (M* ["°Br], 2), 340
(IM—1]* ["Br], 11), 300 (100), 298 (98), 286 ([M—1Bu]*
[!Br], 25), 284 (IM—Bu]* [°Br], 25). HRMS (EI"*) calcd
for C;sH,NOSi®'Br, 343.0790 and C,;sH,4,NOSi’’Br,
341.0810; found, 343.0781 and 341.0801.

3.2.10. trans-Bromo(4-bromopyrid-2-yl-kC?)bis(triphen-
ylphosphane)palladium(II) (7) and di-p-(4-bromo-
pyrid-2-yl)-kN:kC2-bis[bromotriphenylphosphanepalla-
dium(I)] (9). To a thoroughly degassed solution of
Pd(PPh;), (0.36 g, 0.32 mmol) in toluene (0.5 mL), a solu-
tion of 2,4-dibromopyridine (1) (75 mg, 0.32 mmol) in tolu-
ene (0.5 mL) was added dropwise. The reaction mixture was
stirred at 25 °C for 16 h. Then, the solvent was removed
under reduced pressure; the residue was titrated with ether
yielding 225 mg (81%) of complex 7 along with complex
8. After crystallization from CH,Cly/hexane, complex 9
was obtained as a crystalline solid (mp>190 °C, decomp.).
Data of mononuclear complex 7: 'H NMR (400 MHz,
CD,Cl,) é 6.22 (dd, J=5.3 Hz, 1.9 Hz, 1H, H>), 6.65 (d,
J=1.9 Hz, 1H, H?), 7.29-7.35 (m, 12H, PPhs), 7.37-7.41
(m, 6H, PPh3), 7.40 (d, J=5.3 Hz, 1H, H®), 7.57-7.61 (m,
12H, PPhs) ppm. *!P NMR (162 MHz, CD,Cl,) 6 22.6 ppm.
MS (FAB*) m/z (%) 870 (8), 868 (9), 788 (54), 632 (64),
630 (82). HRMS (FAB™) caled for C4;H;4NP,7°Br,'%°Pd,
865.9568; found, 865.9576. Data of mononuclear complex
8: 3'P NMR (162 MHz, CD,Cl,) 6 23.86 ppm. Data of

dinuclear complex 9: 'H NMR (400 MHz, CD,Cl,) 6 6.74
(m, 4H, 2xH> and 2xH?%), 7.27-7.33 (m, 12H, PPh;), 7.41—-
7.44 (m, 12H, PPh3), 7.78-7.85 (m, 12H, PPhs), 8.31 (d, /=
5.9 Hz, 1H, ArH), 8.32 (d, J=5.4 Hz, 1H, ArH) ppm. *C
NMR (100 MHz, CD,Cl,) ¢ 123.1 (d, 3Jc_p=3.0 Hz, CH),
129.0 (d, 3Jcp=109 Hz, CH), 1312 (d, *Jc_p=2.0 Hz,
CH), 131.2 (d, 'Jc_p=52.3 Hz, C), 135.6 (d, 2Jc_p=11.6 Hz,
CH), 151.7 (CH), 189.1 (C)ppm. 3'P NMR (162 MHz,
CD,Cl,) 6 30.2 ppm. MS (FAB*) m/z (%) 1211 (0.6), 1131
(1), 788 (64), 630 (89).

3.3. Crystal data and structure refinement for 9

Crystallographic data were collected on a Bruker Smart
1000 CCD diffractometer at 20 °C using graphite monochro-
mated Mo Ka radiation (A=0.71073 A), and were corrected
for Lorentz and polarization effects. The frames were inte-
grated with the Bruker SAINT?® software package and the
data were corrected for absorption using the program
SADABS.?° The structures were solved by direct methods
using the program SHELXS97.3! All non-hydrogen atoms
were refined with anisotropic thermal parameters by full-
matrix least-squares calculations on F? using the program
SHELXL97. Hydrogen atoms were inserted at calculated
positions and constrained with isotropic thermal parameters.
Drawings were produced with PLATON.?? Empirical
formula: CycHzgBryN,P,Pd,; formula weight: 1211.15;
temperature: 293(2) K; crystal system: triclinic (P-1); unit
cell dimensions: a=11.1679(9) A, b=13.0847(10) A, c=
18.1885(14) A; a=71.522(2)°, f=81.415(2)°, y=73.8510(10)°;
volume: 2415.9(3) A% Z=2; density (calculated): 1.665
Mg/m?; absorption coefficient=4.150 mm~!. F(000)=
1176; crystal size=0.40x0.12x0.06 mm?>; independent
reflections 10085 [R(int)=0.0349]; data/restraints/parame-
ters=10085/0/475; final R [I>20(I)]: R1=0.0579, wR,=
0.1599; R indices (all data): R;=0.1004, wR,=0.1731.33

Acknowledgements

We thank MEC, Spain (SAF2004-07131) and Xunta de
Galicia for financial support. C.S. and J.-L.A.-G. are recipi-
ents of EP.U. and FPI fellowships, respectively. We thank
also Professor Lugtenburg for his help in finishing this
manuscript.

Supplementary data

3P NMR of 1 with 2.0 equiv of Pd(PPh3),. Copy of 'H and
13C NMR spectra of all new compounds. HMBC for 4h, 5h,
4i, and 5i. Supplementary data associated with this article
can be found in the online version, at doi:10.1016/j.tet.
2006.09.040.

References and notes

1. (a) Eldred, G. E.; Lasky, M. R. Nature 1993, 361, 724; (b)
Sakai, N.; Decatur, J.; Nakanishi, K.; Eldred, G. E. J. Am.
Chem. Soc. 1996, 118, 1559; (c) Ren, R. X.-F.; Sakai, N.;
Nakanishi, K. J. Am. Chem. Soc. 1997, 119, 3619.

2. Sicre, C.; Cid, M. M. Org. Lett. 2005, 7, 5737-5739.

3. (a) Kitamura, A.; Tanaka, J.; Ohtani, L. I.; Higa, T. Tetrahedron
1999, 55, 2487-2492; (b) Yamamoto, Y.; Tanaka, T.; Yagi, M.;


http://dx.doi.org/10.1016/j.tet.2006.09.040
http://dx.doi.org/10.1016/j.tet.2006.09.040

10.

11.

12.

13.

14.

15.

C. Sicre et al. / Tetrahedron 62 (2006) 11063-11072

Inamoto, M. Heterocycles 1996, 42, 189-194; (c) Yamamoto,
Y.; Azuma, Y.; Mitoh, H. Synthesis 1986, 564-565; (d)
Stanetty, P.; Rohrling, J.; Schniirch, M.; Miholovilovic, M.
Tetrahedron 2006, 62, 2380-2387.

. (a) Miyaura, N.; Suzuki, A. Chem. Rev. 1995, 95, 2457-2483;

(b) Miyaura, N. J. Organomet. Chem. 2002, 653, 54-57; (c)
Hassan, J.; Sévignon, M.; Gozzi, C.; Schulz, E.; Lemaire, M.
Chem. Rev. 2002, 102, 1359-1469; (d) Suzuki, A.
J. Organomet. Chem. 1999, 576, 147-168; (e) Bellina, F;
Carpita, A.; Rossi, R. Synthesis 2004, 2419-2440; (f) Miyaura,
N. Metal-catalyzed Cross-coupling Reactions, 2nd ed.;
De Meijere, A., Diederich, F., Eds.; Wiley-VCH: Weinheim,
2004; Chapter 2, pp 41-124; (g) Nicolaou, K. C.; Bulger, P. G,;
Sarlah, D. Angew. Chem., Int. Ed. 2005, 44, 4442-4489; (h)
Suzuki, A. Chem. Commun. 2005, 4759-4763.

. For review, see: Schroter, S.; Stock, C.; Bach, T. Tetrahedron

2005, 61, 2245-2267 and references therein.

. (a) Samuel, I. D. W.; Burn, P. L.; Lo, S.-C. European Patent WO

2004020448, 2004. (b) Denhart, D. J.; Purandare, A. V.; Catt,
J. D.; King, H. D.; Gao, A.; Deskus, J. A.; Poss, M. A,;
Stark, A. D.; Torrente, J. R.; Johnson, G.; Mattson, R. J.
Bioorg. Med. Chem. Lett. 2004, 14, 4249-4252.

. 2,4-Dibromopyridine (1) was prepared following the method

reported. See: den Hertog, H. J. Recl. Trav. Chim. Pays-Bas
1945, 64, 85-101. See also Ref. 2.

. Arylboronic acids 2 are commercially available.
. For 4-bromo-2-phenylpyridine (4a), see: (a) Comins, D. L.;

Mantlo, N. B. J. Org. Chem. 1985, 50, 4410-4411; For
2-bromo-4-phenylpyridine (5a), see: (b) Gros, P.; Fort, Y.
J. Org. Chem. 2003, 68, 2028-2029; (c) Case, F. H.; Kasper,
T.J.J. Am. Chem. Soc. 1956, 78, 5842-5844; For 2,4-diphenyl-
pyridine (6a), see: (d) Katritzky, A. R.; Chapman, A. V.; Cook,
M. J.; Millet, G. H. J. Chem. Soc., Perkin Trans. 1 1980, 2743—
2754.

Wolfe, J. P.; Singer, R. A.; Yang, B. H.; Buchwald, S. L. J. Am.
Chem. Soc. 1999, 121, 9550-9561.

(a) Shen, W. Tetrahedron Lett. 1997, 38, 5575-5578; (b) Littke,
A. F; Fu, G. C. Angew. Chem., Int. Ed. 1998, 37, 3387-3388.
Since mechanistic studies on the Suzuki coupling reaction of
2,4-dibromopyridine and phenylboronic acid in the presence
of Pd(PPhs), showed that the selectivity follows the pattern
for the oxidative addition step, a cautiously tentative inter-
pretation for this finding could be that, unexpectedly, this
phosphine reversed the oxidative addition selectivity between
2- and 4-C-Br bonds. The same behavior was observed in
pentafluoropyridine with [Pd(PCys),], see: Jasim, N. A.;
Perutz, R. N.; Whitwood, A. C.; Braun, T.; Izundu, J;
Neumann, B.; Rothfeld, S.; Stammler, H.-G. Organometallics
2004, 23, 6140-6149.

The conversion rate is highly dependent on the batch of
Pd(PPh3),. Sometimes more than 8 mol % was needed to
take the reaction to completion because ‘palladium black’
precipitated. It has also been reported that TONs for 2-bromo-
pyridine are lower than for 3- or 4-bromopyridine. See:
Feuerstein, M.; Doucet, H.; Santelli, M. Tetrahedron Lett.
2001, 42, 5659-5662.

Several examples of a Suzuki coupling reaction between 2-bro-
mopyridine and electron-withdrawing boronic acids have been
reported in the literature but all required higher temperatures
than 25 °C to proceed.

Tsuboyama, A.; Okada, S.; Takiguchi, T.; Miura, S.;
Moriyama, T.; Kamatani, J.; Furogori, M. European Patent
Appl. 2002. Chem. Abstr. 2002, 137, 239825.

16.

17.

18.

19.

20.

21.
22.

23.

24.
25.

26.

11071

Boronic acid 3e is commercially available; 3f was prepared as
reported, see: Harvey, R. G.; Pataki, J.; Cortez, C.; Di Raddo,
P.; Yang, C. J. Org. Chem. 1991, 56, 1210-1217.

The protodeboronation product is easily detected by the 'H
NMR resonances of the methylene protons at 0=4.98 and
4.80 ppm. See: Burgess, K.; van der Donk, W. A.; Westcott,
S. A.; Marder, T. B.; Baker, R. T.; Calabrese, J. C. J. Am.
Chem. Soc. 1992, 114, 9350-9359. In fact, a side product (10)
was obtained through a double fold Heck reaction of 2,4-di-
bromopyridine and 2-methyl-3-zert-butyldimethylsilyloxyprop-
l-ene. Data: '"H NMR (400 MHz, CDCl;) ¢ 0.04 (s, 6H,
Si(CHj3),), 0.06 (s, 6H, Si(CH3),), 0.89 (s, 9H, Bu), 0.92 (s,
9H, /Bu), 1.13 (s, 3H, CHs~C?), 1.58 (d, J=0.9 Hz, 3H,
CH,-C*), 2.89 (d, J=12.7 Hz, 1H, H"), 2.93 (d, J=12.7 Hz,
1H, H"), 3.35 (d, J=9.6 Hz, 1H, H"), 3.42 (d, J=9.6 Hz,
1H, H'), 3.93 (d, J=0.7 Hz, 2H, H), 5.45 (br s, 1H, H),
7.26 (dd, J=5.3 Hz, 1.8 Hz, 1H, H%), 7.39 (d, J=1.8 Hz, 1H,
H?), 8.31 (d, J=5.3 Hz, 1H, H® ppm. '3C NMR (100 MHz,
CDCl) 6 —5.5 (CH3, Si(CHjz),), —5.2 (CH3, Si(CHz),), 15.0
(CH;, CH;-C*), 18.3 (C, SiC(CHs);), 18.4 (C, SiC(CH3)3),
22.2 (CH;3, CH;-C?), 26.0 (CH3, 2xSiC(CHs);), 41.9 (C,
C?), 45.3 (CH,, C"), 69.7 (CH,, C'"), 69.8 (CH,, C), 124.2
(CH, C%), 128.2 (CH, C%), 128.3 (CH, C?¥), 132.2 (C, CH,
135.5 (C, C¥), 149.3 (CH, C%), 161.5 (C, C?) ppm. MS (EI*)
mlz (%) 529 (M* [3!Br], 2), 527 (M* ["°Br], 2). HRMS (EI*)
caled for CpsHue 'BINO,Siy, 529.2230 and CosHaye *BrNO,Si,,
527.2250; found, 529.2274 and 527.2277.

Br

= OTBS

oTBS

()10
Monomeric compounds of palladium were obtained from more
basic phosphines. (a) Mantovani, A. J. Organomet. Chem.
1983, 255, 385-394; (b) Isobe, K.; Nanjo, K.; Nakamura, Y.;
Kawaguchi, S. Bull. Chem. Soc. Jpn. 1986, 59, 2141-2149;
(c) Chin, C. C. H.; Yeo, J. S. L.; Loh, Z. H.; Vittal, J. J.;
Henderson, W.; Hor, T. S. A. J. Chem. Soc., Dalton Trans.
1998, 3777-3784.
A similar dimer complex was recently reported as a precatalyst
for the Suzuki reaction between 2-bromopyridine and phenyl
boronic acid, but the reaction has to be performed at 80 °C,
see: Beeby, A.; Bettington, S.; Fairlamb, I. J. S.; Goeta,
A. E.; Kapdi, A. R.; Niemela, E. H.; Thompson, A. L. New J.
Chem. 2004, 28, 600-605. In our case the dimer was not active
since, in order to attain high regioselectivity, we had to run the
reaction at 25 °C.
This result contrasts with what was found in other dihalopy-
ridines, in which the monosubstitution product presents a
reduced reactivity. (a) Woods, C. R.; Benaglia, M.; Toyota,
S.; Hardcastle, K.; Siegel, J. S. Angew. Chem., Int. Ed. 2001,
67, 238-241; (b) Puglisi, A.; Benaglia, M.; Roncan, G. Eur.
J. Org. Chem. 2003, 1552—-1558.
See Figure 1 in Supplementary data.
Perrin, D.; Armarego, W. Purification of Laboratory
Chemicals; Pergamon: Oxford, 1998.
Duan, X.-F.; Li, X.-H.; Li, F.-Y.; Huang, C.-H. Synth. Commun.
2004, 34, 3227-3233.
Iino, Y.; Nitta, M. Bull. Chem. Soc. Jpn. 1988, 61, 2235-2237.
Chambron, J. C.; Sauvage, J. P. Tetrahedron 1987, 43, 895—
904.
Chen, C.; Munoz, B. Tetrahedron Lett. 1998, 39, 3401-3404.



11072

217.
28.
29.
30.

31.

Blout, E. R.; Eager, V. W. J. Am. Chem. Soc. 1945, 67, 1315-1319.
Baker, R.; Castro, J.L.J. Chem. Soc., Perkin Trans. 11990, 47-65.
SMART (Control) and SAINT (Integration) Software; Bruker
Analytical X-ray Systems: Madison, WI, 1994.

Sheldrick, G. M. SADABS. A Program for Absorption
Corrections; University of Gottingen: Germany, 1996.
Sheldrick, G. M. SHELXS97. A Program for the Solution of
Crystal Structures from X-ray Data; University of Gottingen:
Germany, 1997.

32.

33.

C. Sicre et al. / Tetrahedron 62 (2006) 11063-11072

Spek, A. L. PLATON. A Multipurpose Crystallographic Tool;
Utrecht University: Utrecht, The Netherlands, 2001.
Crystallographic data (excluding structure factors) for com-
plex 8 have been deposited at the Cambridge Crystallographic
Data Center as supplementary publication no. CCDC 603585.
Copies of the data can be obtained, free of charge, on
application to CCDC, 12 Union Road, Cambridge CB2
1EZ, UK (fax: +44 1223 336033 or e-mail: deposit@ccdc.
cam.ac.uk).


mailto:deposit@ccdc.cam.ac.uk
mailto:deposit@ccdc.cam.ac.uk

Available online at www.sciencedirect.com

ScienceDirect

Tetrahedron 62 (2006) 11073-11080

Tetrahedron

Silver(I) complexes based on novel tripodal thioglycosides:
synthesis, structure and antimicrobial activity

Michael Gottschaldt,** Annett Pfeifer,® Daniel Koth,* Helmar Gorls,® Hans-Martin Dahse,°
Ute Méllmann,® Makoto Obata® and Shigenobu Yano!

Unstitute for Organic and Macromolecular Chemistry, Friedrich Schiller University of Jena, Humboldtstrasse 10,
07743 Jena, Germany
SInstitute for Inorganic and Analytical Chemistry, Friedrich Schiller University of Jena, Lessingstrasse 8, 07743 Jena, Germany
€Leibnitz-Institute for Natural Product Research and Infection Biology, Hans Knoell Institute, Beutenbergstrasse 11a,
07745 Jena, Germany
dDivision of Material Science, Graduate School of Human Culture, Nara Women’s University, Kitauoyanishimachi,
Nara 630-8506, Japan

Received 31 July 2006; accepted 12 September 2006
Available online 10 October 2006

Abstract—The reaction of tris(2-bromoethyl)amine hydrobromide with sugar thiols or thioacetates leads to the formation of novel carbohy-
drate substituted tripodal NS ligands. Complexation with silver(I) ions gives stable complexes. NMR, X-ray, MS and EXAFS studies indicate
their mononuclear C3-symmetric structure. The highly water soluble complexes formed from the unprotected ligands show a wide spectrum of
effective antimicrobial activities and their use lowers the cytotoxic and antiproliferative activities compared to the free silver salts.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Silver(I) complexes received attention because of their often
displayed antimicrobial activity.'® Furthermore, their anti-
cancer’ ' and antiviral'? effects and the possible use of
the radioisotope '!''Ag in radioimmunotherapy attracted at-
tention.!> Most of the antimicrobially active compounds
displayed a slow release of silver ions, but stability and sol-
ubility in water are desired for their application. Carbohy-
drates are increasingly used to implement such properties
to obtain bioactive metal complexes.m‘18 However, the
chemistry of sugars together with silver(I) ions so far is
limited to the detection of reducing sugars based on the
reduction to silver (Tollen’s reagent), the structural charac-
terisation of a silver(I) complex of lactobionate,'® the
complexation of p-glucono-3-lactone®° and B-p-glucopyra-
nosyl-thiol?! and the study of the antiviral activity of
silver(I) glycoporphyrin derivatives.?

Benzyl- and vinyl-substituted ethylene-bridged NS;-open
chain ligands have been reported recently to form stable
Ag' complexes in which the silver ions are not completely
encapsulated and can be attacked by competing ligands to
undergo transmetallation.”®> Although thioglycosides are

Keywords: Carbohydrates; Silver; S-Ligand; Biological activity.
* Corresponding author. Tel.: +49 3641 948264; fax: +49 3641 948202;
e-mail: michael.gottschaldt@uni-jena.de
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very active intermediates—for instance in oligosaccharide
synthesis where they are used as glycosyl donors especially
in connection with metal salts as activators to transfer the
sugar moiety to glycosyl acceptors>*—we report herein the
formation of stable silver(I) complexes derived from novel
tripodal thioglycosidic ligands.

2. Results and discussion

The acetyl-protected compounds 5 and 6 were prepared by
the reaction of tris(2-bromoethyl)amine hydrobromide 1%
with  2,3,4,6-tetra-O-acetyl-B-p-glucopyranosyl-thiol ~ 2
and 2,3,4,6-tetra-O-acetyl-B-p-galactopyranosyl-thiol 32°
in DMF and triethylamine. The corresponding mannose
derivative 7 was synthesised in a one-pot reaction in DMF
starting from 2,3,4,6-tetra-O-acetyl-a-p-thioacetyl-manno-
pyranose 4,27 in situ hydrolysis of the thioacetyl group by
stirring with diethylamine at O °C and subsequent addition
of triethylamine and the bromide 1. Cleavage of the acetyl
groups could not be carried out with conventional methods.
Under basic conditions the removal of the formed salts from
the extremely water soluble ligands 8-10 was not possible.
Treatment with acids for the ester hydrolysis caused decom-
position of the ligands. Only in a 1:1 mixture of water and
ethanol using a hydroxyl group loaded DOWEX-resin the re-
action proceeds smoothly (Scheme 1). After filtration over
silica gel and evaporation the pure unprotected substances
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Scheme 1. Synthesis of the tripodal ligands: (i) NEt;, DMF, 12 h, room temperature; (ii) HNEt,, DMF, 0 °C, 15 min and then NEt;, 12 h, room temperature; (iii)

DOWEX-OH™, H,O/EtOH, 12 h, 60 °C.

8-10 could be obtained. All synthesised ligands show in
solution Cs-symmetry. Only one set of signals of one ‘arm’
occurs in the 'H and '3C NMR spectra. Besides the signals
typical for the respective sugar residue the ethylene protons
show a multiplet from 2.7 to 2.8 ppm and two '>C-signals
around 55 ppm (-CH,-N-) and 30 ppm (—CH,—S-).

To determine the influence of the anions complexation of 5—
7 was carried out in ethanol with silver(I) nitrate and silver(I)
hexafluorophosphate by refluxing the mixtures for 15 min
under light exclusion, 8-10 were stirred together with the
appropriate silver salt in water overnight (Scheme 2). Degra-
dation of the thioglycosides was not observed under these
conditions and after filtration and evaporation the complexes
were obtained as white powders. Only refluxing especially
the water soluble complexes 17-22 for a longer time with
an excess of silver salt resulted in the formation of dark pre-
cipitates and a mixture of side products. Also the NMR sam-
ples show the formation of a silver mirror when standing for
several days. From the solid substances only the o.-mannose
derived compounds became yellow when stored over several
weeks. ESI-MS of the compounds indicate the complete
formation of the complexes. No signals for the free ligands
were observed. The acetyl-protected substances 11-16
gave almost single peaks at m/z 1296 for the cations of
the general formula [AgL]*. All water soluble complexes

5-10 J/|\L RO OR @X@
i orii t oR > s Ag/S%OR
—_—

OR
o OR
RO OR
OR
B-D-gluco B-D-galacto a-D-manno
R = OAc X=NOg3 1 12 13
X =PFg 14 15 16
X =NOg 17 18 19
R=H 3

X =PFg 20 21 22

Scheme 2. Synthesis of the silver(I) complexes: (i) AgNO; and (ii) AgPFg;
for R=Ac: reflux in ethanol, 15 min; for R=H: stirring in water, room tem-
perature, overnight.

17-22 show besides the molpeak at m/z 792 the same char-
acteristic degradation pattern under ESI conditions.

NMR measurements in acetone-dg or CDCl; (11-16) and
D,O (17-22) clearly indicate the Cs-symmetric structure
of all complexes in solution. The ethylene protons around
the silver ion are not equal anymore and show four separate
signals at around 2.6 ppm, 2.9 ppm, 3.0 ppm and 3.2 ppm.
The corresponding '*C-signals were shifted to 35 ppm
(-CH,—S-) and 50 ppm (—~CH,—N-). The shifts and the sep-
aration of the peaks are only depending on the sugar residue
and the used solvent. Almost no influence of the anion was
observed so that an ionic structure of the complexes in solu-
tion can be assumed.

Recrystallisation of 11 from ethanol resulted in the forma-
tion of crystals suitable for single crystal X-ray structural
analysis. Figure 1 shows the ORTEP view of one of the three
molecules found in the asymmetric unit. The Ag'ion is tri-
gonal-pyramidally coordinated by the ligand and deflected
out of the plane defined by the three sulfur atoms away
from the nitrogen atom at the top of the trigonal pyramid.

Figure 1. ORTEP view (50% probability) of one of the molecules in the
structure of 11. H-atoms and the coordinating nitrate anion are omitted
for clarity. Selected distances [A] and angles [°]: Agla-Sla 2.6806(13),
Agla-Nla 2.607(7), Nla-Agla-Sla 77.48(3), Sla-Agla-Sla 115.43(2).
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Additionally, in the solid state one nitrate anion (not shown
in Fig. 1) is weakly coordinated to the silver ion (Agla-Olna
2.594(16)).

To verify the structure of the deprotected complexes EXAFS
measurements have been carried out using complex 11 as
a standard. The k3-weighted EXAFS oscillations, k>x(k),
resemble each other, suggesting a similar coordination struc-
ture of the Ag'ions. The k*x(k) values were fitted with sum
of two back-scattering contributions, namely, Ag-N
(x(k)x) and Ag-S (kK*x(k)s). The back-scattering ampli-
tude and phase shift function, Fyk) and @,(k), for single
scattering pathways were estimated by means of ab initio
self-consistent calculation using FEFF 8.2.2% No empirical
parameters are used in the analysis of EXAFS oscillation.
Table 1 lists the best-fitted parameters, interatomic distances
r, the coordination number N and the Debye—Waller factor o.
The parameters for 17(BN) are close to those for 11(BN).
Therefore, 17 should have a similar coordination structure
like 11. The interatomic distances ry and rg for 11(BN)
are slightly shorter than that derived from X-ray crystallo-
graphy. The amplitude of EXAFS oscillation of 17(H,0) is
smaller than that for solid phase. However, the contribution
ratio between Ag—N and Ag-S, i.e., Nn/Ns value, is 0.78
which is almost the same as for the solid state (0.83). The
reduced EXAFS oscillation of the sample in aqueous
solution may be caused by the difference in the amplitude
reduction factor S3. Consequently, the unprotected complex
17 has a similar coordination structure to that of the pro-
tected complex 11 and keeps this structure even in aqueous
solution.

Table 1. Structural parameters derived from EXAFS analysis
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The antimicrobial activities of the obtained water soluble
complexes 17-22 against bacteria, yeasts and fungi were
examined qualitatively by agar diffusion tests (Table 2).
Whereas the free ligands 8-10 show no activity the silver
complexes possess a wide spectrum of effective antibacterial
and antifungal activities. They inhibit the growth of Gram-
positive and Gram-negative bacteria (Bacillus subtilis, sensi-
tive and multiresistant (MRSA) Staphylococcus aureus,
vancomycin resistant (VRE) Enterococcus faecalis, Myco-
bacterium vaccae, Escherichia coli, Pseudomonas aerugi-
nosa), yeasts (Candida albicans, Candida glabrata) and
fungi (Penicillium notatum, Aspergillus fumigatus, Fusa-
rium oxysporum), but not of silver non-sensitive Aspergillus
terreus.

Additionally compounds were evaluated by the determina-
tion of MIC values for selected organisms (Table 3). With
MIC values of 15.6-62.5 uM the compounds exhibit effec-
tive activities against bacteria in the same range of those
observed for water soluble silver complexes based on L-his-
tidine and (S)-2-pyrrolidone-5-carboxylic acid,® but moder-
ate compared to 0.05-0.8 pM for ciprofloxacin under the
same conditions. For Gram-negative bacteria a two times
higher activity of the complexes is observed compared to
the silver salts.

The experiments show that the effects are independent from
the used sugar residue or anion. Three mechanisms for the
inhibition by aqueous silver(I) ions have been proposed, in-
terference with electron transport, binding to DNA and inter-
action with the cell membrane.?® Consistently with other
studies the mechanism of the antimicrobial action has to
be related to the replacement of the ligands in the silver(I)

Sample Shell N r (A) dE o R (%)
" Table 3. Antibacterial activities evaluated by minimal inhibition concentra-
11(BN) Ag-N 29 2684 —1528 0.090 2.999 tion of selected compounds®
Ag-S 39 2600 —0552 0.119
17BN  Ag-N 29 2651 1255 0070 1938 17 19 20 23 AgNO;  AgPFs
Ag-S 35 2560 1.886  0.105 E. coli 156 156 156 156 313 46.9
17(H,0)° Ag-N 1.4 2.508 1.721 0.177 0.981 P. aeruginosa 15.6 234 15.6 156 234 31.3
Ag-S 1.8 2.545 3.098 0.113 E. faecalis 62.5 62.5 62.5 62.5 62.5 62.5
M. vaccae 156 156 156 156 313 46.9
# Boron nitrate pellets. - -
® Aqueous solution. # MIC values in pmol/l.
Table 2. Qualitative determination of antimicrobial activity by agar diffusion tests (diameter of inhibition zones in mm)
8 9 10 17 18 19 20 21 22 AgNO; AgPFs Ciprofloxacin ~ Amphoter. B*  Nystatin
B. subtilis 0 0 0 14 13 14 14 13.5 135 125 11.5 28 — —
S. aureus 0 0 O 14p 14p 14.5p 15p 145p 145 13p 12p 19 — —
S. aureus MRSA 0 0 O 14.5P  14P 145P 145P 145P 14P  12.5P 12P 0 — —
E. faecalis VRE 0 0 0 12 12 13 13 13 13 12 12 15 — —
M. vaccae 0 0 O 14 13.5 14 14.5 14 14 12.5 12 21 — —
E. coli 0 0 O 16 15 16 16.5 15 15 13 12.5 21/29p — —
P. aeruginosa 0 0 O 13.5p 14p 14p 14P 13p 14p 12p 11.5p 24.5 — —
S. salmomicolor 0 0 0 17A 17 18P 17A 18A 16A  12P 12P — 20P —
C. albicans 0 0 O 17p 16.5p  15p 16p 16p 15 11 10 — 20.5 —
P. notatum 0 0 0 25 24 24 25 25 24 15 14.5 — 16/19p —
A. fumigatus 0 0 O 19p 15P 19p 15p 18P 17P  12/14p  12A — — 22°
F. oxysporum 0 0 O 19P 15P 17P 15P 18P 16P  12p 12P — — 18°
A. terreus 00 0 0 0 0 0 0 0 11p 0 — — 19¢

p—Colonies in the inhibition zone; P—many colonies in the inhibition zone; A—indication of inhibition zone.

%10 pg/ml.
® 50 png/ml.
€ 200 pg/ml.
4100 pg/ml.
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complexes by proteins of the microbes as sulfur donor
ligands.?>3! As a key factor the strength of binding of the
Ag' ions by N/S/O donors has been determined. Generally
compounds with weaker bonds such as Ag-N and Ag-O
bonds show a wider spectrum of antimicrobial activities.
In our case the silver is bound only weakly to the thio-ether
functions, which allow further replacement with biological
ligands.

The antiproliferative and cytotoxic activities of the ligands
8-10 and the complexes 17-22 were determined using the
cell lines K-562 (human chronic myeloid leukaemia) and
L-929 (mouse fibroblast) for antiproliferative effects and
HeLa (human cervix carcinom) for cytotoxic effects (Table
4). The results show that the carbohydrate based complexes
exhibit only half of the cytotoxic and antiproliferative activ-
ities than the appropriate silver salt. No sugar specific action
has been observed.

Table 4. Antiproliferative and cytotoxic activities”

Compound Antiproliferative effect Cytotoxicity
L-929° K-562° HeLa®
17 5.7 2.2 43.1
18 5.7 3.0 454
19 5.7 2.6 44.2
20 7.7 3.6 543
21 10.0 2.9 79.5
22 8.6 3.0 68.0
AgNO; 2.4 1.2 24.1
AgPFq 5.9 2.4 30.5

* Ligands 8-10 show no effects up to 292 mmol/l.
® Glsg in pmol/l.
¢ CCs in umol/l.

3. Conclusion

In conclusion, we could develop highly practical synthetic
methods to obtain new sugar substituted tripodal NS; li-
gands. Their complexation with silver(I) ions leads to stable
Cs-symmetric complexes with defined mononuclear struc-
ture. The solubility of the Ag! complexes is influenced by
the sugar moieties and their residues. Independently from
the sugar residue the water soluble silver compounds show
a wide range of effective antimicrobial activities against
bacteria, yeast and fungi. The use of the carbohydrate based
substances enhances the antimicrobial activity and reduces
the cytotoxicity and antiproliferative activities compared to
the free silver(I) salts.

4. Experimental
4.1. General

All reagents and solvents were purchased from commercial
sources and used as received. NMR spectra were measured
on a JEOL JMTC-400/54/SS, ESI-MS were carried out on
a JEOL JMS-T100LC, elemental analyses on a Perkin—
Elmer PE2400 Series II CHNS/O Analyzer (Nara Institute
of Science and Technology).

4.1.1. Tris[2-(2,3,4,6-tetra-0-acetyl-B-p-thio-glucopyra-
nosyl)ethyl]lamine (5). 2,3.4,6-Tetra-O-acetyl-B-p-gluco-

pyranosyl-thiol (8.79 g, 24.1 mmol) was dissolved in 50 ml
DMF and 4.7 ml triethylamine were added. At 0 °C under
stirring 3.33 g (8.02 mmol) of tris(2-bromoethyl)amine hy-
drobromide were added and the solution was allowed to
warm up to room temperature and stirred overnight. DMF
was evaporated, the residue extracted with ethyl acetate
and water. After drying the organic phase with sodium sul-
fate, ethyl acetate was removed and the raw product was
recrystallised from ethanol to yield 8.70 g (91%) colourless
needles. '"H NMR (400 MHz, CDCl5): 4.55 (d, 3H, H-1,
J12 10.0 Hz), 5.24 (t, 3H, H-2, J,3 9.5 Hz), 5.08 (t, 3H,
H-3, J34 9.8 Hz), 5.03 (t, 3H, H-4, J,5 9.8 Hz), 3.77 (ddd,
3H, H-5), 4.26 (dd, 3H, H-6, Js¢ 4.6 Hz, Je¢ 12.4 Hz),
4.14 (dd, 3H, H-6, Js¢ 2.2Hz), 2.71-2.80 (m, 12H,
6xCH,), 2.01, 2.03, 2.07, 2.09 (4s, 36H, CHs-acetyl). '*C
NMR (CDCl3): 170.3, 169.9, 169.2 (CO-acetyl), 83.07
(C1), 75.77 (C2), 73.71 (C3), 69.66 (C4), 68.20 (C5), 62.04
(C6), 53.70 (N-CH,-), 27.58 (S—CH;-), 20.7 (CH3-acetyl).
ESI-MS m/z (%): 1210.44 (100) [M+Na]*. Anal. Calcd for
C4sHeoNO27S3: C, 48.52; H, 5.85; N, 1.18. Found: C,
48.45; H, 5.86; N, 1.25%.

4.1.2. Tris[2-(2,3,4,6-tetra-0-acetyl-B-p-thio-galacto-
pyranosyl)ethyl]amine (6). 2,3,4,6-Tetra-O-acetyl-B-p-gal-
actopyranosyl-thiol (3.432 g, 9.426 mmol) was reacted with
1.303 g (3.142 mmol) tris(2-bromoethyl)amine hydrobro-
mide and 3.808 g triethylamine in DMF analogous to 5.
After extraction with ethyl acetate and water the organic
phase was dried over sodium sulfate, filtered and ethyl ace-
tate was evaporated. Chromatographic cleaning over silica
gel with ethyl acetate/hexane 2:1 (R 0.5) yields 145 ¢
(40%) of colourless solid. "H NMR (400 MHz, CDCl5): 4.54
(d, 3H, H-1, J,, 9.8 Hz), 5.21 (t, 3H, H-2, J,; 10.0 Hz),
5.07 (dd, 3H, H-3, J34 3.0 Hz), 5.44 (d, 3H, H-4), 3.99 (t,
3H, H-5, Js¢ 6.7 Hz), 4.13 (m, 6H, H-6, H-6), 2.77 (m,
12H, 6 xCH,), 1.99, 2.05, 2.07, 2.16 (4s, 36H, CH3-acetyl).
13C NMR (CDCls): 170.1, 169.9, 169.8, 169.4 (CO-acetyl),
83.73 (C1), 74.35 (C2), 71.72 (C3), 67.23 (C4), 67.31 (C5),
61.35 (C6), 54.10 (N-CH;,-), 27.89 (S-CH;,-), 20.8, 20.7
(CHs-acetyl). ESI-MS m/z (%): 1210.37 (100) [M+Na]™*.
Anal. Calcd for C43HgoNO,;S5: C, 48.52; H, 5.85; N, 1.18.
Found: C, 48.11; H, 5.87; N, 1.24%.

4.1.3. Tris[2-(2,3,4,6-tetra-0O-acetyl-o-p-thio-manno-
pyranosyl)ethyllJamine (7). 2,3,4,6-Tetra-O-acetyl-o-D-
thioacetyl-mannose (1 g, 2.46 mmol) was dissolved in 20 ml
DMF and 180 mg (2.46 mmol) diethylamine were added
drop wise at 0 °C. After stirring for 15 min an excess of tri-
ethylamine (1 ml) and 343 mg (0.82 mmol) tris(2-bromo-
ethyl)amine hydrobromide were added and the solution
was stirred overnight at room temperature. DMF was evap-
orated and the residue extracted with ethyl acetate and water.
After drying the organic phase with sodium sulfate, ethyl ace-
tate was evaporated and the raw product cleaned by column
chromatography. '"H NMR (400 MHz, CDCl3): 5.33-5.28
(m, 9H, H-1, H-2, H-4), 5.26 (dd, 3H, H-3, /34 3.2 Hz, J, 3
10.0 Hz), 4.35-4.29 (m, 6H, H-5, H-6, J5¢ 5.0Hz, Js¢
1.9 Hz), 4.11 (dd, 3H, H-6/, Js¢ 12.0 Hz), 2.80-2.62 (m,
12H, 6 xCH,), 1.99, 2.05, 2.10, 2.16 (4s, 36H, CH3-acetyl).
13C NMR (CDCls): 170.2, 169.6, 169.4 (CO-acetyl), 82.57
(C1), 69.30 (C2), 71.03 (C3), 69.12 (C4), 66.32 (C5), 62.40
(C6), 53.83 (N-CH,-), 29.28 (S—-CH,-), 20.95, 20.85,
20.76, 20.68 (CHs-acetyl). ESI-MS m/z (%): 1210.35 (100)
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[M+Na]*. Anal. Calcd for C4sHgoNO,»7S5: C, 48.52; H, 5.85;
N, 1.18. Found: C, 48.33; H, 5.93; N, 1.25%.

4.1.4. Tris[2-(B-p-thio-glucopyranosyl)ethyl]amine (8).
Tris[2-(2,3,4,6-tetra-O-acetyl-B-D-thio-glucopyranosyl)ethyl]-
amine 5 (870 mg, 0.73 mmol) and 4.9 g of OH -loaded
DOWEX were dissolved in 45 ml of a mixture of water and
ethanol 1:1. The reaction mixture was stirred at 60 °C until
no starting material could be detected by TLC. Filtration
and evaporation gave the raw product as colourless foam. It
was cleaned by filtration over silica gel with methanol yield-
ing 332 mg (60%). '"H NMR (400 MHz, D,0, DSS): 4.53
(d, 3H, H-1, J;, 9.8 Hz), 3.31 (t, 3H, H-2, J,5 8.8 Hz),
3.39 (t, 3H, H-3, J54 8.8 Hz), 3.44-3.50 (m, 6H, H-4, H-5),
3.89 (d, 3H, H-6, Je ¢ 12.2 Hz), 3.69 (dd, 3H, H-6', Js5¢
5.6 Hz), 2.86 (m, 12H, 6xCH,). '*C NMR (D,O, DSS):
87.98 (C1), 82.44 (C2), 79.65 (C3), 74.77 (C4), 72.06 (C5),
63.45 (C6), 56.02 (N-CH,-), 29.15 (S—-CH,-). ESI-MS
mlz (%): 706.25 (100) [M+Na]*. Anal. Calcd for
C,4H4sNO;5S5-3H,0: C, 39.07; H, 6.97; N, 1.90. Found:
C, 38.99; H, 7.00; N, 1.98%.

4.1.5. Tris[2-(B-p-thio-galactopyranosyl)ethyl]amine (9).
Similar to 8. '"H NMR (400 MHz, D,0, DSS): 4.47 (d, 3H,
H-1, J,, 9.5 Hz), 3.55 (t, 3H, H-2, J,5 9.8 Hz), 3.64 (dd,
3H, H-3, J54 3.4 Hz), 3.96 (d, 3H, H-4), 3.68-3.78 (m,
9H, H-5, H-6, H-6'), 2.86 (m, 12H, 6xCH,). *C NMR
(D,0, DSS): 88.51 (C1), 81.52 (C2), 76.39 (C3), 71.33
(C4), 72.12 (C5), 63.65 (C6), 55.98 (N-CH,—), 29.18 (S—
CH,-). ESI-MS m/z (%): 706.25 (100) [M+Na]*. Anal.
Calcd for C,4H4sNO(5S5: C, 42.15; H, 6.63; N, 2.05. Found:
C, 39.85; H, 6.77; N, 2.11%.

4.1.6. Tris[2-(a-D-thio-mannopyranosyl)ethyl]Jamine (10).
Similar to 8. 'H NMR (400 MHz, D,0, DSS): 5.31 (s, 3H,
H-1), 4.04 (d, 3H, H-2, J,3 3.0Hz), 3.77 (m, 6H, H-3,
H-6'), 3.65 (t, 3H, H-4, J54 9.6 Hz, J, 5 9.6 Hz), 3.99 (m,
3H, H-5, Js¢ 6.1 Hz), 3.88 (d, 3H, H-6, Js¢ 12.2 Hz),
2.76-2.92 (m, 12H, 6xCH,). '*C NMR (D,0, DSS): 87.51
(C1), 75.63 (C2), 74.19 (C3), 73.55 (C4), 69.61 (C5),
63.39 (C6), 55.25 (N-CH,-), 30.16 (S—CH,-). ESI-MS m/z
(%): 706.25 (100) [M+Na]*. Anal. Caled for
Cy4HysNO;sS3: C, 42.15; H, 6.63; N, 2.05. Found: C,
40.94; H, 6.81; N, 2.12%.

4.1.7. Tris[2-(2,3,4,6-tetra-0-acetyl-B-p-thio-glucopyra-
nosyl)ethyl]-amine-silver(I)-nitrate (11). Compound S
(300 mg, 0.252 mmol) in 10 ml ethanol was mixed with
42.6 mg (0.252 mmol) of silver(I) nitrate and refluxed for
15 min. After filtration the ethanol was evaporated and the
residue recrystallised from ethanol yielding 280 mg (82%)
of colourless crystals suitable for single crystal X-ray analy-
sis. 'TH NMR (400 MHz, CDCls): 4.63 (d, 3H, H-1, J;,
9.8 Hz), 5.24 (t, 3H, H-2, J,3 9.3 Hz), 5.17 (t, 3H, H-3,
J34 9.8 Hz), 5.09 (t, 3H, H-4, J,5 9.8 Hz), 3.86 (d, 3H,
H-5), 4.02 (d, 3H, H-6, Js 12.0 Hz), 4.50 (dd, 3H, H-6',
Js« 2.2 Hz), 3.20 (d, 3H, CH, J 12.9 Hz), 2.90 (t, 3H, CH,
J 12.3 Hz), 2.82 (t, 3H, CH, J 12.5 Hz), 2.44 (d, 3H, CH, J
12.9 Hz), 2.06, 2.05, 2.00, 1.98 (4s, 36H, CHsz-acetyl). '*C
NMR (CDCl;): 169.8, 169.3 (CO-acetyl), 82.19 (C1),
77.10 (C2), 73.87 (C3), 67.74 (C4), 67.02 (C5), 60.67 (C6),
51.70 (N-CH,-), 26.8 (S—CH,-), 20.6, 20.5 (CHz-acetyl).
ESI-MS m/z (%): 1296.34 (100) [M]*. Anal. Calcd for

C48H69AgN203OS3: C, 4245, H, 512, N, 2.06. Found: C,
42.18; H, 5.00; N, 2.19%.

4.1.8. Tris[2-(2,3,4,6-tetra-0-acetyl-B-p-thio-galactopyr-
anosyl)ethyl]-amine-silver(I)-nitrate (12). Compound 6
(100 mg, 0.084 mmol) and 14.2 mg AgNO; were dissolved
in 10 ml ethanol and the solution was heated up for 15 min.
It was filtered and the solvent was evaporated to give a colour-
less powder. '"H NMR (400 MHz, CDCl5): 4.68 (d, 3H, H-1,
J129.8 Hz),5.22 (t,3H,H-2,J, 5 10.0 Hz), 5.08 (dd, 3H, H-3,
J343.3 Hz), 5.45 (d, 3H, H-4), 3.95 (m, 3H, H-5), 4.18-4.23
(m, 6H, H-6, H-6'), 2.14-3.12 (m, 12H, 6xCH,), 1.98, 2.04,
2.11,2.18 (4s, 36H, CH3-acetyl). '>*C NMR (CDCl5): 169.9,
169.4 (CO-acetyl), 82.24 (C1),75.09 (C2), 71.44 (C3), 66.98
(C4), 66.49 (C5), 60.60 (C6), 51.00 (N-CH,-), 27.40 (S—
CH,-), 20.7 (CHz-acetyl). ESI-MS m/z (%): 1296.33 (100)
[M]*. Anal. Calced for Cy4gHgoAgN,030S3: C, 42.45; H,
5.12; N, 2.06. Found: C, 40.82; H, 5.27; N, 2.08%.

4.1.9. Tris[2-(2,3,4,6-tetra-0O-acetyl-oa-p-thio-manno-
pyranosyl)ethyl]-amine-silver(I)-nitrate (13). Similar to
12. 'H NMR (400 MHz, CDCl5): 5.46 (s, 3H, H-1), 5.29—
5.36 (m, 9H, H-2, H-3, H-4), 4.20-4.35 (m, 6H, H-5, H-6),
4.11 (dd, 3H, H-6/, J5¢ 1.7 Hz, Js 10.0 Hz), 3.06-2.74
(m, 12H, 6 xCH,), 2.19, 2.10, 2.06, 2.03 (4s, 36H, CH5-ace-
tyl). 3C NMR (CDCl5): 170.2, 170.0, 169.6, 169.4 (CO-ace-
tyl), 81.34 (C1), 71.31 (C2), 70.40 (C3), 68.86 (C4), 65.91
(C5), 62.01 (C6), 51.05 (N-CH,-), 29.39 (S-CH,-),
20.99, 20.76 (CHs-acetyl). ESI-MS m/z (%): 1296.23
(100) [M]*. Anal. Calcd for C4gHgoAgN,030S3: C, 42.45;
H, 5.12; N, 2.06. Found: C, 42.07; H, 5.18; N, 2.10%.

4.1.10. Tris[2-(2,3,4,6-tetra-0-acetyl-3-p-thio-glucopyra-
nosyl)ethyl]-amine-silver(I)-hexafluorophosphate (14).
Similar to 11, with 100 mg (0.084 mmol) of § and 21.2 mg
(0.084 mmol) of AgPFs. Compound 14 directly precipitates
from solution to yield 96 mg colourless solid. 'H NMR
(400 MHz, acetone-dg): 4.63 (m, 6H, H-1, H-3), 5.31 (t, 3H,
H-2, J,3 9.3 Hz), 5.02 (t, 3H, H-4, J45 10.0 Hz), 4.08 (ddd,
3H, H-5, J5¢ 5.4 Hz, Js¢ 2.2 Hz), 4.23 (dd, 3H, H-6, Js ¢
12.4 Hz), 4.14 (dd, 3H, H-6'), 3.37 (m, 3H, CH), 3.18 (m,
3H, CH), 2.99 (m, 3H, CH), 2.84 (m, 3H, CH), 2.13, 2.08,
2.03, 1.99 (4s, 36H, CHj-acetyl). 13C NMR (acetone-dg):
170.4, 169.9 (CO-acetyl), 84.34 (C1), 77.10 (C2), 73.87
(C3), 70.72 (C4), 68.51 (C5), 62.77 (C6), 51.91 (N-CH,-),
31.28 (S-CH,-), 20.5 (CHs-acetyl). ESI-MS m/z (%):
1296.19 (100) [M]+ Anal. Calcd for C48H69AgF6N027PS3:
C,40.01;H,4.83;N,0.97.Found: C,39.44; H,5.01; N, 1.11%.

4.1.11. Tris[2-(2,3,4,6-tetra-0O-acetyl-B-p-thio-galacto-
pyranosyl)ethyl]-amine-silver(I)-hexafluorophosphate
(15). Similar to 11. 'H NMR (400 MHz, CDCl5): 4.75 (d, 3H,
H-1,J,,9.8 Hz),5.14(t,3H,H-2, J, 3 10.0 Hz), 5.07 (dd, 3H,
H-3, J54 29 Hz), 5.44 (d, 3H, H-4), 3.90 (m, 3H, H-5),
4.15-4.20 (m, 6H, H-6, H-6'), 3.20 (t, 3H, CH, J 13.0 Hz),
3.05 (d, 3H, CH, J 14.4 Hz), 2.90 (t, 3H, CH, J 12.3 Hz),
2.69 (d, 3H, CH, J 129 Hz), 1.99, 2.05, 2.08, 2.28 (4s,
36H, CHjz-acetyl). '>*C NMR (CDCl5): 170.2, 169.6, 169.8,
169.4 (CO-acetyl), 86.48 (C1), 75.18 (C2), 71.25 (C3),
67.06 (C4, C5), 61.73 (C6), 50.57 (N-CH,-), 34.48 (S-
CH,-), 20.7 (CHz-acetyl). ESI-MS m/z (%): 1296.22 (100)
[M]+ Anal. Calcd for C48H69AgF6NO27PS3: C, 4001, H,
4.83; N, 0.97. Found: C, 40.69; H, 4.88; N, 0.98%.
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4.1.12. Tris[2-(2,3,4,6-tetra-O-acetyl-a-D-thio-mannopyr-
anosyl)ethyl]-amine-silver(I)-hexafluorophosphate (16).
Ligand 7 (395 mg, 0.333 mmol) and 84.1 mg (0.333 mmol)
of AgPF, were dissolved in 30 ml ethanol by refluxing the
mixture for 15 min. The solution was allowed to cool to
room temperature. Overnight crystals were formed. They
were collected and recrystallised from ethanol. 'H NMR
(400 MHz, CDCl;): 5.40-5.36 (m, 9H, H-1, H-2, H-4),
5.29 (dd, 3H, H-3, J34 2.9 Hz, J, 3 10.0 Hz), 4.31-4.23 (m,
6H, H-5, H-6), 4.11 (dd, 3H, H-6, Js¢ 10.0 Hz), 3.12-
2.99 (m, 6H, 3xCH,), 2.83 (s, 6H, 3xCH,), 2.21, 2.11,
2.06 (3s, 36H, CHs-acetyl). '*C NMR (CDCls): 170.3,
169.2 (CO-acetyl), 81.34 (C1), 70.85 (C2), 71.28 (C3),
69.20 (C4), 65.49 (C5), 61.89 (C6), 49.27 (N-CH;,-),
30.50 (S—-CH»-), 20.91, 20.83, 20.73 (CHj3-acetyl). ESI-MS
mlz (%): 1296.23 (100) [M]*. Anal. Calcd for C4gHgoAgFe.
NO,,PS3: C, 40.01; H, 4.83; N, 0.97. Found: C, 39.49; H,
4.89; N, 1.07%.

4.1.13. Tris[2-(B-p-thio-glucopyranosyl)ethyl]-amine-
silver(I)-nitrate (17). Compound 8 (277 mg, 0.405 mmol)
and 68.5 mg (0.405 mmol) AgNO; were dissolved in water
(5 ml) and the solution was stirred overnight. After filtration
the solvent was evaporated. By diffusion of acetone into
a aqueous solution of the raw product 310 mg (89%) of col-
ourless needles were obtained. 'H NMR (400 MHz, D,0,
DSS): 4.71 (d, 3H, H-1, J,, 9.8 Hz), 3.31 (t, 3H, H-2, J,3
9.3 Hz), 3.40 (t, 3H, H-3, J54 9.5 Hz), 3.47-3.52 (m, 6H,
H-4, H-5), 3.96 (d, 3H, H-6, Je¢ 12.2 Hz), 3.72 (dd, 3H,
H-6', Js¢ 6.1 Hz), 3.25 (d, 3H, CH, J 12.2 Hz), 3.06 (d,
3H, CH, J 15.1 Hz), 2.84-2.99 (m, 3H, CH), 2.61 (d, 3H,
CH, J 13.7 Hz). '3C NMR (D,0, DSS): 88.88 (C1), 82.63
(C2), 79.51 (C3), 75.38 (C4), 71.85 (C5), 63.53 (C6),
53.30 (N-CH,-), 34.57 (S—-CH,~). ESI-MS m/z (%):
792.16 (100) [M]*, 630.09 (60) [M—CgH;9Os]", 468.03
(70) [M—2(CgH;005)]*, 305.97 (95) [M—3(C6H,¢05)]".
Anal. Caled for Cy4Hy5AgN,0,5S3: C, 33.77; H, 5.31; N,
3.28. Found: C, 32.90; H, 5.68; N, 3.07%.

4.1.14. Tris[2-(B-p-thio-galactopyranosyl)ethyl]-amine-
silver(I)-nitrate (18). Similar to 17. '"H NMR (400 MHz,
D,0, DSS): 4.66 (d, 3H, H-1, J;, 10.0 Hz), 3.54 (t, 3H,
H-2, J,5 9.5 Hz), 3.80-3.66 (m, 12H, H-3, H-5, 2xH-6),
3.99 (s, 3H, H-4), 3.22 (m, 3H, CH,), 3.06 (d, 3H, CH,),
2.90 (m, 9H, 3xCH,). '*C NMR (D,0, DSS): 89.70 (C1),
81.59 (C2), 76.09 (C3), 71.30 (C4), 72.43 (C5), 63.86
(C6), 55.98 (N-CH,-), 29.18 (S—CH,-). ESI-MS m/z (%):
792.19 (100) [M]*, 630.12 (40) [M—CeH;oOs5]*, 468.05
(40) [M—2(C¢H905)]*, 305.98 (50) [M—3(C¢H;¢05)]".
Anal. Calcd for C24H45AgN201853: C, 3377, H, 531, N,
3.28. Found: C, 33.33; H, 5.74; N, 3.07%.

4.1.15. Tris[2-(a-p-thio-mannopyranosyl)ethyl]-amine-
silver(I)-nitrate (19). Similar to 17. 'H NMR (400 MHz,
D,0, DSS): 5.35 (s, 3H, H-1), 4.14 (s, 3H, H-2), 3.85 (dd,
3H, H-3, J2’3 3.2 HZ, .13,4 9.5 HZ), 3.72 (t, 3H, H-4, J3,4
9.6 Hz, J45 9.6 Hz), 3.97 (t, 3H, H-5, J5 ¢ 7.3 Hz), 3.90 (d,
3H, H-6, Js¢ 12.4 Hz), 3.78 (dd, 3H, H-6), 2.76-3.08 (m,
12H, 6xCH,). '3C NMR (D,0, DSS): 85.15 (C1), 76.77
(€2), 73.72 (C3), 73.37 (C4), 69.33 (C5), 63.21 (C6),
50.80 (N-CH,-), 30.96 (S—CH,-). ESI-MS m/z (%):
792.20 (70) [M]*, 630.13 (30) [M—CgH;oOs]", 468.06
(50) [M—2(CgH1¢0s)]", 305.98 (100) [M—3(CgH;00s)]".

Anal. Calcd for Co4HysAgN,0,5S5: C, 33.77; H, 5.31; N,
3.28. Found: C, 31.46; H, 5.55; N, 3.31%.

4.1.16. Tris[2-(B-p-thio-glucopyranosyl)ethyl]-amine-
silver(I)-hexafluorophosphate (20). Compound 8 (313 mg,
0.458 mmol) together with 115.7 mg (0.458 mmol) AgPFq
was stirred in 20 ml water at room temperature overnight.
The solution was filtered and solvent evaporated to give
385mg (90%) white solid. '"H NMR (400 MHz, DO,
DSS): 4.71 (d, 3H, H-1, J,, 9.8 Hz), 3.31 (t, 3H, H-2, Jo3
9.3 Hz), 340 (t, 3H, H-3, J34 9.5 Hz), 3.47-3.55 (m, 6H,
H-4, H-5), 3.96 (d, 3H, H-6, Js ¢ 12.0 Hz), 3.72 (dd, 3H, H-
6, Js¢ 6.1 Hz), 3.25 (d, 3H, CH, J 12.2 Hz), 3.06 (d, 3H,
CH, J 15.1 Hz), 2.88-2.99 (m, 3H, CH), 2.60 (d, 3H, CH, J
13.2 Hz). '*C NMR (D,0, DSS): 88.98 (C1), 82.65 (C2),
79.53 (C3), 75.47 (C4), 71.87 (C5), 63.55 (C6), 53.28 (N—
CH,-), 34.66 (S—-CH,-). ESI-MS m/z (%): 792.17 (100)
M]*, 630.10 (60) [M—CeH,0Os]*, 468.04 (70)
[M—Z(C6H1005)]+, 305.97 (95) [M—3(C6H1005)]+. Anal.
Calcd for C,4H45AgFsNO;5PS3: C, 30.78; H, 4.84; N, 1.50.
Found: C, 29.02; H, 5.13; N, 1.42%.

4.1.17. Tris[2-(B-p-thio-galactopyranosyl)ethyl]-amine-
silver(I)-hexafluorophosphate (21). Similar to 20. 'H
NMR (400 MHz, D,O, DSS): 4.68 (d, 3H, H-1, J;,
9.8 Hz), 3.53 (t, 3H, H-2, J,3 9.5 Hz), 3.84-3.74 (m, 9H,
H-5, 2xH-6), 3.67 (dd, 3H, H-3, J54 2.3 Hz), 3.99 (d, 3H,
H-4), 3.26 (t, 3H, CH, J 12.5Hz), 3.06 (d, 3H, CH,
J 149 Hz), 2.93 (t, 6H, CH, J 16.0 Hz), 2.61 (d, 3H, CH,
J 13.2 Hz). '3C NMR (D,0, DSS): 89.87 (C1), 81.61 (C2),
76.06 (C3), 72.47 (C4), 71.31 (C5), 63.92 (C6), 53.36
(N-CH;-), 35.02 (S—-CHy-). ESI-MS m/z (%): 792.20 (90)
M]*, 630.13 (70) [M—CgH;oOs]*, 468.06 (80)
[M—2(CeH¢05)]*, 305.98 (100) [M—3(CeH¢O5)]*. Anal.
Calcd for C24H45AgF6N015PS3: C, 3078, H, 484, N,
1.50. Found: C, 29.28; H, 4.97; N, 1.38%.

4.1.18. Tris[2-(a-p-thio-mannopyranosyl)ethyl]-amine-
silver(I)-hexafluorophosphate (22). Similar to 20. 'H
NMR (400 MHz, D,O, DSS): 5.35 (s, 3H, H-1), 4.14 (s,
3H, H-2), 3.85 (dd, 3H, H-3, J,3 3.2 Hz, J54 9.5 Hz), 3.72
(t, 3H, H—4, J3’4 9.6 HZ, J4,5 9.6 HZ), 3.97 (t, 3H, H-S, J5,6/
6.6 Hz), 3.90 (d, 3H, H-6, J¢¢ 12.0 Hz), 3.78 (dd, 3H, H-
6'), 2.71-3.08 (m, 12H, 6xCH,). '3C NMR (D,0, DSS):
85.12 (C1), 76.77 (C2), 73.73 (C3), 73.38 (C4), 69.33 (C5),
63.21 (C6), 50.73 (N-CH;,—), 30.93 (S—-CH,-). ESI-MS m/z
(%): 792.20 (80) [M]*, 630.13 (20) [M—C¢H,¢0s5]*, 468.06
(40) [M—2(C¢H;¢05)]", 305.98 (100) [M—3(CgH;005)]".
Anal. Calcd for Co4HysAgFsNOsPS5: C, 30.78; H, 4.84;
N, 1.50. Found: C, 28.76; H, 4.99; N, 1.39%.

4.2. Crystal structure of 11

The intensity data for the compound were collected on a
Nonius KappaCCD diffractometer, using graphite-mono-
chromated Mo Ka radiation. Data were corrected for Lorentz
and polarisation effects, but not for absorption effects.3?33
The structures were solved by direct methods (SHELXS)**
and refined by full-matrix least squares techniques against
Fo? (SHELXL-97).>> The hydrogen atoms were included at
calculated positions with fixed thermal parameters. All non-
hydrogen atoms of the cations were refined anisotropically.
ORTEP and POV-ray were used for structural representation.
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[C4gHgoAENO,7S5]F NO3z, Mr=1358.10 gmol !, colour-
less prism, size 0.04x0.04x0.03 mm?, trigonal, space group
P3, a=19.0275(3), b=19.0275(3), c=14.4848(3) A, V=
4541.6(1) A3, T=—90°C, Z=3, peaca=1490gcm™3, u
(Mo Ko)=5.26 cm™!, F(000)=2118, 32,600 reflections in
h(—23/24), k(—24/24), I(—18/16), measured in the range
1.87°<6G<27.47°, completeness O,,,,,=99.7%, 13,470 inde-
pendent reflections, R;,=0.039, 11,036 reflections with
Fo>40(F,), 736 parameters, 1 restraints, R1,,s=0.054,
wR2p=0.137, R1,,=0.071, wR2,=0.148, GOOF=1.024,
Flack-parameter 0.01(2), largest difference peak and hole:
0.865/—0.652 eA~3. CCDC 291388 contains the supplemen-
tary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK;
fax: +44 1223 336 033; or deposit@ccdc.cam.ac.uk).

4.3. Extended X-ray absorption fine structure (EXAFS)

Measurements were performed at beam line 10B of the
Photon Factory of the High Energy Acceleration Research
Organization (KEK-PF), Tsukuba, Japan. A channel-cut
Si(311) monochromator was used. The ring current was
300—450 mA, and the storage ring was operated with elec-
tron energy of 2.5 GeV. The experiments at the Ag K edge
(25,516.5 eV) were carried out at room temperature in the
transmission mode. The samples are prepared as BN pellets
of 11 and 17 for solid state, and aqueous solution of 17 using
a cell having pathlength of 2 cm.

4.4. Antimicrobial activity

Antimicrobial activity was determined qualitatively by agar
diffusion tests according to literature.>® A suspension
(100 pl) of the test organism with a density of McFarland
standard 0.5 was inoculated into 32 ml of sterile melted
agar medium and poured into Petri dishes. Holes of 9 mm
in diameter were cut in the agar and filled with 50 pl of
a 0.2 mM solution of the compound. Inhibition zones were
read after overnight incubation.

Antimicrobial activity of the selected compounds was stud-
ied quantitatively by the determination of minimal inhibitory
concentrations (MICs) according to the NCCLS guidelines®’
using the broth microdilution method.?® The bacteria were
grown overnight at 37 °C in Mueller—Hinton broth (MHB)
(Difco). A 50 pl compound solution of 2 mM were serially
diluted by a factor of two with MHB. Then the wells were
inoculated with 50 pl of test organisms to give a final con-
centration of 5x10° CFU/ml. After microtiter plates were
incubated at 37 °C for 24 h, the MIC values were read
with a Nepheloscan Ascent 1.4 automatic plate reader (Lab-
systems, Vantaa, Finland) as the lowest dilution of antibiotic
allowing no visible growth. C. albicans and C. glabrata were
grown in yeast nitrogen base (Difco) supplemented with 1%
glucose and incubated at 30 °C.

4.5. Antiproliferative and cytotoxic activities

Antiproliferative and cytotoxic activities of the compounds
were determined as described using the cell lines K-562

(human chronic myeloid leukaemia) and L-929 (mouse
fibroblast) for antiproliferative effects and HeLa (human
cervix carcinom) for cytotoxic effects.?”

Cells of established suspended cell lines K-562 (DSM ACC
10) and adherent L-929 (DSM ACC 2) were cultured in
RPMI 1640 medium (GIBCO BRL 42402-016), supple-
mented with 25 pg/ml gentamicin sulfate (BioWhittaker
17-5287), 10% heat inactivated foetal bovine serum
(GIBCO BRL 10500-064), and rL-glutamine (GIBCO BRL
25030-024) at 37 °C in high density polyethylene flasks
(NUNC 156340).

HeLa (DSM ACC 57) cells were grown in RPMI 1640 cul-
ture medium (GIBCO BRL 21875-034) supplemented with
25 pg/ml gentamicin sulfate (BioWhittaker 17-528Z), and
10% heat inactivated foetal bovine serum (GIBCO BRL
10500-064) at 37 °C in high density polyethylene flasks
(NUNC 156340).

The compounds were assayed against cell lines K-562 (hu-
man chronic myeloid leukaemia) and L-929 (mouse fibro-
blast) for their antiproliferative effects. The adherent cells
of L-929 were harvested at the logarithmic growth phase
after soft trypsinization, using 0.25% trypsin in PBS contain-
ing 0.02% EDTA (Biochrom KG L2163).

For each experiment with K-562, L-929, and HeLa approx-
imately 10,000 cells were seeded with 0.1 ml RPMI 1640
(GIBCO BRL 21875-034), containing 25 pg/ml gentamicin
sulfate (BioWhittaker 17-528Z), but without HEPES, per
well of the 96-well microplates (K-562: NUNC 163320,
L-929, HeLa: NUNC 167008).

For the cytotoxic assay HeLa cells were preincubated for
48 h without the test substances. The dilutions of the com-
pounds were carried out carefully on the monolayers of
HeLa cells after the preincubation time.

Cells of L-929, K-562, and HelLa were incubated for 72 h at
37 °C in a humidified atmosphere and 5% CO,.

Suspension cultures of K-562 in microplates were analysed
by an electronic cell analyser system CASY 1 (SCHARFE,
Reutlingen, Germany). The software for data evaluation
CASYSTAT (SCHARFE) offers a fast graphical evaluation
of the measurement parameters, for example, as diagrams
of cell diameter distributions, overlays of different curves,
and cell volume distributions. The principles of measurement
and evaluation of data were described. The 0.2 ml content of
each well in the microplate was diluted 1:50 with CASYTON
(NaCl:  7.93 g/l; Na,EDTA: 0.38¢g/1; KCI: 04 g/l;
NaH2P04- lHQO: 0.22 g/l, NaH2P04~2H20: 2.45 g/l, NaF:
0.3 g/l; SCHARFE). Every count/ml was automatically cal-
culated from the arithmetic mean of three successive counts
of 0.4 ml each. From the dose-response curves the Gls
values (concentration which inhibited cell growth by 50%)
were calculated with CASYSTAT. The Glsq value was de-
fined as being where the concentration—response curve inter-
sected the 50% line, determined by means of the cell counts/
ml, compared to control. The essential parameters for the
estimation of growth inhibition and for changes in diameter
distribution curves are expressed as diagrams.
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The adherent L-929 and HeL a cells were fixed by glutaralde-
hyde and stained with a 0.05% solution of methylene blue
for 15 min. After gentle wash the stain was eluted with
0.2 ml of 0.33 N HCI in the wells. The optical densities
were measured at 630 nm in SUNRISE microplate reader
(TECAN). Comparisons of the different values were per-
formed with software Magellan (TECAN).
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Abstract—A new functional group, the hydroxy group, was inserted into a Betti base by reaction with salicylaldehyde, and the naphthoxazine
derivatives thus obtained were converted by ring-closure reactions with formaldehyde, acetaldehyde, propionaldehyde or phosgene to the cor-
responding naphth[12":5,6][1,3]oxazino[3,2-c][1,3]benzoxazine derivatives. Further, the conformational analysis of these polycyclic com-
pounds by NMR spectroscopy and an accompanying molecular modelling are reported; especially, both quantitative anisotropic ring
current effects of the aromatic moieties in these compounds and steric substituent effects were employed to determine the stereochemistry

of the naphthoxazinobenzoxazine derivatives.
© 2006 Published by Elsevier Ltd.

1. Introduction

The Betti reaction is a convenient method with which to pre-
pare a-aminobenzylnaphthol derivatives. Earlier, this three-
component modified Mannich reaction with 2-naphthol,
benzaldehyde and ammonia resulted in 1,3-diphenylnaph-
thoxazine, which on subsequent hydrolysis, gave the desired
1-a-aminobenzyl-2-naphthol (Betti base, 1, cf. Scheme 1).!+
The reaction can be extended by using substituted benzalde-
hydes*> or formaldehyde® instead of benzaldehyde, and
1-naphthol® instead of 2-naphthol.

Replacement of ammonia with chiral amines led to non-
racemic N-substituted Betti base derivatives, which opened
up a new area of application of these chiral aminonaphthols
as ligands in asymmetric transformations.”~'°

In spite of the two potentially reactive functional groups, rel-
atively few publications have appeared in this field. In our
previous studies on the ring-closing behaviour of these ver-
satile synthons, mainly reactions with aldehydes, phosgene
and oxocarboxylic acids were carried out. Through the use

Keywords: Conformational analysis; Naphthoxazinobenzoxazine; NMR;

Ring current effect; Steric substituent effect; Molecular modelling.
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of salicylaldehyde, the functionalization of the Betti bases
was partially resolved. In this way, trifunctional Betti base
derivatives could be prepared.'!

Our present aim was to insert a new functional group (e.g., a
hydroxy group) into Betti base derivatives, and to transform
the reaction products via another ring-closure reaction to
naphthoxazinobenzoxazine derivatives. A further aim was
the conformational analysis of these polycyclic compounds
by NMR spectroscopy and an accompanying molecular
modelling. This spectroscopic and theoretical study involved
the quantitative determination of the anisotropic/ring current
effects of the aromatic ring moieties and steric substituent
effects to reveal 'H chemical shift differences due to the ste-
reochemistry of the naphthoxazinobenzoxazine derivatives.

2. Results and discussion
2.1. Syntheses

The Betti base can be functionalized with the hydroxy group
in two different ways. One possibility is the reaction of
Betti base 1 with salicylaldehyde (cf. Scheme 1). On NMR
spectroscopic analysis in CDCl; at 300 K, however, the
naphthoxazine derivative (2) thus obtained proved to be a
three-component tautomeric mixture. The tautomeric ratios
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are depicted in Scheme 1. Compound 2 could be converted
by the ring-closure reactions with formaldehyde,'! acetalde-
hyde,!! propionaldehyde or phosgene to the desired naph-
th[1’,2":5,6][1,3]oxazino[3,2-c][1,3]benzoxazine derivatives
3-6. The relative configurations of 3—6 are also depicted in
Scheme 1; no minor diastereomers were detected even in
the crude products. Similar high diastereoselectivity has
often been observed in the analogous ring closures of amino-
alcohols, and explained as a result of kinetic control govern-
ing the second ring closures of the tautomeric cyclic
intermediates.!>!3

Condensation of 1-aminomethyl-2-naphthol 7 with salicyl-
aldehyde led to the Schiff base 8, which could be easily
converted into the unsubstituted naphth[1’,2’:5,6][1,3]-
oxaz1no[3 2-c][1,3]benzoxazine derivative 9 (cf. Scheme
2).M

For the syntheses of the analogous naphth[1’,2’:5,6]-
[1,3]oxazino[3,4-c][1,3]benzoxazine derivatives, the ortho-
functionalized Betti base derivative 12 was prepared from
2-naphthol 10, salicylaldehyde and ammonia. Subsequent

1
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/200
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acidic hydrolysis, with HCI, of the initially isolated naph-
thoxazine derivative 11 (cf. Scheme 3) failed; however,
only the acidic hydrolysis of 11 with TFA led to the desired
aminobenzylnaphthol trifluoroacetate 12. The ortho-func-
tionalized Betti base derivative 12 readily decomposes; for
this reason, it was used as the trifluoroacetate in the further
transformations.

The ring-closure reaction of 12 with 2 equiv of formalde-
hyde led to the parent naphth[1’,2:5,6][1,3]oxazino[3,4-
c][1,3]benzoxazine 13 (cf. Scheme 4). For substitution of
the ring system at positions 8 and 10, the aminonaphthol
derivative 12 was first treated with an equivalent amount
of benzaldehyde. Naphthoxazine 14 was then reacted
with formaldehyde or phosgene and yielded the desired 8-
phenylnaphth[1’,2":5,6][1,3]oxazino[3,4-c][1,3]benzoxazine
15 and 8-phenylnaphth[1’,2’:5,6][1,3]oxazino[3,4-c][1,3]-
benzoxazin-10-one 16, respectively (cf. Scheme 4). NMR
measurements indicated that the naphthoxazinobenzoxazine
derivatives 15 and 16 were obtained with practically full
stereoselectivity; relative configurations are depicted in
Scheme 4.

11
CHO 1o 13(0118 10
NH; OH N 15 N 75 9
CH,0 s
OH OH Y 15b (o}
2 6a
0 90 @
7 4%
7 8 9

Scheme 2.
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2.2. Conformational analysis

'H/'*C NMR study of the analogous compounds 13-16,
corroborated by the results of parallel ab initio quantum
chemical calculations, revealed that the naphtho-bound
(unsaturated) oxazine ring prefers the 7,15b-twisted-chair
conformation. Similarly, the corresponding benzo-bound
(unsaturated) oxazine ring in 13 and 15 prefers the 11,15b-
twisted-chair conformation. Ab initio calculations of all
different configurations and their corresponding conforma-
tions led to local minima, but they were drastically higher
in energy than the global energy minimum structures of
13-16 (for 13, see Fig. 1).

Figure 1. Global energy minimum structure of (95*,15bR*)-13.

In the preferred conformation, the C-15a—-C-15b bond is
trans to the nitrogen lone pair. In the unsubstituted derivative
13, this conformation is proved by the NMR results: it is the
only one with the possibility of ‘W’ coupling (*Jyp)
between H-15b and H-8.,, which is confirmed experimen-
tally. The NOE enhancements given in Table 1 corroborate
the present 95*,15bR* configuration.

For the 8-phenyl-substituted analogue 15, a similar global
energy minimum structure was calculated. The additional
phenyl substituent in position 8 is found in the equatorial
position, as proved by NMR spectroscopy: only in this
conformation is ‘W’ coupling possible but this time two
‘W’ couplings (“Jcp, C-15¢-H-10.q; i-Cpy—H-15b) were
found in the HMBC NMR spectra. Table 1 gives the relevant

Table 1. Calculated distances and observed NOEs in compounds 9, 13 and

15
Compound Protons studied Distances NOEs found (+) or
calculated not detected (—)

13 H-15b---H-8. 4.094 -
H-15b---H-8,, 3.681 -
H-15b---H-10, 2.345 +
H-15b---H-104 3.573 -

15 H-10¢4 --H-8 3.215 +
H-10,,---H-8 3.825 -
H-15b---H-10,, 2.304 +
H-15b---H-104 3.676 -

9 H-7a---H-15,, 2.624 +
H-7a---H-15.4 3.668 -
H-13,,---H-15,, 3.931 -
H-13.4--H-15, 3.465 -
H-13,.---H-15¢4 3.035 +
H-13.4--H-15.4 2.248 +
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calculated distances and observed NOEs, which confirm the
calculated 85*,95*,15bR* structure of 15.

In the carbonyl analogue 16, two configurations (R*S*
and R*R*) as energy minima structures were found
from the ab initio calculations, differing in energy by
5.27 kcal/mol (22.06 kJ/mol). Crucial ‘W’ couplings are
not possible in either configuration, and were not observed.
In the more stable configuration (R*S*), the rotation of the
phenyl substituent is unhindered (cf. Fig. 2); in the corre-
sponding R*R* configuration, however, strong hindrance
of this rotation by the adjacent carbonyl group is expected.
A variable-temperature NMR study gave no exchange phe-
nomena. The suggested R*S* configuration of 16 could
finally be characterized by the trans position of H-15b and
H-8 with a distance of 4.007 A in the calculated global
energy minimum structure. In the corresponding isomer
(R*R*)-16 these protons are cis-positioned, the distance is
only 3.131 A, and the corresponding NOE between these

Figure 2. Global energy minimum structure of (85*,15bR*)-16.

protons could not be observed. Thus, it could be concluded
that 16 exists in the R*S* configuration; the benzo-bound
oxazine ring prefers an 11,15b boat conformation (cf.
Fig. 2).

In the naphth[l’,2":5,6]-[1,3]oxazino[3,2-c][1,3]benzox-
azine derivatives 3-6 and 9, the naphtho-bound oxazine
ring was found to have a 7,15-twisted-chair conformation;
with the exception of 6 the corresponding benzo-bound
oxazine ring has a 7a,12-twisted-chair conformation. The ab
initio calculated global energy minimum structure of 9 is de-
picted in Figure 3. The existence of this stereochemistry in 9
is unequivocally corroborated by the NMR spatial informa-
tion (the NOEs found are given in Table 1). An assumed
nitrogen inversion could not be confirmed; variable-temper-
ature NMR measurements down to —100 °C did not reveal
any dynamic effects.

The ab initio calculations on 3 led to the global energy
minimum structure with the phenyl substituent in an
axial position. This is proved by the NOEs between
H-15 and H-13, similar to the spatial information in the
previous structure: only an equatorial H-15 is close
enough to the two H-13 atoms to furnish the NOE
obtained. Thus, this compound can be described as (7aR*,
145%#,155%)-3.

The corresponding ab initio calculations on 4 and 5 yielded
the same result: the phenyl substituent prefers the axial
conformation. The alkyl substituents on the oxazine ring
moiety, however, were equatorial. These methyl and ethyl
conformations are corroborated by the corresponding
NOEs between H-15 and these alkyl substituents (cf. Fig. 4).

Finally, in the global energy minimum structure of 6, the
phenyl substituent on C-15 was found to be axial (as in 4
and 5). The equatorial position of the phenyl would lead
to strong steric hindrance with the nearby carbonyl group.
In this structure, the benzo-bound oxazine ring is nearly
planar and involves almost planar nitrogen atom bonding.
Supporting information from NMR spectroscopy, such as
stereospecific couplings or characteristic NOEs, could not
be obtained for 6 because of the strong overlapping of the
relevant proton absorptions.

Figure 3. Global energy minimum structure of (7aS*,14R*)-9.
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Figure 4. Global energy minimum structure of (7aS*,13R*,145*,155%)-4.

2.3. Anisotropic and steric effects

The most striking difference between the structures of the
two series of compounds is the relative position of the anne-
lated naphthalene and benzene rings. Both rings have strong
ring current effects, which should mainly influence the
chemical shift differences of the aromatic protons in the
two series of compounds. The chemical shifts of the relevant
protons are given in Table 2 together with the values calcu-
lated theoretically (i) by our method of examining only the
ring current effects'* of the aromatic moieties in the two
series of compounds, and (ii) by exclusive GIAO'S calcu-
lations.

Comparison of the experimental and theoretically calculated
chemical shift differences between the relevant protons (e.g.,
H-151in 13 with H-9in 9, etc.—cf. Table 2) demonstrates ex-
cellent agreement in both direction (high- or low-field) and
amount; thus, the 'H NMR spectra of corresponding com-
pounds in the two series are correctly described by the
ab initio calculations.

The coincidence between the experimental chemical shift
differences and the calculated ones resulting from the
present anisotropic ring current effects of both naphthyl
and phenyl(s) in the corresponding molecules exclusively
is less satisfactory. The sign of the differences (ring current
effect influences to high- or low-field) is correct, but the

values calculated in this way for the ring current effects
are generally too large. Other effects on 'H chemical shifts
must therefore be responsible, and this was studied by a
critical NBO/NCS analysis of both orbital occupations and
partitions to chemical shifts (vide infra). Nevertheless, a
number of conformationally relevant conclusions can be
drawn.

In all three analogues examined with respect to 'H chemical
shift differences, 6(H-15) in series 1 is strongly high-field
shifted with respect to H-8 in series 2 (cf. Figs. 1 and 3).
As the reason, therefore, the ring current effect of the naph-
thyl moiety can readily be identified (strongly shielding
H-15 in 13 with respect to the ¢ value of H-8 in 9). Instead,
the second proton examined, H-1 in the naphthalene moie-
ties, is found to be low-field shifted in series 1 with respect
to the position in the analogues of series 2. Both the experi-
mental and the ring current effect on the 'H chemical shifts,
however, differ in size, though the direction is correctly illus-
trated. This is interesting, because the influence of the ring
current effects on the 'H chemical shifts during the stereo-
chemical analysis usually proves to be perfect.!® Only if
strong steric hindrance is present can the ring current effect
alone not explain the chemical shift differences.'* In the pair
13-9, for instance, the anisotropic ring current effect of the
phenyl ring on H-1 is nearly zero; H-1 in 13 is positioned
at the border between the high- and low-field ring current
effects, as depicted in Figure 5.

Table 2. Experimental and calculated differences in chemical shift (6) of selected pairs of protons in the two series of compounds studied

Compounds H atoms Adexp/ppm Adcac/ppm (ring Adca/ppm (GIAO) Adcq1c/ppm (total substituent
current effects) effect of naphthyl/phenyl)
13-9 15-8 —0.45 —0.95 —0.28 —0.67
1-1 +0.26 +0.04 +0.37 +0.09
15-3 15-8 —0.32 —0.72 —0.15 —
1-1 +0.58 +0.51 +0.53 —
16-6 15-8 -1.0 —1.58 —0.81 —-1.33
1-1 +0.04 +0.81 —0.04 +0.20
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Figure 5. Ring current effect of the phenyl ring in 13.

In order to examine the presence of steric hindrance, par-
tially covering the ring current effect, a critical NBO/NCS
analysis of the steric hindrance differences between the cor-
responding derivatives in the two series of compounds was
performed. The results are included in Table 2; the total par-
titions of naphthyl/phenyl to the chemical shifts of H-15/H-8
and H-1/H-1 in 13-9 and 16—6 were examined (the effects
were not studied in the comparison of 15 and 13 because
of the additional phenyl substituent on C-8). These partitions
summarize the overall substituent effects of the naphthyl/
phenyl moieties on the corresponding 'H chemical shifts (in-
cluding ring current effect partitions) and are found to be in
much better accordance with both the experimental and the
GIAO-calculated '"H chemical shifts, corroborating the
correct estimations. The differences between the ring current
effect and the partitions of the overall naphthyl/phenyl ring
systems originate from other substituent effects, steric hin-
drance, and the differences between the total substituent
effects and the experimental/GIAO-calculated 'H chemical
shifts originate from the rest of the molecules.

The present study corroborates the importance of both aniso-
tropic ring current effects and steric effects of nearby struc-
tural moieties in determining 'H chemical shift differences
of otherwise similar organic compounds.

3. Experimental
3.1. General

Melting points were determined on a Kofler micro melting
apparatus and are uncorrected. Merck Kieselgel 60F;sy
plates were used for TLC.

The NMR spectra were recorded in CDCI; (unless specified
as DMSO-dg) solution in 5 mm tubes, at room temperature,
on a BRUKER AVANCE 500 spectrometer at 500.17 (‘H)
and 125.78 ('3C) MHz, with the deuterium signal of the sol-
vent as the lock and TMS as the internal standard for 'H or
the solvent as the internal standard for '3C. All spectra ('H,
13C, gs-H,H-COSY, gs-HMQC, gs-1D-HMQC, gs-HMBC
and NOESY) were acquired and processed with the standard
BRUKER software.

Geometry optimizations were performed without restric-
tions, using the Gaussian 03'” program package. Density
functional theory calculations were carried out at the
B3LYP/6-31G**1819 Jevel of theory. Different starting con-
formations were created and the results were analyzed and
displayed by using the molecular modelling program
SYBYL7.0.2° Different local energy minima conformations
were selected to analyze the relative stability and the geo-
metrical parameter.

The ring current effects were calculated with the GIAO
method at the HF/6-31G* level of theory, based on the cal-
culation of NICS.?! The studied molecules were placed at
the centre of a grid ranging from —10 to 10 A (step width
0.5 A), resulting in a cube with 68921 lattice points. At these
lattice points the magnetic shielding was calculated, and the
values were transformed into SYBYL?® contour files and
displayed.

The anisotropy values in Table 2 result from NICS calcula-
tions. The ring current effects of all aromatic moieties at the
positions of the studied atoms were added. Table 2 contains
the differences in these values of the corresponding atoms in
these pairs of molecules. Chemical shifts were calculated at
the B3LYP/6-31G** level of theory, using the GIAO
method.

Various platforms were used for the calculations, e.g., SGI
Octane, SGI Origin workstations or Linux cluster.

Compounds 1,% 2,'! 3,11 4,1 73 and 8!' were prepared
according to procedures known in the literature.

During our investigations, the assignments of the chemical
shifts of 3 and 4, which were given in Ref. 11, had to be re-
vised. For this reason, both assignments are given, with the
values obtained above. Compound 3: '"H NMR 6 7.76 (m,
2H, H-4 and H-5), 7.32 (m, 10H, H-1, H-2, H-3, H-8, H-
10 and Ph), 7.13 (d, /=8.9 Hz, 1H, H-6), 6.97 (m, 2H, H-9
and H-11), 5.61 (s, 1H, H-7a), 5.53 (s, 1H, H-15), 4.96 (d,
J=-7.1Hz, 1H, H-13) and 4.92 (d, J=-7.1 Hz, 1H, H-
13); 3C NMR 6 153.1 (C-11a), 150.5 (C-6a), 141.3 (i-Ph),
131.8 (C-15b), 130.6 (C-10), 129.7 (C-5), 129.2 (o-Ph),
129.0 (2C, C-4a, C-8), 128.6 (C-4), 128.4 (m-Ph), 127.7
(p-Ph or C-2), 126.8 (C-2 or p-Ph), 123.5 (C-3 or C-1),
122.6 (C-1 or C-3), 121.1 (C-9), 120.1 (C-7b), 119.9
(C-11), 118.9 (C-6), 111.1 (C-15a), 78.5 (C-7a, "Jeu=
167.4 Hz), 77.7 (C-13, 'Jcu=158.6, 155.1 Hz) and 57.7
(C-15, 'Jey=136.2 Hz). Compound 4: '"H NMR 6 7.79 (d,
J=17.4 Hz, 1H, H-4), 7.76 (d, J=9.0 Hz, 1H, H-5), 7.41 (d,
J=17.8 Hz, 1H, H-1), 7.34 (m, 2H, H-2 and H-3), 7.28 (m,
7H, H-8, H-10 and Ph), 7.12 (d, J/=8.9 Hz, 1H, H-6), 6.95
(dt, J=7.5, 09 Hz, 1H, H-9), 691 (d, J=8.0 Hz, 1H,
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H-11), 5.84 (s, 1H, H-15), 5.64 (s, 1H, H-7a), 5.10 (q,
J=5.5Hz, 1H, H-13) and 1.73 (d, J=5.6 Hz, 3H, Me); 13C
NMR 6 153.5 (C-11a), 151.2 (C-6a), 141.6 (i-Ph), 131.8
(C-15b), 130.4 (C-10), 129.7 (C-5), 129.2 (o-Ph), 128.9
(C-4a), 128.7 (2C, C-4, C-8), 128.4 (m-Ph), 127.5 (p-Ph),
127.0 (C-2), 123.5 (C-3), 122.1 (C-1), 120.8 (C-9), 120.0
(C-7b), 118.9 (C-6), 116.6 (C-11), 110.7 (C-15a), 80.9 (C-
13, YUen=155.8 Hz), 79.2 (C-7a, Jepu=166.9 Hz), 54.4
(C-15, 'Jc y=137.2 Hz) and 19.6 (Me).

3.1.1. (7aR*,13R*,155%)-13-Ethyl-15-phenylnaphth[1’,
2':5,6][1,3]oxazino[3,2-c][1,3]benzoxazine (5). A mixture
of compound 2 (0.50 g, 1.41 mmol) and propionaldehyde
(0.13 g, 2.12 mmol) was stirred in CHCl; (25 mL) at room
temperature until the TLC revealed no more starting mate-
rial (20 h). The solvent was then removed under reduced
pressure (the NMR spectra of the crude product showed no
minor diastereomers) and the residue was crystallized from
n-hexane—Et,O (2:1), and recrystallized from n-hexane—i-
Pr,0 (1:1). Yield: 0.41 g (74%). Mp 229-231 °C. 'H NMR
0 7.79 (d, J=7.6 Hz, 1H, H-4), 7.78 (d, J=9.0 Hz, 1H,
H-5), 7.44 (d, J=8.2 Hz, 1H, H-1), 7.35 (m, 2H, H-2 and
H-3), 7.29 (m, 7H, H-8, H-10 and Ph), 7.12 (d, /=8.9 Hz,
1H, H-6), 6.95 (t, J=7.5 Hz, 1H, H-9), 6.93 (d, J/=8.4 Hz,
1H, H-11), 5.86 (s, 1H, H-15), 5.65 (s, 1H, H-7a), 4.91 (t,
J=5.0Hz, 1H, H-13), 2.03 (m, 2H, CH,) and 1.21 (t,
J=7.3Hz, 3H, Me); '3C NMR 6 153.6 (C-11a), 151.2
(C-6a), 141.6 (i-Ph), 131.9 (C-15b), 130.4 (C-10), 129.7
(C-5), 129.2 (2C, 0-Ph), 128.8 (C-4a), 128.7 (2C, C-4 and
C-8), 128.4 (2C, m-Ph), 127.5 (p-Ph or C-3), 127.0 (C-2),
123.5 (C-3 or p-Ph), 122.0 (C-1), 120.7 (C-9), 119.9
(C-7b), 118.9 (C-6), 116.6 (C-11), 110.9 (C-15a), 84.3
(C-13, 'Jeu=155.5Hz), 79.6 (C-7a, 'Jcyu=167.3 Hz),
53.9 (C-15, "Jey=137.3 Hz), 25.2 (CH,) and 8.0 (Me).
Anal. Calcd for C,7H,3NO,: C, 82.42; H, 5.89; N, 3.56.
Found: C, 83.03; H, 5.92; N, 3.62.

3.1.2. (7aR*,1558*)-15-Phenylnaphth[1’,2":5,6][1,3]oxa-
zino[3,2-c][1,3]benzoxazin-13-one (6). Naphthoxazine 2
(040 g, 1.13mmol) was suspended in toluene—H,O
(20:20 mL), and Et;N (0.25 g, 2.5 mmol) and phosgene
(2.2 mL; 20% in toluene, 2.26 mmol) were added. The mix-
ture was stirred at room temperature for 15 h, and EtOAc
(40 mL) and H,O (40 mL) were then added. The organic
layer was separated, dried (Na,SO,) and evaporated. The
oily residue crystallized on treatment with n-hexane
(20 mL). The crystalline product was filtered off and recrys-
tallized from n-hexane—i-Pr,O (1:1). Yield: 0.28 g (65%).
Mp 256-259 °C. '"H NMR 6 7.79 (m, 2H, H-4 and H-5),
7.44 (m, 5H, H-1, H-8, H-10 and o-Ph), 7.33 (m, 5H, H-2,
H-3, m- and p-Ph), 7.28 (s, 1H, H-15), 7.23 (t, J=7.5 Hz,
1H, H-9), 7.14 (d, J=9.0 Hz, 1H, H-6), 7.13 (d, J/=8.0 Hz,
1H, H-11) and 6.25 (s, 1H, H-7a); '*C NMR ¢ 151.0
(C-6a), 149.2 (C-11a), 148.3 (C-13), 140.0 (i-Ph), 131.5
(C-10), 131.2 (C-15b), 130.2 (C-5), 129.5 (C-4a), 128.9
(4C, o- and m-Ph), 128.6 (2C, C-4 and p-Ph), 127.8 (C-8),
127.1 (C-2), 124.7 (C-9), 124.2 (C-3), 123.4 (C-1), 118.2
(C-6), 1164 (C-11), 115.1 (C-7b), 112.1 (C-15a), 76.7
(C-7a, 'Jey=167.2 Hz) and 54.8 (C-15, 'Jcy=144.0 Hz).
Anal. Calcd for C,5H;7;NO;5: C, 79.14; H, 4.52; N, 3.69.
Found: C, 79.85; H, 4.61; N, 3.65.

3.1.3. Naphth[1',2':5,6][1,3]oxazino[3,2-c][1,3]benzoxa-
zine (9). To a solution of 8 (0.4 g, 1.44 mmol) in CHCl;
(30 mL), 40% aqueous formaldehyde (0.5 mL) was added.
The mixture was stirred at room temperature for 4 h, during
which the TLC revealed no more starting material. The sol-
vent was evaporated off at reduced pressure, and the residue
was crystallized with n-hexane and recrystallized from
n-hexane—i-Pr,O (3:1). Yield: 0.30g (72%). Mp 176-
177°C. '"H NMR ¢ 7.78 (d, J=8.1 Hz, 1H, H-4), 7.67
(d, /=8.9 Hz, 1H, H-5), 7.62 (d, J/=8.4 Hz, 1H, H-1), 7.51
(t, J=7.6 Hz, 1H, H-2), 7.42 (d, J/=7.2 Hz, 1H, H-8), 7.38
(t, J=7.2 Hz, 1H, H-3), 7.32 (t, J=7.9 Hz, 1H, H-10), 7.08
(d, J=8.9 Hz, 1H, H-6), 7.04 (t, J/=7.4 Hz, 1H, H-9), 6.96
(d, /=8.2Hz, 1H, H-11), 5.78 (s, 1H, H-7a), 5.05 (d,
J=-7.2 Hz, 1H, H-13), 4.85 (d, J=—17.2 Hz, 1H, H-15,,),
4.73 (d, J=—7.2 Hz, 1H, H-13) and 4.29 (d, J=—17.2 Hz,
IH, H-15.); "*C NMR 6 153.2 (C-11a), 150.2 (C-6a),
130.9 (C-15b), 130.6 (C-10), 129.0 (C-4a), 128.7 (2C, C-4
and C-8), 128.6 (C-5), 126.8 (C-2), 123.8 (C-3), 121.2 (C-
9), 120.9 (C-1), 119.9 (C-7b), 118.8 (C-6), 116.9 (C-11),
111.0 (C-15a), 82.5 (C-7a, 'Jcy=165.4 Hz), 77.5 (C-13,
"Jen=158.6, 155.5 Hz) and 45.6 (C-15, 'Jc pyeqy=136.0 Hz,
1JC,H(ax):14l-5 HZ) Anal. Calcd for C19H15N02: C, 7887,
H, 5.23; N, 4.84. Found: C, 78.76; H, 5.26; N, 4.86.

3.1.4. 1,3-Di(2-hydroxyphenyl)-2,3-dihydro-1H-naphth-
[1,2-c][1,3]oxazine (11). To a solution of 2-naphthol (10,
5.77 g, 40 mmol) in MeOH (80 mL) was added the appropri-
ate aromatic salicylaldehyde (9.76 g, 80 mmol) and 20%
methanolic ammonia solution (10 mL). The mixture was
left to stand at ambient temperature for two days, during
which a yellow crystalline product (11) separated out. The
crystals were filtered off and washed with cold MeOH
(2x40 mL). Yield: 8.8 g (60%). Mp 138-141°C. The
NMR spectra showed a mixture of ring (r) and chain (c) tau-
tomers with an approximate ratio of 0.25:1. 'H NMR
(DMSO-dg): 6 10.26 (br), 8.80 (s, 1H, N=CH]c]), 8.03 (d,
J=7.3Hz, 1H), 7.93 (m, 2.5H), 6.66-7.48 (m), 5.97 (s,
0.5H, H-1r and H-3r) and 4.52 (s, 1.25H, OH/NH); *C
NMR (DMSO-dg): 6 163.5 (N=CH), 160.9, 160.6, 155.3,
154.8, 154.0, 136.7, 132.9, 132.4, 132.2, 130.8, 130.3,
129.7, 129.5, 128.9, 128.7, 128.6, 128.5, 127.4, 126.6,
126.2, 123.6, 123.3, 122.6, 122.4, 119.7, 119.4, 119.2,
119.0, 118.7, 117.9, 117.4, 116.9, 115.6, 78.8 (C-3r), 64.2
(CH-N[c]) and 48.5 (C-1r). Anal. Calcd for C,4H;oNOj5:
C,78.03; H,5.18; N, 3.79. Found: C, 77.96; H, 5.21; N, 3.81.

3.1.5. 1-a-Amino(2-hydroxyphenyl)methyl-2-naphthol
trifluoroacetate (12). Naphthoxazine 11 (5 g, 10.8 mmol)
was suspended in MeOH (60 mL), and H,O (60 mL) and
TFA (10 mL) were added. The mixture was stirred at
80 °C for 5 h. The solvents were evaporated off and the res-
idue was crystallized from EtOAc. Yield: 3.84 g (93%). Mp
176-179 °C. '"H NMR 6 11.04, 10.55, 8.51 (3br s, 5H, OH,
NH), 7.94 (d, /=8.6 Hz, 1H, H-8), 7.87 (d, /=8.9 Hz, 1H,
H-4), 7.85 (d, J=8.3Hz, 1H, H-5), 7.48 (dt, J=7.6,
1.3 Hz, H-7), 7.32 (m, 3H, H-3, H-6 and H-6"), 7.17 (dt,
J=7., 1.6 Hz, H-4'), 6.95 (dd, J=8.1, 0.9 Hz, H-3'), 6.75
(dt, J=7.5, 1.0 Hz, H-5) and 6.38 (s, 1H, Ar-CH); 1°C
NMR 6 158.0 (q, *JcF=31.0 Hz, COOH), 154.8 (C-2'),
153.6 (C-2), 131.9 (C-8a), 130.4 (C-4), 129.7 (C-4"), 129.0
(C-6"), 128.6 (C-5), 128.1 (C-4a), 127.1 (C-7), 123.0
(C-6), 122.9 (C-1"), 121.7 (C-8), 119.0 (C-5"), 118.6 (C-3),
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117.3 (q, 'Jcr=300.2 Hz, CF3), 115.4 (C-3), 113.5 (C-1)
and 46.6 (CH-NH,). Anal. Calcd for C;oH;sF3NO,: C,
60.16; H, 4.25; N, 3.69. Found: C, 60.32; H, 4.28; N, 3.71.

3.1.6. Naphth[1',2":5,6][1,3]oxazino[3,4-c][1,3]benzoxa-
zine (13). A mixture of compound 12 (0.4 g, 1.05 mmol),
Et;N (0.12 g, 1.16 mmol) and 40% formaldehyde solution
(0.18 g) in MeOH (25 mL) was stirred at room temperature
for 24 h. The white precipitate that formed was filtered off
and recrystallized from MeOH. Yield: 0.24 g (79%). Mp
109-112°C. '"H NMR 6 7.88 (d, J=8.5 Hz, 1H, H-1), 7.82
(d, J/=8.1 Hz, 1H, H-4), 7.74 (d, J/=8.8 Hz, 1H, H-5), 7.53
(t, J=8.3 Hz, 1H, H-2), 7.40 (t, J=7.1 Hz, 1H, H-3), 7.13
(t, J=7.7 Hz, 1H, H-13), 7.11 (d, J/=8.9 Hz, 1H, H-6), 6.97
(d, J/=7.8 Hz, 1H, H-15), 6.80 (dd, J=8.2, 0.8 Hz, 1H, H-
12), 6.68 (t, J=7.7 Hz, 1H, H-14), 5.94 (s, 1H, H-15b),
5.51 (d, J=—10.7 Hz, 1H, H-10,,), 5.14 (d, J=—10.7 Hz,
1H, H-10¢y), 5.04 (d, J=—7.6 Hz, 1H, H8,) and 4.97 (dd,
J=—1.6, 1.1 Hz, 1H, H8.,); '*C NMR 6 151.5 (C-11a),
150.2 (C-6a), 132.7 (C-15d), 129.7 (C-5), 129.3 (C-15),
129.0 (C-4a), 128.8 (C-4 or C-13), 128.6 (C-13 or C-4),
126.9 (C-2), 123.6 (C-3), 122.8 (C-1), 122.3 (C-15a),
120.6 (C-14), 118.7 (C-6), 116.5 (C-12), 114.2 (C-15¢),
80.5 (C—l(), IJC,H(eq):179.8 HZ, lJC,H(aX):lsl.O HZ), 76.9
(C-8, 1J(;,H(eq):157.9 Hz, 'Jeneo=155.0Hz) and 52.5
(C-15b). Anal. Calcd for C;oH;5sNO,: C, 78.87; H, 5.23;
N, 4.84. Found: C, 78.97; H, 5.31; N, 4.79.

3.1.7. 1-(2-Hydroxyphenyl)-3-phenyl-2,3-dihydro-1H-
naphth[1,2-c][1,3]oxazine (14). A mixture of compound
12 (1 g, 2.64 mmol), Et;3N (0.3 g, 3.0 mmol) and benzalde-
hyde (0.28 g, 2.64 mmol) in MeOH (25 mL) was stirred at
room temperature for 24 h. The white precipitate that sepa-
rated out was filtered off and washed with MeOH. Yield:
0.87 g (93%). Mp 190-193 °C. 'H NMR 6 7.81 (m, 2H,
H-6 and H-7), 7.54 (d, J=6.8 Hz, 2H, H-2"), 7.40 (m, 6H,
H-8, H-9, H-10, H-3” and H-4"), 7.22 (m, 2H, H-5, H-4'),
7.03 (d, J=8.1 Hz, 1H, H-3"), 6.67 (t, J=7.7 Hz, 1H, H-5),
6.62 (d, J=7.6 Hz, 1H, H-6"), 5.90 (s, 1H, H-1) and 5.81
(s, 1H, H-3); 3C NMR 6 156.1 (C-2"), 151.7 (C-4a), 138.0
(C-1"), 131.8 (C-10a), 131.0 (C-6), 129.9 (C-6), 129.5 (C-
4", 128.9 (C-4"), 128.8 (C-6a), 128.6 (3C, C-7 and C-3"),
127.2 (C-9), 125.9 (C-2"), 124.9 (C-1"), 123.8 (C-8), 122.7
(C-10), 119.8 (C-5"), 119.2 (C-5), 117.5 (C-3"), 112.6 (C-
10b), 81.7 (C-3) and 52.5 (C-1). Anal. Calcd for
Cy4HoNO»: C, 81.56; H, 5.42; N, 3.96. Found: C, 81.72;
H, 5.45; N, 3.95.

3.1.8. (8R*,15bS*)-8-Phenylnaphth[1’,2:5,6][1,3]oxa-
zino[3,4-c][1,3]benzoxazine (15). To a solution of 14 (0.4 g,
1.1 mmol) in CHCl; (30 mL), 40% aqueous formaldehyde
(0.5 mL) was added. The mixture was stirred at room tem-
perature for 4 h, during which the TLC revealed no more
starting material. The solvent was evaporated off at reduced
pressure, and the residue was crystallized with Et,O and re-
crystallized from i-Pr,O (30 mL). Yield: 0.38 g (94%). Mp
216-219 °C. '"H NMR 6 7.90 (d, J=8.4 Hz, 1H, H-1), 7.84
(d, J=8.0 Hz, 1H, H-4), 7.76 (d, J=8.9 Hz, 1H, H-5), 7.61
(m, 2H, o0-Ph), 7.54 (t, J/=8.2 Hz, 1H, H-2), 7.47 (m, 3H,
m- and p-Ph), 741 (t, J=8.0Hz, 1H, H-3), 7.17 (t,
J=7.3 Hz, 1H, H-13), 7.14 (d, J=8.9 Hz, 1H, H-6), 7.00
(d, J=7.7Hz, 1H, H-15), 6.86 (dd, J=8.2, 1.1 Hz, 1H,
H-12), 6.72 (t, J=7.7 Hz, 1H, H-14), 6.13 (s, 1H, H-15b),

5.92 (s, 1H, H-8), 5.26 (d, J/=—10.8 Hz, 1H, H-10,,) and
4.61 (d, /=—10.8 Hz, 1H, H-10.y); 13C NMR ¢ 152.4
(C-11a), 150.9 (C-6a), 136.3 (i-Ph), 132.6 (C-15d), 129.9
(p-Ph), 129.7 (C-5), 129.2 (C-15), 129.0 (C-4a), 128.9
(C-13), 128.7 (3C, C-4 and m-Ph), 128.4 (0-Ph), 127.0
(C-2), 123.6 (C-3), 122.8 (C-1), 122.7 (C-15a), 120.6
(C-14), 118.7 (C-6), 116.4 (C-12), 113.9 (C-15¢c), 79.4
(C-10, 1JC,H(eq)=l64.0 Hz, 'Je pax=160.7 Hz), 86.2 (C-8,
1Jcu=157.2 Hz) and 54.2 (C-15b, 'Jc y=141.4 Hz). Anal.
Calcd for C,sHoNO»: C, 82.17; H, 5.24; N, 3.83. Found:
C, 82.25; H, 5.26; N, 3.85.

3.1.9. (8R*,15bS*)-8-Phenylnaphth[1’,2":5,6][1,3]oxa-
zino[3,4-c][1,3]benzoxazin-10-one (16). Naphthoxazine
14 (0.40 g, 1.13 mmol) was suspended in toluene—-H,O
(20:20 mL), and Et;N (0.25 g, 2.5 mmol) and phosgene
(2.2 mL; 20% in toluene, 2.26 mmol) were added. The mix-
ture was stirred at room temperature for 72 h, and EtOAc
(40 mL) and H,O (40 mL) were then added. The organic
layer was separated, dried (Na,SO,) and evaporated. The
oily residue crystallized on treatment with Et,O (20 mL).
The crystalline product was filtered off and recrystallized
from i-Pr,O0 (15mL). Yield: 025g (58%). Mp
270-272°C. '"H NMR 6 7.81 (d, J=7.0 Hz, 1H, H-4), 7.78
(d, J=9.3 Hz, 1H, H-5), 7.48 (d, J/=7.2 Hz, 1H, H-1), 7.41
(m, 4H, H-2, H-3 and o-Ph), 7.29 (m, 6H, H-6, H-12,
H-13, m- and p-Ph), 7.15 (s, 1H, H-8), 6.88 (t, J=7.0 Hz,
1H, H-14), 6.44 (d, J/=7.8 Hz, 1H, H-15) and 6.36 (s, 1H,
H-15b); '3C NMR ¢ 152.3 (C-10), 151.7 (C-11a), 150.8
(C-6a), 136.0 (i-Ph), 131.1 (C-15d), 130.3 (C-5), 129.7
(C-4a), 129.3 (C-13), 128.9 (C-4), 128.8 (m-Ph), 128.5
(p-Ph), 127.1 (C-2), 126.1 (3C, C-15, o-Ph), 124.6 (C-3),
124.4 (C-14), 123.4 (C-15a), 122.7 (C-1), 120.2 (C-6),
116.7 (C-12), 111.8 (C-15c), 81.7 (C-8, 'Jcuy=164.4 Hz)
and 48.9 (C-15b, 'Joy=143.4Hz). Anal. Caled for
C,sH{7NOj5: C, 79.14; H, 4.52; N, 3.69. Found: C, 79.26;
H, 4.55; N, 3.71.
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Abstract—Titanium-mediated aldol reactions based on (S)-2-tert-butyldimethylsilyloxy-3-pentanone, a lactate-derived chiral ketone, pro-
vide the corresponding 2,4-syn-4,5-syn adducts in high yields and diastereomeric ratios with a wide array of achiral and chiral aldehydes.
Furthermore, spectroscopic studies of intermediates involved in the process have permitted to propose a mechanism that accounts for the

experimental results.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Aldol reactions involving chiral ketones represent one of the
most efficient and versatile methodologies for the stereo-
selective construction of carbon—carbon bonds.! Particularly,
pioneering studies by Heathcock et al.> and Masamune et al.
earlier revealed the synthetic potentiality of a-hydroxy
ketones such as 1 and 2 (Fig. 1) and paved the way for the
development of a plethora of asymmetric processes based
on the reactivity of lithium and boron enolates.*8 This chem-
istry was significantly enriched by Evans discovery that tet-
rachlorotitanium enolates, generated directly from ketones,
participate in highly selective aldol reactions.’ In the case
of ketone 2, the stereoselectivity of the titanium-mediated
aldol reaction was found to be comparable to that reported
for the analogous boron-mediated process.”® Unfortunately,
most of these approaches were bound to chiral ketones

Figure 1.

Keywords: Aldol reactions; Asymmetric reactions; Titanium enolates;

Chiral ketone.
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containing bulky groups (zert-butyl and cyclohexyl in 1 and
2, respectively, in Fig. 1), which limited their applicability
in synthesis. However, Paterson nicely established that the
aforementioned steric requirements are not essential and
that dicyclohexylborinates from lactate-derived ketones 3
and 4 (Fig. 1) furnish highly stereoselective aldol transforma-
tions provided that the hydroxyl protecting group and the
enolization procedures are suitably chosen.'®'? Then, the
corresponding aldol adducts can be manipulated to give
access to a wide range of molecular architectures present in
natural polyoxygenated metabolites.'®> More recently, Den-
mark has disclosed highly stereoselective aldol processes
involving trichlorosilyl enolates from ketone S (Fig. 1) and
chiral phosphoramides, having proved that the a-chiral cen-
ter rules the stereochemical outcome of the aldol addition.'*

These findings provided us the impetus for launching several
years ago a project devoted to the study of aldol reactions
based on chiral o-hydroxy ketones'> and the application
of the resulting adducts to the synthesis of polypropionate
motifs embedded in natural products. Taking advantage of
the high reactivity displayed by titanium enolates, we have
developed highly stereoselective aldol reactions based on
protected lactate-derived ketones.!®"'® Herein, we disclose
an efficient titanium-mediated aldol methodology based on
(8)-2-tert-butyldimethylsilyloxy-3-pentanone (5).'

2. Results and discussion

(S)-2-tert-Butyldimethylsilyloxy-3-pentanone (5) can be
prepared through acylation of EtM (M=Li, MgBr) organo-
metallic species with amides derived from commercially
available (S) lactate esters. Remarkably, enantiomerically
pure ketone 5 is routinely prepared in multigram scale


mailto:pedro.romea@ub.edu
mailto:felix.urpi@ub.edu

J. Nebot et al. / Tetrahedron 62 (2006) 11090-11099 11091

1
\l)\OEt

6 7 \l)\/

HO TBSO
d (I:) (ID f s
\ e /
\')\N.Me _— = \|)\N e
e

HO OMe
8

TBSO OM
9

Scheme 1. Reagents and conditions: (a) pyrrolidine, rt; (b) TBSCI, Et;N, cat DMAP, rt, THF, 94%; (c) EtLi, —78 °C, THF, 84%; (d) MeONHMe-HCI,
i-PrMgCl, 76%; (e) TBSCI, Et;N, cat DMAP, rt, THF, 97%; (f) EtMgBr, 0 °C, THF, 92%.

following a synthetic sequence based on N-acyl pyrrolidine
6 as shown in Scheme 1. Indeed, the high nucleophilicity of
the pyrrolidine permits to obtain quantitatively the hydroxy
amide 6 in a free solvent process at rt; then, the crude reac-
tion mixture is submitted to standard silylation conditions
and, finally, the resulting silyloxy amide 7 is treated with
EtLi to afford the desired ketone 5 in high overall yield
(78%).1>¢ Alternatively, it can be also prepared in good yields
(68%) via Weinreb amide 8'° (Scheme 1).2° Eventually,
the corresponding enantiomer, (R)-2-tert-butyldimethyl-
silyloxy-3-pentanone (ent-5), can be likewise obtained from
the commercially available (R) isobutyl lactate.'>®

With a straightforward and reliable supply of the required
ketone 5§ in hand, we began the study of the titanium-
mediated aldol reactions with a survey of different Lewis
acids. Taking advantage of the experimental procedure re-
ported by Evans, we initially carried out the enolization with
several titanium Lewis acids (1.1 equiv) and i-Pr,NEt
(1.1 equiv) for 1.5 h at —78 °C and the resulting enolate was
allowed to react with isobutyraldehyde (1.2 equiv) for 2 h at
the same temperature. The results are summarized in Table 1.

As expected, the reactivity of the titanium Lewis acids de-
creases as the number of alkoxy groups bound to the metal
increases, to the point that ketone 5 can be recovered un-
altered when Ti(i-PrO);Cl is used (see entry 5 in Table 1).
Interestingly, all the other Lewis acids (see entries 1-4 in

Table 1. Titanium-mediated aldol reaction of ketone 5 with isobutyraldehyde

Table 1) afforded aldol 10a as a single diastereomer
(dr 97:3 by '"H NMR), which proved that bulky groups on
the ketone are not required to achieve highly diastereoselec-
tive processes. We were particularly entrusted with TiCly
and Ti(i-PrO)Cls, since they could be easily handled and
afforded good yields. Further optimization of the process
involving both Lewis acids revealed that the enolization as
well as the reaction time were pretty fast and could be re-
duced to 30 min (compare entries 2, 6, and 8 and 3, 7, and
9, respectively).?! Additionally, we observed the formation
of variable amounts (5—-10%) of hemiacetal 11a, which was
presumably responsible that some of the abovementioned
reactions did not go to completion satisfactorily. Thus,
slightly higher and more reproducible yields were obtained
using 1.5 equiv of isobutyraldehyde (see entries 10 and 11
in Table 1), although we are aware that good yields can
also be achieved with 1.2 equiv.??

Next, these experimental procedures were successfully gen-
eralized to other aliphatic, aromatic, and o,B-unsaturated
aldehydes. As results summarized in Table 2 prove, the cor-
responding 2,4-syn-4,5-syn aldols 10 were obtained in high
yields and with excellent diastereomeric ratios for a wide
array of aliphatic aldehydes, even in the case of sterically
undemanding acetaldehyde (see entries 4 and 13 in Table 2).
Remarkably, Ti(i-PrO)Cl;-mediated aldol reactions afforded
slightly better diastereomeric ratios than the corresponding
TiCl, counterparts, being in most cases higher than 95:5.

(0] (0] OH O\/L/O
I 1) TiLy, i-Pr,NEt, CH,Cly, 78 °C | . HO,
2) i-PrCHO
TBSO TBSO TBSO

5 10a 11a
Entry Lewis acid Enolization time (h) Reaction time (h) Aldehyde equivalents Yield of 10 (%)"
1 TiBry 1.5 2 1.2 52 (17)
2 TiCly 1.5 2 1.2 83 (5)
3 Ti(i-PrO)Cl; 1.5 2 1.2 76 (14)
4 Ti(i-PrO),Cl, 1.5 2 1.2 35 (50)
5 Ti(i-PrO);Cl1 1.5 2 1.2 — (90)
6 TiCly 0.5 2 1.2 80 (<5)
7 Ti(i-PrO)Cl; 0.5 2 1.2 74 (15)
8 TiCly 0.5 0.5 1.2 80 (6)
9 Ti(i-PrO)Cl; 0.5 0.5 1.2 80 (10)
10 TiCly 0.5 0.5 1.5 85 (—)
11 Ti(i-PrO)Cl, 0.5 0.5 1.5 85 (<5)

 Tsolated yield. In parentheses are the isolated yields of unreacted ketone.
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Table 2. TiCly- and Ti(i-PrO)Cls;-mediated aldol reactions of ketone 5

R

X

OH [OXN©]

0 o)
\I)\/ 1) TiCl, or Ti(-PrO)Cl, i-Pr,NEt, CH,Cly, <78°C 5 1|4 , Ho,
2) RCHO 5 R R
TBSO TBSO TBSO

5 10 11
2,4-syn-4,5-syn
Entry Lewis acid Aldehyde R dr* Yield 10 (%)°
1 TiCly a (CH3),CH 97:3 85 (82)°
2 TiCly b (CH3),CHCH, 95:5 81
3 TiCly c CH;CH,CH, 95:5 85
4 TiCl, d CH; 91:9 58¢
5 TiCly e Ph 93:7° 82
6 TiCly f 4-NO,Ph 95:5° 82
7 TiCl, g 4-MeOPh 92:8° 80"
8 TiCly h H,C=CH(CH3) 97:3 85 (90)%
9 TiCly i (E) CH;CH=CH 96:4 80
10 Ti(i-PrO)Cl3 a (CH3),CH 97:3 85 (85)°
11 Ti(i-PrO)Cl, b (CH;),CHCH, 97:3 78
12 Ti(i-PrO)Cl3 c CH;CH,CH, 96:4 86
13 Ti(i-PrO)Cls d CH, 937 60¢
14 Ti(i-PrO)Cl; e Ph 93:7° 81
15 Ti(i-PrO)Cl3 f 4-NO,Ph 95:5¢ 80
16 Ti(i-PrO)Cls g 4-MeOPh 92:8° 80°
17 Ti(i-PrO)Cl; h H,C=CH(CH;) 97:3 81
18 Ti(i-PrO)Cl3 i (E) CH;CH=CH 96:4 79
2 Determined by 'H NMR.
® Isolated yield (dr>95:5).
¢ Scale=4 mmol.
4 Thirty percent of hemiacetal 11d isolated.
c
c

Determined by HPLC.
Overall isolated yield.
€ Scale=3 mmol.

Stereoselectivity was slightly eroded in the case of aromatic
aldehydes, especially for the electron rich p-methoxybenz-
aldehyde (g), which afforded low diastereomeric ratios (dr
92:8) both with TiCly and Ti(i-PrO)Cl;. The reasons for
this behavior are still unclear. Finally, outstanding diastereo-
selectivities (dr>96:4) were also achieved for a,B-unsatu-
rated aldehydes with both Lewis acids.

Otherwise, several reactions were easily scaled-up without
observing any loss of diastereoselectivity or yield (see
entries 1, 8, and 10 in Table 2).

Noteworthy, formation of hemiacetals 11 was routinely ob-
served in the case of aliphatic aldehydes, a—d. Particularly
important was the case of acetaldehyde-derived 11d
(R=Me in Table 2), which turned out to be rather stable
and could be isolated more easily than in other cases (see
entries 4 and 13 in Table 2).

Relative 4,5-syn stereochemistry of aldols 10 was assigned
by means of the analysis of diagnostic coupling constants
in 'TH NMR (°J;5<4.0 Hz) and chemical shifts in '*C
NMR (6pe4<11 ppm).23-2* However, absolute stereochem-
istry required further attention. Hence, removal of protecting
groups from representative aldols 10a and 10e afforded
dihydroxy ketones 12, which were subsequently converted
into the corresponding B-hydroxy carboxylic acids 13 in
good overall yield (Table 3). Spectroscopic and physical
data of 13 match with those previously reported in the liter-
ature and confirmed the configuration assigned to aldols 10.

The ability of ketone 5 to rule the stereochemical outcome
of such substrate-controlled aldol reactions was next chal-
lenged in double asymmetric processes’® confronting tita-
nium enolates from 5 to chiral B- and a-hydroxy aldehydes
as 14 (and ent-14)>’ and 15 (and ent-15)*® as shown in
Scheme 2. In this context, Evans et al. documented that
TiCly-mediated aldol addition of 2-methyl-3-pentanone to
chiral a-methyl-B-hydroxy aldehydes provides the corre-
sponding anti-Felkin adducts in moderate stereoselectivity.’
In addition, preliminary studies carried out in our group
proved that the parallel process associated to chiral a-hydroxy
aldehyde 15 favors the corresponding Felkin adduct.'®®
Thus, it was not surprising to observe that matched pairs

Table 3. Correlation to B-hydroxy acids

O OH O OH O OH
I HF I Nalo, I
— —_—
R CH,CN, 1t R MeOH/H,0, rt HO R
TBSO HO
10a R=/Pr 12a R=iPr 13a R=/iPr
10e R=Ph 12e R=Ph 13e R=Ph

13a [o]p=+11.4 (¢ 0.65, CHCIl;) Heathcock?® [0]p=+9.1 (¢ 2.2, CHCI3)
Palomo®  [0]p=+10.8 (c 1.0, CHCl3)

13e [o]p=+28.8 (c 1.0, CHCl3) Heathcock?® [0]p=+28.5 (c 1.2, CHCly)

Palomo®  [0]p=+28.5 (¢ 1.0, CHCl3)
Entry Hydroxy acid R Overall yield (%)*
1 13a i-Pr 67
2 13e Ph 82

 Isolated yield from aldol 10.
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\I)v 0 16
TBSO a H)\KOTBDPS O OH 0 OH
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1% oTteBDPS* : OTBDPS
TBSO TBSO °
17a 17b
0 dr17a:17b 90:10
| A, OTBDPS
O OH
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Scheme 2. Reagents and conditions: (a) (i) TiCly, i-Pro,NEt, CH,Cl,, —78 °C; (ii) chiral aldehyde.

involving aldehydes 14 and 15 afforded a single diastereo-
mer in high yields (Scheme 2).>° For B-hydroxy aldehyde
ent-14, a still synthetically useful mixture (71% yield, dr
90:10) of syn diastereomers was obtained irrespective of
the Lewis acid (TiCly or Ti(i-PrO)Cl3) employed. How-
ever, ketone 5 hardly overcame the stereochemical bias
imparted by the lactate-derived aldehyde ens-15 and
a 70:30 mixture of diastereomers was obtained in 90%
yield.

The configuration of aldols 16 and 18 was confirmed through
the selective removal of the silicon-protecting groups. In-
deed, selective cleavage of TBDPS group®! in 16 afforded
hemiacetal 20 (Scheme 3), which was carefully analyzed
by 1D and 2D NMR techniques. Alternatively, deprotection
of TBS group in 18 provided dihydroxy ketone 21 (Scheme
3), which was, in turn, oxidized with NalO, and TBDPS-
deprotected to give lactone 22, whose 'H NMR and
13C NMR spectra matched those reported in the literature.?
The configuration of major diastereomers in the case of mis-
matched pairs (17a and 19a) was accounted for the dominant
trend due to chiral ketone 5.

Diagnostic NOE
interactions

O OH H
| a Ho M
~"~OTBDPS ——~ TBSOY, pMe
TBSO : OH OH
16 20
o
o OH |
\')\l/'\l/OTBDPS _° L. o0 Z
RO S YoH
18 R=TBS 22
b
[ 21 Ren

Scheme 3. Reagents and conditions: (a) TBAF, AcOH, DMF, rt, 52%;
(b) HE, CH;CN, rt, 84%; (c¢) (i) NalO4;, MeOH/H,O 2:1, rt; (ii) HF,
CH;CN, 1t, 45%.

Once established the outline for highly stereoselective re-
actions, a deeper understanding of the mechanism of the pro-
cess was considered desirable. Unfortunately, there is a lack
of information concerning the structure of titanium enolates.
To date, only one crystal X-ray analysis has been reported,**
theoretical approaches are scarce®* and spectroscopic stud-
ies on titanium enolates in solution** have provided a poor
knowledge about the aggregation state or the coordination
sphere of the titanium.>> Indeed, it is still unknown if they
must be considered as real enolates or alternatively as ate-
complexes, the role of the amine or the distribution of
ligands around the metal.

Regarding these elusive issues, Evans et al. speculated that
ketone-derived titanium enolates exist as aggregated com-
plexes with the amine intimately associated with the enolate,
possibly through ion pairing.® This model has been mostly
held along mechanistic discussions involving titanium
enolates and could be safely applied to our system. However,
it was deemed worthwhile to get a more accurate picture of
the species implicated in the process. Hence, NMR studies
on putative intermediates of the process were carried out
in CD,Cl, at —78 °C.

In the beginning, it was easy to get both 'TH NMR and '*C
NMR spectra of ketone 5§ in CD,Cl, at low temperatures,
which turned out to be very similar to those previously
registered at rt in CDCl; (for 'TH NMR chemical shifts see
Table 4). Unfortunately, subsequent study of the TiCly—
ketone complex 23 proved troublesome because silicon-
protecting group resulted to be too sensitive to the Lewis
acid. Finally, careful addition of a solution of TiCl, to a stock
solution of ketone 5 at —78 °C and quick analysis of the re-
sulting mixture allowed us to observe significant downfield
shifts for nuclei close to the carbonyl and the ether groups
(see Table 4) and a common peak broadening, which sug-
gests a dynamic behavior. At last, "H NMR spectra of the
ensuing enolate showed a main set of broad signals and
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Table 4. '"H NMR (300 MHz) chemical shifts (CD,Cl,, —78 °C) of ketone 5
and intermediates 23 and 24

o o TiCl o TiCln
1,0 45 | «
3
OSiBuMe, OSi'BuMe, OSi'BuMe,

5 23 24
Entry Nucleus 6in §° 6 in 23" 6 in 24°
1 H1 1.17 1.40 1.35
2 H2 4.07 4.90 4.60
3 H4 2.51,2.63 3.00 5.30
4 H5 0.87 1.05 1.95
5 Si-Me —0.01 0.10 —0.01
6 Si—Bu 0.82 0.87 0.81

? Chemical shifts (6) are quoted in parts per million referenced to CHDCI,
(65.31).

a close inspection of its 2D NOESY NMR revealed cross-
peaks between C=CH and OTBS group. Hence, these
evidences support a Z geometry and an antiperiplanar
arrangement of both C-O bonds for the enolate 24 (see
Table 4 and Scheme 4).

These pieces of evidence and the models currently accepted
permit to propose the mechanism for the process represented
in Scheme 4. As shown, enolization of a chelated TiCl,—
ketone complex provides the corresponding Z-enolate, which
evolves through a cyclic six-membered transition state.
In such scenario, the antiperiplanar distribution of both
TBSO-C and C-OTi bonds would act as the key element
that determines the stereochemical outcome of the reaction
since the preferred chair transition state places the less steri-
cally demanding substituent (H vs Me) of the Ca stereo-
center pointing toward the inside of the ring, as it has been
previously proposed for similar systems,?-35-10:36

o o-TiCle
i TiCl, |
—_—

TBSO TBSO

i-Pr,NEt

H ¥ i
TBSO_ . Me O,TICIm
R/”;EO’ ;TiCIn RCHO \)\/
— 0
Me TBSO

o on
\')\I/L .
TBSO

Scheme 4.

This mechanism is consistent with the stereochemical out-
come of reactions involving both achiral and chiral alde-
hydes. Indeed, chiral a-methyl-B-hydroxy aldehydes show
the usual anti-Felkin bias according to the model established
by Roush.?’” Likewise, a-hydroxy aldehydes afford the
expected Felkin adducts, although in this case the Cornforth
paradigm is the theoretical model®® that more accurately
describes the asymmetric induction in aldol additions to
a-alkoxy aldehydes. %40

3. Conclusions

In summary, we have proved that titanium enolates from
lactate-derived chiral ketone 5 can be easily obtained by
direct enolization with TiCly/i-Pr,NEt and Ti(i-PrO)Cls/
i-Pr,NEt. Furthermore, they participate in highly stereo-
selective aldol processes with a wide scope of achiral and
chiral aldehydes that afford the corresponding 2,4-syn-4,5-
syn diastereomers in good yields irrespective of the titanium
Lewis acid used in the enolization. Finally, spectroscopic
studies of the intermediates involved in this process have
permitted to propose a mechanism that accounts for the
experimental results.

4. Experimental
4.1. General

Melting points were taken on an Electrothermal apparatus
and have not been corrected. Specific rotations were deter-
mined at 20 °C on a Perkin—Elmer 241 MC polarimeter.
IR spectra were recorded on either a Perkin—Elmer 681 or
a Nicolet 510 FT spectrometer and only the more represen-
tative frequencies (cm~!) are reported. '"H NMR (300 MHz)
and '3C NMR (75.4 MHz) spectra were recorded on a Varian
Unity Plus 300 spectrometer; 'H NMR (400 MHz) and '*C
NMR (100.6 MHz) spectra were recorded on a Varian
Mercury; 'H NMR (500 MHz) spectra were recorded on
a Varian Unity Inova 500 spectrometer; chemical shifts (0)
are quoted in parts per million and referenced to internal
TMS for '"H NMR and CDCl; (6 77.0) for '3C NMR; data
are reported as follows: s, singlet; d, doublet; t, triplet; q,
quartet; hep, heptuplet; m, multiplet; br, broad; coupling
constants (J) are quoted in hertz; where appropriate, 2D
techniques were also used to assist in structural elucidation.
Low resolution chemical ionization mass spectra (MS) were
recorded on an HP-5988 A spectrometer. High resolution
mass spectra (HRMS) were obtained from the Centro de
Apoio Cientifico Tecnoloxico a Investigacion (C.A.C.T.L),
Universidad de Vigo. HPLC was carried out with a BGY
126 (250x4 mm) column [silica gel Spherisorb S3W] with
a 0.9 mL min~' flux. Flash chromatography was performed
on SDS silica gel (35-70 um). Analytical thin-layer chroma-
tography was carried out on Merck Kieselgel 60 F,s4 plates.
The following solvents and reagents were purified and dried
according to the standard procedures: CH,Cl,, THF, Et,0,
DM, i-Pr,NEt. All other reagents were used as received.

4.2. Preparation of (S)-2-tert-butyldimethylsilyloxy-3-
pentanone (5)

4.2.1. (S)-2-tert-Butyldimethylsilyloxy-N-methoxy-N-
methylpropanamide (9). A solution of TBSCI (2.56 g,
17.0 mmol) in THF (5+1 mL) was added via canula to a
solution of 8'° (1.51¢g, 11.3mmol), EN (3.9 mL,
27.8 mmol) and a catalytic amount of DMAP in THF
(10 mL) at 0 °C under N,. The resulting mixture was stirred
at 0 °C for 10 min at rt for two days. It was then diluted with
Et,O (150 mL), washed with 1M HCI (50 mL), satd
NaHCOj; (50 mL), and brine (50 mL). The organic layer was
dried (MgSO,) and concentrated. The resulting oil was puri-
fied by flash chromatography (from hexanes/EtOAc 90:10
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to 60:40), which afforded 2.72 g (11.0 mmol, 97%) of (5)-2-
tert-butyldimethylsilyloxy-N-methoxy-N-methylpropan-
amide (9). Colorless oil; R;=0.65 (hexanes/EtOAc 60:40);
[a]lp —24.6 (¢ 1.0, CHCI); IR (film): » 2956, 2933, 1686;
'H NMR (CDCl;, 300 MHz) 6 4.68 (1H, g, J=6.6,
CHOTBS), 3.70 (3H, s, OCHs), 3.21 (3H, br s, NCH>),
1.33 (3H, d, J=6.6, CH;CHOTBS), 0.91 (9H, s, SiC(CHs)3),
0.11 (3H, s, SiCH>), 0.08 (3H, s, SiCH5); '*C NMR (CDCls;,
75.4 MHz) 6 66.6 (br), 61.2,32.8 (br), 25.8,20.9, 18.3, —4.7,
-5.0.

4.2.2. (S)-2-tert-Butyldimethylsilyloxy-3-pentanone (5).
A 2 M solution of EtMgCl (10.9 mL, 21.8 mmol) in Et,O
was added dropwise to a solution of 9 (2.69 g, 10.9 mmol)
in THF (140 mL) at 0 °C under N, and the resulting mixture
was stirred at 0 °C for 1 h. The reaction was quenched by the
addition of satd NH4Cl (80 mL). The organic layer was
washed with satd NH4CI (50 mL) and H,O (50 mL). The
aqueous layers were extracted with Et,O (2x100 mL) and
the combined organic extracts were dried (MgSQ,) and con-
centrated carefully (caution: concentration in vacuo has to
be carried out carefully in order to prevent losses of prod-
uct). The resulting oil was purified by flash chromatography
(hexanes/Et,O 90:10), which afforded 2.16 g (10.0 mmol,
92‘7?Syield) of (S)-2-tert-butyldimethylsilyloxy-3-pentanone
(85).7>¢

4.3. General procedure of titanium-mediated aldol
reactions from ketone 5

4.3.1. Using TiCly. Neat TiCly (0.12 mL, 1.1 mmol) is
added slowly to a solution of ketone 5 (216 mg, 1.0 mmol)
in CH,Cl, (5 mL) at —78 °C under N,. The resulting yellow
mixture is stirred for 3-4 min and i-Pr,NEt (0.19 mL,
1.1 mmol) is added dropwise. The resulting dark red solu-
tion is stirred for 30 min at —78 °C and, after the dropwise
addition of freshly distilled aldehyde (1.5 equiv), stirring is
continued for 30 min at —78 °C. The reaction is quenched
by the addition of satd NH4CI (5 mL) and vigorously stirred
at rt. The mixture is diluted with Et,O, washed with H,O,
satd NaHCOg;, and brine. The aqueous phases are extracted
with Et,O, and the combined organic extracts are dried
(MgS0,4) and concentrated. The resulting oil is analyzed
by 'H NMR or HPLC and purified by flash chromatography
(hexanes/EtOAc or CH,Cl,).

Note—p-nitrobenzaldehyde was added as a solution in
CH,Cl, (0.5 mL+0.5 mL) using 4 mL of solvent for the
enolization. Methacrolein was used as received.

4.3.2. Using Ti(-PrO)Cl;. Freshly distilled Ti(i-PrO),
(83 pL, 0.28 mmol) is added dropwise to a solution of TiCly
(92 pL, 0.84 mmol) in CH,CI, (1 mL) at 0 °C under N,. The
resulting yellow mixture is stirred for 10 min at 0 °C, diluted
with CH,Cl, (1 mL) and stirred for 10 min at rt. Then, the
ensuing colorless solution is added dropwise (it is rinsed
with 2x0.5 mL) via canula for 10—15 min to a solution of
ketone 5 (216 mg, 1.0 mmol) in CH,Cl, (2 mL) at —78 °C
under N,, followed by i-Pr,NEt (0.19 mL, 1.1 mmol). The
resulting dark red solution is stirred for 30 min at —78 °C
and, after the dropwise addition of freshly distilled aldehyde
(1.5 equiv), stirring is continued for 30 min at —78 °C.

The reaction mixture is quenched and worked-up as in the
previous case.

4.3.3. (25,4R,55)-2-tert-Butyldimethylsilyloxy-5-
hydroxy-4,6-dimethyl-3-heptanone (10a). Colorless oil;
R=0.2 (hexanes/EtOAc 9:1); [a]p +24.7 (c 0.89, CHCly);
IR (film): » 3530 (br), 1702; 'H NMR (CDCl;, 500 MHz)
6 4.19 (1H, q, J/=7.0, CHOTBS), 3.42 (1H, dd, J=8.8, J=
2.4,CHOH),3.32(1H, qd, J/=7.2,J=2.4, COCHCH3CHOH),
1.72-1.62 (1H, m, CH(CHj),), 132 (3H, d, J=7.0,
CH;CHOTBS), 1.11 (3H, d, J=7.2, COCHCH;CHOH),
1.00 (3H, d, J=6.6, CH3), 0.90 (9H, s, SiC(CH3)3), 0.82
(3H, d, J=6.8, CH3), 0.07 (3H, s, SiCH3), 0.06 (3H,
s, SiCH3); *C NMR (CDCl;, 100.6 MHz) 6 219.8 (C),
76.1 (CH), 74.6 (CH), 41.3 (CH), 30.4 (CH), 25.7 (CH3),
21.4 (CHj3), 19.4 (CH3), 18.8 (CHj3), 18.0 (C), 9.3 (CHj3),
—4.7 (CH3), —5.0 (CH3); HRMS (+FAB): m/z calcd for
[M+H]* Cy5H3305Si: 289.2207; found: 289.2199.

4.3.4. (25,4R,5S5)-2-tert-Butyldimethylsilyloxy-5-
hydroxy-4,7-dimethyl-3-octanone (10b). Colorless oil;
R=0.3 (hexanes/EtOAc 9:1); [a]p +2.7 (c 2.1, CHCI3); IR
(film): » 3500 (br), 1720; 'H NMR (CDCl;, 500 MHz)
0 421 (1H, q, J=6.8, CHOTBS), 3.94 (1H, ddd, J=9.3,
J=4.1, J=29, CHOH), 3.08 (1H, qd, J=7.2, J=2.9,
COCHCH;CHOH), 1.85-1.70 (1H, m, CH(CHj3),), 1.55—
1.42 (1H, m, CH,H,), 1.34 (3H, d, J/=6.8, CH;CHOTBS),
1.14 (3H, d, J/=7.2, COCHCH;CHOH), 1.15-1.00 (1H, m,
CH.H,), 0.92 (9H, s, SiC(CH3)3), 0.92 (3H, d, J=6.8,
CH3), 091 (3H, d, J=6.5, CH3), 0.10 (3H, s, SiCH3), 0.09
(3H, s, SiCH;); '3C NMR (CDCl;, 75.4 MHz) 6 219.2,
74.6, 68.8, 44.5, 43.1, 25.7, 24.5, 23.4, 22.0, 21.3, 18.0,
10.1, —4.6, —5.0; HRMS (+FAB): m/z calcd for [M+H]*
C16H3505Si: 303.2355; found: 303.2362.

4.3.5. (25,4R,55)-2-tert-Butyldimethylsilyloxy-5-
hydroxy-4-methyl-3-octanone (10c). Colorless oil; Ry=
0.2 (hexanes/EtOAc 9:1); [a]p +9.2 (¢ 1.35, CHCI3); IR
(film): v 3475 (br), 1711; 'H NMR (CDCl;, 500 MHz)
o 4.19 (1H, q, J=6.9, CHOTBS), 3.85-3.80 (1H, m,
CHOH), 3.10 (1H, qd, J=7.2, J=2.8, COCHCH;CHOH),
1.55-140 (2H, m, CHOHCH,), 1.35-1.20 (2H, m,
CH,CH3), 1.31 (3H, d, J/=6.9, CH3;CHOTBS), 1.11 (3H, d,
J=17.2, COCHCH;CHOH), 091 (3H, t, /=7.2, CH,CH5),
0.90 (9H, s, SiC(CH3)3), 0.07 (6H, s, Si(CH3),); '*C NMR
(CDCl3, 754 MHz) 6 219.1, 74.5, 70.6, 44.1, 36.1,
25.7, 21.3, 19.2, 18.0, 14.0, 9.9, —4.7, —5.0; HRMS
(+FAB): m/z caled for [M+H]" C;sH3303Si: 289.2199;
found: 289.2195.

4.3.6. (25,4R,55)-2-tert-Butyldimethylsilyloxy-5-
hydroxy-4-methyl-3-hexanone (10d). Colorless oil; R=
0.15 (hexanes/EtOAc 9:1); [a]p +16.8 (¢ 1.0, CHCls); IR
(film): v 3462 (br), 1713; 'H NMR (CDCl;, 300 MHz)
0 4.21 (1H, q, J=6.9, CHOTBS), 4.06 (1H, qd, J=6.4,
J=3.4,CHOH), 3.08 (1H, qd, /=7.2, J=3.4, COCHCHOH),
1.34 (3H, d, J=6.9, CH;CHOTBS), 1.15 (3H, d, J=7.2,
COCHCH;CHOB), 1.15 (3H, d, J=6.4, CHOHCH3), 0.92
(9H, s, SiC(CH3)3), 0.10 (3H, s, SiCH3), 0.09 (3H, s,
SiCH3); '*C NMR (CDCls, 75.4 MHz) 6 218.6, 74.5, 67.1,
45.5, 25.6, 21.1, 20.0, 18.0, 10.2, —4.7, —5.1; HRMS
(+FAB): m/z calcd for [M+H]+ C13H2903Si: 261.1886;
found 261.1892.
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4.3.7. (1R,2R,4S5)-4-tert-Butyldimethylsilyloxy-1-
hydroxy-2-methyl-1-phenyl-3-pentanone (10e). Colorless
oil; Ry=0.15 (hexanes/EtOAc 9:1); HPLC (hexanes/i-PrOH
99:1) tg=5.2 min (minor diastereomer, fg=>5.6 min); [a]p
+4.2 (¢ 1.0, CHCl); IR (film): » 3500 (br), 1713; '"H NMR
(CDCl3, 500 MHz) 6 7.34-7.30 (4H, m, ArH), 7.26-7.21
(1H, m, ArH), 5.03 (1H, d, J=3.7, CHOH), 4.14 (1H,
q, J=6.9, CHOTBS), 3.37 (1H, qd, J=7.2, J=3.7,
COCHCH;CHOH), 1.27 (3H, d, J=6.9, CH;CHOTBS), 1.05
(3H, d, J=7.2, COCHCH3;CHOH), 0.90 (9H, s, SiC(CH3)3),
0.08 (3H, s, SiCH3), 0.06 (3H, s, SiCH5); '*C NMR (CDCls,
75.4 MHz) 6 218.7, 141.7, 128.2, 127.2, 125.9, 74.6, 72.8,
46.9, 25.7, 21.0, 18.0, 10.4, —4.7, —5.0; HRMS (+FAB):
miz caled for [M+H]* C;gH;,03Si: 323.2042; found:
323.2045.

4.3.8. (1R,2R,4S)-4-tert-Butyldimethylsilyloxy-1-
hydroxy-2-methyl-1-(4-nitrophenyl)-3-pentanone (10f).
Colorless oil; Rs=0.30 (CH,Cl,); HPLC (hexanes/EtOAc
97.5:2.5) tg=35.3 min (minor diastereomer, tg=>50.1 min);
[a]lp —0.6 (¢ 1.1, CHCl3); IR (film): v 3512 (br), 1710,
1524, 1349; '"H NMR (CDCl3, 300 MHz) 6 8.25-8.15 (2H,
m, ArH), 7.55-7.45 (2H, m, ArH), 5.17 (1H, br s, CHOH),
423 (1H, q, J/=6.9, CHOTBS), 3.41 (1H, qd, J=7.2, J=
2.9, COCHCH;CHOH), 1.35 (3H, d, J=6.9, CH;CHOTBS),
1.03 (3H, d, J=7.2, COCHCH;CHOH), 0.92 (9H, s,
SiC(CHs)3), 0.11 (6H, s, Si(CH3),); '*C NMR (CDCls,
75.4 MHz) 6 218.8, 149.1, 147.2, 126.7, 123.5, 74.7, 71.9,
46.3, 25.7, 21.4, 18.0, 9.8, —4.6, —5.0; HRMS (+FAB):
mlz caled for [M+H]* C;gH350NOsSi: 368.1893; found:
368.1882.

4.3.9. (1R,2R,4S)-4-tert-Butyldimethylsilyloxy-
1-hydroxy-1-(4-methoxyphenyl)-2-methyl-3-pentanone
(10g). Colorless oil; R;=0.25 (CH,Cl,); [a]p +1.7 (¢ 1.0,
CHCl3); HPLC (hexanes/i-PrOH 99:1) tzg=6.5 min (minor
diastereomer, fg==8.0 min); IR (film): » 3504 (br), 1713;
'"H NMR (CDCl;, 300 MHz) 6 7.28-7.20 (2H, m, ArH),
6.92-6.84 (2H, m, ArH), 4.99 (1H, dd, J=4.0, J=1.8,
CHOH), 4.13 (1H, q, J=6.8, CHOTBS), 3.80 (3H, s,
OCHs3), 3.35 (1H, qd, J=7.1, J=4.0, COCHCH;CHOH),
1.27 (3H, d, J=6.8, CH3;CHOTBS), 1.08 (3H, d, J=7.1,
COCHCH;CHOH), 0.92 (9H, s, SiC(CH3)3), 0.09 (3H, s,
SiCH3), 0.08 (3H, s, SiCHs); '*C NMR (CDCl;, 75.4 MHz)
0 218.5, 158.8, 134.0, 127.1, 113.6, 74.6, 72.6, 55.2,
47.1, 25.7, 20.9, 18.0, 10.8, —4.7, —5.0; HRMS (+FAB):
mi/z caled for [M+H]* C;9H330,4Si: 353.2148; found:
353.2141.

4.3.10. (2S,4R,5R)-2-tert-Butyldimethylsilyloxy-5-hy-
droxy-4,6-dimethyl-6-hepten-3-one (10h). Colorless oil;
R=0.1 (hexanes/EtOAc 94:6); [a]p +12.4 (¢ 1.0, CHCIy);
IR (film): » 3500 (br), 1702, 1653; 'H NMR (CDCls,
500 MHz) 6 5.12-5.09 (1H, m, C=CH,H,), 4.95-
493 (1H, m, C=CH,H,), 432 (1H, br s, CHOH), 4.21
(1H, q, J=6.9, CHOTBS), 3.30 (1H, qd, J=7.2, J=2.8,
COCHCH;CHOH), 1.67-1.65 (3H, m, CH;C=CH,), 1.28
(3H, d, J=6.9, CH;CHOTBS), 1.06 (3H, d, J=7.2,
CH;CHOTBS), 091 (9H, s, SiC(CHs3);3), 0.08 (6H, s,
Si(CHs),); '3C NMR (CDCls, 75.4 MHz) 6 219.2, 143.2,
111.8, 74.6, 73.2, 41.8, 25.7, 21.3, 19.6, 18.0, 9.6, —4.6,
—5.0; HRMS (+FAB): m/z caled for [M+H]* C;5H;3,03Si:
287.2042; found: 287.2035.

4.3.11. (25,4R,5S,6E)-2-tert-Butyldimethylsilyloxy-5-
hydroxy-4-methyl-6-octen-3-one (10i). Yellowish oil;
R=0.2 (hexanes/EtOAc 9:1); [a]p —6.3 (¢ 1.3, CHCly);
IR (film): v 3475 (br), 1709, 1640; 'H NMR (CDCls,
500 MHz) ¢ 5.72 (1H, dqd, J=15.7, J=6.5, J=1.2, HC=
CHCH;), 5.44 (1H, ddq, J=15.7, J=6.5, J=1.7, HC=
CHCHy), 4.36-4.32 (1H, m, CHOH), 4.21 (1H, q, J=6.9,
CHOTBS), 3.19 (1H, qd, /=7.2, J=3.8, COCHCH;CHOH),
1.70 (3H, ddd, J=6.5, J=1.7, J=0.9, HC=CHCH;), 1.30
(3H, d, J=6.9, CH;CHOTBS), 1.11 (3H, d, J=7.2,
COCHCH;CHOH), 0.90 (9H, s, SiC(CH3)3), 0.07 (6H, s,
Si(CH3),); '*C NMR (CDCls, 75.4 MHz) 6 217.7, 130.7,
127.7, 74.6, 72.2, 45.2, 25.7, 21.0, 18.0, 17.7, 11.1, —4.6,
—5.0; HRMS (+FAB): m/z calcd for [M+H]* C,sH3,05Si:
287.2042; found: 287.2050.

4.3.12. Hemiacetal from i-PrCHO (11a). Colorless oil;
R=0.6 (hexanes/EtOAc 9:1); [a]p —22.7 (¢ 0.6, CHCly);
IR (film): » 3525, 2957, 2929; 'H NMR (CDCls,
300 MHz) 6 4.84 (1H, d, J=4.5, OCHO), 3.83 (1H, q,
J=6.3, CHOTBS), 3.64 (1H, s, OH), 3.59 (1H, dd, J=9.7,
J=2.0, OCHCH(CHs),), 1.85-1.60 (3H, m, CHCH; and
2xCH(CHs),), 1.13 (3H, d, J=6.0, CH3), 1.03 (3H, d,
J=6.3, CH5), 098 (3H, d, J=6.9, CH3), 0.96 (3H, d,
J=6.9, CH3), 0.93 (9H, s, SiC(CH3)3), 0.89 (3H, d, J=6.6,
CHs), 0.83 (3H, d, /=6.9, CH3), 0.14 (3H, s, SiCH>), 0.12
(3H, s, SiCH;3); '*C NMR (CDCl;, 75.4 MHz) 6 98.5,
98.3, 80.1, 71.2, 33.7, 32.4, 28.7, 25.8, 19.8, 18.1, 17.3,
17.2,16.9, 16.4, 6.9, —4.6, —4.9.

4.3.13. Hemiacetal from CH;CHO (11d). Colorless oil,
Ry=0.5 (hexanes/EtOAc 9:1); [a]p —22.9 (¢ 1.3, CHCly);
IR (film): » 3527, 2933; 'H NMR (CDCls;, 300 MHz)
0 5.27 (1H, q, J=5.2, OCHO), 4.34 (1H, qd, J=6.6,
J=2.1, C(OH)-CHCHCH3), 3.78 (1H, q, /=6.3, CHOTBS),
3.63 (1H, s, OH), 140 (1H, qd, J=6.8, J=2.1,
C(OH)CH(CH5)CH), 1.26 (3H, d, J=5.2, OCH(CH3)0O),
1.13 (3H, d, J/=6.6, C(COH)CHCHCHs), 1.07 (3H, d, /=6.3,
CH5CHOTBS), 0.90 (3H, d, J=6.8, C(OH)CH(CH5)CH),
0.89 (9H, s, SiC(CHs>)3), 0.08 (3H, s, SiCH3), 0.07 (3H, s,
SiCH3); '"H NMR (C¢Dg, 400 MHz) 6 5.41 (1H, q, J=5.2,
OCHO), 4.50 (1H, qd, J=6.5, J=2.2, C(OH)CHCHCH3),
3.79 (1H, q, J=6.2, CHOTBS), 3.64 (1H, s, OH), 1.34 (3H,
d,J=5.2,0CH(CH;)0), 1.31(1H, qd, J=6.8,J=2.2, C(OH)-
CH(CH;3)CH), 1.04 (3H, d, J=6.5, C(OH)CHCHCH3), 1.01
(3H, d, J=6.2, CH;CHOTBS), 0.94 (9H, s, SiC(CH3)3),
0.83 (3H, d, J=6.8, C(OH)CH(CH3)CH), 0.09 (3H, s,
SiCHs), 0.07 (3H, s, SiCH3); '*C NMR (CDCl5, 75.4 MHz)
098.4,91.9, 71.2, 70.1, 36.7, 25.8, 20.7, 18.2, 18.0, 16.7,
6.7, —4.6, —5.1.

4.4. General procedure for TBS removal

A 48% aq solution of HF (3 equiv) is added dropwise to
a 0.2 M solution of aldol 10 in CH;CN at rt. The reaction
mixture is stirred for 1 h and diluted with CH,Cl,. The or-
ganic layer is washed with satd NaHCO;, dried (MgSO,)
and concentrated. The resulting oil is purified by flash chro-
matography (hexanes/EtOAc), which affords dihydroxy
ketones 12 in 74-87% yield.

4.4.1. (25,4R,55)-2,5-Dihydroxy-4,6-dimethyl-3-hepta-
none (12a). Yield: 74%. Colorless oil; R;=0.25 (hexanes/
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EtOAc 60:40); [a]p +69.9 (c 1.5, CHCL,); IR (film): » 3438
(br), 2967, 1708; 'H NMR (CDCls;, 300 MHz) & 4.45
(1H, g, J=7.0, CH;CHOH), 3.58 (1H, dd, J=8.0, J=3.2,
COCHCHOH), 2.99 (1H, qd, J=7.2, J=3.2, COCHCHOH),
1.71 (1H, dhep, J=8.0, J=6.6, CH(CH3),), 1.42 (3H, d,
J=7.0, CH;CHOH), 1.19 (3H, d, J=7.2, COCHCH>), 1.03
(3H, d, J=6.6, CH(CHS),), 0.90 (3H, d, J=6.6, CH(CHS),);
13C NMR (CDCls, 75.4 MHz) 6 217.7, 75.7, 71.2, 42.8,
304, 199, 19.1, 18.7, 104; MS (CI-NH3) m/z:
[M+NH,]*=192 (100).

4.4.2. (1R,2R 45)-1,4-Dihydroxy-2-methyl-1-phenyl-3-
pentanone (12e). Yield: 87%. Colorless oil; R;=0.20 (hex-
anes/EtOAc 60:40); [a]p +42.1 (c 1.1, CHCI,); IR (film): »
3409 (br), 3063, 2979, 1710; 'H NMR (CDCl5, 300 MHz)
0 7.40-7.20 (5H, m, ArH), 5.06 (1H, dd, J=5.4, J=2.2,
CHOHPh), 4.32 (1H, qd, J=7.1, J=5.1, CH;CHOH), 3.35
(1H, d, J=5.1, CH;CHOH), 3.07 (1H, qd, J=7.1, J=5.4,
COCHCH;CHOH), 2.84 (1H, br s, CHOHPh), 1.17 (3H,
d, J=7.1, COCHCH;CHOH), 1.09 (3H, d, J=7.1,
CH;CHOH); '3C NMR (CDCl;, 75.4MHz) ¢ 216.3,
141.7, 128.3, 127.8, 126.1, 73.2, 71.5, 48.6, 19.1, 12.3;
MS (CI-NH3) m/z: [M+NH4]"=226 (100).

4.5. General procedure for oxidation of a-hydroxy
ketones

A mixture of dihydroxy ketone 12 (1 mmol) and NalO4
(1.46 g, 10 mmol) in 2:1 MeOH/H,0 (10 mL) is stirred for
1 h at rt. It is diluted with Et,O (10 mL), cooled to 0 °C,
and 1 M HCI is slowly added to reach pH 1. The mixture
is partitioned with Et,O (10 mL) and H,O (10 mL). The or-
ganic layer is separated and the aqueous layer is thoroughly
extracted with Et,O (4 x 10 mL). The combined ethereal ex-
tracts are dried (MgSQO,) and concentrated. The resulting oil
is purified by flash chromatography (CH,Cl,/MeOH 95:5),
which affords hydroxy acids 13 in 90-95% yield.

4.5.1. (2R,3S)-3-Hydroxy-2,4-dimethylpentanoic acid
(13a). Yield: 90%. Viscous colorless oil; R;=0.10 (CH,Cl,/
MeOH 95:5); [alp +11.4 (¢ 0.65, CHCly) [lit.>¢ [a]p +9.1
(c 2.2, CHCL); 1it.? [a]p +10.8 (¢ 1.0, CHCl,)]; IR (film):
v 3500-2750 (br), 1711; 'H NMR (CDCls;, 300 MHz)
6 6.40 (2H, br s, 2x0H), 3.64 (1H, dd, J=8.1, J=3.6,
CHOH), 2.71 (1H, qd, J=7.1, J=3.6, HOOCCH), 1.73 (1H,
dhep, J=8.1, J=6.7, CH(CH;),), 1.21 (3H, d, J=7.1,
HOOCCHCH3), 1.02 (3H, d, J=6.7, CH;CHCH;), 0.89
(3H, d, J=6.7, CH;CHCHs>); '*C NMR (CDCl,, 75.4 MHz)
0 181.6,76.9, 41.8, 30.6, 19.0, 18.7, 9.7; MS (CI-NH3) m/z:
[M+NH,4]*=164 (100), [M+H]*=147 (16).

4.5.2. (2R,3R)-3-Hydroxy-2-methyl-3-phenylpropanoic
acid (13e). Yield: 95%. White solid; mp=76-77 °C [lit.?°
mp=78-79 °C]; R;=0.10 (CH,Cl,/MeOH 95:5); [alp
+28.8 (¢ 1.0, CHCIy) [lit.* [a]p +28.5 (¢ 1.27, CHCly);
1it.?> [a]p +28.5 (¢ 1.0, CHCI3)]; IR (film): » 3500-2750
(br), 1708; 'H NMR (CDCl;, 300 MHz) & 7.40-7.20 (5H,
m, ArH), 6.40 (2H, br s, 2x0H), 5.17 (1H, d, J=3.9,
CHOH), 2.84 (1H, qd, J=7.1, J=3.9, COCHCH3), 1.15
(3H, d, J=7.1, COCHCH3;); '3C NMR (CDCl3, 75.4 MHz)
0 180.9, 141.0, 128.4, 127.7, 125.9, 73.4, 46.2, 10.3; MS
(CI-NH3) m/z: [M+NH,4]*=198 (100).

4.6. Spectroscopic data for aldol adducts from chiral
aldehydes

4.6.1. (25,4R,5S,6S5)-2-tert-Butyldimethylsilyloxy-7-tert-
butyldiphenylsilyloxy-5-hydroxy-4,6-dimethyl-3-hepta-
none (16). Yellowish oil; R;=0.35 (hexanes/EtOAc 90:10);
[alp +10.4 (c 1.05, CHCI;); IR (film): v 3516 (br), 1702;
'H NMR (CDCl;, 400 MHz) 6 7.70-7.65 (4H, m, ArH),
7.45-7.35 (6H, m, ArH), 4.26 (1H, q, J/=6.8, CHOTBS),
3.89 (1H, dd, J/=9.2, J=2.4, CHOH), 3.81 (1H, dd, J=9.6,
J=4.8, CHH,OTBDPS), 3.74 (1H, dd, J=9.6, /=423,
CH,H,0TBDPS), 3.27 (1H, qd, J=7.2, /=2.4, COCHCHOH),
1.82-1.72 (1H, m, CHCH,OTBDPS), 1.33 (3H, d, J=6.8,
CH;CHOTBS), 1.13 (3H, d, J=7.2, COCH(CH3)CHOH),
1.05 (9H, s, SiC(CHs3)3), 0.92 (9H, s, SiC(CH3)3), 0.91 (3H,
d, J=6.8, CH(CH3)CH,OTBDPS), 0.09 (3H, s, SiCH3),
0.08 (3H, s, SiCH;); ')C NMR (CDCl;, 100.6 MHz)
0 218.4 (C), 135.6 (CH), 133.5 (C), 133.4 (C), 129.6 (CH),
127.6 (CH), 74.4 (CH), 72.6 (CH), 66.9 (CH,), 41.8 (CH),
37.7 (CH), 26.9 (CH3), 25.7 (CH3), 21.3 (CH3), 19.3 (O),
18.0 (C), 13.6 (CH), 9.1 (CH), —4.6 (CH3), —4.9 (CHa);
HRMS (+ESI) calcd for [M+Na]+ C31H5()O4Si2NaZ
565.3140; found: 565.3159.

4.6.2. (2S,4R,5R,65)-2-tert-Butyldimethylsilyloxy-6-tert-
butyldiphenylsilyloxy-5-hydroxy-4-methyl-3-heptanone
(18). Yellowish oil; Rs=0.15 (hexanes/EtOAc 96:4); [a]p
+9.9 (¢ 1.2, CHCly); IR (film): » 3500 (br), 1710; '"H NMR
(CDCl3, 500 MHz) 6 7.75-7.60 (4H, m, ArH), 7.45-7.35
(6H, m, ArH), 4.19 (1H, q, J=6.7, CHOTBS), 3.83 (1H,
dd,J=6.4,J=4.7,CHOH), 3.81-3.76 (1H, m, CHOTBDPS),
3.41 (1H, qd, J=7.0, J=4.7, COCHCHOH), 1.32 (3H, d,
J=6.7, CH;CHOTBS), 1.09 (3H, d, J=7.0, COCH(CH>)-
CHOH), 1.06 (9H, s, SiC(CH3)3), 1.02 (3H, d, J=6.0,
CH(OTBDPS)CHs;), 0.91 (9H, s, SiC(CH3)3), 0.05 (3H, s,
SiCHs), 0.04 (3H, s, SiCH3); '3C NMR (CDCls,
75.4 MHz) 6 217.3 (C), 135.9 (CH), 135.8 (CH), 134.3
(C), 133.2 (C), 129.8 (CH), 129.6 (CH), 127.7 (CH), 127.4
(CH), 75.1 (CH), 74.5 (CH), 69.7 (CH), 41.4 (CH), 27.1
(CH3), 25.8 (CH3), 21.3 (CH3), 19.2 (C), 19.1 (CH3), 18.1
(C), 11.7 (CH3), —4.7 (CH3), —4.8 (CH3); HRMS (+FAB):
calecd for [M+Na]* C5oHy304Si-Na: 551.2989; found:
551.2979.

4.7. Synthesis of hemiacetal 20 from 16

A 0.025 M solution of TBAF-3H,O and AcOH in DMF
(4.3 mL, 108 pmol) was added to a 10 mL round bottom
flask containing 16 (117 mg, 215 umol) and the resulting
mixture was stirred for 3.5 h at rt. Then, it was diluted
with Et,0 (30 mL) and H,O (30 mL), and the organic layer
was washed with brine (25 mL), dried (MgSQO,) and concen-
trated. The residue was purified by flash chromatography
(from hexanes to hexanes/EtOAc 85:15), which afforded
17 mg (56 pmol, 52% yield) of oil. Spectroscopic analysis
of this oil revealed that the main component (9:1 mixture)
was cyclic hemiacetal 20. Colorless oil; R;=0.15 (hexanes/
EtOAc 85:15); IR (film): » 3510 (br), 2931, 1115, 1038,
1014; '"H NMR (Cg¢Ds, 400 MHz) ¢ 3.92 (1H, d, J=10.9,
CHOH), 3.65 (1H, t, J=11.8, CH,H,0), 3.58 (1H, q,
J=6.3, CHOTBS), 3.51 (1H, s, OH), 3.48-3.39 (1H, m,
CHOH), 3.21 (1H, dd, J=11.8, J=5.5, CHH,0), 1.92
(1H, qd, J=7.2, J=2.7, O,CCHCH3), 1.79-1.67 (1H, m,
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CHCH,0), 0.96 (3H, d, J=6.3, CH;CHOTBS), 0.93 (9H, s,
SiC(CH3)3), 0.88 (3H, d, J=6.8, CHCH,CH,0), 0.63 (3H, d,
J=7.2, 0,CCHCH;), 0.07 (3H, s, SiCH3), 0.05 (3H, s,
SiCH;); 'TH NMR (CDCls, 400 MHz) 6 3.94-3.90 (1H, m,
CHOH), 3.71 (1H, t, J=11.8, CH,H,0), 3.70 (1H, s, OH),
3.66 (1H, g, J=6.3, CHOTBS), 3.52-3.45 (1H, m, CHOH),
3.41 (1H, dd, J=11.8, J=5.4, CH,H,0), 2.10-1.90 (2H, m,
2xCHCH3), 1.10 (3H, d, J=6.3, CH,CHOTBS), 0.94 (3H,
d, J=7.1, CHCH,;), 0.88 (9H, s, SiC(CHs)3), 0.88 (3H, d,
J=6.8, CHCHS), 0.07 (3H, s, SiCH5), 0.05 (3H, s, SiCH>);
13C NMR (CDCls, 100.6 MHz) 6 99.0, 75.0, 71.1, 61.4,
37.9,29.1,25.8, 18.2, 17.4, 12.8, 12.7, —4.6, —5.1.

4.8. Synthesis of lactone 22 from 18

A mixture of 18 (201 mg, 0.38 mmol) and 48% aq HF
(45 pL, 1.25 mmol) in CH3CN (4.5 mL) was stirred at 1t
under N, for 45 min. Then, it was diluted with CH,ClI,
(100 mL), washed with satd NaHCOs; (2x50 mL), dried
(Na,S0,), and concentrated. The purification of the residue
by flash chromatography (hexanes/EtOAc 4:1) afforded
133 mg (0.32 mmol, 84%) of (2S,4R,5R,6S)-6-tert-butyldi-
phenylsilyloxy-2,5-dihydroxy-4-methyl-3-pentanone (21).
Next, a mixture of 21 (127 mg, 306 umol) and NalO4
(635 mg, 3 mmol) in MeOH/H,O 2:1 (3.5 mL) was stirred
at rt for 1.5 h, diluted with CH,Cl, (50 mL), and washed
with 0.5 M HCl (2x10 mL). The aqueous layers were ex-
tracted with CH,Cl, (2x 10 mL) and the combined extracts
were dried (Na,SO,) and concentrated, which provided
a brownish oil (123 mg) that was used in the next step with-
out further purification. A mixture of this oil and 48% aq HF
(110 pL, 3.2 mmol) in CH3CN (1.5 mL) was stirred at rt un-
der N, for 60 h. Then, it was diluted with CH,Cl, (100 mL),
washed with satd NaHCO5 (2 x50 mL), dried (Na,SO,), and
concentrated. The residue was purified by flash chromato-
graphy (hexanes/EtOAc 2:1), which afforded 18 mg
(138 pmol, 45% yield over two steps) of (2R,3R,45)-3-hy-
droxy-2,4-dimethylbutyrolactone (22). Brown solid; mp=
59.0-60.5 °C; R=0.10 (hexanes/EtOAc 2:1); [a]p —23.5
(c 1.0, CHCl3); IR (KBr): » 3463 (br), 1746; 'H NMR
(CDCl3, 300 MHz) 6 4.22 (1H, dq, J=7.6, J=6.1, COOCH),
3.76-3.67 (1H, m, CHOH), 2.75 (1H, br s, OH), 2.60 (1H, dq,
J=9.2,J=7.2, CHCOO), 1.46 (3H, d, J=6.1, COOCHCH>),
1.31 (3H, d, J=7.2, OOCCHCH5); '*C NMR (CDCls,
75.4 MHz) 6 176.7, 80.5, 80.0, 43.9, 18.0, 12.5.
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Abstract—The synthesis of new indazolone and pyrazolone derivatives starting from methyl anthranilate type substrates is presented. This
general approach constitutes a novel and advantageous alternative for the synthesis of the target heterocycles, which implies the use of the
environmentally friendly oxidizer PIFA. The synthetic design includes the oxidation of N-arylamides by the hypervalent iodine reagent to
the corresponding N-acylnitrenium ions, which can be intramolecularly trapped by an amine moiety to furnish the title compounds by

formation of a new N-N single bond.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

In spite of the limited occurrence of the indazole skeleton as
a structural motif in natural products—to the best of our
knowledge nigellicine' and nigellidine® (see Fig. 1) are the
only examples found in the literature—an intensive effort
for the development of efficient synthetic routes toward
the preparation of these types of alkaloids has been carried
out. This interest is mainly fueled by the promising pharma-
ceutical activities that they show. In fact, since benzydamine,
the first non-steroidal anti-inflammatory drug (NSAID)
bearing an indazole subunit, was commercialized in 1960,
many reports on the anti-inflammatory,* antipyretic,’ anal-
gesic,® and antihyperlipidemic’ properties of these kinds
of compounds, particularly of indazol-3-one derivatives,

Me
) O
*NﬁQ Ny
co, OH

nigellicine

()

nigellidine

benzydamine indazol-3-one

Figure 1. Selected examples of indazole derivatives.

Keywords: Hypervalent iodine; N-Acylnitrenium; Indazolone; Pyrazolone.
* Corresponding authors. Tel.: +34 94 601 5438; fax: +34 94 601 2748;
e-mail: imanol.tellitu@ehu.es

0040-4020/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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have appeared in the literature. Additionally, other simpli-
fied related structures, such as pyrazolones, have recently
caught the attention of the medicinal community because
of their bioactivity as inhibitors of tumor necrosis factor-a
(TNF-a) production.® Nevertheless, despite the existence
of a wide range of routes for the synthesis of the target
heterocycles, an examination of the literature reveals that
the chemistry involved in their preparation often lacks useful
generality, entails certain inconvenient reagents, and
implies, in some cases, the use of either expensive reagents
or starting materials.’

One of our ongoing research lines deals with the search for
novel applications of the hypervalent iodine reagent PIFA
[phenyliodine(IIT)bis-(trifluoroacetate)] in heterocyclic syn-
thesis,'? a tactic that has found efficient applications in the
synthesis of a number of compounds, which might be
appealing for medicinal purposes.'’ Among them, we have
recently reported an alternative access to the indazolone
skeleton 1 through a PIFA-mediated oxidative cyclization.'?
This novel approach, disclosed in Scheme 1, is based on the
ability of PIFA to oxidize adequately substituted amides to
the corresponding N-acylnitrenium intermediates.'® Then,
in the presence of an amine moiety, an intramolecular attack
leads to the construction of new N-N linkages affording the
desired heterocycle.

In our preliminary communication we were intrigued by
both the best experimental conditions to carry out the reac-
tion, and the structural requirements of the substrates for
an efficient transformation. This optimization process led
to the conclusion that the cyclization protocol was restricted
to aromatic amides and substituted nucleophilic amines, a
result that is coherent with the mechanistic proposal shown
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O 0}
d\N,Ar PIFA @LN,Ar
H +
NHR NHR
Ar = p-(OMe)Ph, Ph, J
p-(Et)Ph, p-(Br)Ph, 1-naphthyl o]
R =Bn, All, Me, Ph N—Ar
N
R 1

Scheme 1. Designed strategy for the synthesis of indazolones of type 1.

above for this transformation. Additionally, the multiple and
interesting pharmacological activities that these derivatives
can display suggest that additional bioactivities are likely
to be found when similar systems are tested. Now, in this pa-
per, the success of the described methodology for the synthe-
sis of related structures will be examined. Thus, herein we
would like to report the application of the PIFA-mediated
N-N bond forming process to the synthesis of a series of in-
dazolone derivatives in which the benzo-moiety is replaced
by other motifs, such as either substituted arene rings or the
heterocyclic thiophene system. In addition, the construction
of the pyrazolone nucleus, which is present in important
groups of therapeutic agents, is also reported following
this protocol.

2. Results and discussion

Once the para-methoxyphenyl group (PMP) had been
selected as the proper neighboring group to stabilize the
corresponding N-acylnitrenium ions,'* and the phenyl group
as an adequate substituent to make the amine functionality
nucleophilic enough to attack such intermediates, a series
of substrates 4a—d were chosen to construct the target ind-
azolone derivatives. These precursors were obtained (see
Scheme 2) in a two-step synthesis from commercially avail-
able methyl anthranilates 2a—d by a palladium-catalyzed
N-arylation reaction using bromobenzene as the arylating
agent,'> followed by the direct transformation of the result-
ing aminoesters 3a—d into the desired amides 4a—d by
a AlMes-mediated aminolysis reaction.'® Next, we studied
the behavior of these aromatic amides with the trivalent
iodine reagent PIFA under the cyclization conditions previ-
ously optimized by our research group.'?

o} 0
R! R!
OMe i NHPMP
R2 NHR R2 NHPh
2a-d, R=H ) i 4a-d
3a-d, R=Ph
0
R1 a, R'=R%=H
ii N—PMP b, R'=R?=0Me
R N ¢, R'=H, R%=ClI
Ph d, R'=F, R2=H

1a-d

Scheme 2. Reagents and conditions: (i) PhBr, Pd(OAc),, Xantphos,
Cs,CO;, toluene, 100 °C, sealed tube; (ii) AlMes, para-anisidine,
CH,Cl,, reflux; (iii) PIFA (0.01 M), CH,Cl,, TFA, 0 °C.

Table 1. Synthetic details for the transformation of 2a-d to 1la—d

Entry 3a-d (%)" 4a-d (%)° la-d (%)*
1 3a (93) 4a (69) 1a (61)

2 3b (85) 4b (68) 1b (0)

3 3c (71) 4c (70) 1c (81)

4 3d (85) 4d (70) 1d (77)

# Isolated yields after purification by flash-chromatography.
® Isolated yields after purification by crystallization from Et,O.

As shown in Table 1, the success of the proposed PIFA-
mediated cyclization process revealed a strong dependence
on the nature of the substituents in the aryl ring. Thus, it
proved to be suitable for unsubstituted substrates (entry 1)
and for substrates bearing electron-withdrawing groups
such as chlorine (entry 3) and fluorine (entry 4) affording
the desired indazolones 1a, 1c¢, and 1d in 61, 81, and 77%
yields, respectively. In contrast, the cyclization process
failed when it was tested on the dimethoxy-substituted
amide 4b (entry 2). In this case, the desired indazolone 1b
was not even detected, and a complex mixture of products
was obtained instead. Therefore, these results suggest that
the required PIFA-promoted oxidation of the amide func-
tionality is precluded with respect to an oxidation process
that would take place on highly enriched aromatic rings
(i.e., 4b) failing, hence, to afford the desired heterocycle.

As mentioned above, in order to investigate the extension of
the presented methodology to other fused heterocyclic
systems, we also faced the synthesis of the related thieno-
fused pyrazolone derivatives le.f by a common sequence
as shown in Scheme 3. Thus, methyl 3-amino-2-thiophene-
carboxylates 2e,f were submitted to a palladium-catalyzed
N-arylation process affording satisfactorily the correspond-
ing N-phenyl derivatives 3e,f, which were next efficiently
transformed into the desired aromatic amides 4e,f. On
treatment with the hypervalent iodine reagent PIFA, it was
observed that even after application of a complete array
of experimental conditions (by modifying solvents, tem-
perature, and additives), amide 4e could never furnish the
corresponding bicycle 1e, and complete degradation of the
starting material was observed. Although synthetically
discouraging, this result could be anticipated considering
the similar electronic nature of the 3,4-dimethoxyphenyl
and thienyl systems. For that reason, we also experimented
the behavior of amide 4f under our PIFA-promoted
cyclization conditions. In this particular case, the desired

o) 0
S [ ome ; s T NHPMP
NHR' NHPh
R def
2e, R= R H jiii
2f, R=C R
3e, R=H )' 0
3t R=CN R S I
N-PMP
YN
R Ph 1ef

Scheme 3. Reagents and conditions: (i) PhBr, Pd(OAc),, Xantphos,
Cs,CO3, toluene, 100 °C, sealed tube (69% for 3e, 57% for 3f); (ii)
AlMe;, para-anisidine, CH,Cl,, reflux (82% for 4e, 68% for 4f); (iii)
PIFA (0.01 M), CH,Cl,, TFA, 0 °C (0% for 1e, 61% for 1f).
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thieno-fused pyrazolone 1f was obtained in a nice 61% yield.
Apparently, the decrease of the oxidation potential of the
thiophene ring due to the presence of the electron-withdraw-
ing cyano group allows nitrogen oxidation and, therefore,
the cyclization reaction to take place.!”

Finally, taking into account the already described favorable
results, we decided to test the presented oxidative process on
a linear amide to determine its suitability for the construction
of the simple pyrazolone skeleton. In this case (see Scheme
4) the synthesis of the required para-methoxyphenylamide 7
was accomplished by following a known'® aza-Michael
reaction on ethyl acrylate 5, followed by a AIMe;-promoted
amidation protocol on the so-obtained derivative 6. Next,
when amide 7 was submitted to the action of PIFA, the
desired pyrazolone derivative 8 was obtained in a moderate
35% vyield using trifluoroethanol as solvent, instead of
CH,CL,/TFA as for the previous examples, to attain com-
plete conversion of the starting material.

0O O
KJ\OEt i f‘\OEt L»
5 T 6 NHPh
o) (0]
KJ\NHPMP L N—PMP
NHPh Ni:’h
7 8

Scheme 4. Reagents and conditions: (i) PhNH,, FeCl;-7H,0, H,0, room
temperature (72%); (ii) AIMes;, para-anisidine, CH,Cl,, reflux (72%); (iii)
PIFA (0.01 M), TFEA, 0 °C (35%).

3. Conclusions

A practical and facile approach to the synthesis of
N,N-disubstituted indazolone and pyrazolone derivatives
has been developed. Our method features the succeeding
intramolecular trapping of N-acylnitrenium ions, which are
generated by the oxidative action of PIFA on aromatic
amides, by amines functionalities providing, hence, a novel
and versatile route for the construction of the title hetero-
cycles through the formation of new N-N linkages under
rather mild experimental conditions. Furthermore, a study
on the pharmacological activity that these derivatives may
exhibit is currently in progress.

4. Experimental
4.1. General

All reagents were purchased and used as received. Melting
points were measured using open glass capillaries and are
uncorrected. Infrared spectra were recorded as KBr plates
or as thin films and peaks are reported in cm ™. Only repre-
sentative absorptions are given. NMR spectra were recorded
on a 300 (300 MHz for 'H and 75.4 MHz for '3C) instrument
at 20 °C. Chemical shifts () were measured in ppm relative
to chloroform (6=7.26 for 'H or 77.00 for '3C) as internal
standard. Coupling constants, J, are reported in hertz.

DEPT experiments were used to assist with the assignation
of the signals. HRMS spectra were measured by using a
Waters GCT Mass Spectrometer.

4.2. Typical procedure for the Pd-catalyzed N-arylation
reaction. Preparation of esters 3a—f

4.2.1. Synthesis of methyl N-phenylanthranilate (3a). A
solution of commercially available methyl anthranilate
(2a) (0.70 mL, 5.29 mmol), bromobenzene (0.47 mL,
4.41 mmol), Pd(OAc), (20.2 mg, 0.09 mmol), Xantphos
(104 mg, 0.18 mmol), and Cs,CO5 (2.01 g, 6.17 mmol) in
toluene (18 mL) was heated at 100 °C in a sealed tube. After
3 h the reaction mixture was filtered and the so-obtained
solid residue was washed with CH,Cl, (3x15 mL). Then,
the resulting organic layer was concentrated in vacuo and
the crude product was purified by flash-chromatography
(CH,Cl,) to afford the N-phenyl derivative 3a (93%) as
yellowish oil.!2

4.2.2. Methyl 4,5-dimethoxy-2-phenylaminobenzoate
(3b). According to the typical procedure, ester 3b was ob-
tained from commercially available methyl 2-amino-4,5-
dimethoxybenzoate (2b) in 85% yield as a white solid after
purification by column chromatography (CH,Cl,) followed
by crystallization from hexanes: mp 139-140 °C (hexanes);
"HNMR (CDCl3) 6 3.77 (s, 3H, OCH3), 3.85 (s, 3H, OCH3),
3.87 (s, 3H, OCH3), 6.81 (s, 1H, Hyom), 7.02-7.07 (m, 1H,
Harom)s 7.21-7.35 (m, 4H, Hyrom), 7.40 (s, 1H, Harom), 941
(br s, 1H, NH); '3C NMR (CDCl;) 6 51.3, 55.6, 56.1
(OCHy3), 97.4 (CH), 103.4 (C), 112.7, 121.3, 122.8, 129.2
(CH), 140.8, 141.2, 143.9, 1543 (C), 168.2 (CO); IR
(KBr) 3273 (NH), 1661 (CO); MS (EI) m/z (%) 287 (M*,
42), 272 (50), 255 (37), 240 (45), 212 (100), 184 (25);
HRMS calcd for C;gH{7NO,: 287.1158, found: 287.1158.

4.2.3. Methyl 4-chloro-2-phenylaminobenzoate (3c). Ac-
cording to the typical procedure, ester 3¢ was obtained
from commercially available methyl 2-amino-4-chlorobenz-
oate (2¢) in 71% yield as a yellow oil after purification by
column chromatography (CH,Cl,); 'H NMR (CDCls)
0 3.90 (s, 3H, OCH3), 6.66—6.67 (m, 1H, Hyom), 6.69-7.41
(m, 6H, Hyrom), 7.89 (d, /=8.6, 1H, Hyrom), 9.56 (br s, 1H,
NH); 13C NMR (CDCls) 6 51.8 (OCH3), 109.9 (C), 113.2,
117.1, 123.2, 124.4, 129.5, 132.9 (CH), 139.7, 140.5,
149.0 (C), 168.3 (CO); IR (film) 3308 (NH), 1684 (CO);
MS (EI) m/z (%) 263 (M*+2, 77), 261 (M*, 93), 231 (91),
229 (100), 201 (71); HRMS calcd for C,;4H;>,CINO,:
261.0557, found: 261.0554.

4.2.4. Methyl 5-fluoro-2-phenylaminobenzoate (3d). Ac-
cording to the typical procedure, ester 3d was obtained
from commercially available methyl 2-amino-5-fluorobenz-
oate (2d) in 85% yield as a yellow oil after purification by
column chromatography (CH,Cl,); 'H NMR (CDCl)
0 4.04 (s, 3H, OCH3), 7.17-7.26 (m, 2H, Hyom), 7.35-7.39
(m, 3H, Hyom), 7.46-7.51 (m, 2H, Hyom), 7.77-7.81 (m,
1H, Haom), 9.46 (br s, 1H, NH); '3C NMR (CDCls) 6 51.8
(OCH3), 112.1 (d, J=6.8, C), 115.5 (d, J/=7.1, CH), 116.6
(d, J=23.5, CH), 121.6 (d, J=23.0, CH), 121.8, 123.3,
129.3 (CH), 140.8 (C), 144.3 (d, J=1.3, C), 155.6 (d, J=
236.1, C), 167.7 (d, J=3.0, CO); IR (film) 3319 (NH),
1690 (CO); MS (EI) m/z (%) 245 (M*, 9), 213 (24), 185
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(100); HRMS calcd for Ci4H{,FNO,: 245.0852, found:
245.0853.

4.2.5. Methyl 3-phenylaminothiophene-2-carboxylate
(3e). According to the typical procedure, ester 3e was
obtained from commercially available methyl 3-aminothio-
phene-2-carboxylate (2e) in 69% yield as a yellowish solid
after purification by column chromatography (CH,Cl,) fol-
lowed by crystallization from Et,O: mp 66-67 °C (Et,0);
'"H NMR (CDCl3) 6 3.88 (s, 3H, OCH3), 7.04-7.20 (m,
4H, H,iom), 7.31-7.37 (m, 3H, H,.om), 8.81 (br s, 1H, NH);
13C NMR (CDCl3) 6 51.3 (OCH3), 102.8 (C), 117.8,
120.2, 122.9, 129.3, 131.7 (CH), 141.3, 151.3 (C), 165.0
(CO); IR (KBr) 3331 (NH), 1667 (CO); MS (ED) m/z (%)
233 (M*, 44), 201 (100), 173 (32); HRMS calcd for
C12H1NO,S: 233.0511, found: 233.0519.

4.2.6. Methyl 4-cyano-3-phenylaminothiophene-2-carb-
oxylate (3f). According to the typical procedure, aminoester
3f was obtained from commercially available methyl 3-amino-
4-cyanothiophene-2-carboxylate (2f) in 57% yield as a white
solid after purification by column chromatography (CH,Cl,)
followed by crystallization from Et,O: mp 159-160 °C
(Et,0); 'H NMR (CDCl3) 6 3.89 (s, 3H, OCHj3), 7.19-7.26
(m, 3H, Huom), 7.36-7.41 (m, 2H, Huom), 7.89 (s, 1H,
Harom), 8.62 (br s, 1H, NH); '3C NMR (CDCl3) 6 51.9
(OCH3), 103.2 (C), 105.3 (C), 112.8 (CN), 123.9, 125.9,
129.1, 141.3 (CH), 139.4, 151.1 (C), 163.9 (CO); IR (KBr)
3331 (NH), 2228 (CN), 1667 (CO); MS (EI) m/z (%) 258
(M*, 75), 226 (100), 197 (53), 154 (22), 120 (40), 77 (62);
HRMS calcd for C3H;oN,O,S: 258.0463, found: 258.0467.

4.3. Typical procedure for the amidation reaction.
Preparation of para-methoxyphenylamides 4a—f and 7

4.3.1. Synthesis of N-(4-methoxyphenyl)-2-phenylamino-
benzamide (4a). A solution of AlMe; (8.81 mmol, 2.0 M in
toluene) was added dropwise to a cooled (0 °C) suspension
of para-anisidine (1.08 g, 8.81 mmol) in CH,Cl, (45 mL).
When the addition was complete, the reaction mixture was
allowed to warm to room temperature and stirring was
continued for 45 min until the gas evolution ceased. Then,
a solution of methyl N-phenylanthranilate (3a) (1.00 g,
4.40 mmol) in CH,Cl, (8 mL) was added and the mixture
was heated under reflux overnight. The reaction mixture
was cooled to room temperature and was carefully quenched
with 5% aq HCI (20 mL). The organic layer was separated
and the aqueous layer extracted with CH,Cl, (3x15 mL).
The combined organic extracts were washed with a saturated
aqueous solution of NaHCOj; (15 mL) and brine (15 mL).
Then, the organic layer was dried over sodium sulfate, fil-
tered, and the solvent was evaporated at reduced pressure.
The resulting residue was purified by crystallization from
Et,O to afford benzamide 4a (69%) as a white solid.'?

4.3.2. 4,5-Dimethoxy-N-(4-methoxyphenyl)-2-phenyl-
aminobenzamide (4b). According to the typical procedure,
benzamide 4b was obtained from N-phenylaminoester 3b in
69% yield as a white solid after purification by crystalliza-
tion from Et,0: mp 122-123 °C (Et,0); 'H NMR (CDCl5)
0 3.71 (s, 3H, OCH3), 3.72 (s, 3H, OCH3), 3.78 (s, 3H,
OCH3), 6.76—6.93 (m, 4H, H,;;om), 6.99-7.02 (m, 2H, H,rom),
7.19-7.36 (m, 5H, Hyom), 8.44 (brs, 1H, NH), 8.96 (brs, 1H,

NH); '3C NMR (CDCl5) ¢ 55.3, 55.8, 56.5 (OCH3), 102.5,
111.8 (CH), 113.3 (C), 114.0, 118.7, 121.6, 122.8, 129.4
(CH), 130.8, 139.2, 142.7, 1429, 152.4, 156.2 (C), 166.4
(CO); IR (KBr) 3313 (NH), 1638 (CO); MS (EI) m/z (%)
378 (M*, 7), 256 (27), 212 (100), 184 (25), 154 (14);
HRMS calcd for C,,H»,N,04: 378.1580, found: 378.1579.

4.3.3. 4-Chloro-N-(4-methoxyphenyl)-2-phenylamino-
benzamide (4c¢). According to the typical procedure, benz-
amide 4¢ was obtained from N-phenylaminoester 3¢ in 70%
yield as a white solid after purification by crystallization
from Et,0: mp 144-145°C (Et,0); 'H NMR (CDCls)
0 3.80 (s, 3H, OCHj3), 6.70-6.74 (m, 1H, Hyom), 6.89 (d,
J=8.7, 2H, Hyom), 7.05-7.28 (m, 3H, Hom), 7.31-7.46
(m, 6H, Hyom), 7.77 (br s, 1H, NH), 9.35 (br s, 1H, NH);
13C NMR (CDCls) 6 55.4 (OCH3), 114.2, 114.5 (CH),
116.0 (C), 117.6, 121.7, 122.8, 123.5, 128.6, 129.4 (CH),
130.1, 138.7, 140.2, 147.2, 1569 (C), 167.1 (CO); IR
(KBr) 3308 (NH), 1637 (CO); MS (EI) m/z (%) 354
(M*+2, 4), 352 (M*, 11), 230 (24), 195 (100), 167 (70);
HRMS calcd for C,oH{;CIN,O,: 352.0979, found:
352.0982.

4.3.4. 5-Fluoro-N-(4-methoxyphenyl)-2-phenylamino-
benzamide (4d). According to the typical procedure, benza-
mide 4d was obtained from N-phenylaminoester 3d in 70%
yield as a white solid after purification by crystallization
from Et,O: mp 144-145°C (Et,0); 'H NMR (CDCl,)
3.81 (s, 3H, OCH3), 6.90 (d, /=8.9, 2H, H,om), 6.97-7.11
(m, 4H, Hyom), 7.28-7.36 (m, 4H, Hyom), 743 (d, J=8.8,
2H, H,om), 7.98 (br s, 1H, NH), 8.54 (br s, 1H, NH); !3C
NMR (CDCl3) 6 554 (OCHj;), 114.0 (d, J=23.4, CH),
119.0 (d, /=30.0, CH), 114.1, 118.9, 119.5 (CH), 121.1 (d,
J=5.7, ©), 122.1, 122.8, 129.3 (CH), 130.2, 140.9, 142.0,
156.8 (C), 155.7 (d, J=239.0, C), 166.2 (CO); IR (KBr)
3308 (NH), 1643 (CO); MS (EI) m/z (%) 336 (M*, 65),
214 (86), 185 (99), 123 (100), 108 (80), 77 (26); HRMS
calcd for C,oH7FN>0O,: 336.1274, found: 336.1273.

4.3.5. N-(4-Methoxyphenyl)-3-phenylaminothiophene-2-
carboxamide (4e). According to the typical procedure,
amide 4e was obtained from N-phenylaminoester 3e in
82% yield as a white solid after purification by crystalliza-
tion from Et,0: mp 136-138 °C (Et,0); 'H NMR (CDCl5)
0 3.80 (s, 3H, OCHs3), 6.88-6.90 (m, 2H, H,om), 7.00-7.04
(m, 1H, Hyom), 7.13-7.43 (m, 9H, Hom+NH), 9.40 (br s,
1H, NH); '*C NMR (CDCls) 6 55.4 (OCH3), 114.1, 119.6,
119.7, 122.4, 1229, 127.5, 129.2 (CH), 105.6, 1304,
141.8, 150.1, 156.6 (C), 163.2 (CO); IR (KBr) 3296 (NH),
1590 (CO); MS (EI) m/z (%) 324 (M*, 46), 201 (95), 173
(81), 158 (65), 123 (100), 108 (72), 77 (53); HRMS calcd
for C,gH6N,0,S: 324.0932, found: 324.0936.

4.3.6. 4-Cyano-N-(4-methoxyphenyl)-3-phenylamino-
thiophene-2-carboxamide (4f). According to the typical
procedure, amide 4f was obtained from N-phenylaminoester
3f in 68% yield as a white solid after purification by crystal-
lization from Et,0: mp 133-134°C (Et,0); 'H NMR
(CDCl3) 6 3.76 (s, 3H, OCH3), 6.80 (d, /=8.8, 2H, Hurom),
6.98 (d, J=7.9, 2H, Hyom), 7.08 (t, J=7.3, 1H, Huyom),
7.27-7.31 (m, 4H, Harom), 7.87 (s, 1H, Haom), 7.88 (br s,
1H, NH), 8.41 (br s, 1H, NH); '*C NMR (CDCls) 6 55.3
(OCH;), 107.7 (C), 1129 (CN), 114.0, 119.5, 122.6,
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123.7, 129.3 (CH), 129.7 (C), 137.7 (CH), 141.6, 145.3,
156.8 (C), 163.2 (CO); IR (KBr) 3284 (NH), 2250 (CN),
1596 (CO); MS (EI) m/z (%) 349 (M*, 46), 227 (89), 198
(59), 172 (11), 131 (16), 123 (100), 108 (69); HRMS calcd
for C;oH,sN;0,S: 349.0885, found: 349.0883.

4.3.7. N-(4-Methoxyphenyl)-3-phenylaminopropion-
amide (7). According to the typical procedure, amide 7
was obtained from ethyl 3-phenylaminopropionate'® (6) in
72% yield as a white solid after purification by crystalliza-
tion from Et,0: mp 100-101 °C (Et,0); 'H NMR (CDCl5)
0 2.62 (t, J=5.8, 2H, CHy,), 3.54 (t, J=5.8, 2H, CH,), 3.77
(s, 3H, OCH3;), 6.66—6.85 (m, 5H, Hyom), 7.17-7.37 (m,
5H, Hyom+NH), 7.54 (br s, 1H, NH); '3C NMR (CDCl5)
0 36.2, 40.1 (CH,), 55.4 (OCHj3), 113.3, 113.9, 118.0,
121.9, 129.3 (CH), 130.6, 147.5, 156.3 (C), 170.0 (CO);
IR (KBr) 3296 (NH), 1655 (CO); MS (EI) m/z (%) 270
(M*, 20), 165 (29), 123 (41), 108 (43), 106 (100), 77 (67),
51 (31), HRMS calcd for C16H18N2022 2701368, found:
270.1364.

4.4. Typical procedure for the PIFA-mediated cycliza-
tion. Preparation of indazol-3-ones 1a,c,d and pyrazol-
ones 1f and 8

4.4.1. 2-(4-Methoxyphenyl)-1-phenyl-1,2-dihydro-3H-
indazol-3-one (la). A solution of PIFA (202 mg,
0.46 mmol) in 46 mL of CH,Cl, was added at 0 °C to a
solution of benzamide 4a (100 mg, 0.32 mmol) and TFA
(0.08 mL, 0.94 mmol) in 32 mL of the same solvent, and
the new solution was stirred for 1 h. Then, the solvent was
evaporated at reduced pressure and the resulting residue
was purified by column chromatography (hexanes/EtOAc,
1:1) followed by crystallization from hexanes to afford inda-
zolone 1a as a white solid (61%).'?

4.4.2. 6-Chloro-2-(4-methoxyphenyl)-1-phenyl-1,2-di-
hydro-3H-indazol-3-one (1c). According to the general
procedure, indazolone 1c was obtained from benzamide 4¢
in 81% yield as a white solid after purification by column
chromatography (hexanes/EtOAc, 1:1) followed by crystal-
lization from hexanes: mp 142—143 °C (hexanes); '"H NMR
(CDCl3) 6 3.71 (s, 3H, OCH3), 6.84 (d, J=8.9, 2H, H,rom),
7.14-7.39 (m, 7H, Huom), 742 (d, J=8.9, 2H, Hom),
7.85-7.87 (m, 1H, Hyom); °C NMR (CDCl3) 6 55.2
(OCHy), 112.2, 114.1 (CH), 116.4 (C), 123.9, 124.5, 125.3,
125.4, 127.8 (CH), 128.1 (C), 129.6 (CH), 139.0, 141.0,
149.9, 157.9 (C), 161.6 (CO); IR (KBr) 1690 (CO); MS
(ED) m/z (%) 352 (M*+2, 18), 350 (M*, 70), 335 (100),
307 (78), 279 (37), HRMS caled for C20H15C1N202:
350.0822, found: 350.0817.

4.4.3. 5-Fluoro-2-(4-methoxyphenyl)-1-phenyl-1,2-di-
hydro-3H-indazol-3-one (1d). According to the general
procedure, indazolone 1d was obtained from benzamide
4d in 77% yield as a pale brown oil after purification by
column chromatography (hexanes/EtOAc, 1:1); 'H NMR
(CDCl3) 6 3.73 (s, 3H, OCH3), 6.84 (d, J=8.8, 2H, Hurom),
7.08-7.11 (m, 1H, Hyom), 7.22-7.25 (m, 4H, Hyrom), 7.32—
7.37 (m, 2H, Hyom), 7.58-7.61 (m, 3H, Hyom); *C NMR
(CDCl3) 6 55.1 (OCH3y), 109.2 (d, J=24.1, CH), 113.8 (d,
J=8.0, CH), 114.0 (CH), 118.7 (d, J=9.0, C), 121.1 (d, J=
26.0, CH), 124.4, 125.3, 127.7 (CH), 127.9 (C), 129.5

(CH), 141.5, 146.1, 1579 (C), 1589 (d, J=243.1, O),
161.5 (CO); IR (film) 1684 (CO); MS (EI) m/z (%) 334
M+, 73), 319 (75), 263 (93), 184 (100), 157 (62); HRMS
calcd for C,oH;5FN>O,: 334.1118, found: 334.1113.

4.4.4. 6-Cyano-2-(4-methoxyphenyl)-1-phenylthieno[3,2-
clpyrazol-3-one (1f). According to the general procedure,
pyrazolone 1f was obtained from amide 4f in 61% yield as
a brownish oil after purification by column chromatography
(hexanes/EtOAc, 1:1); 'H NMR (CDCly) 6 3.74 (s, 3H,
OCH3), 6.85 (d, J=8.6, 2H, H,om), 7.33-7.35 (m, 7H,
Harom)s 820 (s, 1H, Hyom); °C NMR (CDCl3) 6 55.3
(OCH3), 97.8, 111.6 (C), 114.3 (CH), 115.3 (CN), 125.8,
126.6 (CH), 127.7 (C), 129.4, 129.6, 146.3 (CH), 138.7,
154.9, 158.1 (C), 158.7 (CO); IR (film) 2290 (CN), 1678
(CO); MS (EI) m/z (%) 347 (M, 72), 332 (97), 219 (22),
131 (49), 123 (11), 69 (100); HRMS calcd for
C19H13N3025: 3470728, found: 347.0728.

4.4.5. 2-(4-Methoxyphenyl)-1-phenylpyrazol-3-one (8).
According to the general procedure, but using TFEA as sol-
vent instead of the combination of CH,Cl,/TFA, pyrazolone
8 was obtained from amide 7 in 35% yield as a white solid
after purification by column chromatography (hexanes/
EtOAc, 1:1) followed by crystallization from hexanes: mp
99-100 °C (Et,0); '"H NMR (CDCls) 6 2.70 (t, J=7.1, 2H,
CH,), 3.75 (s, 3H, OCHj;), 3.99 (t, J=7.1, 2H, CH,), 6.83
(d, J=8.7, 2H, Hauom), 6.96-7.06 (m, 3H, H,.om), 7.24-
7.30 (m, 2H, Hyom), 7.72 (d, J=8.7, 2H, Hyom); °C NMR
(CDCly) 6 31.3, 54.9 (CH,), 55.3 (OCHj3), 113.9, 1184,
120.0, 123.5, 129.1 (CH), 131.4, 149.7, 156.2 (C), 171.1
(CO); IR (KBr) 1696 (CO); MS (EI) m/z (%) 268 (M*,
80), 212 (57), 135 (90), 118 (96), 77 (100), 51 (38);
HRMS caled for C;6H;6N,0O,: 268.1212, found: 268.1218.
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Abstract—A new 1,3-dithiol-2-ylidene substituted naphthopyranone 2 has been synthesized and characterized. UV—vis spectroscopic and
cyclic voltammetry results, interpreted on the basis of density functional theory, show that 2 displays an intramolecular charge-transfer
transition and acts like a donor—acceptor (D—A) system. Furthermore, a weak fluorescence originating from the excited charge-transfer state

is observed.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Naphthalene and especially perylene derivatives are known
to exhibit interesting conducting and optical properties and
they have found applications, for instance as xerographic
dyes or in organic photovoltaic solar cells.!? In most of these
compounds, the naphthalene or perylene units act as
electron-acceptors, which have, as in the case of naphtha-
lenetetracarboxylic dianhydride (NDA) or naphthaldiimide
(NDI), electron affinities in the range of tetracyano-p-quino-
dimethane (TCNQ).? Remarkably, the perylene unit by itself
is also known as one of the earliest donors used in the pre-
paration of highly conducting organic solids.® However, the
relative instability of the perylene cation, the low solubility,
and the absence of peripheral interactions greatly limit the
preparation of conducting materials.?

In contrast, tetrathiafulvalene (TTF) and its derivates feature
unique Tt-donor properties and they are successfully used as
versatile building blocks for charge-transfer salts, which
give rise to a multitude of organic conductors and supercon-
ductors.*> Furthermore, the capacity to form persistent

Keywords: Naphthopyranone; TTF; Donor—acceptor compound; Cyclic

voltammetry; TDDFT calculations; Luminescence.
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cation radical and dication species upon oxidation, leads to
the formation of mixed-valence systems.> As a consequence,
TTF derivatives are frequently used as donor units in donor—
acceptor (D-A) ensembles, which are of prime interest due
to their potential applications in molecular electronics and
optoelectronics.®

The combination or extension of the naphthalene or perylene
units with TTF or 1,3-dithiol-2-ylidene moieties is expected
to yield materials with interesting donor—acceptor and/or
conducting properties. Very recently, dyads and triads con-
taining one or two TTF units covalently linked through
a o-spacer to perylenediimide (PDI) and NDI have been
reported.”-® The possibility to develop light intensity depen-
dent molecular electronic switches with these systems has
already been demonstrated in a porphyrin—PDI-porphyrin
triad.” In the case of a TTF-PDI dyad, a reversible modul-
ation of the emission fluorescence intensity in solution by
either electron or energy transfer has been achieved.” This
dyad can therefore be considered as a new kind of molecular
redox switch with a delayed optical response.’

However, to date neither an example of a TTF unit linked by
a m-conjugated spacer to a naphthalene or perylene moiety,
nor a naphthalene or perylene core extended by 1,3-dithiol-
2-ylidene units has been reported. In the latter case, analo-
gous systems such as furano-quinonoid extended TTFs'®
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provide the basic synthetic strategy for the preparation of
such compounds. Along this line, we describe herein the
synthesis and characterization of 1,3-dithiol-2-ylidene
substituted naphthopyranone 2. Structural, spectroscopic,
and electrochemical investigations on 2 have been per-
formed and were rationalized on the basis of time-dependent
density functional theory (TDDFT).

2. Results and discussion
2.1. Synthesis

Following the procedure for the preparation of furano-quino-
noid extended TTFs,'© compound 2 was obtained in a reason-
able yield (54%) from the trimethylphosphite-mediated
coupling reaction of 1,8-naphthalic anhydride with
4,5-ethylenedithio-1,3-dithiole-2-thione 1 (Scheme 1). Com-
pound 2 has been fully characterized by NMR, elemental
analysis, IR, and MS as listed in Section 4, as well as by
single crystal X-ray analysis.

o e GY
[ I /ES + toluene S~
s s 125 s—( o "0
o O (@) { S

S
1 2

Scheme 1. Synthesis of compound 2.
2.2. Crystal structure

Compound 2 crystallizes in the monoclinic space group P2,
with one molecule per asymmetric unit. The molecular
structure with selected bond distances is shown in Figure 1.

The structural parameters of the planar naphthopyranone
unit determined for 2 are comparable with those found for
1,8-naphthalic anhydride.12 The 4,5-ethylenedithio-1,3-
dithiol-2-ylidene entity exhibits a nearly planar geometry

HI3A HI11A
Q

HI14A C13 ) HI0A
~ 0O

Figure 1. ORTEP" representation of the asymmetric unit of 2 (ellipsoids
are drawn at 50% probability). Selected bond length [A]: C5-C6
1.343(7); C5-S1 1.759(5); C5-S4 1.752(5); C6-0O1 1.407(6); C7-O1
1.369(6); C7-02 1.202(6); C1-C4 1.326(7); C1-S1 1.758(5); C4-S4
1.751(5); C1-S2 1.740(5); C4-S3 1.758(4).

typical for this heterocycle in its neutral state.'% The whole
molecule adopts a conformation, which allows a reduction in
steric hindrance between the sulfur atom (S4) of the 1,3-
dithiole ring and the hydrogen atom (H15A) of the naphtha-
lene system (interatomic distance S4---HI15A is 2.446 A).
The torsion angles C5-C6—C16—C15 and S4-C5-C6-C16
are 12.6° and 2.9°, respectively. Similarly, the bond angles
C5-C6-C16 (129.81°) and S4-C5-C6 (125.92°) also reflect
this steric repulsion. In the crystal lattice, the molecules are
stacked along the a-axis in a herringbone type arrangement
(Fig. 2). They are linked by some unconventional C-H---O
hydrogen bonds but no close S---S contacts can be found.

Figure 2. ab Projection of the crystal structure of 2. Stacking of molecules
along the g-axis in a herringbone type arrangement. Unconventional C-H:--O
bonds are depicted as dotted lines.

2.3. Electrochemical measurements

The solution redox properties of compound 2 were investi-
gated in dichloromethane by cyclic voltammetry (CV).
The cyclic voltammogram is presented in Figure 3. Two
quasi-reversible redox processes (EN3;=—1.63V, EY3=
0.74V, AE,..4..,x=2.37 V) and one irreversible oxidation
(Epeak=1.27 V) were observed. The first reduction process
corresponds to the reduction of the naphthalene unit. The
first oxidation process corresponds to the formation of a

15
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Figure 3. Cyclic voltammogram of 2, measured under N, in CH,Cl, versus
Ag/AgCl at room temperature at a scan rate of 100 mV s using 0.1 M
BuyNPFg as electrolyte and Pt as working electrode.
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radical cationic species and the second irreversible oxidation
correlates with the formation of a thermodynamically un-
stable dicationic state.

2.4. Photophysical properties and TDDFT calculations

The UV-vis spectrum of 2 shows three strong absorption
bands at 33,900 cm™! (294 nm), 30,800 cm~! (324 nm),
and 21,500 cm™! (465 nm). In addition, compound 2 shows
fluorescence in CH,Cl, with a maximum at 15,700 cm™!
(636 nm) and a quantum yield of around 0.5% at room
temperature. In Figure 4, the absorption, luminescence and
the corresponding excitation spectra are depicted. The latter
agrees well with the absorption spectrum of 2, suggesting
that the fluorescence is indeed due to compound 2 and not
due to an impurity or a photoproduct. The large Stokes shift
of 5800 cm ™!, indicating substantial nuclear rearrangements
in the excited state, is in line with the comparatively low
quantum yield.

20000
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----- Excitation .
—_—— ieqi ‘-" 1 \
15000 — Emission F v AN Em
_ \ .
; \ 4
k \ g
S 10000 — \‘ g
£ \ =
= \ a.
= \ g
w 1. ~—
5000 — \ £
\.‘% '
0 1
I I
35000 30000 25000 20000 15000 10000
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Figure 4. Luminescence (dashed), excitation (dashed-dotted), and absorp-
tion (solid) spectra of 2 in CH,Cl, (¢=7.4x 107° M, Aex=465 nm,
Aem=0640 nm, room temperature).

Moreover, and quite remarkably, the charge-transfer energy
calculated from the electrochemical data (Section 2.3) is
2.37V (=19,100 cm™"), which is almost the same as the
zero-point energy of the charge-transfer excited state
evaluated from the crossing-point of the absorption and
fluorescence spectra (18,350 cm™!).

Compound 2 can be chemically oxidized to its radical cation
2" by FeCl; or [Fe(bipy);](PFs);. The decrease of the
absorption band at 21,500 cm~! upon oxidation goes
simultaneously with the appearance of new absorption
bands at 19,000 cm~! (526 nm), 15,500 cm™! (645 nm),
and 10,900 cm ™! (917 nm) together with isosbestic points
at 20,000 cm ™! and 24,600 cm™', as shown in Figure 5.

Moreover, in the oxidized form 2", the fluorescence is
completely quenched.

In order to rationalize the electronic absorption spectrum of
2 and of the oxidized species 2™, TDDFT calculations with
the B3LYP functional were performed for the low-lying
excited states. For comparison, excitation energies have
been computed both with the experimental geometry of
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30000 — N e 1 eq FeCly
/7 N\
so00— 2N SN T *2eqFeCly
- _7/ o\ \ _
£ . \\JI R + 3 eq FeCly
~~ 20000 —--
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10000 —
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I | | I | |
35000 30000 25000 20000 15000 10000

-1
Wavenumber / cm

Figure 5. Absorption spectra of 2 in CH,Cl, (¢=2x 107° M) before and
after the addition of up to 3 equiv FeCls.

the neutral 2 and with B3LYP optimized geometries of the
neutral and the singly oxidized gas phase species using
Ahlichs valence double zeta (VDZ),'? triple-zeta (TZV)
basis sets,'* and polarization functions'> with the ORCA'®
implementation of the time-depending DFT method.!”
However, only minor differences could be observed. There-
fore, only the excitation energies and absorption intensities
of the neutral and the singly oxidized form that have been
calculated with the experimental geometry using Ahlichs
VDZ basis set'? are shown in Figure 6 and listed in Table 1.
They are in good agreement with the experimental data.

The HOMO of 2 is a 7 orbital centered on the 1,3-dithiol-
2-ylidene subunit, designated in Figure 6 as orbital 95. In
contrast, the LUMO of 2 (orbital 96) is more centered on
the naphthopyranone subunit. Therefore, the lowest energy
transition corresponds to an intramolecular charge-transfer
transition.

Another reason that supports the charge-transfer nature of
the absorption band at 21,500 cm ™! can be deduced by relat-
ing the spectroscopic data with the redox potentials by
means of the theory developed by Marcus and Hush.'®"
This theory correlates a charge-transfer transition with the
energetic barrier to thermally activated electron transfer
(AG®), which can be estimated from the difference between
the redox potentials of the donor and acceptor centers
(AEred—ox)~ 19

The geometric differences for the ground and excited states
represent an asymmetric situation, in which the energy of the
charge-transfer transition, E,,, is equal to the energy differ-
ence between the initial and final states, plus the reorganiza-
tional energy 4 (Fig. 7, Eq. 1).

Eups = AG® + 2 (1)

Therefore, a reorganizational energy A=2400 cm~! for the
absorption band at 21,500 cm~! can be calculated from the
CV data. The energy A can be correlated to Av;,, the band-
width at half-height of the absorption band, using Eq. 2.2°

Avy, = 48.062" (2)



S. Dolder et al. / Tetrahedron 62 (2006) 11106-11111 11109

(a)
eV 1| MON
101 — - }
ol 100 :t): 2= LUMO+1
99 —— / Sl
98 v
A} a7
[
2| o6 ’tI~ LUMO
3 'S
-4 °
51 95—— ——:Z:,f HOMO
6
2 B— - HOMO-1
Y—
-8

(b)
0.40 —
20°150 cm”!

0357 29'912 em-! 2%
0.30 -

19°483 cm™!

0.25 - 30513 em”!
11°402 cm”!

0.20 —

0.15 +

Oscillator strength

0.10— 22°945 cm!

0.05 —

s

0 1J’\n A

T T T T

40000 30000 20000 10000
Wavenumber / cm™

Figure 6. (a) MO scheme for 2. The HOMO-LUMO excitation essentlally corresponds to an intramolecular charge-transfer transition from the l 3-dithiol-2- ylldene

unit to the naphthopyranone part; (b) electronic transitions for 2 and 2"+ calculated by TDDFT,'” B3LYP functional, Ahlrichs VDZ basis set,'

Table 1. TDDFT energies, oscillator strengths (f) and assignments of the electronic trammom of 2 (geometry of X-ray structure) and 2"

3 and ORCA.'®

(adopting the X-ray

geometry of 2 without change), B3LYP functional, Ahlrichs SVP basis set, 3 ORCA'®

2 2
Transition energy (em™") f Assignment Transition energy (em™") f Assignment
20,150 (21,500) 0.40 95—96 89% 11,402 (10,900) 0.22 *94—95 90%
95—97 6% 95—96 7%
27,563 0.01 94—96 64% 15,411 (15,500) 0.03 *93—-95 85%
95—-97 28% 95—96 7%
28,758 0.01 95—98 30% 18,079 0.00 *92—95 96%
95—99 31%
95—100 30%
29,912 (30,800) 0.33 95—98 39% 19,483 (19,000) 0.25 95—96 47%
95—-97 28% *91—95 16%
94—96 18% 94—96 12%
*93—-95 9%
30,513 (33,900) 0.24 95—-97 28% 20,711 (20,500) 0.03 *91—95 77%
95—98 20% 95—96 5%
95—99 17% 94—96 5%
95—100 12%
32,262 0.01 95—100 47% 21,160 (20,500) 0.02 *90—95 93%
95—99 39%
92—96 6%
33,796 0.02 93—96 65% 22,945 (22,000) 0.08 94—96 50%
90— 96 13% 95—96 20%
93—-96 10%
34,941 0.01 90—96 56% 25,794 0.02 *89—95 59%
92—96 27% 94—-96 12%
93—-96 6% 95—-97 8%

Transitions for 2+, which are not present for 2 because of the doubly filled orbital (95) are denoted by an asterisk (*). Experimental data are given in paren-

theses.

With this relationship, a theoretical bandwidth of 2350 cm™!
can be calculated, which compares well with that one
observed experimentally (2200 cm™}).

3. Conclusions

The preparation of a 1,3-dithiol-2-ylidene substituted
naphthopyrano compound has been demonstrated. The inter-
pretation of the spectroscopic and cyclic voltammetric data
on the basis of time-dependent density functional theory
revealed that compound 2 acts as a donor—acceptor (D-A)
system. The nature of the strong absorption band at
21,500 cm™! (465 nm) could be assigned to a charge-
transfer transition. The corresponding charge-transfer

luminescence exhibits a large Stokes shift of 5800 cm™!.
Despite the low quantum efficiency of 0.5%, it represents
a rare example of luminescence from such a D-A dyad.
Therefore, the preparation of a naphthopyrano extended
TTF or the attachment of 1,3-dithiol-2-ylidene units to
NDA and perylenedicarboxylic anhydride is further investi-
gated in expectation of interesting D—A properties.

4. Experimental

4.1. General considerations

The compound 4,5-ethylenedithio-1,3-dithiole-2-thione 1
was prepared according to the literature procedure.?' All
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Energy

reaction coordinate

Figure 7. Potential energy surface of a charge-transfer transition in the case
of D—A+E,,,—D*—A". E,: optical transition energy, A: reorganizational
energy, AG: free energy term, AG*: dynamic thermal parameter. 0

other chemicals and solvents were purchased from commer-
cial sources and were used without further purification.
Absorption spectra were recorded on a Cary 50 Bio UV-
vis spectrophotometer and on a Bruker IFS66/S NIR spec-
trophotometer at room temperature. Emission and excitation
spectra were measured on a Horiba Fluorolog 3. The solu-
tions were degassed by bubbling nitrogen through them for
20 min before measuring. Compound 2 was measured as
a CH,Cl, solution and the oxidation agent FeCl; was added
as a CH;CN solution.

4.2. Synthesis

4.2.1. 3-(4,5-Ethylenedithio-1,3-dithiol-2-ylidene)-
1H,3H-naphtho[1,8-cd]pyran-1-one (2). Compound 1
(0.26 g, 1.2 mmol) and 1,8-naphthalic anhydride (0.15 g,
0.8 mmol) were suspended in 20 ml of dry toluene under
N,. Then, 1.8 ml of P(OMe); was added and the yellowish
suspension was refluxed for 3 h at 125 °C. The solvent was
evaporated from the red mixture by distillation. Purification
of the reddish brown solid by column chromatography eluting
with a gradient of 0—100% EtOAc in CH,Cl, yielded 2 as red
solid. Yield: 0.15 g (54%). Crystals were grown by layer dif-
fusion. A CH,Cl, solution of 2 was superposed by a MeOH
layer. Mp 230-233 °C. Anal. Calcd for C;7H;q0,S4: C,
54.52; H, 2.69. Found: C, 54.51; H, 2.82. 'H NMR
(CD,Cl,) 6: 3.30 (s, 4H), 7.29 (dd, J'=7.4 Hz, J°=0.8 Hz,
1H), 7.61 (t, J=7.8 Hz, 1H), 7.62 (t, J=7.7 Hz, 1H), 7.72
(d, J=7.9 Hz, 1H), 8.08 (dd, J'=8.3 Hz, J/>=1.1 Hz, 1H),
8.28 (dd, J'=7.3 Hz, J°=1.1 Hz, 1H). '3C NMR (THF-dy)
0: 30.20, 30.38, 121.42, 123.57, 123.72, 126.49, 127.84,
128.15, 129.03, 129.64, 138.96, 134.60. IR (KBr, cm™!):
3435, 2924, 1735, 1513, 1372, 1352, 1251, 1183, 1148,
1127, 1090, 829, 777, 763, 743, 518. MS (EI) m/z 374 (M™).

4.3. X-ray crystallography

An orange rod-like crystal of compound 2 was mounted
on a Stoe Mark II-Imaging Plate Diffractometer System??

equipped with a graphite-monochromator. Data collection
were performed at —100°C using Mo Ko radiation
(A=0.71073 A). One hundred and twenty exposures (6 min
per exposure) were obtained at an image plate distance of
135 mm, ¢=0° and 0°<w<180° with the crystal oscillating
through 1.5 in w. The resolution was Dpin—Dmax
23.99-0.82 A. The structure was solved by direct methods
using the program SHELXS-97%3 and refined by full matrix
least squares on F2 with SHELXL-97.2* All hydrogen atoms
were included in calculated positions and treated as riding
atoms using SHELXIL.-97 default parameters. All non-
hydrogen atoms were refined anisotropically. An empirical
absorption correction was applied using DELrefABS
(PLATONO03,%  Tin=0.168, T,,x=0.640). Crystal data
have been deposited at the Cambridge Crystallographic
Data Centre, reference CCDC 612152. Copy of the data
can be obtained, free of charge, on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK [fax: +44 1223
336033 or e-mail: deposit@ccdc.cam.ac.uk].

4.4. Computational details

Electronic excitation energies and absorption intensities of
the neutral and of the singly ionized form of 2 have been
computed using the program package ORCA.'® The hybrid
B3LYP functional and both Ahlrichs valence double zeta
(VDZ)'? and, alternatively for comparison, triple-zeta
(TZV) basis sets,'* and polarization functions'> have been
utilized along with the ORCA implementation of the time-
depending DFT method.!” Excitation energies have been
computed both with the experimental geometry of the neu-
tral 2 and with B3LYP optimized geometries of the neutral
2, and the singly ionized gas phase species 2.

Acknowledgements

This work was supported by the Swiss National Science
Foundation (grant no. 200020-107589 and COST Action
D31).

Supplementary data

Supplementary data associated with this article can be found
in the online version, at doi:10.1016/j.tet.2006.09.032.

References and notes

1. (a) Law, K.-Y. Handbook of Organic Conductive Molecules
and Polymers; Nalwa, H. S., Ed.; Wiley: Chichester, UK/
New York, NY, 1997; Vol. 1, Chapter 10; (b) Tang, C. W.
Appl. Phys. Lett. 1986, 48, 183-185; (c) Igbal, Z.; Ivory, M.;
Eckhardt, H. Mol. Cryst. Lig. Cryst. 1988, 158B, 337-352;
(d) Wiisten, J.; Berger, S.; Heimer, K.; Lach, S.; Ziegler, Ch.
J. Appl. Phys. 2005, 98, 013705.

2. (a) Heywang, G.; Born, L.; Fitzky, H.-G.; Hassel, T.; Hocker, J.;
Miiller, H.-K.; Pittel, B.; Roth, S. Angew. Chem., Int. Ed. Engl.
1989, 28, 483-485; (b) Hoier, H.; Zacharias, D. E.; Carrell, L.;
Glusker, J. P. Acta Crystallogr., Sect. C 1993, 49, 523-526; (¢)
Zacharias, D. E. Acta Crystallogr., Sect. C 1993, 49, 1082-1087.

3. Almeida, M.; Henriques, R. T. Handbook of Organic Conduc-
tive Molecules and Polymers; Nalwa, H. S., Ed.; Wiley:
Chichester, UK/New York, NY, 1997; Vol. 1, Chapter 2.


mailto:deposit@ccdc.cam.ac.uk
http://dx.doi.org/doi:10.1016/j.tet.2006.09.032

10.

11.

. TTF  Chemistry:  Fundamentals

S. Dolder et al. / Tetrahedron 62 (2006) 11106-11111

. Special issue on molecular conductors: Chem. Rev. 2004, 104,

4887; Batail, P., Ed.

and  Applications  of
Tetrathiafulvalene; Yamada, J., Sugimoto, T., Eds.; Springer:
Berlin, 2004.

. (a) Ho, G.; Heath, J. R.; Kondratenko, M.; Perepichka, D. F.;

Arseneault, K.; Pézolet, M.; Bryce, M. R. Chem.—Eur. J.
2005, 71, 2914-2922; (b) Tsiperman, E.; Becker, J. Y,;
Khodorkovsky, V.; Shames, A.; Shapiro, L. Angew. Chem.,
Int. Ed. 2005, 44, 4015-4018; (c¢) Bendikov, M.; Wudl, F;
Perepichka, D. F. Chem. Rev. 2004, 104, 4891-4946.

. Leroy-Lhez, S.; Baffreau, J.; Perrin, L.; Levillain, E.; Allain,

M.; Blesa, M.-J.; Hudhomme, P. J. Org. Chem. 2005, 70,
6313-6320.

. (a) Guo, X.; Zhang, D.; Huijuan, Z.; Fan, Q.; Xu, W.; Ai, X.;

Fan, L.; Zhu, D. Tetrahedron 2003, 59, 4843-4850; (b) Guo,
X.; Gan, Z.; Luo, H.; Araki, Y.; Zhang, D.; Zhu, D.; Ito, O.
J. Phys. Chem. A 2003, 107, 9747-9753; (c) Guo, X.; Zhang,
D.; Xu, W.; Zhu, D. Synth. Met. 2003, 137, 981-982.

. O’Neil, M. P;; Niemcyk, M. P.;; Svec, W. A.; Gosztola, D.;

Gaines, L. L.; Wasielewski, M. R. Science 1992, 257, 63-65.
(a) Frere, P.; Skabara, P. Chem. Soc. Rev. 2005, 34, 69-98;
(b) Takahashi, K.; Ise, T.; Mori, T.; Mori, H.; Tanaka, S.
Chem. Lett. 1998, 1147-1148; (c) Takahashi, K.; Ise, T.
Heterocycles 1997, 45, 1051-1054; (d) Ise, T.; Takahashi,
K. J. Cryst. Growth 2001, 229, 591-594.

Farrugia, L. J. J. Appl. Crystallogr. 1997, 30, 565. ORTEP-3
for Windows.

12.

13.

14.

16.

17.
18.

19.
20.
21.
22.
23.
24.

25.

. Ahlrichs,

11111

Grigor’eva, L. P.; Chetkina, L. A. Kristallografiya 1975, 20,
1289-1290.

Schafer, A.; Horn, H.; Ahlrichs, R. J. Chem. Phys. 1992, 97,
2571-2577.

Schifer, A.; Huber, C.; Ahlrichs, R. J. Chem. Phys. 1994, 100,
5829-5835.

R., and co-workers, unpublished, available
from: ftp://ftp.chemie.uni-karlsruhe.de/pub/BASES/Def or
ftp://ftp.chemie.uni-karlsruhe.de/pub/BASES/Def2,  respec-
tively.

Neese, F. ORCA — An Ab initio, DFT and Semiempirical
SCF-MO-Package, Version 2.4—41; Max-Planck-Institut fir
Bioanorganische Chemie: Mithlheim/Ruhr, Germany, October
2005.

Neese, F.; Olbrich, G. Chem. Phys. Lett. 2002, 362, 170-178.
(a) Hush, N. S. Prog. Inorg. Chem. 1967, 8,391-443; (b) Marcus,
R. A. Angew. Chem., Int. Ed. Engl. 1993, 32, 1111-1121.
Bernhardt, P. V.; Bozoglian, F.; Macpherson, B. P.; Martinez,
M. Coord. Chem. Rev. 2005, 249, 1902-1916.

Bernhardt, P. V.; Martinez, M. Inorg. Chem. 1999, 38, 424-425.
Svenstrup, N.; Becher, J. Synthesis 1995, 3, 215-235.

Stoe and Cie. X-Area VI1.17 & X-RED32 V1.04 Software;
Stoe und Cie GMBH: Darmstadt, Germany, 2002.

Sheldrick, G. M. Acta Crystallogr., Sect. A 1990, 46, 467-473.
Sheldrick, G. M. SHELXL-97: Program for Crystal Structure
Refinement; University of Gottingen: Gottingen, Germany,
1997.

Spek, A. L. J. Appl. Crystallogr. 2003, 36, 7-13.


ftp://ftp.chemie.uni-karlsruhe.de/pub/BASES/Def2
ftp://ftp.chemie.uni-karlsruhe.de/pub/BASES/Def2

ELSEVIER

Awvailable online at www.sciencedirect.com

ScienceDirect

Tetrahedron 62 (2006) 11112-11123

Tetrahedron

Diastereoselective synthesis of y-hydroxy o,-epoxyesters and
their conversion into B-hydroxy a-sulfenyl y-butyrolactones

Santiago Rodriguez,* Maria Kneeteman,* Javier Izquierdo,” Irakusne Lépez,”
Florenci V. Gonzélez* and Gabriel Peris”

2Departament de Quimica Inorganica i Organica, Universitat Jaume I, 12080 Castelld, Spain
°Serveis Centrals d’Instrumentacié Cientifica, Universitat Jaume I, 12080 Castelld, Spain

Received 17 July 2006; revised 26 August 2006; accepted 12 September 2006
Available online 9 October 2006

Abstract—The diastereoselectivity of the nucleophilic epoxidation of y-hydroxy-o,B-unsaturated esters has been studied. The y-hydroxy-
a,B-unsaturated esters were obtained through treatment of ethyl (E)-4-oxo-2-butenoate with the corresponding Grignard reagent and were
used as a racemic mixture. The resulting y-hydroxy o,B-epoxyesters were treated with thiophenol for transformation into a-phenylsulfanyl
trisubstituted y-butyrolactones. The syn,syn-lactones isomerize easily in basic media into the syn,anti structures. In order to explain this
interconversion, a retroaldol-aldol sequence has been proposed and a sulfur-oxygen interaction has been invoked to explain the syn
stereochemical preference of the a-sulfured aldols resulting from the intramolecular aldol reaction.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

a.,B-Epoxyesters are versatile functionalities in organic syn-
thesis since they can be converted into interesting synthetic
compounds through the opening of the oxirane ring.! The
most convenient method for their preparation is through ep-
oxidation of unsaturated esters using a hydroperoxide in the
presence of a base.? A deeper understanding of the stereo-
selectivity of the epoxidation of unsaturated esters would in-
crease the synthetic applications of these intermediates. We
previously reported the influence of solvent and temperature
on the epoxidation of y-hydroxy-o, B-unsaturated esters® and
now wish to report a general study of this reaction including
a correction of the previous stereochemical assignment of
some of the resulting epoxides.

In this paper we also show that the thiophenol-mediated
transformation of the <y-hydroxy ao,B-epoxyesters into

o
R +% o ®
R A —
OH
1

Scheme 1. General scheme of reactions.

a-phenylsulfanyl y-butyrolactones 4/5 was useful for the
stereochemical determination of the preceding epoxyesters
(Scheme 1). Trisubstituted y-butyrolactones are an interest-
ing family of compounds,* which could be then obtained
starting from chiral y-hydroxy o,-epoxyesters.

The stereoselectivity of the epoxidation reactions was mea-
sured as the ratio between syn/anti diastereomers 2 and 3
(Scheme 1) and must be interpreted as a conjugate addition
to an unsaturated ester modulated by a stereocenter in the
y-position.>

2. Results

2.1. Preparation of substrates

We wanted to study the selectivity of epoxidation of
v-hydroxy-a,B-unsaturated esters with a range of R alkyl

SPh
o9 HO,
RMOEt o
OH R Y

2 syn PhSH 4 syn-syn
O HO, §Ph
R 9 A
e L=
OH R
3 anti 5 syn-anti

Keywords: Diastereoselective epoxidation; Epoxyesters; Lactonization; y-Butyrolactones.
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groups. Commonly <y-hydroxy-a,B-unsaturated esters are
obtained in enantiopure form through Wittig—Horner
reaction of chiral aldehydes or enzymatic resolutions of
the corresponding racemic mixtures,® we synthesized the
v-hydroxy-a.,B-unsaturated esters through treatment of ethyl
(E)-4-oxo-2-butenoate® with the corresponding Grignard
reagent and they were used as a racemic mixture in the
epoxidation process (Scheme 2).

1a, R=Ph

1b, R=Me

1c, R=i-Propyl
1d, R=i-Pentyl
1e, R=n-Butyl
1f, R=Chx

1g, R=p-MeOPh
1h, R=t-Butyl

Scheme 2. Preparation of y-hydroxy-o,B-unsaturated esters: (a) RMgBr,
THF, —78 °C-0°C.

We also prepared O-protected a,B-unsaturated esters in
order to study the influence of the hydroxyl protecting group
on the epoxidation. These compounds were synthesized
through protection of compound 1b via standard conditions
(Scheme 3).

o 0
H a
SC\(\)]\OEt H3CNOEt
OH OP
1b 6a, P=TPS
6b, P=TIPS
6¢c, P=MOM

Scheme 3. Protection of y-hydroxy-a,B-unsaturated esters: (a) P-CI, base.

2.2. Epoxidation of y-hydroxy-a,B-unsaturated ethyl
esters

Esters 1 were epoxidized using lithium fert-butylperoxide as
the oxidizing reagent in THF as solvent at —20 °C. Table 1
shows that the diastereomeric ratios are similar for all condi-
tions examined, furnishing the 2 syn isomer as the major

Table 1. Epoxidation of y-hydroxy-o.,B-unsaturated esters using lithium
tert-butylperoxide

product. The syn/anti assignment for 2b/3b represents a
correction to our previous work,? an explanation for which
is provided subsequently.

These results showed that stereoselectivity does not depend
on the nature of the pendant R alkyl group for all y-hydroxy-
o, B-unsaturated esters examined.

In order to study the influence of the temperature over the
stereoselectivity, we carried out the epoxidation reaction of
compound 1b at different temperatures (Table 2).

Table 2 shows that there is no temperature dependence since
the diastereomeric ratios at different temperatures in a range
between —80 and 50 °C are same within experimental error.

Similar J5 4 coupling constants were observed for diastereo-
mers syn d,-epoxyesters 2a-h and also for anti a,B-epoxy-
esters 3a—h (Table 3). For syn isomers, J;4 values were
between 3.5 and 4.5 Hz whilst for the anti form, J3 4 ranged
from 2.5 to 3.5 Hz.

Thus, the measurement of J;4 represented a convenient
method for the stereochemical assignment of these com-
pounds whenever both isomers were available.

We also epoxidized compound 1b by using oxidants other

than lithium fert-butylperoxide (Table 4).

Table 2. Epoxidation of 1b at different temperatures

(0] 0 O
TBPLI o o9
MeNOEt — MeMOEt . Me = NOEt
OH OH OH
1b 2b syn 3b anti

Entry T (°C)/t (h) 2b:3b* Yield (%)

1 —80/72 73:27 30

2 —60/46 78:22 55

3 —40/24 77:23 54

4 —20/20 70:30 60

5 0/14 74:26 55

6 25/3 78:22 52

7 50/5 76:24 45

? Ratio measured by 3C NMR of the crude reaction mixtures.

Table 3. Coupling constants of epoxyalcohols

o} (0] (0] o o}

R \‘/\)J\ TBPLI, THF ) R 9 R W R4 309
X OEt -20 °C, 20h OEt + * OEt 5 1 OEt 5 1 OEt
OH OH OH OH OH
2 syn 3 anti 2 syn 3 anti

Entry  Substrate R T (°C)/t (h) 2:3° Yield (%) R J34 2 syn (Hz) J3.4 3 anti (Hz)
1 la Ph —20/20 80:20 78 Ph 4.5 2.5
2 1b Me —20/20 70:30 60 Me 4.2 3.1
3 1c i-Pr —20/20 80:20 55 i-Pr 4 3
4 1d i-Pent —20/20 78:22 44 i-Pent 4 35
5 le n-Bu —20/20 81:19 48 n-Bu 4 N
6 1f Chx —20/15 76:24 47 Chx 4 3
7 1g p-MeOPh  —20/15 77:23 69 p-MeOPh 4.5 2.5
8 1h t-Bu —20/72 70:30 41 t-Bu 3.5 2.5

? Ratio measured by 3C NMR of the crude reaction mixtures.

? Coupling constant could not be measured because of overlapping signals.
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Table 4. Epoxidation of ester 1b using other conditions

Entry Reagent Solvent T (°O)/t 2b:3b° Yield (%)
1 TBHP, EtLi THF —20/20 h 70:30 60

2 TBHP, EtLi, 12-cr-4" THF —20/60 h 81:19 39

3 TBHP, EtLi, TMEDA? THF —20/20 h 88:12 50¢
4 TBHP, EtLi THF/HMPA —20/20 h 88:12 42

5 TBHP, EtLi THF/DMF —20/20 h 85:15 51

6 TBHP, Et,Zn* CH,Cl, 0°C/120h 20:80 15¢
7 TBHP, Bu,Mg THF —20/20 h — N.R.
8 TBHP, NaH THF Rt/1.5h 56:44 22

9 TBHP, NaH THF —20/20 h 79:21 18
10 TBHP, NaH THF —80/72 h 68:32 25
11 TBHP, KH THF —20/20 h 62:38 30
12 TBHP, Ti(O-i-Pr), CH,Cl, 0/4 days 40:60 74¢
13 TBHP, EtLi, Ti(O-i-Pr), THF Rt/6 days — N.R.
14 CMHP, EtLi THF —20/20 h 77:23 65
15 m-CPBA CH,Cl, —20/4 days 67:33 70¢
16 m-CPBA, K,CO3 CH,Cl, Rt/20 h — N.R.
17 TBHP, EtLi Hexanes —20/20 h 46:54 25
18 TBHP, EtLi Toluene —20/20 h 68:32 53

# 12-Cr-4 (2.5 equiv) was used in entry 2; 2 equiv of TMEDA were used in entry 3; 1.1 equiv of Et,Zn were used in entry 6.

Ratio measured by 13C NMR of the crude reaction mixtures.

¢ Starting material was recovered: 31% for entry 3; 29% for entry 6; 50% for entry 12; 25% for entry 15.

If the reaction was carried out using lithium ters-butylper-
oxide in the presence of a cation scavenger (entries 2 and
3) or in a more polar solvent (entries 4 and 5), then a better
selectivity was observed. On the other hand, in the alkaline
peroxides series, potassium gave poorer stereoselectivity
than either lithium or sodium (entries 1 and 8-11). The
anti isomer predominated when zinc’ peroxide was used,
as opposed to the selectivity achieved using alkaline cations.
Magnesium® (entry 7) was not reactive. When titanium
isopropoxide (entry 12) was used, starting material was
recovered and stereoselectivity was poor, furnishing the
anti isomer as the major product. The reaction using lithium
tert-butylperoxide and titanium isopropoxide (entry 13) did
not give reaction product.

Lithium cumylperoxide gave the same result as lithium fert-
butylperoxide (entry 14). The rate of the epoxidation using
m-CPBA® (entry 15) was slower than with the other
oxidants, affording the syn isomer as the major one. When
m-CPBA was used in the presence of potassium carbonate'®
(entry 16), only starting material was recovered.

If the reaction was carried out using lithium terz-butylper-

oxide in non-polar solvents (entries 17 and 18) then a poor
selectivity was observed.

Table 5. Epoxidation of O-protected-y-hydroxy-a,B-unsaturated esters

0 0
g __TBPLi H3CY<?)k . Hsc\(ﬁg)k
F OEt OFt

oP oP
7 8

Entry T (°C)lt 6 7.8 Yield (%)

1 Rt/5 days 6a 55:45 50

2 2/10 days 6b 81:19 56

3 —20/100 h 6b 84:16 75°

4 —20/5 days 6¢c 63:37 47°

? Ratio measured by '3C NMR of the crude reaction mixtures.
® Starting material was recovered: 50% for entry 3; 44% for entry 4.

O-Protected unsaturated esters 6 were subjected to epoxida-
tion using lithium tert-butylperoxide (Table 5).

All the O-protected esters (6a—c) were less reactive than free
compound 1b since the epoxidation reactions took longer
time (a few days for all cases). The triisopropylsilyl protect-
ing group gave the best selectivity, furnishing the syn isomer
7 as the major one.

Studies to rationalize the stereoselectivity of these epoxida-
tion reactions are currently underway in our laboratory.

2.3. Synthesis of yy-butyrolactones

The y-hydroxy o,B-epoxyesters 2/3 were treated with thio-
phenol in the presence of a base resulting in the opening
of the oxirane ring. The products derived from these reac-
tions were the corresponding y-butyrolactones 4/5 or the
diols 9/10 depending on the conditions and the substrate
(Table 6).

When epoxides 2a/3a (from entry 1, Table 1) were treated
with thiophenol in the presence of triethylamine at room
temperature for 1 h, only diols 9a/10a were obtained (entry
1, Table 6) but with longer time, partial cyclization of diols
furnished lactones 4a/5a (entry 2, Table 6) in 1:1 ratio. This
mixture of diols and lactones was directly subjected to acid
treatment, furnishing a mixture of diastereomeric lactones
with lactone 4a being the major one (Table 7).

When epoxides 2b/3b (from entry 2, Table 1) were treated
with thiophenol and triethylamine in acetonitrile, diol 9b,
lactones 4b/5b in 1:1 ratio, and butenolide 11b derived
from dehydration of the lactones were obtained (entry 3, Ta-
ble 6). When the reaction was performed in methanol instead
of acetonitrile for longer time (entry 4), only lactones were
obtained and, surprisingly, Sb was the major lactone, thus
showing opposite stereoselection to 2a/3a.

A similar result was obtained using Sharpless conditions with
sodium thiophenolate buffered with thiophenol'! (entry 5).
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Table 6. Treatment of epoxyesters 2/3 with thiophenol

11115

SPh
0?9 o9 OH O OH O
PhSH R -
RMOE + R\‘/\)I\oa Soveas IS: £>: R " OEt OBt | o
OH OH ase OH SPh OH SPh R
2 syn 3 anti 9 10 11
Entry Substrate T (°O)/t Reagents 4 5 9 10 11 Yield (%)
1 2a/3a (R=Ph) Rt/1h PhSH/Et;N/CH;CN 9a (75) 10a (25) 65
2 2a/3a (R=Ph) Rt/16 h PhSH/Et;N/CH;CN 4a (25) 5a (25) 9a (50) -
3 2b/3b (R=Me) 0/45' PhSH/Et;N/CH;CN 4b (19) 5b (23) 9b (28) 11b (30) 43
4 2b/3b (R=Me) Rt/6 h PhSH/Et;N/MeOH 4b (32) 5b (68) 55
5 2b/3b (R=Me) Rt/2h PhSH/PhSNa/THF 4b (37) 5b (63) 50
6 2b/3b (R=Me) rt/1 h PhSH/PhSNa/THF 4b (21) 5b (33) 9b (46) —
7 2b/3b (R=Me) —40/80/ PhSH/PhSNa/THF 9b (72) 10b (28) 67
8 2¢/3c (R=i-Pr) Rt/22 h PhSH/Et;N/CH;CN 4c (19) 5¢ (17) 9¢ (57) 11c (7) 45
9 2¢/3¢ (R=i-Pr) Rt/1h PhSH/PhSNa/THF 4c (33) 5c (67) 89
10 2¢ (R=i-Pr) Rt/2h PhSH/PhSNa/THF 4c (40) 5¢ (60) 70
11 2e/3e (R=n-Bu) Rt/2h PhSH/PhSNa/THF de (34) 5e (66) 66
12 2£/3f (R=Chx) Rt/2h PhSH/PhSNa/THF af (34) 5f (66) 77

# Crude oil was directly subjected to acid cyclization (see Table 6).

When this reaction was conducted for shorter time (entry 6),
diol 9b and a mixture of lactones were obtained and at low
temperature (entry 7) diols 9b/10b were obtained, furnishing
9b as the major one. The mixture of diols and lactones ob-
tained from entry 6 was directly subjected to acid treatment
(Table 6), furnishing 4b/5b but 4b being the major product,
a result opposite to that for entries 4 and 5.

The results obtained with epoxides 2¢/3¢ were similar to 2b/
3b. When epoxides 2¢/3c (entry 3, Table 1) were treated with
thiophenol and triethylamine in acetonitrile, then diol 9¢
and lactones 4c¢/5c¢ were obtained along with butenolide
11c (entry 8). Using sodium thiophenolate, the result was
also similar to 2b/3b, yielding lactones 4c¢/Sc¢ (entry 9).
Curiously, a mixture of 4¢/5¢ was obtained when the sub-
strate was pure major epoxyester (entry 10).

The reaction of epoxides 2e/3e and 2f/3f (entries 5 and 6,
Table 1) with sodium thiophenolate gave a similar result to
the other epoxides, furnishing a mixture of lactones 4/5 in
34:66 ratio for both cases (entries 11 and 12).

2.4. Stereochemical determination of lactones 4/5 and
diols 9/10

The stereochemical assignment of the lactones was per-
formed by NOE experiments. Lactone 4a gave NOE be-
tween H-2 and H-4 whilst Sa did not. Lactone Sb gave
NOE between the methyl and H-2 and between the methyl

Table 7. Cyclization of diol 9 in acidic media

SPh SPh
44548 CSA, benzene HO, HO,
1.5 h, reflux o * /Eo\/:o
RO © R
4 5
Entry Substrate 4:5 Yield (%)
1 Entry 2, Table 6 76:24 57
2 Entry 6, Table 6 65:35 45

and H-3, whilst the lactone 4b gave NOE between the
methyl and OH but not between the methyl and H-2. 4¢
and 4f gave NOE between the H-2 and H-4 whilst 5S¢ H-2
gave NOE with the isopropylic hydrogen.

The X-ray crystal structures of 4a—c confirmed definitively
the stereochemistry of syn,syn-lactones.'? The conformation
of all three yy-butyrolactones in the X-ray structures is very
similar, having the R alkyl groups and the thiophenyl substit-
uents in equatorial position and the hydroxyl groups in axial
position (Fig. 1).

In comparing the shifts of the ring protons and ring '*C
nuclei for all lactones (Table 8) some similarities were
observed: syn,anti-lactones 5 show H2 upfield shift with re-
spect to the syn,syn 4, while H3 and H4 appear downfield in 5
with respect to 4, and C2 appears shifted upfield for 5 while
C4 appears downfield in 5 in relation to 4.3

The resulting diols from these reactions were transformed
into cyclic carbonates: the mixture of diols 9a/10a (from
entry 1, Table 6) and 9b/10b (from entry 7, Table 6) was
submitted to reaction with triphosgene giving carbonates
12a/13a and 12b/13b, respectively (Table 9).

The stereochemistry of the carbonates was assigned by
NMR: coupling constants (J45 for 13, higher than for 12)
and by NOE experiments.
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NOE
i X
o” o 0" o
4 5 4 5/.H
P HiCd CO,Et
H ~~CO,Et H A 2
H o 2 H'
noe & sPh NOEL/ SPh
12a 12b
(J 5=5H2) (Ja 5=4,5Hz)
)y 1
0" o o)Lo
5/ “s
PR % HaC" % —CO,Et
VAN
Phs CO,Et PhS
13a 13b
(g 5=TH2) (4 5=TH2)

We have also assured the stereochemical assignment of 2b/
3b by reduction of epoxyketone 14 using zinc borohydride.
As expected, the reduction of an epoxyketone using zinc
borohydride gave the anti isomer as the major one'*
(Scheme 4).

o s R
2b/3b i,mcwcoza b Hsc\A/Q/COzEt . H3CY\;/COZE‘(

O 14 OH 2p OH 3b
X-ray structure of 4c 19% 81%
Figure 1. X-ray structures of lactones 4a, 4b, and 4c. Scheme 4. Reduction of compound 14: (a) Dess—Martin, 70%; (b)

Zn(BH,),, 75%.

The NMR spectra of the major isomer were identical to the

Table 8. 'H and '>C NMR shifts of lactones 4 and 5 minor in the 2b/3b mixture derived from the epoxidation

SPh SPh (entry 2, Table 1). The major diastereomer in 2b/3b mixture

HO HO, ¢ was the syn one, correcting the stereochemical assignment
3 =0 /§2>:0 we previously published.?
(o] (0]
R R

4 5 2.5. Stereochemical determination of O-protected
Lactone SH2 G0H3 O0H4 6C2 6C3 6C4 epoxides
4a (R=Ph) 425 446 537 565 832 714 The stereochemistry of the O-silyl protected epoxides (7a—c/
Sa (R=Ph) 389 439 550 522 83 755 8a—c) was established through deprotection affording the
4b (R=Me) 4.24 4.24 4.51 57.3 79.0 69.9 .
5b (R=Me) 381 431 465 530 787 747 known epoxides 2b/3b (Scheme 5).

4c (R=i-Pr) 4.25 431 3.86 57.6 88.3 68.6

5S¢ (R=i-Pr) 3.80 4.35 4.06 535 88.4 74.0 o o

de (R=n-Bu) 418 420 426 569 832 694 0 0
Se R=n-Bu) 373 423 435 529 832 743 HSCMOH 2, Hsc\(Q)kOEt
4f R=Chx)  4.16 423 388 575 871 683 OP OH

5f (R=Chx) 372 429 406 533 870 738 7a-biga-b 2bi3b

Scheme 5. Deprotection of O-silyl protected epoxides: (a) TBAF, THF.

In case of the O-methoxymethyl protected epoxides, the

Table 9. Cyclization of diols 9/10 stereochemistry was established through treatment with
j\ o thiol and Lewis acid,’® which furnished lactone 4b and
triphosgene o o M butenolide 13b (Scheme 6).
9+10 —— — — » + o 0
P R\_& e SPh SPh
< TCOEt R Z—CO,Et HO,
PhS PhS a =
12 13 7°§8° — 0 + o
(63/37) He? O h,c? O
Entry  Diols (9/10) 12 13 Yield (%) 4b 13b
1 Entry 1, Table 6  12a(75) 13a (25) 65 50% 50%
2 Entry 7, Table 6 12b (72)  13b (28) 42

Scheme 6. Deprotection of epoxides 7¢/8¢: (a) PhSH, BF5-Et,0, 70%.
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3. Discussion

We were unable to make a definitive assignment for the
stereochemistry of epoxides 2b/3b since carbonates and
lactones obtained in acidic media would yield as the major
epoxide 2b (same stereoselectivity as epoxides 2a/3a) but
for lactones obtained in basic media, the major isomer would
be 3b, as can also be said for 2¢/3c.

We believe that an isomerization of lactone 4 into lactone 5§
occurs during the opening of the epoxides under basic
conditions (entries 4 and 5, 9-12 of Table 6). To confirm
this speculation, pure lactone 4¢ was treated with triethyl-
amine at room temperature and a 4:6 mixture of 4c and 5S¢
was obtained (Scheme 7).

SPh SPh
. HO. = HO,
4c — O + o
(0] (0]
5¢ 4c

60% 40%

Scheme 7. Basic isomerization of lactone 4¢: (a) Et;N, THF, 25 °C, 13 h.

The most plausible mechanism for the isomerization is a
retroaldol-aldol sequence (Scheme 8). The retroaldol reac-
tion of 4 is forced by the steric hindrance of the substituents
into syn,syn relationship into the cyclic structure, then
the resulting enolate—aldehyde intermediate gives an aldol
cyclization to furnish a thermodynamic mixture of lactones.
The major product is the more thermodynamically stable
one, 5, having substituents in syn,anti relationship.

Ph SPh SPh
HO retroaldol | Ox N\ © | aldol HO.. <
+base —= j\ O |=—— /E>: o
O
o R (0] R (0]
R 4 5

Scheme 8. Retroaldol-aldol sequence.

A retroaldol-aldol sequence has been invoked by some
authors to explain the isomerization of B-hydroxy a-sulfenyl
carbonylic compounds.'® The two examples shown in
Scheme 9 are taken from the literature'®*" and both repre-
sent isomerizations of anti B-hydroxy a-sulfenyl cyclic
ketones into the syn ones.

NaSR
anti
R=Et 20%
R=Ph 7%

base

anti

Scheme 9. Isomerization of B-hydroxy a-sulfenyl carbonylic compounds.

Both lactones 4 and 5 show a 2,3-syn relationship as the syn-
ketones in Scheme 9.

This tendency of a-hydroxy thiols derived from an intra-
molecular aldol reaction to be syn could be explained by
a sulfur-oxygen interaction;!” this interaction over the
enolate—aldehyde would orientate the aldehyde and the
sulfured enolate in the syn position. A similar sulfur—oxygen
interaction has been invoked between the carbonylic oxygen
and the thiolic sulfur of 2-mercaptoacetophenones.!”® The
stereochemical outcome in the intramolecular aldol reaction
would then be controlled by two factors: a steric factor about
3,4-anti relationship in 5 and an S-O interaction about
2,3-syn relationship in both 4 and 5.

4. Conclusions

The stereoselectivity in the nucleophilic epoxidation of
v-hydroxy-o,B-unsaturated esters has been studied. The
resulting syn/anti o,B-epoxyesters have been converted
into trisubstituted o-phenylsulfanyl y-butyrolactones using
thiophenol. The syn,syn-lactones isomerize easily in basic
media into the syn,anti structures. In order to explain this
interconversion, a retroaldol-aldol sequence has been pro-
posed and a sulfur—oxygen interaction has been invoked to
explain the syn stereochemical preference of the a-sulfured
aldols resulting from the intramolecular aldol reaction.

5. Experimental section
5.1. General experimental methods

All solvents used in reactions were freshly distilled from
appropriate drying agents before use. 'H NMR spectra and
13C NMR spectra were measured in CDCl; ('H, 7.24 ppm;
13C 77.0 ppm) solution at 30 °C on a 300 MHz Mercury
Varian or a 500 MHz Innova Varian NMR spectrometer at
the Serveis Centrals d’Instrumentacié Cientifica de la Uni-
versitat Jaume 1. Mass spectra were measured in a QTOF I
(quadrupole-hexapole-TOF) mass spectrometer with an
orthogonal Z-spray-electrospray interface (Micromass,
Manchester, UK). IR spectra were recorded as oily films
on NaCl plates on a Perkin—Elmer 2000 FTIR spectrometer.
EM Science Silica Gel 60 was used for column chromato-
graphy while TLC was performed with E. Merck precoated
plates (Kieselgel 60, F»s4, 0.25 mm). Unless otherwise spec-
ified, all reactions were carried out under argon atmosphere
with magnetic stirring.

5.1.1. General experimental procedure for the syntheses
of esters 1. To a liquid N»/acetone cold solution of ethyl (E)-
4-o0x0-2-butenoate (65.1 mmol) in THF (150 mL) was added
alkyl magnesium chloride solution (26 mL, 78.1 mmol)
drop wise under N, atmosphere for a period of 5 min. The
resulting mixture was left to warm up to room temperature
for 1 h and then quenched with satd aq NH,4Cl solution
and extracted with Et;O (3x40 mL), the organic layers
were washed (brine), dried (Na,SO,), and concentrated.
The crude oil was purified through chromatography
(silica-gel, hexanes/EtOAc (8:2) and (7:3)) to afford an oil.
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Spectroscopic data for 1a (yield=29%): 'H NMR (CDCls)
0 7.32-7.24 (6H, m), 6.98 (1H, dd, J=15.5, 5.5 Hz), 6.09
(1H, dd, J=15.5, 1.5Hz), 5.30 (1H, m), 4.13 (2H, q,
J=17.5Hz), 2.00 (1H, br s), 1.21 (3H, t, J=7.5Hz). '3C
NMR (CDCl3) 6 166.52, 148.37, 141.02, 128.93, 128.46,
126.63, 120.49, 73.68, 60.55, 14.26 ppm. IR (NaCl)
v 3467, 3064, 3032, 2983, 2937, 2905, 1779, 1717, 1656,
1494, 1455, 1369, 1304, 1175, 1097, 1032, 700 cm™'.
HRMS m/z caled for C,H;4O3Na [M+Na*]: 229.0841,
found: 229.0814.

Spectroscopic data for 1b (yield=72%): '"H NMR (CDCl5)
0 6.88 (1H, dd, J=15.8, 4.8 Hz), 5.94 (1H, dd, J=15.6,
1.7 Hz), 4.39 (1H, m), 4.12 (2H, q, J=7.1 Hz), 3.03 (1H,
s), 1.26 (3H, d, J=6.6 Hz), 1.22 (1H, t, J=7.1 Hz). 3C
NMR (CDCl3) 6 166.76, 151.32, 119.34, 66.84, 60.40,
22.48, 14.07 ppm. IR (NaCl) » 3429, 2983, 1722, 1448,
1369, 1307, 1185, 1039, 980, 868 cm~!. HRMS m/z calcd
for C;H 5,05 [M+H™]: 145.0865, found: 145.0828; calcd
for C;H;;03Na [M+Na*]: 167.0684, found: 167.0488.

Spectroscopic data for 1c (yield=45%): '"H NMR (CDCls)
0 6.92 (1H, dd, J=15.8, 5.1 Hz), 6.00 (1H, dd, J=15.6,
1.7 Hz), 4.17 (2H, q, J=7.1 Hz), 4.06 (1H, td, J=5.3,
0.9 Hz), 1.96 (1H, br s), 1.80 (1H, ddd, J=6.8, 6.6, 5.9 Hz),
1.26 (3H, t, J/=7.1 Hz), 0.92 (3H, d, J=6.9 Hz), 0.91 (3H,
d, J=6.9 Hz). '3C NMR (CDCl5) 6 166.54, 148.91, 121.13,
75.91, 60.43, 33.65, 18.24, 17.43, 14.21 ppm. IR (NaCl)
v 3483, 2964, 2934, 2876, 1722, 1656, 1467, 1370, 1274,
1179, 1036, 873 cm~'. HRMS mi/z calcd for CoH;cO3Na
[M+Na*]: 195.0997, found: 195.0976.

Spectroscopic data for 1d (yield=22%): '"H NMR (CDCls,
300 MHz) ¢ 6.89 (1H, dd, J=15.6, 4.8 Hz), 5.97 (1H, dd,
J=15.6, 1.5 Hz), 4.21 (1H, dq, J=5.4, 1.8 Hz), 4.14 (2H,
g, J=6.9 Hz), 2.61 (1H, br s), 1.52 (3H, m), 1.26 (2H, m),
1.24 (3H, t, J=7.2 Hz), 0.84 (3H, d, J=6.6 Hz), 0.83 (1H,
d, J=6.6Hz). '3C NMR (CDCl;) & 166.71, 150.49,
119.99, 71.24, 60.40, 34.47, 34.19, 27.92, 22.45, 22.36,
14.13 ppm. IR (NaCl) v 3449, 2957, 1720, 1655, 1467,
1369, 1275, 1177 cm~!. HRMS mi/z caled for C;;H,oO3Na
[M+Na*]: 223.1310, found: 223.1288.

Spectroscopic data for 1e (yield=44%): '"H NMR (CDCl5)
6 693 (1H, dd, J=15.5, 5Hz), 6.02 (1H, dd, J=15.6,
1.5 Hz), 4.29 (1H, m), 4.20 (2H, q, J=7.1 Hz), 1.82 (1H,
d, /=42 Hz), 1.59 (2H, m), 1.33 (2H, m), 1.29 (3H, t,
J=72Hz), 0.9 (3H, t, J=7.0Hz). '3C NMR (CDCl,)
0 166.59, 150.21, 120.20, 71.19, 60.45, 36.41, 27.34,
22.56, 14.25, 13.94 ppm. IR (NaCl) v 3449, 2959, 2872,
1721, 1656, 1466, 1369, 1305, 1275, 1179, 1040,
985 cm~!. HRMS m/z caled for C,oH;303Na [M+Na*]:
209.1154, found: 209.1141.

Spectroscopic data for 1f (yield=25%): 'H NMR (CDCls)
60 694 (1H, dd, J=16, 5.5Hz), 6.01 (1H, dd, J=15.5,
1.5Hz), 4.19 (1H, q, J=7 Hz), 4.07 (1H, td, J=5.5,
1.5 Hz), 1.97 (1H, br s), 1.62-1.81 (6H, m), 1.4 (1H, m),
1.28 (3H, t, J=7.5Hz), 0.99-1.33 (4H, m). '*C NMR
(CDCl3) 6 166.54, 149.25, 120.95, 75.44, 60.40, 43.58,
36.41, 28.83, 27.98, 26.31, 26.06, 26.01, 14.20 ppm. IR
(NaCl) » 3460, 2925, 2855, 1715, 1658, 1450, 1369, 1276,
1176, 1113, 1039, 985, 893, 869, 733 cm~!. HRMS m/z

caled for C;,H,,OsNa [M+Na*]: 235.1310, found:
235.1302.

Spectroscopic data for 1g (yield=31%): 'H NMR (CDCls)
0 7.19 (2H, d, J=8.5 Hz), 6.97 (1H, dd, J=15.5, 5.0 Hz),
6.82 (2H, d, J=15.5Hz), 6.06 (1H, d, J=15.5Hz), 5.19
(1H, d, J=4.5 Hz), 4.12 (2H, q, J=7.5 Hz), 3.37 (1H, br s),
1.23 (3H, t, J=7.5Hz). '3C NMR (CDCl;) § 166.57,
159.60, 148.83, 133.19, 127.98, 120.02, 114.19, 73.04,
60.48, 55.31, 14.18 ppm. IR (NaCl) v 3468, 2982, 2838,
1719, 1655, 1610, 1586, 1513, 1465, 1369, 1304, 1251,
1173, 1095, 1034, 982, 834, 775 cm~'. HRMS m/z calcd
for C13H;604Na [M+Na™]: 259.0946, found: 259.0954.

Spectroscopic data for 1h (yield=19%): 'H NMR (CDCl5)
0 698 (1H, dd, J=16, 5.5Hz), 6.00 (1H, dd, J=15.5,
1.5Hz), 4.15 (2H, q, J=7.5Hz), 3.90 (1H, dd, J=5.5,
1.5Hz), 1.25 (3H, t, J=7.5Hz), 0.9 (9H, s). '3*C NMR
(CDCl3) 6 166.51, 147.84, 121.78, 78.90, 60.35, 35.46,
25.65, 14.15 ppm. IR (NaCl) » 3497, 2964, 2907, 2873,
1770, 1722, 1655, 1479, 1369, 1280, 1164, 1112, 1038,
871, 774 cm™'. HRMS m/z calcd for C,oH;905 [M+H"]:
187.1334, found: 187.1307.

5.1.2. General experimental procedure for the epoxida-
tion of esters 1. To a —78 °C cold THF (3.5 mL) was added
TBHP (3.3 M in toluene'®) (2.2 mmol) and then ethyllithium
(0.5 M in benzene/cyclohexane (9:1)!°) (1.61 mmol). The re-
sulting mixture was stirred at —78 °C for 15 min and then
a solution of compound 1 (1.46 mmol) in THF (2 mL) was
added drop wise and then the mixture was left at —20 °C
(fridge) for 20 h. Then solid Na,SO; (120 mg) was added
in one portion and stirred for 15 min, then diluted with
satd ag NH4Cl solution and extracted with Et,O
(3%30 mL), the organic layers were washed (brine), dried
(Na,SO,), and concentrated. The crude oil was purified
through chromatography (silica-gel, hexanes/EtOAc (7:3)
and (6:4)).

Spectroscopic data for 2a/3a: 'H NMR (CDCls) § 7.22-7.34
(5H, m, majoritary and minoritary), 4.78 (1H, d, J/=2.5 Hz,
minoritary), 4.58 (1H, d, J/=4.5 Hz, majoritary), 4.14 (2H,
m, majoritary and minoritary), 3.63 (1H, d, /=2 Hz, minori-
tary), 3.50 (1H, d, /=2 Hz, majoritary), 3.41 (1H, dd, J=4.5,
2 Hz, majoritary), 3.35 (1H, t, J=2.5 Hz, minoritary), 1.23
(3H, t, J=6.5 Hz, majoritary and minoritary). '*C NMR
(CDCl3) o 168.71 (minoritary), 168.49 (majoritary),
139.42 (majoritary), 139.67 (minoritary), 128.74, 128.70,
128.49, 128.43, 126.47, 126.39, 72.18 (majoritary), 70.40
(minoritary), 61.75 (majoritary), 61.70 (minoritary), 60.88
(majoritary), 60.64 (minoritary), 51.10 (majoritary), 49.81
(minoritary), 13.99 (majoritary and minoritary) ppm. IR
(NaCl) v 3467, 3058, 3024, 2976, 2926, 2853, 1732, 1452,
1372, 1205, 1093, 1066, 1025, 904, 760, 701 cm~'.
HRMS m/z caled for C,H;4O4;Na [M+Na*]: 245.079,
found: 245.0790.

Spectroscopic data for 2b/3b: 'H NMR (CDCl5) 6 4.21 (2H,
m, majoritary and minoritary), 3.97 (1H, dq, /=6.4, 3.1 Hz),
3.97 (1H, dq, J=6.4, 3.1 Hz, minoritary), 3.78 (1H, dq,
J=6.4, 4.2 Hz, majoritary), 3.48 (1H, d, /=2.0 Hz, minori-
tary), 3.43 (1H, d, J=2.0 Hz, majoritary), 3.20 (1H, m,
minoritary), 3.18 (1H, dd, /=4.2, 2.0 Hz, majoritary), 1.28
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(3H, d, J=6.6 Hz, majoritary and minoritary), 1.26 (1H, d,
J=6.4 Hz, majoritary), 1.25 (1H, d, J/=6.2 Hz, minoritary).
13C NMR (CDCl3) 6 168.97 (minoritary), 168.75 (majori-
tary), 65.96 (majoritary), 64.31 (minoritary), 61.65 (majori-
tary and minoritary), 61.49 (majoritary), 61.09 (minoritary),
50.88 (majoritary), 49.73 (minoritary), 19.80 (majoritary),
18.75 (minoritary), 14.00 (majoritary and minoritary) ppm.
IR (NaCl) » 3477, 2983, 2921, 1738, 1656, 1452, 1372,
1285, 1202, 1028, 978, 901, 806, 720 cm~'. HRMS m/z
calcd for C;H;,04Na [M+Na™]: 183.0633, found: 183.0625.

Spectroscopic data for 2¢/3¢: 'H NMR (CDCl3) 6 4.21 (2H,
m, majoritary and minoritary), 3.63 (1H, dd, /=5.0, 3.0 Hz,
minoritary), 3.53 (1H, d, J=1.5 Hz, minoritary), 3.45 (1H, d,
J=2.0 Hz, majoritary), 3.35 (1H, d, J=4.0, 6.5 Hz, majori-
tary), 3.26 (1H, dd, J=4.0, 2.0 Hz, majoritary), 3.24 (1H,
dd, J=3.0, 2.0 Hz, minoritary), 1.87 (2H, m, majoritary
and minoritary), 1.29 (3H, t, J=7.0 Hz, majoritary and
minoritary), 1.00 (3H, d, J=6.5 Hz, majoritary and minori-
tary), 0.98 (3H, d, J=6.5 Hz, majoritary and minoritary).
13C NMR (CDCls) 6 169.09 (minoritary), 168.89 (majori-
tary), 74.29 (majoritary), 72.31 (minoritary), 61.75 (majori-
tary), 61.69 (minoritary), 59.34 (minoritary), 59.22
(minoritary), 50.81 (majoritary), 49.73 (minoritary), 32.69
(majoritary), 31.61 (minoritary), 18.46 (majoritary), 18.75
(minoritary), 17.92 (majoritary), 17.34 (minoritary), 14.12
(majoritary and minoritary) ppm. IR (NaCl) v 3497, 2964,
2877, 1732, 1468, 1371, 1285, 1244, 1199, 1028,
905 cm~!. HRMS m/z caled for CoH;s0sNa [M+Na']:
211.0946, found: 211.0926.

Spectroscopic data for 2d/3d: 'H NMR (CDCls) 6 4.17 (2H,
m, majoritary and minoritary), 3.74 (1H, dq, /=4.0, 3.5 Hz,
minoritary), 3.53 (1H, dq, /=4.0, 4.0 Hz, majoritary), 3.46
(1H, d, J=2.0 Hz, minoritary), 3.42 (1H, d, J=2.5 Hz,
majoritary), 3.16 (1H, dd, J/=4.0, 2.0 Hz, majoritary), 3.15
(minoritary, signal overlapped with majoritary), 2.11 (1H,
br s), 1.46—1.58 (4H, m, majoritary and minoritary), 1.32
(1H, m, majoritary and minoritary), 1.24 (3H, t, J/=7.0 Hz,
majoritary and minoritary), 0.84 (3H, d, /=7.0 Hz, majori-
tary and minoritary), 0.83 (3H, d, J=7.0 Hz, majoritary
and minoritary). '3*C NMR (CDCl3) 6 169.09 (minoritary),
168.81 (majoritary), 69.93 (majoritary), 68.33 (minoritary),
61.66 (majoritary), 61.64 (minoritary), 60.73 (majoritary),
60.45 (minoritary), 50.89 (majoritary), 49.69 (minoritary),
34.23 (majoritary), 34.10 (minoritary), 32.30 (majoritary),
31.26 (minoritary), 28.01 (minoritary), 27.93 (majoritary),
22.46 (majoritary), 22.34 (minoritary), 14.03 (majoritary
and minoritary) ppm.

Spectroscopic data for 2e/3e: '"H NMR (CDCl;) 6 4.21 (2H,
m, majoritary and minoritary), 3.71 (1H, m, minoritary),
3.58 (1H, m, majoritary), 3.49 (1H, d, J=1.8 Hz, minori-
tary), 3.44 (1H, d, J/=2.0 Hz, majoritary), 3.17 (1H, dd,
J=4.0, 2.0 Hz, majoritary), 3.17 (minoritary, signal overlap-
ped with majoritary), 1.58 (2H, m), 1.33 (4H, m), 1.27 (3H, t,
J=7.1 Hz, majoritary and minoritary), 0.88 (1H, ¢,
J=7.1 Hz, majoritary and minoritary). 13C NMR (CDCl5)
0 169.04 (minoritary), 168.80 (majoritary), 69.66 (majori-
tary), 67.99 (minoritary), 61.68 (majoritary), 61.65 (minori-
tary), 60.74 (majoritary), 60.45 (minoritary), 50.89
(majoritary), 49.63 (minoritary), 34.14 (majoritary), 33.05
(minoritary), 27.32 (majoritary), 27.20 (minoritary), 22.59

(minoritary), 22.53 (majoritary), 14.05 (majoritary and
minoritary), 13.87 (majoritary and minoritary) ppm. IR
(NaCl) v 3480, 2934, 2860, 1738, 1633, 1468, 1372, 1200,
1031, 959, 906, 809, 748 cm~'. HRMS m/z calcd for
C,oH;3O4Na [M+Na*]: 225.1103, found: 225.1109; calcd
for CoH ;304K [M+K*]: 241.842, found: 241.0849.

Spectroscopic data for 2f/3f: 'H NMR (CDCl3) § 4.18 (2H,
m, majoritary and minoritary), 3.56 (1H, dd, J=5.5, 3.0 Hz,
minoritary), 3.46 (1H, d, /=2.0 Hz, minoritary), 3.39 (1H, d,
J=2.0 Hz, majoritary), 3.28 (1H, dd, J/=6.5, 4.0 Hz, majori-
tary), 3.21 (1H, dd, /=4.0, 2.0 Hz, majoritary), 3.19 (1H, dd,
J=3.0, 2.0 Hz, minoritary), 1.97 (1H, br s), 1.58-1.87 (5H,
m, majoritary and minoritary), 1.50 (1H, m, majoritary and
minoritary), 1.24 (3H, t, J=7.5 Hz, majoritary and minori-
tary), 0.95-1.22 (5H, m, majoritary and minoritary). '*C
NMR (CDCl3) 6 169.10 (minoritary), 168.84 (majoritary),
73.77 (majoritary), 71.90 (minoritary), 61.67 (majoritary),
61.63 (minoritary), 59.43 (majoritary), 59.22 (minoritary),
50.90 (majoritary), 49.78 (minoritary), 42.30 (majoritary),
41.43 (minoritary), 28.77 (minoritary), 28.71 (majoritary),
28.43 (majoritary), 27.78 (minoritary), 26.28 (minoritary),
26.24 (majoritary), 26.08 (minoritary), 25.96 (minoritary),
25.94 (majoritary), 25.84 (majoritary), 14.07 (majoritary
and minoritary), 13.87 (majoritary and minoritary) ppm.
IR (NaCl) v 3484, 2928, 2855, 1737, 1450, 1371, 1282,
1199, 1096, 1030, 906, 735 cm~'. HRMS m/z calcd for
C,H,0O4Na [M+Na*]: 251.1259, found: 251.1255; calcd
for C1,H,004K [M+K*]: 267.0999, found: 267.1006.

Spectroscopic data for 2g/3g: 'H NMR (CDCl3) 6 7.33 (2H,
d, J/=9.0 Hz, majoritary), 7.30 (2H, d, J=8.5 Hz, minori-
tary), 6.90 (2H, d, J=8.5 Hz, majoritary and minoritary),
4.86 (1H, d, J=2.5 Hz, minoritary), 4.61 (1H, d, J=4.0 Hz,
majoritary), 4.20 (2H, m, majoritary and minoritary), 3.68
(1H, d, J=2 Hz, minoritary), 3.54 (1H, d, J=1.5 Hz, majori-
tary), 3.45 (1H, dd, J=4.5, 2 Hz, majoritary), 3.39 (1H, dd,
J=2.5, 2.0 Hz, minoritary), 2.55 (1H, br s, majoritary),
1.84 (1H, br s, minoritary), 1.27 (3H, t, J=7.0 Hz, majori-
tary), 1.26 (3H, t, J=7.0 Hz, minoritary). 13C NMR
(CDCl3) o 168.75 (minoritary), 168.56 (majoritary),
159.83 (minoritary), 159.74 (majoritary), 131.67 (majori-
tary), 130.68 (minoritary), 127.90 (minoritary), 127.81
(majoritary), 114.18 (majoritary and minoritary), 71.79
(majoritary), 70.03 (minoritary), 61.76 (majoritary), 61.72
(minoritary), 60.93 (majoritary), 60.63 (minoritary), 55.30
(majoritary and minoritary), 51.10 (majoritary), 49.82
(minoritary), 14.04 (majoritary and minoritary) ppm. IR
(NaCl) v 3483, 3058, 2985, 2939, 2909, 2839, 1740, 1613,
1586, 1515, 1466, 1444, 1421, 1372, 1304, 1225, 1202,
1178, 1113, 1096, 1069, 1032, 964, 907, 836, 737,
703 cm~!. HRMS m/z caled for C3H;cOsNa [M+Na*]:
275.0895, found: 275.0855; calcd for C;3H;,05K [M+K*]:
291.0635, found: 291.0657.

Spectroscopic data for 2h/3h: 'H NMR (CDCl5) 6 6.98 (1H,
dd, /=16, 5.5 Hz), 6.00 (1H, dd, /=15.5, 1.5 Hz), 4.15 (2H,
q, J=17.5Hz), 3.90 (1H, dd, J=5.5, 1.5 Hz), 1.25 (3H, t,
J=7.5Hz), 0.9 (9H, s). '3C NMR (CDCl;) ¢ 166.51,
147.84, 121.78, 78.90, 60.35, 35.46, 25.65, 14.15 ppm. IR
(NaCl) v 3497, 2964, 2907, 2873, 1770, 1722, 1655, 1479,
1369, 1280, 1164, 1112, 1038, 871, 774 cm~'. HRMS m/z
caled for C;oH;sO,Na [M+Na*]: 225.1103, found:
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225.1103; calcd for CoH;304Na [M+K*]: 241.0842, found:
241.0882.

5.1.2.1. 4-(tert-Butyl-diphenyl-silanyloxy)-pent-2-enoic
acid ethyl ester 6a. To an ice-bath cold solution of compound
1b (266 mg, 1.85 mmol) in DMF (5 mL) was added imida-
zole (138 mg, 2.03 mmol) and then tert-butyldiphenylsilyl-
chloride (528 pL, 2.03 mmol). The resulting mixture was
stirred at room temperature (21 °C) for 70 h and then was
quenched with brine and extracted with Et,O (3x30 mL),
the organic layers were washed (brine), dried (Na,SOy),
and concentrated. The crude oil was purified through chroma-
tography (silica-gel, hexanes/EtOAc (9:1) to afford 542 mg
(77%) of an oil. '"H NMR (CDCl3) é 7.76 (2H, dd, J=7.7,
1.3 Hz), 7.71 (2H, dd, J=8.1, 1.5 Hz), 7.41 (6H, m), 6.99
(1H, dd, J=15.6, 4.6 Hz), 6.10 (1H, dd, J=15.6, 1.5 Hz),
4.54 (1H, m), 4.24 (2H, m), 1.32 (3H, t, J/=7.2 Hz), 1.20
(1H, d, J=6.4Hz), 1.17 (s, 9H). *C NMR (CDCl;)
0 166.42, 151.16, 135.66, 135.62, 133.85, 133.29, 129.66,
127.53, 127.50, 119.16, 68.59, 60.02, 26.88, 23.18, 19.10,
14.13 ppm. IR (NaCl) » 3072, 3050, 2960, 2859, 1722,
1428, 1369, 1295, 1157, 1112, 978, 822, 741, 703 cm™".
HRMS m/z calcd for Cy3H3005SiNa [M+Na*]: 405.1862,
found: 405.1822.

5.1.2.2. 4-Triisopropylsilanyloxy-pent-2-enoic acid
ethyl ester 6b. To an ice-bath cold solution of compound
1b (582 mg, 4.04 mmol) in DMF (12 mL) was added imid-
azole (358 mg, 5.25 mmol) and then triisopropylsilylchloride
(980 pL, 4.44 mmol). The resulting mixture was stirred at
room temperature (21 °C) for 42 h and then was quenched
with brine and extracted with Et,O (3x30 mL), the organic
layers were washed (brine), dried (Na,SO,), and concen-
trated. The crude oil was purified through chromatography
(silica-gel, hexanes/EtOAc (9:1)) to afford 1 g (83%) of an
oil. '"H NMR (300 MHz, CDCl5) 6 6.88 (1H, dd, J=15.3,
42 Hz), 595 (1H, dd, J=15.3, 1.8 Hz), 4.51 (1H, dq,
J=6.3, 1.8 Hz), 4.12 (2H, q, J=6.9 Hz), 1.23 (3H, d, J=
6.3Hz), 1.22 (3H, t, J=6.3 Hz), 1.01 (s, 9H). '*C NMR
(CDCl3) 6 166.59, 151.99, 118.92, 67.81, 60.07, 23.84,
17.92, 17.90, 14.13, 12.24 ppm. IR (NaCl) » 2930, 2868,
1723, 1465, 1369, 1294, 1159, 1094, 883 cm~!. HRMS
m/z calcd for C;6H3,05SiNa [M+Na*]: 323.2018, found:
323.1956; calcd for C;6H3305Si [M+H™]: 301.2199, found:
301.2172.

5.1.2.3. 4-Methoxymethoxy-pent-2-enoic acid ethyl
ester 6¢c. To an ice-bath cold solution of compound 1b
(730 mg, 5.1 mmol) in CH,Cl, (16 mL) were added di-
isopropylethylamine (3.55 ml, 20.4 mmol), chloromethyl
methyl ether (1.55 ml, 20.4 mmol), and then 4-dimethyl-
aminopyridine (464 mg, 3.8 mmol). The resulting mixture
was stirred at room temperature (23 °C) for 20 h and then
was quenched with brine and extracted with CH,Cl,
(3x30 mL), the organic layers were washed (brine), dried
(NaSO,), and concentrated. The crude oil was purified
through chromatography (silica-gel, hexanes/EtOAc (8:2)
and (7:3)) to afford 460 mg (48%) of an oil. 'H NMR
(CDCl3) 6 6.58 (1H, dd, J=15.5, 6.0 Hz), 5.72 (1H, dd,
J=15.5, 1.5Hz), 435 (2H, s), 4.08 (2H, dq, J=7.0,
7.0 Hz), 3.92 (2H, q, J/=7.5 Hz), 3.08 (s, 3H), 1.03 (3H, d,
J=6.5Hz), 1.01 (3H, t, J=7.0Hz). '3C NMR (CDCls)
0 165.45, 148.31, 120.36, 93.91, 70.49, 59.63, 54.56,

19.92, 13.61 ppm. IR (NaCl) » 2981, 2976, 2824, 1718,
1659, 1449, 1370, 1299, 1272, 1158, 1099, 1033, 982,
919, 869, 734 cm~!. HRMS m/z calcd for CoH,;cO4Na
[M+Na*]: 211.0946, found: 211.0919.

5.1.3. General experimental procedure for the epoxida-
tion of esters 6. To a —78 °C cold THF (3.5 mL) was added
TBHP (3.3 M in toluene'®) (600 uL, 1.97 mmol) and then
ethyllithium (0.5M in benzene/cyclohexane (9:1))
(2.9 mL, 1.45 mmol), gas evolution was observed. The re-
sulting mixture was stirred at —78 °C for 15 min and then
a solution of compound 6 (1.31 mmol) in THF (2 mL) was
added drop wise and then the mixture was stirred at the
desired temperature for the desired time (see Table 4).
Then solid Na,SO5 (110 mg) was added in one portion and
stirred for 15 min, then diluted with satd aq NH,4Cl solution
and extracted with Et,O (3x30 mL), the organic layers were
washed (brine), dried (Na,SO,), and concentrated. The
crude oil was purified through chromatography (silica-gel,
hexanes/EtOAc (7:3)) to afford an oil.

Spectroscopic data for 7a/8a: 'H NMR (CDCl3) 6 7.61 (4H,
m), 7.27 (6H, m), 4.11 (2H, m), 3.67 (1H, m), 3.23 (1H, d,
J=2 Hz), 3.17 (1H, d, J=5.2 Hz), 3.13 (1H, d, J=1.5 Hz),
3.06 (1H, dd, J=4.5, 1.5 Hz), 1.18 (3H, t, /=7 Hz), 1.08
(3H, d, J=6.5 Hz), 1.01(1H, d, J=6.5 Hz), 0.98 (9H, m).
13C NMR (CDCl3) 6 169.02, 168.92, 135.90, 135.83,
135.81, 135.32, 134.80, 133.97, 133.77, 133.32, 133.14,
129.82, 129.77, 129.73, 129.56, 127.66, 127.65, 127.60,
68.89, 67.38, 61.94, 61.53, 61.48, 61.30, 50.99, 50.77,
2691, 26.85, 26.57, 20.55, 19.76, 19.23, 19.18, 18.99,
14.09, 14.07 ppm. IR (NaCl) » 3072, 2960, 2932, 2892,
2858, 1737, 1472, 1428, 1391, 1374, 1305, 1197, 1113,
1029, 998, 822, 740, 702 cm~'. HRMS m/z calcd for
C;H,,04Na [M+Na*]: 421.1811, found: 421.1844.

Spectroscopic data for 7b/8b: 'H NMR (CDCl5) 6 4.20 (2H,
m, majoritary and minoritary), 3.97 (1H, dq, /=6.5, 4.0 Hz,
minoritary), 3.80 (1H, dq, J/=5.5, 6.5 Hz, majoritary), 3.42
(1H, d, J=2.0 Hz, minoritary), 3.31 (1H, d, J/=2.0 Hz, ma-
joritary), 3.19 (1H, dd, J=5.5, 2.0 Hz, majoritary), 3.10
(1H, dd, J=4.0, 2.0 Hz), 1.27 (3H, t, J=7.5 Hz, minoritary),
1.26 (3H, t, J=7.0 Hz, majoritary), 1.23 (3H, d, J=6.5 Hz,
majoritary), 1.23 (3H, d, J=6.5 Hz, minoritary), 1.04
(21H, m, majoritary and minoritary). '3C NMR (CDCls)
0 169.28 (minoritary), 168.97 (majoritary), 68.41 (majori-
tary), 66.07 (minoritary), 62.29 (majoritary), 61.63 (minori-
tary), 61.53 (majoritary), 61.48 (minoritary), 50.79
(majoritary), 50.52 (minoritary), 20.48 (minoritary), 20.33
(majoritary), 17.95, 17.91 (majoritary and minoritary),
14.06 (majoritary and minoritary), 12.29 (majoritary and mi-
noritary) ppm. IR (NaCl) v 2944, 2887, 2860, 1755, 1465,
1373, 1284, 1244, 1196, 1170, 1122, 1099, 1059, 1031,
999, 907, 883, 827, 761, 681 cm~!. HRMS m/z calcd for
C,6H3,Si04Na [M+Na*]: 339.1968, found: 339.1966.

Spectroscopic data for 7¢/8¢: 'H NMR (CDCls) 6 4.64 (1H,
d, J=7.0 Hz, minoritary), 4.55 (1H, d, J=7.0 Hz, minori-
tary), 4.54 (1H, d, J=7.0 Hz, majoritary), 4.51 (1H, d,
J=17.0 Hz, majoritary), 4.12 (2H, m, majoritary and minori-
tary), 3.55 (1H, dq, J=6.5, 5.0 Hz, majoritary), 3.54 (1H, dq,
J=6.5, 6.0 Hz, majoritary), 3.33 (1H, d, /=2.0 Hz, majori-
tary), 3.26 (3H, s, minoritary), 3.23 (3H, s), 3.22 (1H, d,
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J=2.0 Hz, minoritary), 3.13 (1H, dd, /=6.0, 2.0 Hz, minori-
tary), 3.05 (1H, dd, J/=5.0, 2.0 Hz, majoritary), 1.19 (3H, t,
J=6.5Hz, majoritary and minoritary), 1.16 (3H, d,
J=6.5 Hz, majoritary and minoritary). '>C NMR (CDCl5)
0 168.77 (majoritary), 168.66 (minoritary), 95.61 (majori-
tary), 95.07 (minoritary), 71.67 (minoritary), 71.14 (majori-
tary), 61.65 (minoritary), 61.53 (majoritary), 60.57
(minoritary), 59.96 (majoritary), 55.43 (majoritary), 55.30
(minoritary), 51.44 (majoritary), 50.14 (minoritary), 17.75
(majoritary), 17.04 (minoritary), 14.04 (majoritary), 14.02
(minoritary) ppm. HRMS m/z caled for CgH;,0sNa
[M+Na*]: 227.0895, found: 227.0874.

5.1.4. General experimental procedure for the treatment
of 2 with sodium thiophenolate to furnish 4/5. An ice-bath
cold suspension of sodium hydride (60% in mineral oil)
(1.12 mmol) in THF (1 mL) was treated with thiophenol
(2.25 mmol). The mixture was stirred at room temperature
for 15min and then a solution of the epoxyester 2
(0.75 mmol) in THF (1 mL) was added drop wise and the
mixture was stirred at room temperature for the required
time (see Table 5). Then brine was added and extracted
with Et;0 (3x20 mL), the organic layers were washed
(brine), dried (Na,SQ,), and concentrated. The crude oil
was purified through chromatography (silica-gel, hexanes/
EtOAc (7:3) and (6:4)).

Spectroscopic data for 4a: '"HNMR (CDCl3) 6 7.50-7.53 (m,
2H), 7.35-7.45 (8H, m), 5.47 (1H, d, /=3.0 Hz), 4.56 (1H,
ddd, J=4.0, 3.0, 2.0 Hz), 4.35 (1H, d, J=4.0 Hz), 2.37
(1H, d, J=2.0 Hz). '3C NMR (CDCl;) é 172.63, 133.04,
132.59, 129.57, 129.05, 128.71, 128.59, 126.52, 82.98,
71.38, 56.64 ppm. IR (NaCl) v 3460, 3060, 2916, 1951,
1886, 1752, 1581, 1498, 1456, 1438, 1326, 1290, 1214,
1179, 1110, 1024, 994, 954, 942, 815, 790, 701, 634 cm™".
HRMS m/z caled for C;H;4O3SNa [M+Na*]: 309.0562,
found: 309.0580 (recrystallized from hexanes/EtOAc, mp
151.5-154.5 °C).

Spectroscopic data for Sa: "HNMR (CDCl5) 6 7.48-7.50 (m,
2H), 7.24-7.35 (8H, m), 5.49 (1H, d, /=4.0 Hz), 4.38 (1H,
dd, /=4.0, 1.0 Hz), 3.89 (1H, d, J=1.0 Hz), 2.20 (1H, s).
13C NMR (CDCl;) 6 173.05, 132.93, 132.54, 131.21,
129.53, 129.12, 128.98, 128.89, 126.31, 83.27, 75.49,
52.17 ppm. IR (NaCl) v 3389, 3053, 2987, 1776, 1440,
1265, 1156, 1070, 1023, 909, 650 cm~'. HRMS mi/z calcd
for CigH1403SNa [M+Na*]: 309.0562, found: 309.0562
(recrystallized from hexanes/EtOAc, mp 142.5-144.3 °C).

Spectroscopic data for 4b: '"H NMR (CDCl3) 6 7.33-7.57
(m, 5H), 4.51 (1H, dq, J=6.5, 3 Hz), 4.24 (2H, m), 2.75
(1H, s), 1.50 (3H, d, J=6.0 Hz). 'H NMR (C¢D¢) 6 7.19
(2H, dd, J=6, 3.5 Hz), 6.90 (3H, t, J=6 Hz), 3.50 (1H, dq,
J=6.5, 3 Hz), 3.41 (1H, d, J=5 Hz), 3.24 (1H, m), 2.11 (1H,
d, J=2.5Hz), 1.09 (3H, d, /=6.5Hz). '3*C NMR (CDCl5)
0 172,94, 132.41, 129.68, 128.71, 78.99, 69.86, 57.31,
14.13 ppm. IR (NaCl) » 3381, 2921, 2860, 1752, 1630,
1436, 1174, 1113 cm™'. HRMS mi/z calcd for C;,;H;,05SNa
[M+Na*]: 247.0405, found: 247.0376.

Spectroscopic data for Sb: 'H NMR (CDCls) 6 7.33-7.57
(m, 5H), 4.65 (1H, dq, J=6.6, 4.4 Hz), 431 (1H, dd,
J=4.4, 2.8 Hz), 3.81 (1H, d, J=2.8 Hz), 1.40 (3H, d,

J=6.6 Hz). 13C NMR (CDCly) 6 172.94, 133.21, 132.26,
129.53, 129.50, 128.87, 78.66, 74.74, 53.02, 13.68 ppm.
IR (NaCl) » 3399, 2922, 2853, 1759, 1721, 1623, 1439,
1313, 1259, 1113, 1052cm~!. HRMS m/z caled for
C,,H,,0:SNa [M+Na*]: 247.0405, found: 247.0412.

Spectroscopic data for 4¢: '"H NMR (CDCl) 6 7.52-7.54
(2H, m), 7.33-7.36 (3H, m), 4.31 (1H, m), 4.24 (1H, d, J=
4.0 Hz), 3.86 (1H, dd, J=10.0, 2.5 Hz), 2.75 (1H, s), 2.27
(1H, m), 1.11 (3H, d, J=7.0 Hz), 0.99 (3H, d, J=6.5 Hz).
13C NMR (CDCl3) 6 172.21, 132.37, 132.00, 129.68,
128.67, 88.34, 68.55, 57.64, 27.64, 19.83, 17.51 ppm. IR
(NaCl) v 3423, 2965, 1760, 1471, 1440, 1392, 1339, 1171,
1072, 1026, 873, 778, 745, 690 cm™'. HRMS m/z calcd
for C;3H;605SNa [M+Na*]: 275.0718, found: 275.0761
(recrystallized from hexanes/EtOAc, mp 147.8-148.5 °C).

Spectroscopic data for 5¢: '"H NMR (CDClsy) 6 7.52-7.54
(2H, m), 7.33-7.36 (3H, m), 4.35 (1H, m), 4.06 (1H, dd,
J=10.0, 3.0 Hz), 3.80 (1H, s), 2.42 (1H, d, J=5.0 Hz),
2.15 (1H, m), 1.10 (3H, d, J=6.5Hz), 095 (3H, d,
J=7.0Hz). 3C NMR (CDCl;) ¢ 173.51, 132.83, 131.58,
129.49, 128.76, 88.43, 73.96, 53.50, 27.01, 19.86,
17.62 ppm. IR (NaCl) v 3449, 3060, 2965, 2876, 1759,
1583, 1471, 1440, 1391, 1370, 1340, 1199, 1173, 1121,
1070, 1024, 955, 916, 821, 778, 747, 690 cm~!. HRMS
m/z caled for Ci3H;s03SNa [M+Na'*]: 275.0718, found:
275.0721.

Spectroscopic data for 4e: 'HNMR (CDCl3) 6 7.45-7.49 (m,
2H), 7.27-7.30 (3H, m), 4.26 (1H, m), 4.20 (1H, m), 4.18
(1H, d, J=4.0 Hz), 2.70 (1H, s), 1.73-1.90 (2H, m), 1.29—
1.39 (4H, m), 0.86 (3H, t, J=7.5 Hz). '*C NMR (CDCl5)
o 172.17, 132.38, 132.06, 129.67, 128.67, 82.70, 69.20,
57.24, 28.27, 27.39, 22.54, 13.91 ppm. IR (NaCl) v 3449,
3060, 2958, 2872, 1759, 1583, 1467, 1440, 1307, 1177,
1089, 1024, 938, 832, 745, 691 cm~'. HRMS m/z calcd for
C,4H;305SNa [M+Na*]: 289.0874, found: 289.0856.

Spectroscopic data for Se: '"H NMR (CDCl;) ¢ 7.44-7.45
(2H, m), 7.24-7.35 (3H, m), 4.35 (1H, m), 4.23 (1H, m),
3.89 (1H, d, J=1.0 Hz), 2.90 (1H, s), 1.59-1.85 (2H, m),
1.22-1.40 (4H, m), 0.83 (3H, t, J=7.0 Hz). >*C NMR
(CDCl3) 6 173.72, 132.83, 131.58, 129.49, 128.76, 83.22,
74.20, 52.87, 27.70, 27.52, 22.42, 13.84 ppm. IR (NaCl)
v 3441, 3059, 2959, 2921, 2859, 1748, 1583, 1479, 1439,
1343, 1274, 1187, 1123, 996, 945, 739, 690 cm~!. HRMS
mlz caled for C4H;303SNa [M+Na'*]: 289.0874, found:
289.0848.

Spectroscopic data for 4f: 'H NMR (CDCl3) 6 7.45-7.47
(2H, m), 7.27-7.30 (3H, m), 4.23 (1H, m), 4.16 (1H, d, J=
4.5 Hz), 3.88 (1H, dd, J=10.5, 2.5 Hz), 2.70 (1H, s), 0.83—
2.03 (11H, m). '3C NMR (CDCl;) 6 172.16, 132.43,
131.97, 129.68, 128.69, 87.10, 68.33, 57.47, 36.58, 30.16,
27.62, 26.32, 25.35, 25.27 ppm. IR (NaCl) v 3470, 3055,
2910, 2854, 1751, 1439, 1265, 1173, 1097, 1001, 944,
895, 704cm~!. HRMS m/z caled for C,;¢H,003;SNa
[M+Na*]: 315.1031, found: 315.1040.

Spectroscopic data for Sf (partially contaminated with 4f):
'"H NMR (CDCl3) 6 7.46-7.50 (2H, m), 7.28-7.30 (3H,
m), 4.30 (1H, m), 4.06 (1H, dd, J=10.5, 3.5 Hz), 3.72 (1H,
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s), 0.85-2.00 (12H, m). '3 C NMR (CDCl5) 6 172.16, 132.92,
131.59, 129.52, 128.81, 86.85, 73.86, 53.29, 36.08, 30.08,
27.82, 26.23, 25.37, 25.28 ppm. IR (NaCl) » 3443, 3060,
2923, 2854, 1750, 1650, 1439, 1261, 1224, 1189, 1097,
1017, 735, 687 cm~!. HRMS m/z calcd for C;4H,;03SNa
[M+Na*]: 315.1031, found: 315.1026.

5.1.5. General experimental procedure for the cyclization
of 9/10 into carbonates 12/13. An ice-bath cold solution of
diols 9/10 (0.44 mmol) in THF (11 mL) was treated with
pyridine (0.22 mmol) and triphosgene (0.48 mmol). The
mixture was refluxed for 7.5 h. Then brine was added and
extracted with Et;O (3x20 mL), the organic layers were
washed (brine), dried (Na,SO,), and concentrated. The
crude oil was purified through chromatography (silica-gel,
hexanes/EtOAc (8:2) and (7:3)).

Spectroscopic data for 12a: 'H NMR (CDCls) § 7.13-7.50
(10H, m), 5.60 (1H, d, J=4.5 Hz), 4.87 (1H, dd, J=8.0,
4.5 Hz), 4.11 (2H, m), 3.81 (1H, d, J/=7.5 Hz), 1.16 (1H, t,
J=7.5Hz). IR (NaCl) » 3064, 2983, 1815, 1735, 1593,
1458, 1440, 1368, 1312, 1267, 1158, 1069, 1020, 952,
863, 765, 737 cm~'. HRMS m/z calcd for C,oH,305SNa
[M+Na*]: 381.0773, found: 381.0758.

Spectroscopic data for 13a: 'H NMR (CDCls) 6 7.06-7.38
(10H, m), 5.86 (1H, d, J=7.0 Hz), 5.22 (1H, dd, J=10.5,
7.0 Hz), 4.11 (2H, m), 3.31 (1H, d, J=10.5 Hz), 1.16 (1H,
t, J=7.5 Hz). IR (NaCl) » 3063, 2982, 1810, 1728, 1594,
1475, 1441, 1369, 1264, 1157, 1020, 952, 862, 752,
698 cm~!. HRMS m/z caled for C;oH;30sSNa [M+Na™]:
381.0773, found: 381.0765.

Spectroscopic data for 12b/13b: 'H NMR (CDCl3) 6 7.19-
7.49 (5SH, m, 12b and 13b), 4.83 (1H, dq, J/=7.0, 6.5 Hz,
13b), 4.73 (1H, dq, J=6.5, 4.5 Hz, 12b), 4.53 (1H, d,
J=8.0, 4.5 Hz, 12b), 4.45 (1H, d, J=10.5, 7.0 Hz, 13b),
4.14 (2H, m, 12b and 13b), 3.70 (1H, d, /=8.0 Hz, 12b),
3.63 (1H, d, J=10.5Hz, 13b), 1.52 (3H, d, J=6.5 Hz,
12b), 1.31 (3H, d, J/=6.5 Hz, 13b), 1.19 (1H, t, J=7.0 Hz,
12b), 1.18 (1H, t, J=7.0 Hz, 13b). IR (NaCl) » 3060,
2955, 2854, 1805, 1732, 1466, 1377, 1259, 1157, 1069,
746, 685cm~!. HRMS m/z caled for C;4H;c0sSNa
[M+Na*]: 319.0616, found: 319.0582.

5.1.5.1. 3-Acetyl-oxirane-2-carboxylic acid ethyl ester
14. An ice-bath cold solution of compound 1b (163 mg,
1.02 mmol) in CH,Cl, (4 mL) was treated with pyridine
(463 uL, 5.72mmol) and Dess—Martin periodinane
(574 mg, 1.53 mmol). The mixture was stirred at room tem-
perature (21 °C) for 1.5 h. Then satd ag NaHCO5/Na,S,03
solution was added, diluted with Et,O, then extracted with
Et,0 (3%x20 mL), the organic layers were washed (brine),
dried (Na,SQOy,), and concentrated. The crude oil was puri-
fied through chromatography (silica-gel, hexanes/EtOAc
(8:2) and (7:3)) to afford 113 mg (70%) of an oil. 'H NMR
(CDCl3) 6 4.27 (2H, m), 3.63 (1H, d, J/=2.0 Hz), 3.59 (1H,
d, J=2.0Hz), 2.12 (3H, s), 1.32 (3H, t, J=7.0 Hz). °C
NMR (CDCl3) 6 202.56, 166.71, 62.38, 57.86, 51.83,
24.49, 14.07 ppm. IR (NaCl) » 2983, 2915, 1745, 1718,
1459, 1365, 1310, 1202, 1095, 1030, 874, 806 cm~'.
HRMS m/z caled for C;H,,O;Na [M+Na*]: 181.0477,
found: 181.0462.

5.1.6. Experimental procedure for the reduction of 14. An
ice-bath cold solution of compound 14 (48 mg, 0.30 mmol)
in Et,0 (4 mL) was treated with zinc borohydride solution?®
(0.17 M in Et,0) (18 ml, 3 mmol). The mixture was stirred
cold with an ice-bath for 30 min. Then satd aq NH,Cl
solution was added and extracted with Et,O (3x20 mL),
the organic layers were washed (brine), dried (Na,SO,),
and concentrated. The crude oil was purified through chro-
matography (silica-gel, hexanes/EtOAc (7:3) and (6:4)) to
afford 36 mg (75%) of an oil.
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Abstract—A simple one-pot and efficient method is described for the synthesis of pyrazino[2’,3':4,5]thieno[3,2-d]pyrimidinone derivatives 6
via a tandem aza-Wittig/heterocumulene-mediated annulation process. The iminophosphorane 3 reacted with aryl isocyanates, followed by
heterocyclization on addition of secondary amines to give the corresponding guanidine intermediates 5, which were cyclized in the presence
of a catalytic amount of potassium carbonate to tricyclic compounds 6. Similarly, iminophosphorane 3 reacts with phenols, thiophenol, or
ROH to give 2-aryl(alkyl)oxy(thio)pyrazino[2’,3":4,5]thieno[3,2-d]pyrimidinone derivatives 7 in good yields. The corresponding carbodi-
imide 4¢ and guanidine-type intermediate compounds 5 could be isolated and characterized, thus confirming the suggested reaction pathway.
However, two isomeric pyrazinothienopyrimidinones 8 and 9 may be produced in the reaction of iminophosphorane 3 with aromatic
isocyanates and subsequent reaction with primary amines in the presence of a catalytic amount of potassium carbonate. The effects of

the nucleophiles and isocyanates on the regioselectivity of the cyclization have been investigated.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

The development of efficient and mild methods for heterocy-
clic compound synthesis represents a broad area of organic
chemistry.! Structures containing such units often play an
essential role because of their biological activity, particu-
larly in cancer and virus researches.> Among these hetero-
cycles, thienopyrimidine derivatives are an important class
of heterocyclic compounds in pharmaceutical discovery
research.> Also, some derivatives of thienodipyrimidines
have been synthesized and some of them show good anti-
tumor activity.*

Whereas pyridine annelated sulfur-containing heterocycles
have been studied extensively,” comparatively little is known
about aza-analogue systems in which an S-heterocycle is
fused to a pyrazine nucleus. During the last years, we re-
ported the synthesis of substituted heterocycles containing
the pyridothienopyrimidine and pyridazinothienopyrimi-
dine skeletons with the aim of finding compounds with
anti-inflammatory and antihistaminic activities.® In a search
of the literature it is surprising that their isosteres pyrazino-
thienopyrimidines, moreover isosteres of quinoxalinepyri-
midines, have been practically ignored.’

Keywords: Pyrazinothienopyrimidinone; Aza-Wittig; Heterocumulene.
* Corresponding authors. Tel.: +34 981 167000; fax: +34 981 167065;
e-mail addresses: jqqoqf @udc.es; capeveqo@udc.es

0040-4020/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.09.028

Following this research line and in continuation of our work
on the studies on S- and N-heterocyclic compounds, we
describe here a convenient approach to substituted pyrazino-
thienopyrimidinone derivatives I as isosteres of pharmaceu-
tically relevant pyridothienopyrimidines® as well as their
use as appropriate 1,10-phenanthroline-like ligands toward
transition metals (Fig. 1). Derivatives I are of considerable
interest as potential biologically active compounds or phar-
maceuticals.

In the development of strategies for the preparation of
heterocycles the aza-Wittig reaction has proved to be excep-

tionally useful and great progress has been made in the field
of heterocyclic compounds by the aza-Wittig methodology.
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Z = OR, OAr, SAr, NHR, NR, “

s N
Ny -CN Et0,C—4 ]
(Lo = R
o
N~ ~SPh H,N

Figure 1. Retrosynthetic pathway for synthesis of the pyrazinothienopyr-
imidinone derivatives I.
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Both inter- and intramolecular version of the aza-Wittig
reaction has assumed increasing importance for the specific
construction of many heterocyclic compounds, in particular
nitrogen heterocyclic compounds.” The intramolecular
aza-Wittig reaction is a powerful tool for the synthesis of
five-seven membered nitrogen heterocycles'® and the inter-
molecular aza-Wittig reaction followed by electrocycliza-
tion, intramolecular cycloaddition, or heterocyclization,
the tandem aza-Wittig, and cyclization sequence has been
utilized for the synthesis of many important nitrogen hetero-
cycles.!!

Heteroaryliminophosphoranes, derived from C-amino-
heterocycles, have proved to be very versatile building blocks
for the construction of fused heterocondensed systems.!'? In
our ongoing efforts to synthesize biologically active com-
pounds as potential therapeutic agents based on heterocycli-
zation reactions of azahexatriene compounds, we have
previously published the synthesis of fused pyrimidines
based on the tandem aza-Wittig heterocumulene-mediated
annulation strategy.'> As a continuation of our work on the
aza-Wittig-type methodology, we report here a simple, gen-
eral, and effective strategy for the preparation of substituted
derivatives of the pyrazino[2’,3’:4,5]thieno[3,2-d]pyrimidine
ring system employing N-heteroaryl iminophosphoranes as
a conveniently accessible precursor. Pyrimidothienopyra-
zines were obtained in a one-pot reaction of the correspond-
ing iminophosphorane of heteroaromatic B-enamino ester 2
with isocyanates, followed by heterocyclization on addition
of nucleophilic reagents HZ. Dihydropyrimido-annulation
occurs via a heterocumulene moiety, available from the reac-
tion of the iminophosphorane and an isocyanate, which on
addition of the corresponding nucleophile undergoes ring
closure by nucleophilic attack of the adjacent Z group to
give a six-membered heterocyclic ring.

2. Preparation of pyrazino[2',3':4,5]thieno[3,2-d]-
pyrimidinones

The starting compound for the aza-Wittig reaction and het-
erocyclization sequence was prepared from the readily avail-
able ethyl 3-aminothieno[2,3-b]pyrazine-2-carboxylate 2.
The synthesis of a set of pyrazinothienopyrimidinone deriv-
atives 6 and 7 is depicted in Scheme 1.

The initial reaction of 3-benzenesulfonylpyrazine-2-carbo-
nitrile 1'* with ethyl 2-mercaptoacetate, in the presence of
an equimolecular amount of sodium carbonate, gave an excel-
lent yield (97%) of pyrazine carboxylate 2. The key imino-
phosphorane 3 was obtained, in 97% yield, by a modified
Kirsanov reaction of the B-enamino ester 2 with in situ gener-
ated dichlorotriphenylphosphorane using a hexachloro-
ethane—triphenylphosphine—triethylamine reagent system.'>
Reaction of iminophosphorane 3 with several aromatic isocy-
anates, followed by heterocyclization on addition of second-
ary amines in the presence of a catalytic amount of K,COg,
resulted in the formation of triphenylphosphine oxide
and the corresponding triheterocyclic pyrazino[2',3":4,5]-
thieno[3,2-d]pyrimidin-4(3H)ones 6a—j directly in excellent
yields (85-98%). Aniline also reacted directly with the imino-
phosphorane 3 and phenylisocyanate to afford 6k in 86%
yield. The mechanism for these conversions involves an initial

EI ﬂ[m%

SO,Ph

N= PPh3 N=C= NAr
N
(<€ C
s
3 4c Ar = 4-Me-CgH,
iv &“ v
z
N/< Ar N)\NHAr
Cro= <
N S Ot
6 Z=R,N Sa-f
7 Z=ArO, ArS, RO

Scheme 1. Reagents and conditions: (i) HSCH,CO,Et, Na,CO;, EtOH,
reflux; (ii) C,Clg, PPhs, NEts, toluene, 100 °C, sealed tube; (iii)
4-MeCgH4NCO, THF, room temperature; (iv) ArNCO, THF (1-2 h, room
temperature), HZ (5 h, room temperature), K,COj3, or NaOR (1 h, reflux);
(v) secondary amine, THF, room temperature; (vi) K,COs3, acetone, reflux;
(vii) ArNCO, THF (1-2 h, room temperature), HZ (5 h, room temperature).

aza-Wittig reaction between the iminophosphorane and the
isocyanate to give the highly reactive carbodiimide intermedi-
ates which, in turn, were conveniently converted by a one-pot
procedure into the corresponding heterocycles 6, via initial
addition of an amine to the carbodiimide cumulenic system
followed by intramolecular hetero conjugate addition annula-
tion, by simply heating in acetone in the presence of catalytic
K,COs;. The results are listed in Table 1. Similarly, imino-
phosphorane 3 reacted with isocyanates and phenol, thiophe-
nol, substituted phenols, or ROH in the presence of catalytic
K,COj3; or Na*RO™ to give the 2-aryl(alkyl)oxy(thioxy)pyr-
azinothienopyrimidinones 7 in satisfactory to good yields
(65-85%).

The participation of carbodiimide 4 as an intermediate in this
process has been confirmed experimentally: the treatment
of iminophosphorane 3 with p-tolylisocyanate in dry THF
resulted in a conversion of the former into ethyl 3-(p-tolyl-
imino-methyleneamino)thieno[2,3-b]pyrazine-6-carboxylate
4c. Likewise, reaction of iminophosphorane 3 with aryl
isocyanates and secondary amines at room temperature
resulted in the formation of triphenylphosphine oxide and

Table 1. 2-Dialkylaminopyrazino[2’,3":4,5]thieno[3,2-d]pyrimidin-4(3H)-
ones 6a—6k

Compd  Ar Z Yield (%) Mp (°C)
6a CgHs NEt, 92 215-216
6b 4-CH3;0-C¢H;  NEt, 90 194-196
6¢ 4-CH3-CgHy NEt, 91 185-187
6d 4-Cl-C¢Hy NEt, 94 230-231
6e 4-NO,-Cg¢H4 NEt, 93 224-225
of 4-Cl-C¢H4 Morpholino 86 232-233
6g CeHs Morpholino 98 289-290
6h CgHs Thiomorpholino 85 292-293
6i CgHs Pyrrolidino 90 244-245
6j CgHs Piperidino 85 220-221
6k CgHs CsHsNH 86 254-255
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the corresponding guanidine-type intermediate derivatives
5a—5fin good yields (70-85%) (Table 2). It is clear that com-
pounds 5 are the key intermediates for the processes. In the
presence of anhydrous potassium carbonate, the separated
S5a—f underwent intramolecular heterocyclization across the
electrophilic ester functionality to give the fused pyrimidines
6. Direct cyclization of the initially formed carbodiimide
via a 1,3-OMe migration followed by electrocyclization
(Wamhoff’s pyrimido annelation)'® was not observed.

Similarly, iminophosphorane 3 reacted with isocyanates and
phenol, thiophenol, substituted phenols, or ROH in the pres-
ence of catalytic K,CO3; or Na*RO™ to give the 2-aryl(alkyl)-
oxy(thioxy)pyrazinothienopyrimidinones 7 in satisfactory to
good yields (65-85%). The one-pot formation of aryloxy-
and arylthioxy pyrazino[2’,3":4,5]thieno[3,2-d]pyrimidin-
4(3H)-ones 7 (Table 3) was carried out by the reaction of
iminophosphorane 3 with phenylisocyanate, followed by
heterocyclization on addition of phenols or thiophenols in
the presence of catalytic potassium carbonate. Irrespective
of the fact whether the substituents on the phenols were
electron-withdrawing or electron-releasing groups, the
cyclization was completed smoothly at room temperature.
Meanwhile, 4-ethoxy- or 4-methoxy-pyrazino[2’,3":4,5]-
thieno[3,2-d]pyrimidin-4(3H)-one 7f or 7g was obtained in
satisfactory yield when the reaction took place in the pres-
ence of catalytic sodium ethoxide or sodium methoxide,
respectively. The formation of 7 can be also rationalized in
terms of an initial nucleophilic addition of phenoxide, thio-
phenoxide, or alkoxide to the carbodiimide 4 to give the
intermediate 5, which cyclizes to affords 7 (Scheme 1).

Carbodiimide compound 4¢, guanidine compounds Sa—5f,
and fused 2-substituted pyrimidinones 6 and 7 were charac-
terized from their microanalyses, spectroscopic, and mass
spectrometric data. The EI-mass spectra show the expected
molecular ion peaks in moderate to high intensity and the
fragmentation pattern is in accord with the proposed struc-
ture. The IR spectra of the guanidine-type intermediates
5a-5f showed a strong absorption at »=3280-3320 cm ' at-
tributed to the NH group, while in the 'H NMR spectra, the

Table 2. Guanidine-type intermediate compounds Sa—5f

Compd  Ar Z Time Yield Mp
(h) (%) O]

5a Cg¢Hs NEt, 3 70 106-107
5b 4-CH;0-C¢H; NEt, 4 85 194-195
5¢ 4-CH3-CgHy NEt, 5 84 194-195
5d 4-Cl-C¢H4 NEt, 4 75 155-156
Se 4-NO,—-Cg¢H, NEt, 1 80 182-183
5f 4-Cl-Cg¢H4 Morpholino 4 70 160-161

Table 3. 2-Aryl(alkyl)oxypyrazino[2',3":4,5]thieno[3,2-d]pyrimidin-4(3H)-
ones 7a-7g

Compd Ar Z Yield (%) Mp (°C)
7a CeHs CgH50 68 232-234
7b Cg¢Hs Cg¢HsS 85 226-227
Tc Ce¢Hs 4-NO,-C¢H,0 78 143-145
7d CeHs 4-(CH;);C-C¢H,O 67 228-230
Te C¢Hs 4-Benzyloxy-C¢H,0 70 203-205
7t CgHs EtO 65 202-204
7g Ce¢Hs MeO 72 204-206

NH proton appears at 5.70-6.13 ppm as a broad singlet, in
addition to the set of signals due to the ethoxy group.
Also, the '3C NMR spectra showed signals between 14.3—
14.5 and 60.7-61.4 ppm due to the ethoxy groups. After het-
erocyclization, the spectra of pyrazinothienopyrimidones 6
and 7 did not include those type of signals.

Two isomeric pyrazino[2’,3":4,5]thieno[3,2-d]pyrimidinones
8 and 9 may be produced in the reaction of iminophosphorane
3 with primary amines via a guanidine-type intermediate 5.
In addition, these isomeric pyrazinothienopyrimidones, 8
and 9, may be produced in the treatment of the heteroaryl-
imino-phosphorane 3 with ArNCO/RNH, or RNCO/ArNH,
(Scheme 2).

N:C:NAI’
[N\Ig\—{o i. AINCO
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4 i. RNCO

ii. ArNH,

‘ii. RNH,

N7 “NHAr N7 >NHR
N
(I — (¢
N S OFEt NT S OEt

5a 5b

‘ NHR \ NHAr

N={ A AR
GO G
NSO NSO

8 9

Scheme 2.

We decided to explore the effects of the structural variations
on isocyanates and primary amines in the ratio of the forma-
tion of compounds 8 and 9. First, a comparative study of the
one-pot procedure for the cyclization of 3 was carried out
with phenylisocyanate and substituted primary amines. The
ratio of 8:9 compounds is strongly influenced by the alkyl
substituent at the primary amine. The general conditions in
Scheme 1 are used and the results are listed in Table 4.
The results showed that the selectivity of the reaction was
found markedly dependent on the nature of the primary
amine employed. A helpful generalization is that whenever

Table 4. Selectivity and yields in the reaction of 3 with phenylisocyanate
and primary amines

Entry Compd R Ar Yield (%)* Mp (°C)
1 8a n-Butyl CeHs 57 197-198
2 9a n-Butyl CeHs 19 99-101
3 8b Benzyl C¢Hs 55 113-115
4 9b Benzyl Ce¢Hs 44 175-176
5 8c iso-Propyl C¢Hs 80 228-230
6 9c iso-Propyl CgHs 0

7 8d Cyclohexyl CgHs 95 208-210
8 9d Cyclohexyl  Cg¢Hs 0

9 8e tert-Butyl CeHs 82 231-232
10 9e tert-Butyl CeHs 0

? Unoptimized yield of analytically pure isolated product.
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the primary amines are heavily substituted, that is, R=iso-
propyl, fert-butyl, or cyclohexyl, these reactions afforded
only 8, compound 9 not being formed (Table 4, entries 5—
10). However, when the primary amine is less hindered,
e.g., R=n-butyl or R=benzyl, the selectivity is less satisfac-
tory, affording a 75:25 and 55:45 ratios of 8:9 compounds,
respectively, ratios determined by 'H NMR analysis of the
mixture of reaction (Table 4, entries 1-4).

The most important factor in the formation of products 8 and
9 can be ascribed mainly to the large difference in cycliza-
tion rates due to the steric hindrance around the Ph and R
groups.'3!7 Although the carbodiimide 4 is mainly coplanar
due to the resonance effect, it is immediately obvious that the
amine would approach essentially by the opposite direction
of the COOEt group due to the steric hindrance to form the
guanidine-type intermediate Sa (Scheme 2). However, 5a
may convert to Sb through C-N single bond rotation and
this offers the opportunity that both guanidine-type interme-
diates, 5a and Sb, are suitable to cyclize: Sa for the aryl-
amine group and Sb by the alkylamino group to form 8
and 9, respectively. Steric hindrance between alkyl group
and ester group would explain the regioselectivity of the re-
action. Thus, the bulkier R group could rationalize the only
formation of the final products 8c—8e (Table 4, entries 5, 7,
and 9). In these cases, the initially formed 5a more easily
undergoes cyclization to give 8 than to divert to Sb to give
9, due the greater steric hindrance between the iso-propyl,
cyclohexyl, or fert-butyl group and the ester group in the
guanidine-type intermediate Sb. However, with n-butyl or
benzylamine, the minor steric hindrance between the alkyl
group and the ester group may convert more easily S5a to
Sb with subsequent cyclization of S5a and Sb by the aryl-
amino or alkylamino group, respectively, to yield a mixture
of the pyrazinothienopyrimidines 8a/9a and 8b/9b (Table 4,
entries 1-4).

Though steric effects are of greatest importance in governing
the relative ratios between compounds 8 and 9 and may de-
termine, which product is formed in these processes, it is
also noteworthy that there are other electronic effects that
are of importance on the selectivity of the cyclization reac-
tion. In this manner, in an effort to explore the electronic
effects on the selectivity of the reaction, at the same time,
to achieve diversity in terms of substitution, aryl isocyanates
bearing electron-withdrawing or electron-releasing group
were also subjected to the reaction conditions with imino-
phosphorane 3 and primary amines. To the best of our
knowledge, no precedent has been reported in this way.

Armed with the results from Table 4, we examined the scope
of the one-pot tandem reaction sequence for phenylisocya-
nate, 4-nitrophenylisocyanate, and 4-methylisocyanate vary-
ing the primary amine. Interesting enough, the results from
Table 5 seem to suggest that the selectivity of the reaction
is particularly sensitive to electronic effects, as soon as the
ratio between compounds 8 and 9 was found to have a pro-
nounced dependence on the relative nucleophilicities of the
NHAr groups. Not surprisingly, the effect of nucleophilicity
of amine groups on the ratio of the formation of compounds
8c:9c, 8d:9d, and 8e:9e will not be important (Table 5,
entries 7-15). In terms of precedent discussion, this high
regioselectivity is in agreement with the explanation that the

Table 5. Selectivity and yields in the reaction of 3 with ArCNO and primary
amines

Entry R Ar 8/9° Yield of isolated
products (%)
1 n-Butyl Cg¢Hs 70:30 8a: 57 9a: 19
2 n-Butyl 4-NO,—C¢Hy 5:95 9a;: 82
3 n-Butyl 4-CH3-CeHy 95:5 8a,: 89
4 Benzyl CeHs 55:45 8b: 55 9b: 44
5 Benzyl 4-NO,—C¢H, 10:90 9b,: 85
6 Benzyl 4-CH3-CgHy 90:10  8b,: 82
7 iso-Propyl CgHs 100:0 8c: 75
8 iso-Propyl 4-NO,—CgH4 95:5 8¢;: 81
9 iso-Propyl 4-CH3-C¢Hy  100:0 8c,: 98

10 Cyclohexyl  CgHs 100:0 8d: 95
11 Cyclohexyl 4-NO,-C¢H, 100:0 8d,: 84
12 Cyclohexyl 4-CH;-Ce¢Hy  100:0 8d,: 88
13 tert-Butyl CeHs 100:0 8e: 82

14 tert-Butyl 4-NO,-C¢H;  100:0 8e;: 93
15 tert-Butyl 4-CH3;-CgH,  100:0 8e,: 85
16 Phenyl 4-NO,-CgH4  100:0 8f: 98

# Ratios determined by 'H NMR analysis of the mixture of compounds 8/9.
We were not able to separate the isomers 8a;, 8by, 9a,, 9b,, and 9¢;.

bulkier R group exerts a directing steric effect affording a
single cyclized product 8. However, entries 1-6 show the
effect of varying the NHAr group in Scheme 2, allowing
us to deduce that their relative nucleophilicity is responsible
for these changes in the selectivity of the reaction and will
affect the resulting product distribution when n-butyl or
benzylamine is employed in the one-pot reaction. The
most significant difference was observed in the reaction
with aryl isocyanates bearing electron-withdrawing groups.
Thus, the reaction of 3 with phenylisocyanate/n-butylamine
or phenylisocyanate/benzylamine proceeded giving the
corresponding compounds 8:9 in high yields, but little selec-
tivity was observed (Table 5, entries 1 and 4), whereas, in
contrast to this, the use of 4-nitrophenylisocyanate/n-butyl-
amine and 4-nitrophenylisocyanate/benzylamine resulted
in a dramatic change in the reaction selectivity, so that after
the reaction the isomer 9 is present in the reaction mixtures
with a 95:5 and 90:10 ratios, respectively, ratios determined
by NMR spectroscopy (Table 5, entries 2 and 5). One can
assume that the powerful electron-withdrawing nitro group
decreases the electron density on nitrogen and it reduces
strongly the nucleophilicity of the NHAr group. Then, the
initially formed guanidine-type intermediate 5a does not
undergo cyclization to give 8 but then could divert conve-
niently to Sb making the cyclization mainly by the most
reactive butyl or benzylamine (Scheme 2). Moreover, for
a comparison of the method, reaction of iminophosphorane
3 with isocyanates bearing electron-releasing groups was
carried out. In this reaction the electron-releasing alkyl
groups increase the electron density on nitrogen and the ini-
tially formed 5a more easily supports cyclization to give 8
than to divert to 5b to give 9. In this manner, the p-tolyliso-
cyanate gave a very high 8-selectivity compared to that of
phenylisocyanate (Table 5, entries 3 and 6). Last, the nucleo-
philicity dependence of the NHR group on the selectivity of
the reaction was examined with phenylisocyanate/p-nitro-
aniline or p-nitrophenylisocyanate/aniline. As can be seen,
in agreement with our previous results, we found that the
reaction proceeded in high yield and with complete regio-
selectivity. In this case, guanidine intermediates Sa and Sb
(Scheme 2) are the same sterically hindered making the cycli-
zation to progress only by the strong nucleophilic amine
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group to obtain 8f (Table 5, entry 16; Ar=phenyl, R=4-nitro-
phenyl in Scheme 2) in excellent yield with total selectivity.

Compounds 8 and 9 were characterized from their spectral
data, and the comparison of 'H NMR spectra between 8
and 9 led us to confirm the structure of products without dif-
ficulty. In particular, in the "H NMR spectra of 8, the corre-
sponding proton of NH displays a characteristic triplet or
doublet multiplicity due to coupling with the methylene or
methine protons adjacent to the nitrogen atom. Its chemical
shift is 3.91—4.73, more shielded than the one in PhNH of
9.8 For example, the '"H NMR spectrum of 8a shows the sig-
nals of NH at 4.27 as a triplet and NCH, at 3.52-3.63 as
a multiplet. When the sample was treated with D50, its
NCH, showed the signal as a triplet with disappearance of
signals of NH absorption, which suggests the existence of
an NHBu group in 8a. The 'H NMR spectrum of compound
9a did not include the characteristic triplet corresponding to
NH-Bu proton, but shows the NCH, signal at 4.29 as triplet
and a new singlet signal at 6=6.66 due to the NHPh group,
confirming the selective formation of pyrimido compounds
9 in this case. We were able to obtain suitable crystals of
compounds 8 and 9 for X-ray study, which corroborated
our earlier assignments (see Section 4). For example, Fig-
ures 2 and 3 show the molecular structure of compounds
8a and 9a,, respectively. Interestingly, the results revealed
a nearly coplanar disposition of the NHR group, in 8a, and
the NHAr group, in 9a;, with the three heterocyclic rings
of the pyrazinothienopyrimidine system, whereas the angle
between the NAr group in 8a (NR in 9a;) and the trihetero-
cyclic fused ring is approximately of 90°.

In summary, one-pot aza-Wittig/Heterocumulene-mediated
annulation methodology provides an efficient protocol for
preparing the functionalized pyrazino[2’,3’:4,4]thieno[3,2-
d]pyrimidinone derivatives, with variable substituents at the
pyrimidine ring, from the ethyl 3-(triphenylphosphoranyl-
ideneamino)thieno[2,3-b]pyrazine-6-carboxylate. The one-
pot sequence can be extended to secondary amines, phenols,
thiophenols, or ROH. In the case of primary amines, a highly

Figure 2. X-ray structure of compound 8a (30% thermal probability ellip-
soids). Hydrogen atoms have been omitted for clarity.

Figure 3. X-ray structure of compound 9a; (50% thermal probability ellip-
soids). Hydrogen atoms have been omitted for clarity.

regioselective cyclization has been observed and explored.
Some advantages, such as the readily available reagents,
one-pot procedure in high yields, mild reaction conditions,
easy control of regioselectivity, and straightforward product
isolation, make this annulation strategy attractive and prac-
tical for these previously unreported pyrazinothienopyrimi-
dinones of considerable interest as potential biologically
active compounds as well as pharmaceuticals.

3. Experimental
3.1. General

NMR spectra were recorded at 200 or 300 MHz for 'H and
50 or 75 MHz for '3C. Chemical shifts are reported in parts
per million (0) relative to internal Me4Si. IR spectra were
recorded as potassium bromide disks. Melting points were
obtained on a capillary melting point apparatus and are un-
corrected. All reagents used were commercial grade chemi-
cals from freshly opened containers. Microanalyses for C, H,
N, and S were performed by the elemental analyses general
service of the University of A Coruna.

3.1.1. Ethyl 3-aminothieno[2,3-b]pyrazine-2-carboxylate
(2). To a solution of 3-benzenesulfonylpyrazine-2-carbo-
nitrile 1'* (2.00 g, 8.2 mmol) in EtOH/THF (5:1, v/v)
(120 mL) was added Na,COj3 (1.06 g, 10 mmol) and the re-
sultant reaction mixture was stirred at reflux temperature for
1 h. After cooling at room temperature, was extracted with
dichloromethane (3x200 mL) and the organic extracts
were combined and dried over sodium sulfate. The methyl-
ene dichloride solution was concentrated to dryness, and the
residual material was recrystallized from ethanol to give 2
(1.80 g, 97%); mp 120121 °C (lit.”* mp 114-116 °C).

3.1.2. Ethyl 3-(triphenylphosphoranylideneamino)-
thieno[2,3-b]pyrazine-6-carboxylate (3). To a mixture of
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2 (1.00g, 6.65mmol), triphenylphosphine (2.62 g,
10 mmol), and hexachloroethane (1.37 g, 10 mmol) in dry
toluene (40 mL), triethylamine (2.4 mL, 16.50 mmol) was
added dropwise. The reaction mixture was heated at
100 °C in a sealed tube for 48 h. After cooling, the precipi-
tate obtained was filtered off, washed with water, and recrys-
tallized from ethanol, to give 3 (2.00 g, 97%) as a yellow
solid: mp 174-176°C; IR (KBr) » 1690 (C=0),
1175cm™!'; 'TH NMR (200 MHz, CDCl3) 6 1.44 (t,
J=7.1Hz, 3H), 444 (q, J=7.1 Hz, 2H), 7.35-7.54 (m,
15H), 8.58 (d, J=2.4 Hz, 1H), 8.62 (d, J=2.4 Hz, 1H); '3C
NMR (50 MHz, CDCl3) 6 14.7, 60.4, 128.0, 128.3, 131.2,
131.3, 132.7, 132.9, 133.5, 138.5, 138.8, 142.5, 144.9,
148.3, 155.2, 163.9. 3'P NMR (81 MHz, CDCls) 6 7.37;
MS (EI) m/z 483 (M*, 55), 410 (58). Anal. Calcd for
C,7H,oN50,PS: C, 67.07; H, 4.59; N, 8.69; S, 6.63. Found:
C, 67.13; H, 4.51; N, 8.57; S, 6.80.

3.1.3. Ethyl 3-(p-tolylimino-methylenamino)thieno|[2,3-
b]pyrazine-6-carboxylate (4c). To a solution of 3 (0.15 g,
0.31 mmol) in THF (3 mL) was added p-tolylisocyanate
(0.05 g, 0.37 mmol) and the mixture was stirred at room
temperature for 3—5 h. The solvent was evaporated and the
solid obtained was purified by flash chromatography using
hexane/CH,Cl, (1:1; v/v) as eluent. Yield 53%; yellow solid;
mp 105-106 °C; IR (KBr) » 2140 (C=N), 1710 (C=0),
1580, 1570, 1505cm~!; 'H NMR (200 MHz, CDCl5)
0 1.43 (t, J=7.3 Hz, 3H), 2.35 (s, 3H), 4.45 (q, J=7.3 Hz,
2H), 7.06-7.29 (m, 4H), 8.71 (d, J/=2.4 Hz, 1H), 8.66 (d,
J=2.4Hz, 1H); 3C NMR (50 MHz, CDCl;) ¢ 14.3, 21.0,
62.0, 122.2, 124.6, 129.5, 130.0, 131.6, 133.7, 135.0,
135.8, 142.3, 144.0, 154.3, 161.5. Anal. Calcd for
C7H14N4O,S: C, 60.34; H, 4.17; N, 16.56; S, 9.48. Found:
C, 60.53; H, 4.31; N, 16.46; S, 9.31.

3.1.4. Ethyl thieno[2,3-b]pyrazine-6-carboxylates (5).
The appropriate isocyanate (0.37 mmol) was added to a solu-
tion of iminophosphorane 3 (0.15 g, 0.31 mol) in THF
(3 mL). The mixture was stirred at room temperature for
1-2 h until the iminophosphorane had disappeared (TLC
monitored) and it was therefore treated with an appropriate
amine (0.37 mmol). The resultant solution was stirred at
room temperature for 1-5 h. The solvent was evaporated,
ether (5 mL) was added, and the mixture was stirred at
room temperature for 0.5 h. The solid formed was filtered
off and purified by crystallization from ethanol or flash chro-
matography to give the corresponding compounds 5.

3.1.5. Ethyl 2-(N',N'-diethyl-N"-phenylguanidino)-
thieno[2,3-b]pyrazine-6-carboxylate (5a). Yield 70%;
yellow solid; mp 106-107 °C; IR (KBr) » 3320 (NH),
1635cm~!; 'H NMR (200 MHz, CDCls) 6 1.31 (t, J=
7.3 Hz, 6H), 1.38 (t, J=7.3 Hz, 3H), 3.59 (q, J/=7.3 Hz,
4H), 4.35 (q, J/=7.3 Hz, 2H), 6.59-6.70 (m, 3H), 6.78-
6.89 (m, 3H), 8.47 (d, J=2.2 Hz, 1H), 8.61 (d, /=2.2 Hz,
1H); 3C NMR (50 MHz, CDCl5) ¢ 13.5, 14.5, 43.1, 60.7,
119.3, 122.1, 128.3, 129.2, 141.3, 142.8, 145.0, 152.7,
155.1, 163.0. MS (EI) m/z 397 (M*, 24), 324 (58). Anal.
Calcd for C,0H23N50,S: C, 60.43; H, 5.83; N, 17.62; S,
8.07. Found: C, 60.33; H, 6.01; N, 17.56; S, 8.22.

3.1.6. Ethyl 2-[N',N'-diethyl-N"-(4-methoxyphenyl)gua-
nidino]thieno[2,3-b]pyrazine-6-carboxylate (5b). Yield

85%; yellow solid; mp 194-195°C; IR (KBr) » 3320
(NH), 1635 cm™'; '"H NMR (200 MHz, CDCl5) 6 1.29 (t,
J=6.8 Hz, 6H), 1.39 (t, J=6.8 Hz, 3H), 3.56 (q, /=6.8 Hz,
4H), 3.58 (s, 3H), 4.35 (q, J=6.8 Hz, 2H), 6.35-6.45 (m,
3H), 6.66-6.70 (m, 2H), 8.47 (d, J=2.4 Hz, 1H), 8.60 (d,
J=2.4 Hz, 1H); MS (EI) m/z 427 (M*, 20), 354 (60), 203
(100). Anal. Calcd for C,;H,5N505S: C, 59.00; H, 5.89;
N, 16.38; S, 7.50; Found: C, 58.93; H, 5.71; N, 16.51;
S, 7.72.

3.1.7. Ethyl 2-[N',N'-diethyl-N"(4-methylphenyl)guani-
dino]thieno[2,3-b]pyrazine-6-carboxylate (5c¢). Yield
84%; yellow solid; mp 194-195 °C; IR (KBr) v 3320 (NH),
1635; 'H NMR (200 MHz, CDCl5) ¢ 1.30 (t, J=7.3 Hz,
6H), 1.39 (t, J=7.3 Hz, 3H), 2.15 (s, 3H), 3.57 (q, J=
7.3 Hz, 4H), 4.35 (q, J=7.3 Hz, 2H), 6.50 (br, 1H), 6.60-
6.67 (m, 4H), 6.78-6.89 (m, 3H), 8.47 (d, J=2.2 Hz, 1H),
8.61 (d, J=2.2 Hz, lH) Anal. Calcd for C2]H25N50zSZ C,
61.29; H, 6.12; N, 17.02; S, 7.79. Found: C, 61.44; H, 6.00;
N, 17.16; S, 7.62.

3.1.8. Ethyl 2-[NV',N'-diethyl-N"-(4-chlorophenyl)guani-
dino]thieno[2,3-b]pyrazine-6-carboxylate (5d). Yield
75%; yellow solid; mp 155-156 °C; IR (KBr) » 3280
(NH), 1710 (C=0) cm~!; 'H NMR (200 MHz, CDCl5)
6 1.30 (t, J=7.3 Hz, 6H), 1.39 (t, J=7.3 Hz, 3H), 3.57 (q,
J=7.3 Hz, 4H), 4.35 (q, J=7.3 Hz, 2H), 5.70 (br, 1H), 6.66
(s, 2H), 6.81-6.85 (m, 2H), 8.51 (d, J=2.4 Hz, 1H), 8.62
(d, J=2.2Hz, 1H); '3C NMR (50 MHz, CDCl;) ¢ 13.5,
14.4, 43.1, 60.9, 120.2, 126.8, 128.3, 139.1, 141.4, 143.1,
148.2, 152.6, 155.2; MS (EI) m/z 433/431 (M*, 11/28),
358 (39) Anal. Calced for C20H22C1N50281 C, 5561, H,
5.13; Cl, 8.21; N, 16.21; S, 7.42. Found: C, 55.43; H, 5.21;
Cl, 8.34; N, 16.39; S, 7.25.

3.1.9. Ethyl 2-[N',N'-diethyl-N"-(4-nitrophenylguani-
dino]thieno[2,3-b]pyrazine-6-carboxylate (5e). Yield
80%; yellow solid; mp 182-183 °C; IR (KBr) » 3280
(NH), 1680 (C=0)cm~!; 'H NMR (200 MHz, CDCl5,)
6 1.30 (t, J=7.3 Hz, 6H), 1.40 (t, J=7.3 Hz, 3H), 3.58 (q,
J=7.3 Hz, 4H), 4.37 (q, J=7.3 Hz, 2H), 6.63 (br, 3H), 7.75
(d, J=9.1, 2H), 8.53 (d, /=2.2 Hz, 1H), 8.64 (d, J=2.2 Hz,
1H); 3C NMR (50 MHz, CDCl;) 6 13.6, 14.3, 43.4, 61.4,
117.8, 124.6, 140.9, 141.6, 143.4, 149.7, 154.9, 1634,
MS (EI) m/z 442 (M*, 14), 413 (5), 369 (53), 220 (100).
Anal. Calcd for C,oHoNgO4S: C, 54.29; H, 5.01;
N, 18.99; S, 7.25. Found: C, 54.43; H, 5.19; N, 18.79;
S, 7.13.

3.1.10. Ethyl 2-[(4-chlorophenylamino)-morpholin-1-yl-
methyleneamino]thieno[2,3-b]pyrazine-6-carboxylate
(58f). Yield 70%; yellow solid; mp 160-161 °C; IR (KBr)
v 3300 (NH), 1700 (C=0)cm~!; 'H NMR (200 MHz,
CDCl3) 6 1.38 (t, J=7.3Hz, 3H), 3.51-3.62 (m, 4H),
3.66-3.77 (m, 4H), 4.35 (q, J=7.3 Hz, 2H), 6.13 (br, 1H),
6.86-7.01 (m, 4H), 8.54 (d, J=2.2Hz, 1H), 8.63 (d,
J=2.2 Hz, 1H); '3C NMR (50 MHz, CDCl5) 6 14.4, 47.2,
61.2, 66.4, 120.6, 127.5, 128.7, 138.9, 141.7, 143.3, 152.3,
155.2, 162.8; MS (EI) m/z 447/445 (M*, 8/21), 372 (24).
Anal. Calcd for C,0H,(,CINsO3S: C, 53.87; H, 4.52; Cl,
7.95; N, 15.71; S, 7.19. Found: C, 53.97; H, 4.61; Cl, 8.14;
N, 15.59; S, 7.05.
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3.2. General procedure for the synthesis of 2-dialkylyl-
amino-3-phenylpyrazino[2’,3':4,5]thieno[3,2-d]pyrimi-
din-4(3H)-one 6a-6k

To a solution of iminophosphorane 3 (0.15 g, 0.31 mmol) in
dry THF (3 mL) was added the appropriate isocyanate
(0.37 mmol) at room temperature. The mixture was stirred
at room temperature for 1-2 h until the iminophosphorane
had disappeared (TLC monitored) and it was therefore
treated with an appropriate secondary amine or aniline
(0.37 mmol). The resultant solution was stirred at room tem-
perature for 1-5 h. The solvent was evaporated, the residue
was treated with a catalytic amount of K,CO;, acetone
(3 mL) was added, and the mixture was refluxed for 1 h.
The solvent was removed under reduced pressure, and the
residue was subjected to chromatography on silica gel elut-
ing with a hexanes/ethyl acetate gradient from 5 to 40%
ethyl acetate to give 6 as a yellow solid.

3.2.1. 2-Diethylamino-3-N-phenylpyrazino[2',3':4,5]-
thieno[3,2-d]pyrimidin-4(3H)-one (6a). Yield 92%; mp
215-216 °C; IR (KBr) » 1685 (C=0), 1530 cm~!; 'H
NMR (200 MHz, CDCl3) 6 0.92 (t, 6H, J=7.3 Hz, 6H),
3.25 (q, J=7.3 Hz, 4H), 7.35-7.58 (m, 5H), 8.69 (d, J=
2.2 Hz, 1H), 8.85 (d, J/=2.2 Hz, 1H); '*C NMR (50 MHz,
CDCl3) 6 12.5, 45.3, 128.5, 128.6, 129.2, 137.6, 142.5,
143.8, 148.9, 158.0, 158.7, 159.9; MS (EI) m/z 351 (M,
20), 322 (100). Anal. Calcd for C;3H7NsOS: C, 61.52; H,
4.88; N, 19.93; S, 9.12. Found: C, 61.43; H, 4.81; N, 20.06;
S, 9.31.

3.2.2. 2-Diethylamino-3-N-(4-methoxyphenyl)pyrazino-
[2/,3':4,5]thieno[3,2-d]pyrimidin-4(3H)-one (6b). Yield
90%; mp 194-196°C; IR (KBr) v 1690 (C=0),
1525cm™'; '"H NMR (200 MHz, CDCls) 6 0.95 (t, J=
7.3 Hz, 6H), 3.26 (q, J=7.3 Hz, 4H), 3.87 (s, 3H), 7.03-
7.29 (m, 4H), 8.68 (d, J=2.4 Hz, 1H), 8.84 (d, /=2.4 Hz,
1H); '3C NMR (50 MHz, CDCl5) 6 12.6, 45.3, 55.5, 114.5,
118.3, 129.5, 130.1, 142.4, 143.8, 144.2, 148.9, 158.3,
158.6, 159.4, 160.2; MS (EI) m/z 381 (M™*, 13), 352 (46).
Anal. Calcd for C;oH;9NsO,S: C, 59.82; H, 5.02; N,
18.36; S, 8.41. Found: C, 60.03; H, 5.01; N, 18.26; S, 8.31.

3.2.3. 2-Diethylamino-3-N-(4-methylphenyl)pyrazino-
[2/,3':4,5]thieno[3,2-d]pyrimidin-4(3H)-one (6¢). Yield
91%; mp 185-187°C; IR (KBr) v 1670 (C=0),
1520 cm™!; 'H NMR (200 MHz, CDCl3) 6 0.93 (t, J=
6.8 Hz, 6H), 2.43 (s, 3H), 3.26 (q, J=6.8 Hz, 4H), 7.25-
7.33 (m, 4H), 8.68 (d, J/=2.4 Hz, 1H), 8.84 (d, J=2.4 Hz,
1H); '3C NMR (50 MHz, CDCl5) 6 12.6, 21.2, 45.3, 128.2,
129.9, 134.9, 138.5, 142.4, 143.8, 144.1, 148.9, 158.2,
158.7, 160.1; MS (EI) m/z 365 (M*, 22), 336 (100). Anal.
Calcd for CoH9N50S: C, 62.44; H, 5.24; N, 19.16; S,
8.77. Found: C, 62.63; H, 5.21; N, 19.26; S, 8.61.

3.2.4. 2-Diethylamino-3-N-(4-chlorophenyl)pyrazino-
[2/,3':4,5]thieno[3,2-d]pyrimidin-4(3H)-one (6d). Yield
94%; mp 230-231 °C; IR (KBr) v 1680 (C=0), 1530 cm™};
"H NMR (200 MHz, CDCls) 6 0.96 (t, J=6.8 Hz, 6H), 3.25
(q, J=6.8 Hz, 4H), 7.30-7.52 (m, 4H), 8.70 (d, /=2.4 Hz,
1H), 8.85 (d, J=2.4 Hz, 1H); '*C NMR (50 MHz, CDCl5)
0 12.5, 45.3, 118.5, 129.5, 129.9, 134.5, 135.9, 1424,
142.6, 144.0, 149.0, 157.8, 158.7, 159.9; MS (EI) m/z

387/385 (M*, 7/20), 356 (100). Anal. Caled for
C,sH,4CINSOS: C, 56.03; H, 4.18; CI, 9.19; N, 18.15; S,
8.31. Found: C, 56.14; H, 4.21; C1, 9.33; N, 17.99; S, 8.51.

3.2.5. 2-Diethylamino-3-N-(4-nitrophenyl)pyrazino-
[2/,3':4,5]thieno[3,2-d]pyrimidin-4(3H)-one (6e). Yield
93%; mp 224-225°C; IR (KBr) » 1670 (C=0),
1520cm™'; 'H NMR (200 MHZ, CDCl;) 6 0.98 (t,
J=17.3 Hz, 6H), 3.25 (q, J=7.3 Hz, 4H), 7.63, 8.41 (m,
4H), 8.72 (d, J=2.2 Hz, 1H), 8.88 (d, J/=2.2 Hz, 1H); 1*C
NMR (50 MHz, CDCls) 6§ 12.5, 45.2, 124.5, 142.8, 143.1,
143.8, 144.2, 147.2, 149.1, 157.2, 158.7, 159.2; MS (EI)
miz 396 (M*, 39), 367 (85). Anal. Calcd for CgH;¢NgO3S:
C, 54.54; H, 4.07; N, 21.20; S, 8.09. Found: C, 54.73; H,
4.01; N, 20.26; S, 8.24.

3.2.6. 3-N-(4-Chlorophenyl)-2-(4-morpholinyl)pyrazino-
[2,3':4,5]thieno[3,2-d]pyrimidin-4(3H)-one (6f). Yield
86%; mp 232-233°C; IR (KBr) v 1670 (C=0),
1520 cm™'; '"H NMR (200 MHz, CDCl;) 6 3.23-3.32 (m,
4H), 3.50-3.54 (m, 4H), 7.40, 7.54 (m, 4H), 8.72 (d,
J=22Hz, 1H), 8.87 (d, J=22Hz, 1H); '*C NMR
(50 MHz, CDCl5) 6 49.4, 65.8, 120.0, 129.5, 129.7, 134.8,
135.1, 142.7, 143.7, 144.2, 148.5, 157.4, 158.5, 159.1; MS
(ED) m/z 401/399 (M*, 36/100), 313 (57). Anal. Calcd for
CsH14CIN5O,S: C, 54.07; H, 3.53; Cl, 8.87; N, 17.51; S,
8.02. Found: C, 54.13; H, 3.41; C1, 9.08; N, 17.46; S, 7.91.

3.2.7. 2-(4-Morpholinyl)-3-N-phenylpyrazino[2',3:4,5]-
thieno[3,2-d]pyrimidin-4(3H)-one (6g). Yield 98%; mp
289-290 °C; IR (KBr) » 1701 (C=0), 1520, 1490,
1265 cm™!; '"H NMR (300 MHz, CDCl3) 6 3.26-3.36 (m,
4H), 3.40-3.50 (m, 4H), 7.41-7.62 (m, 5H), 8.71 (d,
J=2.4Hz, 1H), 8.86 (d, J=2.4Hz, 1H); '3C NMR
(75 MHz, CDCl3) 6 49.4, 65.8, 119.9, 128.4, 128.9, 129.3,
136.7, 142.6, 144.0, 148.5, 157.6, 158.5, 159.3; MS (EI)
miz 365 (M*, 5), 279 (10), 77 (100). Anal. Calcd for
C,5H5N50,S: C, 59.16; H, 4.14; N, 19.17; S, 8.78. Found:
C, 58.97; H, 4.20; N, 19.01; S, 8.62.

3.2.8. 3-N-Phenyl-2-(4-thiomorpholinyl)pyrazino-
[2,3':4,5]thieno[3,2-d]pyrimidin-4(3H)-one (6h). Yield
85%; mp 292-293 °C; IR (KBr) » 1702 (C=0), 1530,
1449, 1383 cm™!; 'H NMR (300 MHz, CDCl;) 6 2.30-
2.40 (m, 4H), 3.50-3.70 (m, 4H), 7.30-7.65 (m, SH), 8.71
(d, J=2.4Hz, 1H), 8.86 (d, J=2.4 Hz, 1H); '*C NMR
(75 MHz, CDCl3) 0 26.4, 51.9, 120.1, 128.7, 128.8, 129.4,
137.0, 142.6, 144.1, 148.4, 158.4, 159.4; MS (EI) m/z 397
(M™, 4), 279 (25), 203 (15). Anal. Calcd for C;gH;sN50S,:
C, 56.67; H, 3.96; N, 18.36; S, 16.81. Found: C, 56.43; H,
4.03; N, 18.36; S, 16.77.

3.2.9. 3-N-Phenyl-2-(1-pyrrolidinyl)pyrazino[2’,3':4,5]-
thieno[3,2-d]pyrimidin-4(3H)-one (6i). Yield 90%; mp
244-245 °C; IR (KBr) v 1703 (C=0), 1570, 1443,
1348 cm~'; 'H NMR (300 MHz, CDCl5) 6 1.70-1.82 (m,
4H), 3.16-3.25 (m, 4H), 7.35-7.57 (m, 5H), 8.66 (d,
J=2.4Hz, 1H), 8.81 (d, J=24Hz, 1H); '3C NMR
(75 MHz, CDCl5) 6 25.4, 50.6, 128.7, 129.2, 137.2, 142.2,
143.8, 144.2, 150.0, 155.3, 158.9, 159.7; MS (EI) m/z 349
(M*, 20), 294 (13), 77 (100). Anal. Caled for
C,5H,sNsOS: C, 61.87; H, 4.33; N, 20.04; S, 9.18. Found:
C, 61.73; H, 4.34; N, 19.91; S, 9.07.
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3.2.10. 3-N-Phenyl-2-(1-piperidinyl)pyrazino[2',3:4,5]-
thieno[3,2-d]pyrimidin-4(3H)-one (6j). Yield 85%; mp
220-221 °C; IR (KBr) » 1700 (C=0), 1602, 1547, 1520,
1390 cm™!; '"H NMR (300 MHz, CDCl3) 6 1.20-1.50 (m,
6H), 3.10-3.40 (m, 4H), 7.30-7.56 (m, 5H), 8.66 (d,
J=24Hz, 1H), 8.82 (d, J=2.4Hz, 1H); '3C NMR
(75 MHz, CDCl3) 6 23.9, 24.8, 50.4, 119.2, 128.4, 128.5,
129.1, 137.4, 142.5, 143.9, 144.0, 148.8, 158.6, 158.7,
159.6; MS (EI) m/z 363 (M*, 20). Anal. Calcd for
CoH7N50S: C, 62.79; H, 4.71; N, 19.27; S, 8.82. Found:
C, 62.63; H, 4.63; N, 19.16; S, 8.78.

3.2.11. 2-Phenyl-3-N-phenylaminopyrazino[2',3":4,5]-
thieno[3,2-d]pyrimidin-4(3H)-one (6k). Yield 86%; mp
254-255 °C; IR (KBr) v 3404 (NH), 1682 (C=0), 1595,
1556, 1537, 1516 cm™!; '"H NMR (300 MHz, CDCl5)
0 6.24 (s, 1H), 7.08-7.13 (m, 1H), 7.31-7.37 (m, 2H),
7.47-17.57 (m, 4H), 7.59-7.71 (m, 3H), 8.65 (d, J/=2.3 Hz,
1H), 8.79 (d, J=2.3 Hz, 1H); '*C NMR (75 MHz, CDCl5)
o 117.2, 120.8, 124.4, 128.8, 129.0, 130.6, 131.0, 133.7,
137.2, 142.4, 143.8, 149.3, 150.3, 158.3, 158.4; MS (EI)
mlz 371 (M*, 55). Anal. Calcd for C,yH 3N50S: C, 64.68;
H, 3.53; N, 18.86; S, 8.63. Found: C, 64.49; H, 3.53; N,
18.66; S, 8.65.

3.3. General procedure for the synthesis of 3-aryloxy-2-
phenylpyrazino[2',3':4,5]thieno[3,2-d]pyrimidin-4(3H)-
one 7a-7e

To a solution of iminophosphorane 3 (0.15 g, 0.31 mmol) in
dry THF (3 mL) was added phenylisocyanate (0.37 mmol) at
room temperature. The mixture was stirred at room tempera-
ture for 1-2 h until the iminophosphorane had disappeared
(TLC monitored) and after treating with an appropriate
substituted phenol or thiophenol (0.37 mmol), a catalytic
amount of K,CO3; was added and the resultant solution was
refluxed for 1 h. The solvent was evaporated under reduced
pressure, the solid residue was treated with ether (5 mL),
and the mixture was stirred at room temperature for 0.5 h.
The solid formed was filtered off and purified by chromato-
graphy on silica gel eluting with a dichloromethane/
ethyl acetate gradient from 10 to 30% ethyl acetate to give
7 as a yellow solid.

3.3.1. 3-N-Phenyl-2-phenoxypyrazino[2/,3':4,5]-
thieno[3,2-d]pyrimidin-4(3H)-one (7a). Yield 68%; mp
232-234 °C; IR (KBr) v 1687 (C=0), 1600, 1564, 1534,
1505, 1487 cm~!; '"H NMR (300 MHz, CDCl3) 6 7.18-
7.32 (m, 3H), 7.37-7.50 (m, 4H), 7.51-7.65 (m, 3H), 8.69
(d, J=2.1Hz, 1H), 8.80 (d, J=2.1Hz, 1H); 3C NMR
(75 MHz, CDCl;) 6 121.0, 126.3, 127.9, 129.5, 129.7,
129.8, 142.8, 144.1; MS (FAB) m/z 373 (MH*, 98), 279
(13). Anal. Calcd for CpoH,N40,S: C, 64.50; H, 3.25; N,
15.04; S, 8.61. Found: C, 64.42; H, 3.11; N, 14.95; S, 8.56.

3.3.2. 3-N-Phenyl-2-phenylthiopyrazino[2',3":4,5]-
thieno[3,2-d]pyrimidin-4(3H)-one (7b). Yield 85%; mp
226-227 °C; IR (KBr) v 1677 (C=0), 1516, 1493, 1340,
1233, 1182cm™!; '"H NMR (300 MHz, CDCls) 6 7.43—
7.55 (m, 5H), 7.57-7.70 (m, 5H), 8.65 (d, /=2.2 Hz, 1H),
876 (d, J=2.2Hz, 1H); '3C NMR (75 MHz, CDCls)
0 127.8, 128.9, 129.4, 130.1, 130.2, 130.6, 135.4, 143.0,
143.9; MS (FAB) m/z 389 (MH*, 100), 279 (16). Anal. Calcd

for C;0H,N4OS5: C, 61.84; H, 3.11; N, 14.42; S, 16.51.
Found: C, 61.72; H, 2.99; N, 14.39; S, 16.45.

3.3.3. 2-(4-Nitrophenoxy)-3-N-phenylpyrazino[2',3':4,5]-
thieno[3,2-d]pyrimidin-4(3H)-one (7c¢). Yield 78%; mp
143-145 °C; IR (KBr) v 1699 (C=0), 1569, 1538, 1524,
1487, 1345, 1260, 1218 cm™!; 'H NMR (300 MHz,
CDCl3) 6 7.40-7.49 (m, 4H), 7.53-7.65 (m, 3H), 8.28-
8.50 (m, 2H), 8.72 (d, J=2.3 Hz, 1H), 8.82 (d, J=2.3 Hz,
1H); '3C NMR (75 MHz, CDCls) ¢ 121.9, 125.6, 127.8,
129.8, 129.9, 133.9, 143.1, 144.3; MS (FAB) m/z 418
(MH*, 50), 371 (19), 279 (100). Anal. Calcd for
C20H11N504SI C, 5755, H, 266, N, 1678, S, 7.68. Found:
C, 57.45; H, 2.82; N, 16.73; S, 7.52.

3.3.4. 3-(4-tert-Butylphenoxy)-2-N-phenylpyrazino-
[2/,3':4,5]thieno[3,2-d]pyrimidin-4(3H)-one (7d). Yield
67%; mp 228-230 °C; IR (KBr) » 1690 (C=0), 1567,
1542, 1503, 1354, 1268, 1215 cm™!; 'H NMR (300 MHz,
CDCls) 6 1.33 (s, 9H), 7.13-7.16 (m, 2H), 7.40-7.45 (m,
4H), 7.50-7.63 (m, 3H), 8.70 (d, J=2.1 Hz, 1H), 8.81 (d,
J=2.1 Hz, 1H); '*C NMR (75 MHz, CDCl3) 6 31.4, 120.3,
127.7, 126.7, 127.9, 129.4, 134.5, 142.8, 144.1; MS (EI)
mlz 348 (M*, 45), 294 (43). Anal. Calcd for C,4H,()N,4O,S:
C, 67.27; H, 4.70; N, 13.07; S, 7.48. Found: C, 67.11; H,
4.53; N, 12.95; S, 7.33.

3.3.5. 3-(4-Benzyloxyphenoxy)-2-N-phenylpyrazino-
[2/,3':4,5]thieno[3,2-d]pyrimidin-4(3H)-one (7e). Yield
70%; mp 203-205 °C; IR (KBr) v 1660 (C=0), 1568,
1547, 1535, 1520, 1497, 1446, 1354, 1195 cm™!; 'H NMR
(300 MHz, CDCl3) 6 5.06 (s, 2H), 6.90-7.20 (m, 4H),
7.25-7.80 (m, 10H), 8.69 (d, J=2.1 Hz, 1H), 8.81 (d,
J=2.1 Hz, 1H); '*C NMR (75 MHz, CDCl3) 6 70.4, 115.7,
122.0, 127.5, 127.9, 128.1, 128.6, 129.5, 129.7, 142.8,
144.0; MS (FAB) m/z 479 (MH*, 24), 279 (52). Anal. Calcd
for C,;HgsN4O5S: C, 67.77; H, 3.79; N, 11.71; S, 6.70.
Found: C, 67.52; H, 3.61; N, 11.65; S, 6.58.

3.3.6. 3-Alkoxy-2-phenylpyrazino[2',3':4,5]thieno[3,2-d]-
pyrimidin-4(3H)-one 7f and 7g. To a solution of imino-
phosphorane 3 (0.15 g, 0.31 mmol) in THF (3 mL) was
added the appropriate isocyanate (0.37 mmol) at room tem-
perature. The mixture was stirred at room temperature for
1-2 h until the iminophosphorane had disappeared (TLC
monitored). The solvent was evaporated, ROH (4 mL) was
added to dissolve the solid, and then NaOR (0.40 mmol)
was added and the resultant mixture was stirred at room tem-
perature for 1 h. The solvent was removed under reduced
pressure, and the residue was subjected to chromatography
on silica gel eluting with a dichloromethane/ethyl acetate
90:10 (v/v).

Compound 7f: yield 65%; yellow solid; mp 202-204 °C; IR
(KBr) v 1692 (C=0), 1563, 1541, 1515, 1373, 1335,
1196cm™'; 'H NMR (300 MHz, CDCl;) ¢ 1.30 (t,
J=7.1Hz, 3H), 4.65 (q, J=7.1 Hz, 2H), 7.28-7.33 (m,
2H), 7.48-7.60 (m, 3H), 8.73 (d, /=2.3 Hz, 1H), 8.88 (d,
J=2.3Hz, 1H); '*C NMR (75 MHz, CDCls) 6 14.0, 66.0,
127.9, 129.2, 1294, 142.7, 144.1; MS (EI) m/z 324 (M*,
44). Anal. Calcd for C;cHoN4O,S: C, 59.25; H, 3.73;
N, 17.27; S, 9.89. Found: C, 59.13; H, 3.61; N, 17.12;
S, 9.79.
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Compound 7g: yield 72%; yellow solid; mp 204-206 °C; IR
(KBr) v 1693 (C=0), 1569, 1543, 1517, 1487, 1449, 1353,
1265, 1194 cm™'; 'H NMR (300 MHz, CDCls) § 4.14 (s,
3H), 7.25-7.35 (m, 2H), 7.45-7.65 (m, 3H), 8.73 (d,
J=23Hz, 1H), 8.88 (d, J=2.3Hz, 1H); '3C NMR
(75 MHz, CDCl3) ¢ 56.8, 127.9, 129.3, 129.5, 134.3,
142.7, 143.6, 144.1, 147.7, 156.8, 158.3, 158.7; MS (FAB)
miz 311 (MH*, 68). Anal. Calcd for C,sH;(N,O,S: C,
58.05; H, 3.25; N, 18.05; S, 10.33. Found: C, 57.93; H,
3.38; N, 18.12; S, 10.19.

3.4. General procedure for the synthesis of pyrazino-
thienopyrimidinones 8 and 9

The appropriate isocyanate (phenyl-, 4-nitrophenyl-, or
4-methylphenylisocyanate) (0.37 mmol) was added to a so-
lution of iminophosphorane 3 (0.15 g, 0.31 mmol) in THF
(3 mL) at room temperature. The mixture was stirred at
room temperature for 1-2 h until the iminophosphorane
had disappeared (TLC monitored) and it was then treated
with the appropriate primary amine (0.37 mmol). The resul-
tant solution was stirred at room temperature for 5 h. The
solvent was evaporated, the solid residue was treated with
a catalytic amount of K,COs3, acetone (3 mL) was added,
and the mixture was refluxed for 1 h. The solvent was evap-
orated under reduced pressure, and the residue was subjected
to chromatography on silica gel eluting with a hexanes/ethyl
acetate gradient from 5 to 40% ethyl acetate to give 8/9 as
a yellow solid.

3.4.1. 2-n-Butylamino-3-N-phenylpyrazino[2’,3':4,5]-
thieno[3,2-d]pyrimidin-4(3H)-one (8a). Yield 57%; mp
197-198 °C; IR (KBr) » 3435 (NH), 1676 (C=0), 1589,
1564, 1548, 1530, 1523, 1486 cm~!; 'H NMR (300 MHz,
CDCly) 6 0.88 (t, J=7.3 Hz, 3H), 1.20-1.35 (m, 2H),
1.42-1.56 (m, 2H), 3.52-3.63 (m, 2H), 4.27 (t, J=5.0 Hz,
1H, NH), 7.32-7.40 (m, 2H), 7.53-7.69 (m, 3H), 8.67 (d,
J=23Hz, 1H), 8.81 (d, J=23Hz, 1H); *C NMR
(75 MHz, CDCl3) 6 13.7, 19.9, 31.1, 40.0, 128.6, 130.6,
130.8, 134.0, 142.2, 143.7, 144.0, 150.2, 153.5, 158.5,
158.6; MS (EI) m/z 351 (M*, 25), 294 (85). Anal. Calcd
for C;gH;7N5sOS: C, 61.52; H, 4.88; N, 19.93; S, 9.12.
Found: C, 61.37; H, 4.95; N, 19.92; S, 8.92.

3.4.2. 3-N-n-Butyl-2-phenylaminopyrazino[2',3':4,5]-
thieno[3,2-d]pyrimidin-4(3H)-one (9a). Yield 19%; mp
99-101 °C dec; IR (KBr) » 3354 (NH), 1674 (C=0),
1657, 1537, 1523, 1494, 1472, 1456, 1444 cm™'; '"H NMR
(300 MHz, CDCl3) 6 1.04 (t, J=7.3 Hz, 3H), 1.45-1.60
(m, 2H), 1.80-1.95 (m, 2H), 4.29 (t, J=7.7 Hz, 2H), 6.66
(s, 1H, NH), 7.14-7.23 (m, 1H), 7.40-7.50 (m, 2H), 7.63—
7.72 (d, 2H), 8.79 (d, J/=2.3 Hz, 1H), 8.86 (d, J=2.3 Hz,
1H); '3C NMR (75 MHz, CDCls) 6 13.7, 20.3, 29.8, 41.9,
121.6, 124.8, 129.3, 137.8, 142.4, 143.8, 150.6, 158.7; MS
(ED) miz 351 (M*, 25), 294 (45). Anal. Caled for
C,gH;7N50S: C, 61.52; H, 4.88; N, 19.93; S, 9.12. Found:
C, 61.34; H, 4.99; N, 19.83; S, 8.95.

3.4.3. 2-Benzylamino-3-N-phenylpyrazino[2',3':4,5]-
thieno[3,2-d]pyrimidin-4(3H)-one (8b). Yield 55%; mp
113-115 °C; IR (KBr) » 3249 (NH), 1681 (C=0), 1552,
1522, 1493, 1339cm~'; 'H NMR (300 MHz, CDCls)
0 4.63 (t, J=5.3Hz, 1H, NH), 4.83 (d, J=5.3 Hz, 2H),

7.20-7.35 (m, 5SH), 7.35-7.45 (m, 2H), 7.50-7.70 (m, 3H),
8.69 (d, J=2.3 Hz, 1H), 8.83 (d, J=2.3 Hz, 1H); '3C NMR
(75 MHz, CDCls) ¢ 46.3, 127.4, 127.7, 128.6, 128.8,
130.5, 130.9, 133.9, 137.5, 142.3, 143.9, 150.1, 153.4,
158.6, 158.7; MS (EI) m/z 385 (M™, 5), 279 (3), 106 (25),
91 (100). Anal. Calcd for C,;H;5N50S: C, 65.44; H, 3.92;
N, 18.17; S, 8.32; Found: C, 65.30; H, 4.01; N, 18.07; S,
8.16.

3.4.4. 3-N-Benzyl-2-phenylaminopyrazino[2',3':4,5]-
thieno[3,2-d]pyrimidin-4(3H)-one (9b). Yield 44%; mp
175-176 °C; IR (KBr) v 3311 (NH), 1655 (C=0), 1595,
1536, 1461, 1455, 1446cm™'; 'H NMR (300 MHz,
CDCls) 6 5.55 (s, 2H), 6.73 (s, 1H, NH), 7.05-7.15 (m,
1H), 7.30-7.55 (m, 9H), 8.66 (d, J/=2.3 Hz, 1H), 8.76 (d,
J=2.3 Hz, 1H); '3C NMR (75 MHz, CDCl;) 6 45.5, 121.0,
124.5, 126.8, 129.0, 129.1, 129.8, 134.0, 137.6, 142.4,
143.9, 149.2, 150.9, 158.7, 159.1; MS (EI) m/z 385 (M™,
25), 294 (15). Anal. Calcd for C,H5sNsOS: C, 65.44; H,
3.92; N, 18.17; S, 8.32. Found: C, 65.33; H, 4.01; N,
18.05; S, 8.15.

3.4.5. 2-Isopropylamino-3-N-phenylpyrazino[2’,3':4,5]-
thieno[3,2-d]pyrimidin-4(3H)-one (8c). Yield 80%; mp
228-230 °C; IR (KBr) v 3416 (NH), 1679 (C=0), 1545,
1522, 1508, 1485cm~'; 'H NMR (300 MHz, CDCls)
o0 1.15 (d, J=6.5Hz, 6H), 4.11 (d, J=7.7 Hz, 1H, NH),
4.47-4.62 (m, 1H), 7.33-7.35 (m, 2H), 7.54-7.65 (m, 3H),
8.65 (d, J=2.3 Hz, 1H), 8.80 (d, J=2.3 Hz, 1H); '>C NMR
(75 MHz, CDCl3) 6 22.7, 44.0, 115.2, 128.6, 130.2, 130.8,
134.0, 142.2, 143.7, 144.1, 150.2, 152.7, 158.5, 158.7; MS
(ED) m/z 337 (M*, 40), 294 (100). Anal. Caled for
C7H5N;s0S: C, 60.52; H, 4.48; N, 20.76; S, 9.50. Found:
C, 60.48; H, 4.55; N, 20.56; S, 9.41.

3.4.6. 2-Cyclohexylylamino-3-N-phenylpyrazino[2',3:
4,5]thieno[3,2-d]pyrimidin-4(3H)-one (8d). Yield 95%;
mp 208-210 °C; IR (KBr) » 3271 (NH), 1685 (C=0),
1532, 1517, 1487, 1479, 1452 cm~'; '"H NMR (300 MHz,
CDCl;) 6 1.00-1.13 (m, 3H), 1.31-1.49 (m, 5H), 1.88-
1.92 (m, 2H), 4.204.28 (m, 2H), 7.30-7.32 (m, 2H),
7.47-7.60 (m, 3H), 8.59 (d, J=2.3Hz, 1H), 8.75 (d,
J=2.3Hz, 1H); '3C NMR (75 MHz, CDCls) 6 23.9, 25.2,
32.4,49.6, 114.9, 128.4, 130.1, 130.6, 133.9, 142.0, 143.5,
143.8, 150.1, 152.6, 158.3, 158.5; MS (EI) m/z 377 (M*,
10), 294 (95). Anal. Calcd for C,0HoNsOS: C, 63.64; H,
5.07; N, 18.55; S, 8.49; Found: C, 63.56; H, 4.97; N,
18.49; S, 8.47.

3.4.7. 2-tert-Butylamino-3-N-phenylpyrazino[2’,3':4,5]-
thieno[3,2-d]pyrimidin-4(3H)-one (8e). Yield 82%; mp
231-232 °C; IR (KBr) v 3432 (NH), 1683 (C=0), 1561,
1545, 1521, 1485cm~'; 'H NMR (300 MHz, CDCls)
5 1.48 (s, 9H), 4.12 (s, 1H, NH), 7.33-7.37 (m, 2H), 7.61—
7.64 (m, 3H), 8.66 (d, J/=2.3 Hz, 1H), 8.85 (d, /=2.3 Hz,
1H); 3C NMR (75 MHz, CDCls) 6 289, 53.2, 128.6,
130.3, 130.9, 143.6, 145.0; MS (EI) m/z 351 (M*, 5), 294
(30). Anal. Calcd for C1gH;7NsOS: C, 61.52; H, 4.88; N,
19.93; S, 9.12. Found: C, 61.49; H, 4.73; N, 20.06; S, 9.25.

3.4.8. 3-N-n-Butyl-2-(4-nitrophenylamino)pyrazino-
[2/,3':4,5]thieno[3,2-d]pyrimidin-4(3H)-one (9a;). Yield
82%; mp 234-235°C; IR (KBr) » 3423 (NH), 1676
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(C=0), 1538, 1502, 1404cm~'; 'H NMR (300 MHz,
CDCl;) ¢ 1.06 (t, J=7.3Hz, 3H), 1.48-1.63 (m, 2H),
1.80-1.96 (m, 2H), 4.34 (t, J=7.7 Hz, 2H), 7.03 (s, 1H,
NH), 7.30-7.37 (m, 2H), 7.87-7.99 (m, 2H), 8.71 (d,
J=23Hz, 1H), 8.84 (d, J=2.3Hz, 1H); 3C NMR
(75 MHz, CDCly) 6 13.7, 20.2, 30.1, 42.1, 120.1, 125.3,
142.7, 143.5, 1442, 158.3; MS (ED) m/z 396 (M*, 15),
339 (25). Anal. Caled for C,gH;sNgO5S: C, 54.54; H,
4.07; N, 21.20; S, 8.09. Found: C, 54.31; H, 4.21; N,
21.45; S, 8.14.

3.4.9. 2-n-Butylamino-3-N-(4-methylphenyl)pyrazino-
[2/,3':4,5]thieno[3,2-d]pyrimidin-4(3H)-one (8a,). Yield
89%; mp 163-165°C; IR (KBr) v 3256 (NH), 1611
(C=0), 1562, 1524, 1509, 1480, 1464, 1435cm~'; 'H
NMR (300 MHz, CDCl3) 6 0.88 (t, J=7.3 Hz, 3H), 1.22—
1.34 (m, 2H), 1.44-1.54 (m, 2H), 2.45 (s, 3H), 3.53-3.60
(m, 2H), 4.35 (t, J=5.1 Hz, 1H, NH), 7.21-7.23 (m, 2H),
7.39-7.42 (m, 2H), 8.65 (d, J=2.3Hz, 1H), 8.80 (d,
J=2.3 Hz, 1H); '3C NMR (75 MHz, CDCl3) 6 13.7, 19.9,
21.3, 31.1, 42.0, 115.3, 128.2, 131.2, 131.5, 140.5, 142.1,
143.7, 144.1, 150.1, 153.6, 158.5, 158.7; MS (EI) m/z 365
M*, 10), 308 (30). Anal. Calcd for C;9H;9N5OS: C,
62.44; H, 5.24; N, 19.16; S, 8.77. Found: C, 62.51; H,
5.39; N, 19.02; S, 8.75.

3.4.10. 3-N-Benzylamino-2-(4-nitrophenylamino)pyrazino-
[2',3:4,5]thieno[3,2-d]pyrimidin-4(3H)-one (9b;). Yield
85%; mp 113-115°C; IR (KBr) v 3393 (NH), 1676
(C=0), 1610, 1541, 1503, 1464, 1413 cm~!; 'H NMR
(300 MHz, CDCls) ¢ 5.61 (s, 2H), 7.01 (s, 1H, NH), 7.42—
7.57 (m, 5H), 7.58-7.65 (m, 2H), 8.21-8.28 (m, 2H), 8.74
(d, J=2.3 Hz, 1H), 8.86 (d, J=2.3Hz, 1H); '3C NMR
(75 MHz, CDCl3) ¢ 45.8, 119.7, 125.3, 127.0, 130.0,
130.2, 133.7, 142.8, 144.3; MS (EI) m/z 430 (M™*, 10), 279
(3), 91 (20). Anal. Calcd for C,1H4NgO5S: C, 58.60; H,
3.28; N, 19.52; S, 7.45. Found: C, 58.58; H, 3.39; N,
19.43; S, 7.39.

3.4.11. 2-Benzylamino-3-N-(4-methylphenyl)pyrazino-
[2/,3':4,5]thieno[3,2-d]pyrimidin-4(3H)-one (8b,). Yield
82%; mp 218-220°C; IR (KBr) v 3336 (NH), 1685
(C=0), 1553, 1522, 1509, 1452, 1343 cm~!; 'H NMR
(300 MHz, CDCl5) 6 2.43 (s, 3H), 4.73 (t, J=5.2 Hz, 1H,
NH), 4.83 (d, J=5.2 Hz, 2H), 7.20-7.35 (m, 7H), 7.36—
7.44 (m, 2H), 8.68 (d, J/=2.3 Hz, 1H), 8.81 (d, /=2.3 Hz,
1H); 3C NMR (75 MHz, CDCly) 6 21.3, 46.2, 115.9,
127.4, 127.6, 128.2, 128.7, 131.0, 131.6, 137.5, 140.7,
142.3, 143.8, 144.1, 150.0, 153.6, 158.6, 158.8; MS (EI)
miz 399 (M*, 20), 91 (35). Anal. Calcd for C,,H7N5O0S:
C, 66.15; H, 4.29; N, 17.53; S, 8.03. Found: C, 66.24; H,
4.08; N, 17.64; S, 8.17.

3.4.12. 2-Isopropylamino-3-N-(4-nitrophenyl)pyrazino-
[2/,3':4,5]thieno[3,2-d]pyrimidin-4(3H)-one (8c;). Yield
81%; mp>300 °C; IR (KBr) » 3350 (NH), 1685 (C=0),
1545, 1520, 1480, 1390cm™!; 'H NMR (300 MHz,
CDCly) 6 1.21 (d, J=6.5 Hz, 6H), 3.91 (d, /=7.8 Hz, 1H,
NH), 4.45-4.70 (m, 1H), 7.58-7.65 (m, 2H), 8.50-8.56
(m, 2H), 8.71 (d, J=2.3 Hz, 1H), 8.86 (d, J/=2.3 Hz, 1H);
13C NMR (75 MHz, CDCl;) ¢ 22.8, 44.5, 115.1, 126.1,
130.4, 139.9, 142.5, 144.1, 148.8, 151.7; MS (EI) m/z 382
(M*, 63), 339 (100), 324 (17), 203 (33). Anal. Calcd for

C7H14NgO3S: C, 53.40; H, 3.69; N, 21.98; S, 8.39. Found:
C, 53.49; H, 3.53; N, 21.76; S, 8.25.

3.4.13. 2-Isopropylamino-3-N-(4-methylphenyl)pyrazino-
[2',3/:4,5]thieno[3,2-d]pyrimidin-4(3H)-one (8c,). Yield
98%; mp 217-219°C; IR (KBr) v 3414 (NH), 1676
(C=0), 1665, 1552, 1547, 1522, 1507, 1482, 1466, 1422,
1409 cm~!; '"H NMR (300 MHz, CDCl;) ¢ 1.16 (d, J=
6.5 Hz, 6H), 2.46 (s, 3H), 4.18 (d, J/=7.9 Hz, 1H, NH),
4.45-4.775 (m, 1H), 7.17-7.25 (m, 2H), 7.40-7.45 (m, 2H),
8.65 (d, J=2.3 Hz, 1H), 8.81 (d, J/=2.3 Hz, 1H); 3C NMR
(75 MHz, CDCls) 6 21.3, 22.7, 43.9, 115.2, 128.2, 131.2,
132.5, 140.5, 142.2, 143.7, 144.1, 150.2, 152.9, 158.6,
158.8; MS (EI) m/z 351 (M*, 40), 308 (100), 91 (25).
Anal. Calcd for C13H;7N5OS: C, 61.52; H, 4.88; N, 19.93;
S, 9.12. Found: C, 61.45; H, 4.97; N, 20.03; S, 9.17.

3.4.14. 2-Cyclohexylylamino-3-N-(4-nitrophenyl)pyrazino-
[2/,3':4,5]thieno[3,2-d]pyrimidin-4(3H)-one (8d;). Yield
84%; mp 246-248 °C; IR (KBr) v 3429 (NH), 1690
(C=0), 1547, 1530, 1346cm~'; 'H NMR (300 MHz,
CDCl3) 6 1.06-1.24 (m, 3H), 1.35-1.50 (m, 3H), 1.73-
1.92 (m, 2H), 1.99-2.04 (m, 2H), 3.97 (d, J=8.0 Hz, 1H,
NH), 4.25-4.38 (m, 1H), 7.57-7.65 (m, 2H), 8.48-8.56
(m, 2H), 8.71 (d, J/=2.3 Hz, 1H), 8.86 (d, /=2.3 Hz, 1H);
13C NMR (75MHz, CDCly) 6 24.3, 25.3, 32.8, 504,
126.1, 130.4, 140.0, 142.5, 144.1, 148.8, 150.6, 151.7; MS
(ED) m/z 422 (M™*, 5), 339 (30), 203 (30), 123 (30), 99
(52). Anal. Calcd for C,0H 3NgO5S: C, 56.86; H, 4.29; N,
19.89; S, 7.59. Found: C, 56.69; H, 4.13; N, 19.76; S, 7.46.

3.4.15. 2-Cyclohexylylamino-3-N-(4-methylphenyl)pyr-
azino[2',3:4,5]thieno[3,2-d]pyrimidin-4(3H)-one (8d,).
Yield 88%; mp 233-235 °C; IR (KBr) v 3416 (NH), 1686
(C=0), 1546, 1532, 1520, 1485, 1347 cm™'; 'H NMR
(300 MHz, CDCl3) 6 1.00-1.23 (m, 3H), 1.36-1.65 (m,
5H), 1.90-2.05 (m, 2H), 2.48 (s, 3H), 4.20-4.35 (m, 2H),
7.19-7.26 (m, 2H), 7.39-7.47 (m, 2H), 8.67 (d, J/=2.3 Hz,
1H), 8.82 (d, J=2.3 Hz, 1H); '*C NMR (75 MHz, CDCl5)
0 21.3,24.2, 254, 32.8, 49.9, 115.2, 128.2, 131.3, 131.5,
140.5, 142.2, 143.6, 144.1, 150.2, 153.0, 158.6, 158.9; MS
(EI) m/z 391 (M*, 10), 308 (100). Anal. Calcd for
C,1H,1N50S: C, 64.43; H, 5.41; N, 17.89; S, 8.19. Found:
C, 64.33; H, 5.42; N, 17.69; S, 8.12.

3.4.16. 2-tert-Butylamino-3-N-(4-nitrophenyl)pyrazino-
[2/,3':4,5]thieno[3,2-d]pyrimidin-4(3H)-one (8¢;). Yield
93%; mp 227-229°C; IR (KBr) v 3415 (NH), 1690
(C=0), 1596, 1556, 1545, 1523, 1518, 1484 cm™!; 'H
NMR (300 MHz, CDCl3) 6 1.50 (s, 9H), 3.99 (s, 1H, NH),
7.58-7.61 (m, 2H), 7.48-7.51 (m, 2H), 8.68 (d, J/=2.3 Hz,
1H), 8.86 (d, J=2.3 Hz, 1H); '*C NMR (75 MHz, CDCl5)
6 29.0, 53.8, 126.0, 130.4, 140.3, 142.6, 143.9, 144.1,
148.7, 150.3, 151.0, 158.4, 158.7; MS (EI) m/z 396 (M*,
15), 339 (90). Anal. Calcd for C;gH;cN¢O5S: C, 54.54; H,
4.07; N, 21.20; S, 8.09. Found: C, 54.43; H, 4.19; N,
21.14; S, 8.19.

3.4.17. 2-tert-Butylamino-3-N-(4-methylphenyl)pyrazino-
[2/,3':4,5]thieno[3,2-d]pyrimidin-4(3H)-one (8e,). Yield
85%; mp 224-226°C; IR (KBr) v 3428 (NH), 1681
(C=0), 1557, 1545, 1520, 1484, 1456 cm~!; 'H NMR
(300 MHz, CDCl3) 6 1.45 (s, 9H), 2.43 (s, 3H), 4.29 (s,
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1H, NH), 7.18-7.21 (m, 2H), 7.33-7.41 (m, 2H), 8.62 (d, J=
2.3 Hz, 1H), 8.81 (d, J=2.3 Hz, 1H); '3C NMR (75 MHz,
CDCl;) 6 21.2, 28.8, 53.0, 115.1, 128.1, 131.4, 140.3,
142.2, 143.4, 144.2, 149.8, 152.2, 158.4, 158.9; MS (EI)
miz 365 (M*, 10), 308 (50). Anal. Calcd for C;oH,oN5OS:
C, 62.44; H, 5.24; N, 19.16; S, 8.77. Found: C, 62.49; H,
5.39; N, 19.13; S, 8.91.

3.4.18. 3-N-(4-Nitrophenyl)-2-phenylaminopyrazino-
[2/,3':4,5]thieno[3,2-d]pyrimidin-4(3H)-one (8f). Yield
98%; mp 254-256°C; IR (KBr) » 3380 (NH), 1609
(C=0), 1572, 1542, 1537, 1520, 1503, 1492, 1487, 1455,
1413 cm™!; '"H NMR (300 MHz, CDCl3) 6 6.54 (s, 1H,
NH), 7.49-7.52 (m, 2H), 7.68-7.79 (m, 3H), 7.81-7.84
(m, 2H), 8.24-8.27 (m, 2H), 8.75 (d, J=2.3 Hz, 1H), 8.90
(d, J=2.3 Hz, 1H); '*C NMR (75 MHz, CDCl5) 6 119.7,
125.2, 128.8, 131.2, 131.4, 133.3, 142.9, 143.1, 1434,
143.6, 144.3, 148.6, 149.0, 158.1, 158.4; MS (EI) m/z 416
(M*, 100), 370 (20). Anal. Calcd for C,oH2NgO5S: C,
57.69; H, 2.90; N, 20.18; S, 7.70. Found: C, 57.50; H,
2.78; N, 20.33; S, 7.82.

4. Crystallographic material

Crystallographic data (excluding structural factors) for
8a, 8¢y, and 9a; have been deposited in the Cambridge
Crystallographic Data Center as supplementary publication
numbers CCDC 614690, CCDC 614691, and CCDC
614692 for 8a, 8¢y, and 9a,, respectively. Copies of the
data may be obtained, free of charge, on application to
CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK (fax:
+44 1223 33603 or e-mail: deposit@ccdc.cam.ac.uk).
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Abstract—The syntheses of dipyrrolo[3,4-a:3,4-c]carbazole-1,4,6-triones and dipyrrolo[3,4-a:3,4-c]carbazole-3,4,6-triones are reported.
These compounds can be considered as granulatimide analogues in which a maleimide replaces the imidazole moiety and a five-membered
lactam ring replaces the upper maleimide. The Chkl1 inhibitory properties of the more soluble compounds have been evaluated and their in
vitro antiproliferative activities toward three tumor cell lines: murine leukemia L.1210, and human colon carcinoma HT29 and HCT116. Due
to their insolubility, the biological activities of the other compounds in this series could not be evaluated. All the tested compounds proved to

be potent Chk1 inhibitors.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

The carbazole framework is found in many biologically
active compounds. Some of them, such as rebeccamycin,
are topoisomerase I inhibitors. Others, such as staurosporine
and UCN-01, are inhibitors of kinases.!~> Granulatimide and
isogranulatimide, natural compounds isolated from an ascid-
ian, as well as staurosporine and UCN-01, indolocarbazole
compounds isolated from cultures of Streptomyces, or syn-
thetic compounds such as SB-218078 have triggered consid-
erable interest as cell cycle G2 checkpoint inhibitors
(Fig. 1).*7 In the cell division cycle, the G2 checkpoint is
activated in response to DNA damage. Its role consists in
blocking the cell cycle to allow time for DNA repair. In
more than 60% of cancer cells, the G1 checkpoint is lacking,
due to mutations of the p53 gene. In the p53-mutated cells,
only the G2 ckeckpoint provides cancer cells with an
opportunity to repair their DNA after damage. Accordingly,
combining a DNA damaging agent with a G2 checkpoint in-
hibitor will force selectively cancer cells into a premature
and lethal mitosis due to an accumulation of DNA le-
sions.®1% The Chkl kinase plays a major role in the G2
checkpoint regulation.!!'? Therefore, Chk1 inhibitors are
relevant targets for the conception of agents that are able

Keywords: Granulatimide; Dipyrrolo[3,4-a:3,4-c]carbazole-1,4,6-trione;
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to kill selectively cancer cells without causing damage to
healthy cells. Granulatimide, isogranulatimide, staurospor-
ine, UCN-01, and SB-218078 were found to be efficient
Chk1 inhibitors. All of them possess a carbazole moiety,
with an upper heterocycle containing an imide or a lactam
function. Moreover, in staurosporine, UCN-01, and SB-
218078, a carbohydrate-like heterocycle is linked to both in-
dole nitrogens.

The crystal structures of SB-218078, staurosporine, UCN-
01,3 and isogranulatimide'* in complex with Chk1 kinase,
have been determined. These compounds are ATP-competi-
tive Chk1 inhibitors. In the structures of the four complexes,

o_N_o NHCH,
— staurosporine R = H
O O UCN-01 R = OH
SB-218078
Figure 1.
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Figure 2.

two hydrogen bonds between the inhibitors and the ATP
binding site of the enzyme are conserved: the first one be-
tween the NH of the upper heterocycle and the carbonyl oxy-
gen of Glu®, and the second one between the oxygen of the
carbonyl group of the lactam or imide function of the drug
and the amide nitrogen of Cys®’. Granulatimide and iso-
granulatimide isomers, and structurally related compounds
bearing modified heterocycles, have been recently synthe-
sized.!>~24

In this paper, we describe the syntheses of dipyrrolo[3,4-a:
3,4-c]carbazole-1,4,6-triones and dipyrrolo[3,4-a:3,4-c]
carbazole-3,4,6-triones (Fig. 2). Compared with granulati-
mide and isogranulatimide, the imidazole has been replaced
by a maleimide and the upper heterocycle contains a lactam
function, like in staurosporine, instead of the imide function
present in granulatimide and isogranulatimide. Moreover,
several substituents have been introduced in the 10-position
of the indole moiety. Some compounds in this series proved
to be extremely insoluble, therefore, their biological activi-
ties could not be evaluated. For the most soluble compounds,
the Chk1 inhibitory activities and the cytotoxicities toward
three tumor cell lines: murine leukemia .1210, and human
colon carcinoma HT29 and HCT116 were evaluated.

2. Results and discussion

2.1. Chemistry

In previous works,?>>* we described the four-step synthesis
of bis-imides granulatimide analogues (Scheme 1). A simi-
lar synthetic scheme was applied for the synthesis of
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dipyrrolo[3,4-a:3,4-c]carbazole-triones. The reduction of
the 3-(indol-3-yl)-maleimides intermediates led to lactams
and hydroxylactams, from which the synthesis was com-
pleted.

Hydroxy and methyl substituents were introduced in the 10-
position because in the bis-imide series, these substitutions
led to the most efficient Chk1 inhibitors.

3-(Indol-3-yl)-maleimides 1a—d (R=H, OBn, OH, and CH3)
were prepared as previously described??2* in two steps from
the corresponding substituted indoles via a Michael addition
with maleimide followed by dehydrogenation of the Michael
adduct using DDQ. The corresponding lactams and hydroxy-
lactams were obtained by reduction of the 3-(indol-3-yl)-
maleimides (Scheme 2).

Depending on the reducing agent (LiAlH,, NaBH, or
DIBAL-H) and the substituent on the indole moiety, impor-
tant variations were observed in the yields of compounds
2-6 (Table 1). Indeed, Mase et al.2> showed that the regiose-
lectivity of the reduction of monosubstituted maleimides us-
ing NaBH, was due to the approach of the hydride anion
from the less hindered carbonyl group. Therefore, the hy-
dride anion attacks the more hindered carbonyl group.
When using DIBAL-H, the inverted regioselectivity is ex-
plained by the complexation effect of the carbonyl group
with an aluminum atom preferably coordinated to the less
hindered carbonyl group. Therefore, the hydride anion ap-
proaches from the more hindered carbonyl group and attacks

Table 1. Percentages of compounds 2, 3, 4, 5, and 6 obtained by reduction of
la—d using LiAlH4, NaBH, or DIBAL-H and ratio for the reductions on Cl/
Cm (CI: less hindered carbon, Cm: more hindered carbon)

Reduction ratio
on CI/Cm (%)

Starting  Reducing
product  agent

Compounds (%)

2 3 4 5 6
la LiAIH, 9 6 11 23 19 29 71
NaBH,4 0 11 0 60 0 16 84
DIBAL-H 0 17 33 15 0 77 23
1b LiAlH,4 1 0o 11 17 21 22 78
DIBAL-H 0 54 11 19 0 78 22
1c LiAlH, 0 0 6 24 40 8 92
DIBAL-H 0 42 13 13 0 81 19
1d LiAlH, 0 0 12 33 0 27 73
DIBAL-H 0 0 28 15 0 65 35
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the less hindered carbonyl group (Scheme 3). In compounds
3 and 4, the less hindered carbonyl group has been reduced,
whereas in compounds 5 and 6, the more hindered carbonyl
group has been reduced. With the less bulky LiAlH,, the
complexation of both carbonyl groups with an aluminum
atom may occur, but the hydride anion approaches very
probably more quickly from the less hindered side. The
structure of compounds 4a was assigned from NMR NOESY
correlations between the two methylene protons and the NH
of the lactam function and the vicinal ethylenic proton
(Scheme 4). In compound 6a, no NOESY -correlations
were observed between the protons of the methylene group
and the ethylenic proton. The H, of compound 4a is shifted
at 7.43 ppm, whereas the H; of compound 6a is shifted at
6.26 ppm. Based on these NMR data, the structures of com-
pounds 3a and 5a were assigned (3a: Hy at 7.14 ppm, 5a: Hy
at 6.17 ppm). By analogy with the unsubstituted compounds
3a—6a, the structures of the analogues substituted in 5'-posi-
tion on the indole moiety were assigned from the chemical
shifts of the ethylenic protons.
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The next step was a Diels—Alder cycloaddition with male-
imide. In previous studies, it was observed that the Diels—
Alder cycloaddition carried out between 3-indolyl-maleimide
and maleimide could lead, according to the treatment, filtra-
tion or chromatography on silicagel, to indoline or indole
isomers.?>2° When the Diels—Alder reaction was performed
from 4a and 4c, the mixture of isomers could not be sepa-
rated. The oxidation yielding to the final aromatic com-
pounds 7 and 10 was carried out on the isomeric mixture.
With lactams 4b and 4d, the indole intermediate 8 and the
indoline intermediate 11 were isolated. The position of the
double bond was determined from "H NMR data. Indeed,
an indole and an imide NH are usually shifted at about
11-12 ppm, whereas an indoline and a lactam NH are shifted
at about 7-9 ppm. In compounds 8, two exchangeable
protons are shifted at 11.12, and 11.52 ppm whereas in
compound 11, only one exchangeable proton was shifted
at 10.94 ppm. Oxidation of the intermediates in dioxane in
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the presence of TFA gave lactams 7, 9, 10, and 12
(Scheme 5).

Diels—Alder reactions performed from hydroxy-lactams
3a-d did not lead to the cycloadducts, whereas from hy-
droxy-lactams Sa—d, the cycloaddition occurred with the
loss of a water molecule. With compounds 5c¢ and 5d, the in-
dole intermediates 15 and 17 could be isolated. Oxidation of
the intermediates in dioxane, either in the presence of TFA or
with DDQ, led to the required lactams 13, 14, and 16. In spite
of various modifications of the oxidation procedure of inter-
mediate 17 (in dioxane in the presence of TFA from
6 to 20 equiv from 60 °C to 80 °C or with DDQ 2 equiv in
dioxane at room temperature), the required aromatized
compound could not be obtained. Concomitant with the aro-
matization, oxidation of the lactam heterocycle to imide was
observed.

Cycloadditions between maleimide and lactams 6 did not
lead to the required cycloadducts. With lactam 6 in which
R=H, depending on the solvents used, either a double
Diels—Alder reaction or a Diels—Alder reaction followed
by a Michael addition with a second molecule of maleimide
occurred.

2.2. Chk1 inhibitory activities

The Chkl inhibitory activities could only be determined
with compounds 7, 10, 12, 13, and intermediate 17 and
were compared with those of granulatimide, isogranula-
timide, and bis-imide analogue A (Fig. 2) (Table 2).2” Due
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Table 2. Percentages of Chk1 inhibition at a drug concentration of 10 pM,
1Csq values (uM) toward Chkl; in vitro antiproliferative activities against
three tumor cell lines: murine leukemia L1210, and human HT29 and
HCT116 colon carcinoma (ICsy uM)

Compound % of Chkl ICso, L1210 HCT116 HT29
inhibition Chkl1
at 10 uM (uM)
Granulatimide 93.9 0.08 2.8 6.1 5.7
Isogranulatimide ~ 89.7 0.44 10 13 13.7
A 94.4 0.02 327 nd 9.7
7 85.4 0.05 nd nd nd
10 69.8 1 259 28.3 36.4
12 95.7 0.01 54.5 63.5 41.8
13 71.7 037 470 58.9 >100
17 78.6 2.83 >50 43.7 49.7

to the insolubility of compounds 9, 14, and 16, their Chk1
inhibitory activities could not be evaluated. Compounds 7,
unsubstituted at the 10-position, and compound 12 bearing
a hydroxy group, are stronger Chk1 inhibitors than granula-
timide and isogranulatimide. Interestingly, when the carbonyl
of the lactam heterocycle is oriented toward the indole
moiety, the compounds seem to be more efficient Chkl
inhibitors than those in which the carbonyl of the lactam het-
erocycle is oriented toward the imide heterocycle (compare
7 and 13). These results are not completely surprising since,
in the crystal structures of staurosporine, UCN-01, and iso-
granulatimide in complex with Chkl, the carbonyl on the
left of the upper heterocycle accepts a hydrogen bond
from the amide nitrogen of Cys®’, whereas no hydrogen
bond is formed with the carbonyl located on the right. How-
ever, the strong Chkl1 inhibitory activity of compound 13
could be due to a different position of the molecule in the
ATP binding site allowing the formation of the two funda-
mental hydrogen bonds with Glu®> and Cys®’. In this orien-
tation, the imide heterocycle would be positioned on the left
and the indole moiety would lie on the right. No significant
differences are observed between the Chk1 inhibitory activ-
ities of lactam 7 and imide A. Compared with unsubstituted
compound 7, compound 12 substituted with a hydroxy group
is a stronger Chkl inhibitor.

2.3. In vitro antiproliferative activities

The cytotoxicities of the soluble compounds were evaluated
toward three tumor cell lines: murine leukemia L1210, and
human colon carcinoma HT29 and HCT116 and compared
with those of granulatimide, isogranulatimide, and com-
pound A (Table 2). Compared with granulatimide and iso-
granulatimide, all the lactams tested are considerably less
active, their cytotoxicities are in the same range as those
of imide A. A checkpoint inhibitor is not expected to be cy-
totoxic by itself. However, the weak in vitro antiproliferative
activities of the new compounds described in this paper
suggests a possible instability of these compounds in the bio-
logical medium.

3. Conclusion
In conclusion, this work reports the synthesis of pyrrolo[3.,4-

a:3,4-c]carbazole-1,4,6-tetraones and pyrrolo[3,4-a:3,4-c]-
carbazole-3,4,6-tetraones. These compounds are structurally

related to the Chk1 inhibitor granulatimide. Their upper het-
erocycle contains a lactam function like in staurosporine. All
the new compounds are potent Chkl inhibitors suggesting
that the orientation of the carbonyl group of the upper hetero-
cycle, either toward the indole moiety or toward the male-
imide unit, could modify the positioning of the drug in the
active site of the kinase. Their weak cytotoxicity could be
due to a limited penetration into the cells or to a degradation
in the biological media. This hypothesis is currently under
investigation.

4. Experimental
4.1. Chemistry

IR spectra were recorded on a Perkin—Elmer 881 spectro-
meter (vin cm~!). NMR spectra were performed on a Bruker
AVANCE 400 and AVANCE 500 (chemical shifts ¢ in parts
per million, the following abbreviations are used: singlet (s),
broad singlet (br s), doublet (d), doubled doublet (dd), triplet
(t), doubled triplet (dt), multiplet (m), pseudo quadruplet
(pq), tertiary carbons (C tert), and quaternary carbons
(C quat). The signals were assigned from 'H-'H COSY,
HSQC, and HMBC NMR correlations. Low-resolution mass
spectra (ESI+ and APCI+) and HRMS were determined on a
MS Hewlett Packard instrument. Chromatographic purifica-
tions were performed by flash silicagel Geduran SI 60
(Merck) 0.040-0.063 mm column chromatography.

4.2. Typical procedure for the reduction using LiAIH,

To a solution of 3-(indol-3-yl)-maleimide (200 mg,
0.94 mmol) in THF (40 mL) was added dropwise a 1 M so-
lution of LiAlH, in Et,O (6 mL) at room temperature. The
mixture was stirred for 3 days. After cooling to 0 °C, water
(14 mL) was added. The mixture was acidified to pH 2 with
2 M HCI (2 mL). After extraction with EtOAc, the organic
phase was washed with saturated aqueous NaHCOj3. The
organic phase was dried over MgSO, and the solvent was
removed. The residue was purified by flash chromatography
(eluent: from EtOAc/cyclohexane 1:1 to EtOAc/MeOH 9:1).

4.3. Typical procedure for the reduction using NaBH,

To a solution of 3-(indol-3-yl)-maleimide (2.4 mmol) in
THF (50 mL) was added sodium borohydride (90 mg,
2.4 mmol) in portions. The mixture was stirred at room tem-
perature for 24 h. After cooling to 0 °C, water was added.
After extraction with EtOAc, the organic phase was dried
over MgSQy,, the solvent was removed and the residue was
purified by flash chromatography (eluent: from cyclohex-
ane/EtOAc 1:1 to EtOAc/MeOH 9:1).

4.4. Typical procedure for the reduction using DIBAL-H

To a solution of 3-(indol-3-yl)-maleimide (0.94 mmol) in
THF (70 mL) at —78 °C was added dropwise a 1 M solution
of DIBAL-H in toluene (2.3 mL). The mixture was stirred
for 1.5 hat —78 °C, then a 1 M solution of DIBAL-H in tol-
uene (2.3 mL) was added. The mixture was stirred at —78 °C
for 6 h. Then the mixture was warmed to 0 °C and saturated
aqueous NaHCO; was added dropwise. After extraction
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with EtOAc, the organic phase was dried over MgSQOy,, the
solvent was removed and the residue was purified by flash
chromatography (eluent: from EtOAc/cyclohexane 1:1 to
EtOAc/MeOH 9:1).

4.4.1.3-(1H-Indol-3-yl)-1H-pyrrole (2a). Yellow solid. Mp
65°C. IR (KBr) vny 2924 cm™!'. HRMS (ESI+) [M+H]*
calcd for C,H N, 183.0922, found 183.0926.

'H NMR (400 MHz, DMSO-dy): 6.38 (1H, s), 6.79 (1H, s),
7.04 (1H, dt, J,=7.0 Hz, J,=1.0 Hz), 7.09-7.10 (2H, m),
7.37 (1H, d, J=8.0 Hz), 7.40 (1H, d, J=2.5 Hz), 7.77 (1H,
d, J=8.0 Hz), 10.73 (1H, br s), 10.91 (1H, s).

13C NMR (100 MHz, DMSO-de): 106.1, 111.4, 113.4,
117.8, 118.5, 119.5, 120.6, 120.8 (C tert), 111.6, 117.4,
125.4, 136.5 (C quat).

4.4.2. 3-(1H-Indol-3-yl)-1H-5-hydroxy-2,5-dihydro-pyr-
rol-2-one (3a). Orange-brown solid. Mp >300 °C. IR
(KBr) Ve=C 1632 Cmil, Vc=0 1705 Cmil, VNH-OH 3200~
3500 cm™'. Mass (ESI+) [M+Na]* 237.

'H NMR (400 MHz, DMSO-d;): 5.59 (1H, d, J=9.0 Hz,
Hs), 5.99 (1H, d, J=9.0 Hz, OH), 7.14 (1H, s, Hy), 7.18
(1H, dt, J,=8.0 Hz, J,=1.0 Hz), 7.21 (1H, dt, J,=8.0 Hz,
J,=1.0Hz), 751 (1H, d, J=8.0Hz), 7.94 (IH, d,
J=8.0 Hz), 8.28 (1H, d, J=2.5Hz), 8.65 (1H, s), 11.46
(1H, s).

13C NMR (100 MHz, DMSO-dg): 78.2 (CHOH), 106.0,
125.5, 130.6, 136.1 (C quat), 112.0, 119.7, 119.9, 121.7,
126.5, 133.8 (C tert), 171.7 (C=0).

4.4.3. 3-(1H-Indol-3-yl)-1H-2,5-dihydro-pyrrol-2-one
(4a). Orange-brown solid. Mp 205-207 °C. IR (KBr) vc—c
1628 cm™!, ve—o 1678 cm™!, wny 3284 cm~'. HRMS
(ESI+) [M+H]*caled for C;,H;;N,O 199.0871, found
199.0880.

'H NMR (400 MHz, DMSO-d,): 4.06 (2H, s, CH,), 7.15
(1H, dt, J;,=8.0Hz, J,=1.0Hz, Hs), 7.24 (1H, dt,
J,=8.0 Hz, J,=1.0 Hz, Hy), 7.43 (1H, d, J=1.5 Hz, H,),
7.49 (1H, d, J=8.0 Hz, H7), 7.93 (1H, d, J=8.0 Hz, Hy),
8.28 (1H, d, J=2.5 Hz, Hy), 8.44 (1H, s, NH,), 11.36 (1H,
S, NHindolc)-

13C NMR (100 MHz, DMSO-d): 46.0 (CH,), 106.8, 125.5
(C quat), 130.6, 136.0 (C quat), 111.8, 119.3, 119.6, 121.5,
125.5 (C tert arom), 131.8 (CH lactam), 173.1 (C=0).

4.4.4. 4-(1H-Indol-3-yl)-1H-5-hydroxy-2,5-dihydro-pyr-
rol-2-one (5a). Orange-brown solid. Mp 207 °C. IR (KBr)
Vo—e 1608 cm™', ve—o 1662cm™!, vy 3271 cm™.
HRMS (ESI—) [M—H] ™ calcd for C;,HgN,0O, 213.0664,

found 213.0667.

'H NMR (400 MHz, DMSO-d): 5.80 (1H, dd, J,=9.5 Hz,
J,=1.0 Hz, Hs), 6.17 (1H, d, J=1.0 Hz, Hs), 6.22 (1H, d,
J=9.5 Hz, OH), 7.17 (1H, dt, J,=8.0 Hz, J,=1.0 Hz), 7.19
(1H, dt, J,=8.0 Hz, J,=1.0 Hz), 7.47 (1H, d, J=8.0 Hz),
7.84 (1H, d, J=3.0 Hz), 7.85 (1H, d, J=8.0 Hz), 8.16 (1H,
s), 11.69 (1H, s).

13C NMR (100 MHz, DMSO-dg): 80.5 (CHOH), 108.0,
125.3, 136.6, 154.4 (C quat), 112.1, 113.2, 120.1, 120.6,
122.1, 128.5 (C tert), 172.8 (C=0).

4.4.5. 4-(1H-Indol-3-yl)-1H-2,5-dihydro-pyrrol-2-one
(6a). Brown solid. Mp 255 °C. IR (KBr) vc—c 1610 cm™ !,
Vo—o 1649cm™!, wyg 3255cm~!. HRMS (ESI-)
[M—H]~ calcd for C;,HgN,O 197.0715, found 197.0722.

'H NMR (400 MHz, DMSO-dq): 4.42 (2H, s, CH,), 6.26
(1H, d, J=1.0Hz, Hy), 7.15 (IH, dt, J,=8.0Hz,
J,=1.0 Hz, Hy), 7.19 (1H, dt, J,=8.0 Hz, J,=1.0 Hz, Hy),
7.46 (1H, d, J=8.0 Hz, Hy), 7.84 (3H, m, Hy, Hy, NH,),
11.69 (1H, d, J=1.0 Hz, NHjpq010)-

13C NMR (100 MHz, DMSO-dg): 48.3 (CH,), 109.0, 124.8,
136.9, 152.7 (C quat), 112.1, 114.4, 119.9, 120.6, 122.1,
126.7 (C tert), 175.0 (C=O0).

4.4.6. 3-(5-Methyl-1H-indol-3-yl)-1H-pyrrole (2b). Green
solid. Mp 110 °C. IR (KBr) vny 3423 cm ™. HRMS (ESI+)
[M+H]+ calcd for C;3H 3N, 197.1079, found 197.1084.

'"H NMR (400 MHz, DMSO-dy): 2.44 (3H, s), 6.39 (1H, pq,
J=2.0Hz), 6.82 (1H, pq, J=2.0Hz), 6.94 (1H, dd,
J1=8.0Hz, J,=15Hz), 7.11 (1H, pq, J=2.0Hz), 7.28
(1H, d, J=8.0 Hz), 7.37 (1H, d, J=2.5 Hz), 10.80 (1H, s,
NH), 10.74 (1H, s, NH).

13C NMR (100 MHz, DMSO-dy): 21.3 (CH3), 106.1, 111.0,
113.3, 117.7, 119.1, 120.7, 122.3 (C tert), 111.1, 117.6,
125.7, 126.9, 134.9 (C quat).

4.4.7. 3-(5-Methyl-1H-indol-3-yl)-1H-5-hydroxy-2,5-di-
hydro-pyrrol-2-one (3b). Off-white solid. Mp >300 °C.
IR (KBI') Ve=C 1633 Cmil, Ve=0 1697 Cmil, VNH,OH
3200-3500 cm~!. HRMS (ESI+) [M+H—H,0]* calcd for
C3H;1N>O 211.0871, found 211.0871.

'H NMR (400 MHz, DMSO-dy): 2.48 (3H, s), 5.59 (1H, d,
J=75Hz), 599 (1H, d, J=8.5Hz, OH), 7.04 (IH, t,
J=8.0 Hz), 7.14 (1H, s, Hy), 7.38 (1H, d, J=8.0 Hz), 7.73
(1H, s), 8.25 (1H, d, J=3.0 Hz), 8.65 (1H, s, NH), 11.32
(1H, s, NH).

13C NMR (100 MHz, DMSO-d,): 21.3 (CH3), 78.3 (CHOH),
105.6, 125.8, 128.7, 130.8, 134.5 (C quat), 111.6, 119.5,
123.3, 126.5, 133.5 (C tert), 171.8 (C=0).

4.4.8. 3-(5-Methyl-1H-indol-3-yl)-1H-2,5-dihydro-pyr-
rol-2-one (4b). Ochre solid. Mp >300 °C. IR (KBr) vc—c
1606 cm™!, ve—o 1649 cm™!, wyy 3100-3300 cm~!.
HRMS (ESI+) [M+Na]* caled for C;3H;2N,ONa
235.0847, found 235.0853.

'H NMR (400 MHz, DMSO-d): 2.47 (3H, s), 4.05 (2H, s),
7.02 (1H, dd, J,=8.0Hz, J,=1.0Hz), 7.36 (1H, d,
J=8.0 Hz), 7.41 (1H, d, J=1.5 Hz, Hy), 7.71 (1H, br s),
8.22 (1H, d, J=2.5 Hz), 8.40 (1H, s, NH), 11.21 (1H, s, NH).

13C NMR (100 MHz, DMSO-dy): 21.3 (CH3), 45.9 (CH,N),
106.3, 125.7, 128.3, 130.8, 134.4 (C quat), 111.5, 119.3,
123.1, 125.5, 131.5 (C tert), 173.2 (C=0).
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4.4.9. 4-(5-Methyl-1H-indol-3-yl)-1H-5-hydroxy-2,5-di-
hydro-pyrrol-2-one (5b). Off-white solid. Mp 104 °C. IR
(KBr) Ve—=C 1615 Cmil, Vc=0 1682 Cmil, VNH 3274,
3398 cm~!. HRMS (ESI+) [M+Na]* caled for
C13H12N202Na 2510796, found 251.0805.

'H NMR (400 MHz, DMSO-de): 2.47 (3H, s), 5.83 (1H, dd,
J,=9.5 Hz, J,=1.5 Hz), 6.21 (1H, d, J=1.0 Hz, Hy), 6.23
(1H, d, J=9.5 Hz), 7.05 (1H, dd, J,=8.0 Hz, J,=1.0 Hz),
739 (1H, d, J=8.0 Hz), 7.70 (1H, br s), 7.82 (1H, d,
J=2.5Hz), 8.16 (1H, s, NH), 11.59 (1H, s, NH).

13C NMR (100 MHz, DMSO-dg): 21.2 (CH3), 80.5 (CHOH),
107.6, 125.6, 129.4, 134.9, 154.5 (C quat), 111.7, 113.0,
119.8, 123.6, 128.4 (C tert), 172.9 (C=0).

4.4.10. 4-(5-Methyl-1H-indol-3-yl)-1H-2,5-dihydro-pyr-
rol-2-one (6b). Off-white solid. Mp 140 °C. IR (KBr)
ve—e 1605 cm™!, ve—p 1649 cm ™!, vy 3035-3430 cm™ .
HRMS (ESI+) [M+H]* calcd for C3H3N,O 213.1028,
found 213.1027.

'H NMR (400 MHz, DMSO-dy): 2.46 (3H, s), 4.43 (2H, s),
6.28 (1H, d, J=1.0Hz, Hy), 7.05 (1H, dd, J,=8.0 Hz,
J,=1.0Hz), 7.37 (1H, d, J=8.0 Hz), 7.69 (1H, s), 7.81
(1H, s), 7.82 (1H, s), 11.58 (1H, s, NH).

13C NMR (100 MHz, DMSO-dy): 21.2 (CHs), 48.3 (CH,N),
108.6, 125.1, 129.4, 135.1, 152.8 (C quat), 111.8, 114.1,
119.6, 123.6, 126.7 (C tert), 175.1 (C=0).

4.4.11. 3-(5-Benzyloxy-1H-indol-3-yl)-1H-5-hydroxy-2,5-
dihydro-pyrrol-2-one (3c). Off-white solid. Mp >200 °C
(decomposition). IR (KBr) ve—c 1631cm™!, ve—o
1706 cm™!, wnpon 3100-3500 cm~!. HRMS (ESI+)
[M+H]* caled for C;9H;7N,05 321.1239, found 321.1256.

'H NMR (400 MHz, DMSO-dq): 5.22 (2H, s, CH,), 5.58
(1H, dt, J,=9.0Hz, J,=2.0Hz, Hs), 598 (IH, d,
J=9.0 Hz, OH), 6.94 (1H, dd, J,=9.0 Hz, J,=2.0 Hz),
7.12 (1H, t, J=1.5 Hz), 7.36-7.46 (5H, m), 7.55 (2H, d,
J=7.0Hz), 825 (1H, d, J=3.0 Hz), 8.63 (1H, s, NH),
11.33 (1H, d, J=2.5 Hz, NH).

3C NMR (100 MHz, DMSO-ds): 69.9 (CH,O), 78.3
(CHORH), 103.4, 112.3, 112.6, 127.1, 127.6 (3C), 128.3
(20C), 133.5 (C tert), 105.9, 125.9, 130.6, 131.3, 137.8,
153.2 (C quat), 171.8 (C=0).

4.4.12. 3-(5-Benzyloxy-1H-indol-3-yl)-1H-2,5-dihydro-
pyrrol-2-one (4c). Brown solid. Mp 185 °C. IR (KBr)
Vc=C 1620 Cmil, Vc=0 1680 Cmil, VNH 3100-3500 Cmil.
Mass (ESI+) [M+K]* 343, [M+Na]* 327.

'H NMR (400 MHz, DMSO-dy): 4.05 (2H, s), 5.20 (2H, s),
6.92 (1H, dd, J,=9.0 Hz, J,=2.0 Hz), 7.33-7.47 (6H, m),
7.54 (2H, d, J=7.5 Hz), 8.23 (1H, d, J=2.5 Hz), 8.41 (1H,
s, NH), 11.22 (1H, s, NH).

13C NMR (100 MHz, DMSO-ds): 46.0 (CH,N), 69.9
(CH,OBn), 103.4, 112.0, 112.4, 126.1, 127.6, 127.7 (2C),
128.3 (3C), 131.3 (C tert), 106.7, 125.8, 130.6, 131.2,
137.8, 153.0 (C quat), 173.1 (C=0).

4.4.13. 4-(5-Benzyloxy-1H-indol-3-yl)-1H-5-hydroxy-2,5-
dihydro-pyrrol-2-one (5c). Off-white solid. Mp 215-
216°C. IR (KBr) ve—c 1613 cm™!, ve—o 1681 cm™!,
vnuon 3040-3663 cm~!. HRMS (ESI+) [M+H]* calcd for
CoH;7N,03 321.1239, found 321.1242.

'H NMR (400 MHz, DMSO-dq): 5.23 (2H, s), 5.81 (1H, d,
J=9.5 Hz), 6.22 (1H, s), 6.23 (1H, d, J=9.0 Hz), 6.95 (1H,
d, J=9.0 Hz), 7.34-7.46 (5H, m), 7.54 (2H, d, J=7.5 Hz),
7.83 (1H, s), 8.17 (1H, s), 11.61 (1H, s, NH).

13C NMR (100 MHz, DMSO-dg): 69.7 (CH,OBn), 80.5
(CHOH), 103.5, 111.4, 111.9, 112.8, 127.6 (3C), 128.3
(2C), 129.0 (C tert), 107.9, 125.8, 131.7, 137.7, 153.6,
154.3 (C quat), 173.0 (C=O0).

4.4.14. 4-(5-Benzyloxy-1H-indol-3-yl)-1H-2,5-dihydro-
pyrrol-2-one (6¢). Off-white solid. Mp 235-237 °C. IR
(KBI') Vec=C 1606 cmfl, Vc=o0 1651 Cmil, VNH 3200-
3430 cm~!. HRMS (ESI+) [M+H]* caled for C,oH;7N,O,
305.1290, found 305.1297.

'H NMR (400 MHz, DMSO-dy): 4.41 (2H, s), 5.23 (2H, s),
6.29 (1H, s, Hs), 6.94 (1H, d, J=9.0 Hz), 7.34-7.46 (SH, m),
7.54 (2H, d, J=7.5 Hz), 7.82 (2H, s), 11.59 (1H, s, NH).

13C NMR (100 MHz, DMSO-dy): 48.3, 69.7 (CH,), 103.2,
103.5, 112.9, 104.0, 114.0, 127.2, 127.6 (2C), 128.3 (20),
129.0 (C tert), 108.9, 125.3, 132.0, 137.7, 152.7, 153.6 (C
quat), 175.2 (CO).

4.4.15. 4-(5-Hydroxy-1H-indol-3-yl)-1H-5-hydroxy-2,5-
dihydro-pyrrol-2-one (5d). Brown solid. Mp 102-104 °C.
IR (KBr) Ve=cC 1614 cmfl, Vc=0 1678 Cmil, UNH,0H
2981-3599 cm~!. HRMS (ESI+) [M+Na]* calcd for
C2H(N,O3Na 253.0589, found 253.0595.

'H NMR (400 MHz, DMSO-dy): 5.81 (1H, d, J=10.0 Hz),
5.93 (1H, s), 6.23 (1H, d, J=10.0 Hz, OH), 6.75 (1H, d,
J=9.0Hz), 7.14 (1H, s), 7.31 (1H, dd, J,=9.0 Hz,
J,=1.0 Hz), 7.78 (1H, s), 8.16 (1H, s), 8.97 (1H, s), 11.49
(IH’ S, NHindole)'

13C NMR (100 MHz, DMSO-ds): 80.5 (CHOH), 104.2,
111.9, 112.0, 112.6, 128.8 (C tert), 107.2, 126.3, 130.9,
152.1, 154.9 (C quat), 172.8 (C=O0).

4.4.16. 3-(5-Hydroxy-1H-indol-3-yl)-1H-2,5-dihydro-
pyrrol-2-one (4d). Brown solid. Mp 180 °C. IR (KBr)
Ve—e 1618 cm™!, v 1672 cm™ !, vy 3100-3550 cm ™~ L.
Mass (APCI+) [M+H]* 215.

'H NMR (400 MHz, DMSO-dg): 4.04 (2H, s), 6.72 (1H, d,
J=9.0Hz), 720 (1H, s), 7.21 (1H, s), 7.27 (1H, d,
J=9.0 Hz), 8.18 (1H, s), 8.39 (1H, s), 8.84 (1H, br s),
11.08 (1H, s, NH).

13C NMR (100 MHz, DMSO-ds): 45.9 (CH,), 103.9, 111.6,
112.1, 125.8, 130.5 (C tert), 106.0, 126.3, 130.4, 131.0,
151.4 (C quat), 173.2 (C=0).

4.4.17. 2H,5H,7H-1,3,4,6-Tetrahydro-dipyrrolo[3,4-
a:3,4-c]carbazole-1,4,6-trione (7). A mixture of maleimide
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(244 mg, 2.51 mmol) and compound 4a (100 mg,
0.505 mmol) in xylene (14 mL) was refluxed for 3 days.
After cooling, the yellow precipitate was filtered off
washed with xylene and dried. The yellow solid (144 mg,
0.491 mmol, 97% yield) corresponds to an isomeric mixture
of Diels—Alder adducts. The mixture of isomers (84 mg,
0.286 mmol) in dioxane (22 mL) was refluxed for 36 h in
the presence of trifluoroacetic acid (293 pL). After evapora-
tion, EtOAc was added to the residue. The mixture was
filtered off. The solid was successively washed with satu-
rated aqueous NaHCOj3, brine, and EtOAc to give compound
7 as a yellow-brown solid (22 mg, 0.075 mmol, 27% yield).

Mp >310°C. IR (KBr) re—o 1690, 1700, 1720 cm ™", vy
3387 cm~!. HRMS (ESI+) [M+H]" calcd for C;4H;(N3O5
292.0722, found 292.0745.

'H NMR (400 MHz, DMSO-d,): 4.77 (2H, s), 7.34 (1H, t,
J=75Hz), 761 (IH, t J=8.0Hz), 7.73 (1H, d,
J=7.5Hz), 9.08 (1H, s), 9.25 (1H, d, J=8.0 Hz), 11.40
(1H, s), 12.37 (1H, s).

Due to its insolubility, the '*C NMR spectrum could not be
recorded.

4.4.18. 10-Methyl-2H,5H,7H-1,3,3a,3b,4,6,6a,11c-octa-
hydro-dipyrrolo[3,4-a:3,4-c]carbazole-1,4,6-trione (8).
A mixture of maleimide (179 mg, 1.84 mmol) and com-
pound 4b (78 mg, 0.37 mmol) in xylene (10 mL) was re-
fluxed for 3 days. After cooling, the mixture was filtered
off and the solid residue was washed with xylene then dried
to give 8 as an off-white solid (116 mg, 0.37 mmol, 100%
yield).

Mp >295 °C. IR (KBr) ve—o 1715, 1777 cm ™!, vy 3061—
3684 cm~!. HRMS (ESI+) [M+H]* calcd for C;7H;¢N305
310.1192, found 310.1178.

'"H NMR (400 MHz, DMSO-dg): 2.37 (3H, s), 2.82 (1H, t,
J=9.5Hz), 3.11 (1H, t, J=9.0 Hz), 3.25 (1H, m), 3.51
(1H, t, J=7.0 Hz), 3.56 (1H, d, J=7.0 Hz), 4.38 (1H, d,
J=8.5Hz), 692 (1H, d, J=8.0Hz), 7.28 (l1H, d,
J=8.5Hz), 7.58 (1H, s, NH), 7.75 (1H, s), 11.12 (1H, s,
NH), 11.52 (1H, s, NH).

13C NMR (100 MHz, DMSO-dg): 21.3 (CH3), 41.3 (CH,N),
35.6, 38.6, 40.3, 40.7 (CH), 110.7, 120.2, 122.8 (C tert),
102.2, 125.9, 126.3, 126.7, 135.3 (C quat), 175.1, 177.0,
178.5 (C=O0).

4.4.19. 10-Methyl-2H,5H,7H-1,3,4,6-tetrahydro-dipyr-
rolo[3,4-a:3,4-c]carbazole-1,4,6-trione (9). A solution of
8 (104 mg, 0.34 mmol) in dioxane (11 mL) and trifluoroace-
tic acid (266 pL) was stirred at 80 °C for 48 h. After evapo-
ration, water was added to the residue, the mixture was
filtered off, the solid was washed with water and with small
amounts of EtOAc to give 9 as an orange solid (80 mg,
0.263 mmol, 78% yield).

Mp >300 °C. IR (KBr) ve—o 1716, 1758 cm™!, vy 3208—
3664 cm~!. HRMS (ESI+) [M+H]" calcd for C;;H;,N;05
306.0879, found 306.0894.

'H NMR (400 MHz, DMSO-d): 2.50 (3H, s), 4.75 (2H, s),
7.43 (1H, d, J=8.0 Hz), 7.61 (1H, d, J=8.0 Hz), 9.05 (2H, s),
11.36 (1H, s), 12.23 (1H, s).

Due to its insolubility, the '3C NMR spectrum could not be
recorded.

4.4.20. 10-Benzyloxy-2H,5H,7H-1,3,4,6-tetrahydro-di-
pyrrolo[3,4-a:3,4-c]carbazole-1,4,6-trione (10). A mix-
ture of maleimide (122 mg, 1.25 mmol) and compound 4c
(74 mg, 0.25 mmol) in xylene (6 mL) was refluxed for
18 h. After cooling, the mixture was filtered off and the solid
residue was washed with CH,Cl, then was dried to give an
orange solid as a mixture of isomers (97 mg, 0.25 mmol,
quantitative yield).

The mixture of isomers (90 mg, 0.23 mmol), dioxane (6 mL)
and trifluoroacetic acid (2.2 mmol, 172 pL) was stirred at
80 °Cfor48 h. After evaporation, water was added to the resi-
due, the mixture was filtered off and the solid residue was
washed repeatedly with water and small amounts of EtOAc
to give 10 (61 mg, 0.15 mmol, 65% yield) as a dark red solid.

Mp >300°C. IR (KBr) vc—c 1617 cm™!, ve—o 1722,
1774 cm™!, vy 3100-3550 cm™!. HRMS (ESI+) [M+Na]*
calcd for C3H,;5N304Na 420.0960, found 420.0974.

'H NMR (400 MHz, DMSO-dy): 4.76 (2H, s), 5.21 (2H, s),
7.33-7.65 (7TH, m), 8.95 (1H, d, J=2.0 Hz), 9.07 (1H, s),
11.37 (1H, s), 12.21 (1H, s).

Due to its insolubility, the '*C NMR spectrum could not be
recorded.

4.4.21. 10-Hydroxy-2H,5H,7H-1,3,3a,3b,4,6,6a,11c-octa-
hydro-dipyrrolo[3,4-a:3,4-c]carbazole-1,4,6-trione (11).
A mixture of maleimide (40 mg, 0.48 mmol) and 4d
(92 mg, 0.43 mmol) in xylene (5 mL) was refluxed for
24 h. After cooling, the mixture was filtered off and the solid
residue was washed with CH,Cl, then was dried to give 11
(40 mg, 0.13 mmol, 30% yield) as a dark orange solid.

Mp >300°C. IR (KBr) vc—o 1691, 1763 cm™, ryion
3300-3550 cm~!. Mass (ESI+) [M+H]* 312.

'H NMR (400 MHz, DMSO-d): 2.94 (1H, m), 3.27 (1H, t,
J=8.0 Hz), 3.47 (1H, t, J=9.0 Hz), 3.61 (1H, t, J=10.0 Hz),
4.23-4.29 (2H, m), 6.28 (1H, s), 6.59 (1H, d, J=8.0 Hz),
6.63 (1H, d, J=8.0 Hz), 7.83 (1H, s), 8.06 (1H, s), 8.67
(1H, s), 10.94 (1H, s).

13C NMR (100 MHz, DMSO-dy): 41.1 (CH,N), 36.2, 42.7,
60.5, 70.0 (CH), 110.4, 113.2, 119.8 (C tert arom), 119.5,
122.8, 143.1, 148.8, 149.8 (C quat arom), 168.4, 175.7,
178.4 (C=0).

4.4.22. 10-Hydroxy-2H,5H,7H-1,3,4,6-tetrahydro-dipyr-
rolo[3,4-a:3,4-c]carbazole-1,4,6-trione (12). A solution of
11 (80 mg, 0.257 mmol) in dioxane (8 mL) was stirred at
80°C for 48h in the presence of trifluoroacetic acid
(2.56 mmol, 200 puL). After evaporation, water was added
to the residue, the mixture was filtered off and the solid resi-
due was washed successively with water and small amounts
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of EtOAc to give 12 (52 mg, 0.169 mmol, 66% yield) as
a red solid.

Mp >300 °C. IR (KBr) vc—o 1711 cm™', vy on 3200
3672 cm~!. HRMS (ESI+) [M+H]* calcd for C,¢H;(N3O,
308.0671, found 308.0672.

'H NMR (400 MHz, DMSO-de): 4.75 (2H, s), 7.11 (1H, dd,
J,=9.0 Hz, J,=2.0 Hz), 7.54 (1H, d, J=9.0 Hz), 8.66 (1H, d,
J=2.0 Hz), 9.02 (1H, s), 9.27 (1H, s), 11.33 (1H, s), 12.06
(1H, s).

Due to its insolubility, the '*C NMR spectrum could not be
recorded.

4.4.23. 2H,5H,7H-1,3,4,6-Tetrahydro-dipyrrolo[3,4-a:
3,4-c]carbazole-3,4,6-trione (13). A mixture of 5Sa
(241 mg, 1.126 mmol) and maleimide (131 mg, 1.35 mmol)
in xylene (20 mL) was refluxed for 4 days. After filtration,
the solid residue was washed with water to give an isomeric
mixture of the Diels—Alder adducts as a brown solid
(254 mg, 0.86 mmol, 77% yield).

A solution of the isomeric mixture (60 mg, 0.205 mmol) in
dioxane (7 mL) was refluxed for 21 days in the presence
of trifluoroacetic acid (900 pL). After evaporation, EtOAc
was added to the residue. The mixture was filtered off, and
the solid was successively washed with saturated aqueous
NaHCO;, water, and EtOAc to give 13 as a brown solid
(32 mg, 0.110 mmol, 54% yield).

Mp >300 °C. IR (KBr) vc—o1710, 1720, 1780 cm ™', va_p
3000-3500 cm™!. Mass (ESI+) [M+H]* 292. HRMS
(ESI+) [M+Na]* calcd for C;¢HoN3;OsNa 314.0542, found
314.0556.

'H NMR (400 MHz, DMSO): 5.03 (2H, s), 741 (1H, t,
J=17.5 Hz), 7.63 (1H, t, J=7.5 Hz), 7.78 (1H, d, J=8.0 Hz),
8.12 (1H, d, J=8.0 Hz), 8.76 (1H, s, NH), 11.21 (1H, s, NH),
12.46 (1H, s, NH). Due to its insolubility, the '*C NMR spec-
trum could not be recorded.

4.4.24. 10-Methyl-2H,5H,7H-1,3,4,6-tetrahydro-dipyr-
rolo[3,4-a:3,4-c]carbazole-3,4,6-trione (14). A mixture of
compound Sb (120 mg, 0.53 mmol) and maleimide
(61 mg, 0.62 mmol) in xylene (5 mL) was refluxed for 3
days. After filtration, the solid was washed with water and
dried to give an isomeric mixture of the Diels—Alder adducts
(161 mg, 0.52 mmol, 100% yield) as a brown solid.

A solution of the isomeric mixture (150 mg, 0.49 mmol) in
dioxane (16 mL) was refluxed for 48 h in the presence of tri-
fluoroacetic acid (2.2 mL). After evaporation, EtOAc was
added to the residue. The mixture was filtered off to give
14 (75 mg, 0.24 mmol, 46% yield) as a brown solid.

Mp >300 °C. IR (KBr) vc—o 1719, 1770 cm ™!, vy 3100—
3550cm~!. HRMS (ESI+) [M+Na]* caled for
C,7H,,N505Na 328.0698, found 328.0681.

'H NMR (400 MHz, DMSO-dy): 5.01 (2H, s), 7.45 (1H, d,
J=8.5 Hz), 7.66 (1H, d, J=8.0 Hz), 7.92 (1H, s), 8.76 (1H,
s, NH), 11.18 (1H, s, NH), 12.34 (1H, s, NH).

Due to its insolubility, the '*C NMR spectrum could not be
recorded.

4.4.25. 10-Benzyloxy-2H,5H,7H-1,3,3a,3b,4,6,6a,11c-oc-
tahydro-dipyrrolo[3,4-a:3,4-c]carbazole-3,4,6-trione
(15). A mixture of 5¢ (90 mg, 0.28 mmol) and maleimide
(34 mg, 0.35 mmol) in xylene (7 mL) was refluxed for
48 h. After filtration, the solid was washed with water and
dried to give 15 (102 mg, 0.26 mmol, 91% yield) as
a brown-orange solid.

Mp >300 °C. IR (KBr) vc—o 1719, 1778 ecm™!, vy 3100
3550 cm™!. HRMS (ESI+) [M+H]" calcd for Co3H;sN3O4
400.1297, found 400.1285.

'"H NMR (400 MHz, DMSO-d;): 4.33-4.39 (2H, m), 4.59
(1H, d, J=11.0 Hz), 4.64 (1H, d, J=17.5 Hz), 5.16 (2H, s),
6.89 (1H, dd, J,=9.0Hz, J,=2.0Hz), 7.13 (I1H, d,
J=2.0 Hz), 7.36-7.52 (6H, m), 7.97 (1H, s, NH), 11.72
(1H, s, NH), 11.73 (1H, s, NH).

13C NMR (100 MHz, DMSO-d,): 45.2, 69.6 (CH,), 42.3,
46.7 (CH), 102.4, 111.2, 113.1, 127.6 (2C), 127.7, 128.3
(20) (C tert), 105.2, 115.7, 123.1, 132.1, 133.0, 137.4,
148.3, 153.4 (C quat), 172.3, 177.3, 177.5 (CO).

4.4.26. 10-Benzyloxy-2H,5H,7H-1,3,4,6-tetrahydro-
dipyrrolo[3,4-a:3,4-c]carbazole-3,4,6-trione (16). A mix-
ture of compound 15 (50 mg, 0.12 mmol) and DDQ
(28 mg, 0.12 mmol) in dioxane (5 mL) was stirred over-
night. After removal of the solvent, the residue was washed
successively with water, EtOAc, and small amounts of THF.
Compound 16 (19 mg, 0.05 mmol, 40% yield) was isolated
as a brown solid.

Mp >300°C. IR (KBr) ve—c 1617 cm™!, ve—o 1722,
1774 cm™!, vny 31003500 cm™~!. Mass (ESI+) [M+H]*
398. HRMS (ESI+) [M+Na]* caled for C,3H;sN;O4Na
420.0960, found 420.0955.

'H NMR (400 MHz, DMSO-dy): 5.03 (2H, s), 5.29 (2H, s),
7.36-7.70 (8H, m), 8.79 (1H, s, NH), 11.19 (1H, s, NH),
12.33 (1H, s, NH).

Due to its insolubility, the '3C NMR spectrum could not be
recorded.

4.4.27. 10-Hydroxy-2H,5H,7H-1,3,3b,4,6,6a-hexahydro-
dipyrrolo[3,4-a:3,4-c]carbazole-3,4,6-trione (17). A mix-
ture of Sd (120 mg, 0.52 mmol) and maleimide (61 mg,
0.62 mmol) in xylene (14 mL) was refluxed for 48 h. After
filtration, the solid was washed with water and dried to
give 17 (129 mg, 0.42 mmol, 81% yield) as an off-white
solid.

Mp >300°C. IR (KBr) ve—o 1708, 1778 cm™ !, vnpon
3200-3550 cm~!. Mass (ESI+) [M+H]* 310, [M+Na]*
332. HRMS (ESI+) [M+Na]* caled for C;¢H;;N;O,Na
332.0647, found 332.0664.

'H NMR (400 MHz, DMSO-dy): 4.32 (1H, d, J=18.0 Hz),
436 (1H, d, J=11.0 Hz), 4.54 (1H, d, J=19.0 Hz), 4.57
(1H, d, J=11.0 Hz), 6.69 (1H, dd, J,=9.0 Hz, J,=2.0 Hz),
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6.84 (1H, d, J=2.0 Hz), 7.29 (1H, d, J=9.0 Hz), 7.88 (1H, s,
NH), 8.96 (1H, s), 11.57 (1H, s, NH), 11.71 (1H, s, NH).

Due to its insolubility, the '*C NMR spectrum could not be
recorded.

4.5. Chkl1 inhibitory assays

Human Chkl full-length enzyme with an N-terminal GST
sequence was either purchased from Upstate Biochemicals
(No. 14-346) or purified from extracts of Sf9 cells infected
with a baculovirus encoding GST-Chkl. Assays for com-
pound testing were based upon the method described by
Davies et al.?8

4.6. Growth inhibition assays

Tumor cells were provided by American Type Culture Col-
lection (Frederik, MD, USA). They were cultivated in RPMI
1640 medium (Life Science technologies, Cergy-Pontoise,
France) supplemented with 10% fetal calf serum, 2 mM
L-glutamine, 100 units/mL penicillin, 100 ng/mL strepto-
mycin, and 10 mM HEPES buffer (pH=7.4). Cytotoxicity
was measured by the microculture tetrazolium assay as
described.?’ Cells were continuously exposed to graded
concentrations of the compounds for four doubling times,
then 15 pL of 5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide was added to each well and
the plates were incubated for 4 h at 37 °C. The medium
was then aspirated and the formazan solubilized by 100 pL
of DMSO. Results are expressed as ICs,, concentration,
which reduced by 50% the optical density of treated cells
with respect to untreated controls.
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Abstract—Variously substituted 1,10-phenanthrolines are reduced to octahydrophenanthrolines in moderate to good yields with NaBH3;CN
in acetic acid/methanol. The exact solvent composition is important to avoid the formation of tetrahydrophenanthrolines and N-alkylated by-
products, and to optimize the formation of octahydrophenanthrolines. Resolution of a racemic reduction product gives an enantiomerically
pure C,-symmetric diamine from which the corresponding rigid benzimidazolylidene is prepared, whereas reduction of chiral phenanthrolines
derived from bicyclic ketones affords diastereomerically pure diamines, which may also be converted to benzimidazolylidenes.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

N-Heterocyclic carbenes (NHCs) with an imidazolidine
framework can be classified into one of three general struc-
tural types: (a) saturated imidazolinylidenes (e.g., 1, Fig. 1),
(b) unsaturated imidazolylidenes (2), and (c) benzimidazo-
lylidenes (3).! Imidazolylidenes and imidazolinylidenes
are being extensively examined as reagents for asymmetric
synthesis, although benzimidazolylidenes (3) have not been
scrutinized to the same degree.? This may be because current
synthetic approaches used to prepare benzimidazole-based
NHCs are more limited, making the preparation of chiral
analogs a challenging endeavor. Examples of chiral benz-
imidazolium salts that have been reported include o.-methyl-
benzyl derivatives by Diver et al.>* (3a,b, Fig. 2), acetonides
4 and 5 by Marshall et al.,> and Benaglia et al..° and
binaphthyl 6 by Duan et al.”

The preceding chiral NHCs are typically prepared by the in-
troduction of one or two chiral substituents o to nitrogen by
aryl amination,’ or by quaternization®® of the imidazole ni-
trogen. While analogous methods have been used to prepare
chiral imidazolinylidene (1) and imidazolylidene NHCs
(2),'° existing methodology is less applicable for the prepa-
ration of chiral benzimidazolylidenes.? For example, chiral-
ity in the backbone of benzimidazolylidenes (3), such as in
Grubbs’ imidazolinylidene'' 1, is precluded by the presence

Keywords: Phenanthrolines; N-Heterocyclic carbenes; Benzimidazolyl-

idenes; Reduction; Diastereoselective.
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of a fused aromatic ring. In addition, condensation of chiral
amines with glyoxal, as in the preparation imidazolylidene
2,'213 is not possible for benzimidazolylidenes. As a result,
the current state-of-the-art for the synthesis of chiral benz-
imidazolylidenes such as 3 involves double Pd-catalyzed aryl
amination of 1,2-dibromobenzene, followed by formylative
ring closure.>* The use of 2-nitrophenyl isocyanide, which
holds promise for the synthesis of non-chiral benzimidazolyl-
idenes, may not be adaptable to chiral derivatives.'*

The main limitation of established routes to chiral benzimi-
dazolylidenes is that chirality often occurs in freely-rotating
acyclic pendant groups (3a,b), or in remote positions (4) that
may not give well-defined chiral environments in catalytic
processes (Fig. 2).!> Consequently, chiral benzimidazolyl-
idenes remain underrepresented as potential reagents for
asymmetric synthesis, even though their electronic charac-
teristics are intermediate between imidazolylidenes (2) and

Ph,  Ph
";—< i-Pr,
D My

i-Pr
1 2

N_N\(Ar
N
Ph Ph
YNVN\(
3

Figure 1. Examples of imidazolinylidenes (1), imidazolylidenes (2), and
benzimidazolylidenes (3).
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Figure 2. Examples of chiral benzimidazolylidenes.

imidazolinylidenes (1).> In fact, benzimidazolylidenes have

the advantage of being electronically tuneable by the intro-

duction of substituents para to nitrogen on the aromatic
o 16

ring.

Given that free NHCs are often prepared by deprotonation
of azolium salts,® new approaches toward the preparation
of chiral benzimidazolium salts may lead to their structural
diversification and increase their utility. The structural
diversification of chiral benzimidazolylidenes is warranted
considering that they have shown promise recently as
organocatalysts!”!¢ and in Rh-catalyzed reductions,” and
because they are vastly outnumbered” in comparison to imi-
dazol(in)ylidenes for which desirable structural trends are
emerging. '

Substituted 1,10-phenanthrolines have a rich history as
ligands for transition-metal catalysis, but the majority of
reported compounds retain the aromaticity of the entire
tricyclic core.'® Less attention has been directed toward
the use of reduced phenanthrolines as precursors for new
ligands.'® It is known that nitrogen containing 7t-deficient
heteroaromatics (pyridines, quinolines) undergo reduction
to piperidines or tetrahydroquinolines under a wide range
of conditions,?*?! including the use of borohydrides in
acid.?? The use of borohydride reagents for the reduction
of variously substituted 1,10-phenanthrolines to octahydro-
phenanthrolines has not been investigated, but is attractive
in that the diamine products may serve as precursors to rigid
benzimidazolium salts after treatment with orthoesters.

Previously, we have demonstrated the feasibility of this ap-
proach by synthesizing a catalytically active bis(benzimid-
azolylidene)palladium complex (10) in three steps from fully
aromatic 1,10-phenanthroline (Scheme 1).2*!2 The key
step in the preparation of this ligand involved a convenient
reduction of the pyridyl rings in 1,10-phenanthroline with
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sodium cyanoborohydride in refluxing AcOH/MeOH to pro-
vide octahydro-1,2,3,4,7,8,9,10-phenanthroline 8 in useful
yield. This method precluded the need for high-pressure hy-
drogenation to prepare diamine 8.2* It was envisioned that
the tetracyclic framework exemplified by 9 may serve as
a prototype for the preparation of rigid chiral benzimidazo-
lylidenes containing stereogenic centers o to nitrogen, but
without freely-rotating pendant groups. In order to realize
this potential, two questions first required an answer regard-
ing the methodology: (a) could sterically encumbered
phenanthrolines bearing substituents at the 2-, 2,9- and 2,3-
positions (Scheme 4) be reduced with equal facility to the
corresponding octahydrophenanthrolines using NaBH;CN
in AcOH, and (b) could substituted phenanthrolines bearing
chiral moieties be diastereoselectively reduced to provide
stereochemically pure diamines for the preparation of struc-
turally rigid benzimidazolylidenes. Herein we report the
results of these studies.

2. Results and discussion

To answer the first question regarding the scope of the reduc-
tion conditions on substrates with greater steric demand
than 7, a series of 2-, 2,9- and 2,3-substituted 1,10-phenan-
throlines were prepared by established methods such as
nucleophilic aromatic substitution—oxidation for 2- and 2,9-
derivatives, or de novo synthesis for 2,3-derivatives. Thus,
treatment of 7 with 1.1 equiv of MeLi, BuLi, i-PrLi, PhLi
or -BuLi, in THF or toluene, followed by MnO, oxidation
of the intermediate dihydro adducts, provided the required
2-substituted phenanthrolines 11 (Scheme 2).23-2¢ Similarly,
the 2,9-disubstituted phenanthrolines 12 were prepared by
treatment of 7 with 3 equiv of MeLi, BuLi, i-PrLi or
PhLi.?” The 2,3-disubstituted derivatives were prepared
via the Friedlinder?®?° reaction, as in the condensation of
quinoline 13 with cyclohexanone.*-3!

7\ A\ NaBH;CN HC(OEt)3 C@}
=N N=/ AcOH/MeOH < NSH HEN > 1 equiv HCI NN
reflux 80 °C 0
7 (42%) 8 (89%) 9

0.5 equiv Pd(OAc),

THF, reflux
(84%)

Scheme 1. A benzimidazolylidene derived from octahydrophenanthroline.

N G N
P
N ¢ N

10
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1. 1.1 equiv RLi

THF or PhMe
2. MnO,
(58-84%)

</ \; 2 \>
- =

7

1. 3 equiv RLi
THF or PhMe

2. Mn02
(51-80%)

Scheme 2. Preparation of 2-, 2,9- and 2,3-substituted phenanthrolines.

2.1. Reduction of achiral 2-, 2,9- and 2,3-substituted
phenanthrolines

Early investigations into the reduction of substituted com-
pounds focused on optimizing the conditions required to
reduce 2-phenyl-1,10-phenanthroline (11a, R=Ph) to the
corresponding octahydrophenanthroline. Reduction of 11a
with NaBH;CN in 50:50 AcOH/MeOH gave tetrahydrophe-
nanthroline 15 in 60% yield in which only the unsubstituted
pyridyl ring was reduced (Scheme 3). In an attempt to force
the reduction of the substituted ring, the reaction was
repeated in neat AcOH. Under these conditions, only N-ethyl-
tetrahydrophenanthroline 16 was isolated in 57% yield.
These results mirror similar observations made by Gribble
and Heald?? in the NaBH,/AcOH mediated reductive alkyl-
ation of tetrahydroquinoline 17 (Scheme 3), which afforded
N-ethyltetrahydroquinoline (18). At first, the exclusive
formation of 16 in neat AcOH implied that it would not be
possible to reduce the phenyl-substituted ring under any con-
ditions using NaBH3;CN. However, a series of experiments in
which the solvent composition was varied by 10% incre-
ments from 50:50 AcOH/MeOH to neat AcOH revealed an
interesting trend. Whereas products 15 and 16 were isolated
exclusively using 50:50 AcOH/MeOH or neat AcOH, respec-
tively, a mixture of 15 (43%) and the desired 2-phenylocta-
hydrophenanthroline 19a (21%) was isolated using 60:40
AcOH/MeOH as the solvent medium. Using 70:30 AcOH/
MeOH gave 15 and 19a in 21 and 30% yields, respectively,
while 80:20 AcOH/MeOH afforded predominantly the de-
sired 19a in 57% yield. Raising the acetic acid concentration
to 90:10 resulted in a significant decrease in the yield of 19a
(18%), along with concomitant formation of 16 (17%).

ase
CQQ
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cHo ©
t-BuOK
NHz  +BuOH
_N 100 °C
sealed tube
13 (86%) 14

The preceding results indicate that the formation of tetrahy-
drophenanthroline 15 is relatively facile, but that two com-
peting reactions occur on the initially formed intermediate
depending on the proportion of acid present. In neat acetic
acid, ethylation of the newly formed piperidyl nitrogen
appears to proceed faster than reduction of the phenyl-
substituted pyridyl ring, whereas utilizing proportionately
less acetic acid (80%) allows reduction of the substituted
pyridyl ring to predominate. The fact that N-ethylation in-
hibits further reduction of 16 may be tentatively attributed
to the greater basicity of the N-ethyl piperidyl nitrogen
compared to the remaining pyridyl nitrogen.

Based on the experiments performed on 11a, the remaining
2- and 2,9-substituted phenanthrolines were subjected to
reduction using a solvent mixture of either 70:30 or 80:20
AcOH/MeOH. Yields of racemic 2-substituted octahydro-
phenanthrolines ranged from 57% for 2-Me to 70% for
2-i-Pr (19a-d, Scheme 4). The 2-fert-Butyl-octahydro-
phenanthroline (19e) was produced in lower 23% yield,
indicating a steric limitation in the reduction of these
systems with NaBH;CN.>> When 2,9-disubstituted deriva-
tives were subjected to the same reduction conditions,
octahydrophenanthrolines 19f-i were produced in yields of
62-73% as mixtures of meso and rac isomers. Reduction
of 8,9,10,11-tetrahydro-benzo[b][1,10]phenanthroline (14)
afforded the corresponding octahydrophenanthroline 20 as
a mixture of syn and anti isomers in 54% yield. Thus, with
the exception of 19e, useful yields of octahydrophenanthro-
lines may be obtained by treatment of achiral 2-, 2,9- and
2,3-substituted phenanthrolines with NaBH3;CN in AcOH/
MeOH.

NaBH3CN
AcOH/MeOH NH N— NH HN
ph reflux
AcOH:MeOH yld, % 15  yld, % 16 yld, % 19a

50:50 60 0 0

NaBH4 60:40 43 0 21

70:30 21 0 30

AcOH N 80:20 <5 0 57

) 90:10 0 17 18

100:0 0 57 0

Scheme 3. Effect of solvent in the reduction of 2-phenyl-1,10-phenanthroline to 2-phenyl-1,2,3,4,7,8,9,10-octahydro-1,10-phenanthroline (19a).
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NaBH3CN
/7 \ N\ 7:30r8:2
—N — A(;l()H/MeOH NH HN
2 1 refiux 2 1
R® 110or12 R R® q0aq R
Compound R R2 Prod. yld, % 19
11a Ph H 19a 57
11b Me H 19b 57
11c nBu H 19¢ 63
11d i-Pr H 19d 70
11e t-Bu H 19e 23
12a Ph Ph 19f 63
12b Me Me 199 73
12¢ nBu  nBu 19h 65
12d i-Pr -Pr 19i
NaBH3CN
“ACOHMeOH
reflux
(54%)

Scheme 4. Reduction of variously 2-, 2,9- and 2,3-substituted phenanthro-
lines.

2.2. Resolution of 2,9-diphenyloctahydrophenanthroline
and NHC synthesis

Recently, Herrmann et al. have reported an expedient resolu-
tion of rac-2,2'-bipiperidine as a cyclic chiral phosphorus(V)
adduct, prepared in one pot from PCl3, (—)-menthol, and ele-
mental sulfur.>? This procedure is potentially applicable for
the resolution of C,-symmetric 2,9-substituted octahydro-
phenanthrolines (19f—i). As a test case, meso/rac-2,9-diphe-
nyloctahydrophenanthroline (19f) was treated with PCl;
which, following addition of (—)-menthol and Sg, afforded
the analogous cyclic adducts 21a—c (Scheme 5) as a mixture
of three diastereomers in approximately equal amounts, as
determined by 'P NMR spectroscopy. Recrystallization of
the crude mixture of adducts 21a—c allowed for the purifica-
tion of two of these diastereomers (21a,b), which were
individually converted back to the free diamines 19f with
LiAlH, in refluxing THF. Of the separated diamines, the
product derived from 21a had a large negative optical

1.PCls
NH HN 2. (-)-menthol N. N
PH 3.Sg )4
(86%) s o

meso/rac-19f

Scheme 5. Separation of (—)-19f and meso-19f via covalent diastereomers.

crystallize
it A
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HC(OEt);

HCl
(75%)

PR Ph

NaH, Sg
THF
(56%)

Scheme 6. A C,-symmetric benzimidazolylidene derived from (—)-19f
trapped as a thiourea (23).

rotation,>? while the product derived from 21b was optically
inactive, indicating that it was meso-19f. Treatment of (—)-
19f with triethyl orthoformate and HCI furnished the rigid
C>-symmetric benzimidazolium salt 22, which was deproto-
nated and trapped with elemental sulfur to give thiourea 23,
thus indicating the generation of the putative free NHC
(Scheme 6). The stereochemistry of 21a was determined
by X-ray crystallographic analysis (Fig. 3).

Figure 3. ORTEP® plot of 21a at 30% probability. Hydrogen atoms are
omitted for clarity.

NH HN

meso-19f
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2.3. Benzimidazolylidenes derived from chiral
2,3-substituted phenanthrolines

The introduction of chiral moieties into otherwise flat
phenanthrolines normally involves de novo construction of
the phenanthroline from chiral ketones,** analogous to the
preparation of achiral cyclohexanone adduct 14. Judicious
selection of chiral bicyclic ketones with endo and exo faces
would be expected to provide a degree of stereoselectivity
during subsequent reduction to the octahydrophenanthro-
lines. This would avert the potentially tedious task of sepa-
rating syn and anti diastereomers, as was the case in the
reduction of 14. For example, the bicyclic adduct derived
by the Friedlander condensation of 13 with (+)-norcamphor
(24, Scheme 7) would be expected to undergo hydride attack
and protonation primarily from the exo face to afford the syn
diastereomer. Similarly, reduction of the (+)-nopinone
adduct? 25 ought to occur mainly from the ‘endo’ face be-
cause of the presence of exo geminal methyl groups, also
resulting in the selective formation of a syn diastereomer.

These predictions were borne out experimentally. Treatment
of the norcamphor-derived phenanthroline 24 with NaBH;CN

Of
— +BuOH
N NH; 100 °C

13 (77%)

t-BUOK, t-BUOH, 100 °C
(85%)

Scheme 7. Preparation and reduction of chiral 2,3-substituted phenanthrolines.

H HC(OEt)3

NH,BF,
H (74%)

NH HN

HC(OEt);

HCI
(81%)

V0 (64%)
1

in 80:20 AcOH/MeOH provided the tetrahydrophenanthro-
line 26 (33%), along with the desired octahydrophenanthro-
line 27 (27%) as a single diastereomer, as determined by 'H
and '3C NMR analyses. Reduction of the (+)-nopinone ad-
duct 25 under the same conditions afforded the analogous
products 28 and 29. Examination of the 'H and '*C NMR
spectra established that the reduction had been completely
stereoselective, with only one product being discernible.
All attempts to increase the yield>® of 27 and 29 by perform-
ing the reduction in neat acetic acid resulted only in the
formation of the corresponding N-ethylated tetrahydrophe-
nanthrolines, as observed previously for 11a.

Nevertheless, diamines 27 and 29 readily cyclized upon
treatment with triethyl orthoformate and 1 equiv of acid
(NH4BFE, or HCI) to the rigid chiral benzimidazolium salts
30 and 31 (Scheme 8). Deprotonation of these salts with
NaH in the presence of elemental sulfur afforded thioureas
32 and 33 via the putative free NHCs. Spectroscopic analysis
confirmed that the stereochemical integrity of the benzimi-
dazolium salts was retained in the corresponding thioureas.
Moreover, COSY and NOESY?’ experiments established
the syn relative stereochemistry of 32 and 33, as depicted

N\
NH N=
NaBH3CN
80:20 26 (33%)
AcOH/MeOH
reflux H
NH HN
H
27 (27%)
4
—N HN
NaBH;CN 0
80:20 28 (34%)
AcOH/MeOH *
reflux

29 (23%)

NaH, Sg

THF
(63%)

NaH, Sg
THF

Scheme 8. Preparation of rigid chiral benzimidazolium salts and sulfur trapping experiments of their derived NHCs.



11150 C. Metallinos et al. / Tetrahedron 62 (2006) 11145-11157

Figure 4. ORTEP® plot of 32 at 30% probability.

in Scheme 8, indicating that reduction of phenanthrolines 24
and 25 had occurred from the exo and endo faces, respec-
tively. Crystals of 32 suitable for X-ray crystallographic
analysis were grown and the molecular structure (Fig. 4)
was obtained to verify the stereochemical assignment
made by the COSY and NOESY experiments.>®

3. Conclusions

It has been demonstrated that variously 2-, 2,9- and 2,3-
substituted phenanthrolines may be reduced to octahydro-
phenanthrolines in useful yields with NaBH3;CN in refluxing
7:3 or 8:2 AcOH/MeOH. Resolution of 2,9-diphenyloctahy-
drophenanthroline (19f) as a chiral phosphorus(V) adduct?>
gives access to a rigid C,-symmetric benzimidazolylidene
by deprotonation of the benzimidazolium salt (22). The re-
duction methodology may be extended to chiral phenanthro-
lines bearing bicyclic moieties, resulting in a high degree of
diastereoselectivity by virtue of predominant exo (24) or
endo (25) approach of the reagents (albeit in lower yields).
The resulting optically active diamines may be cyclized to
provide rigid chiral benzimidazolium salts, from which it
is possible to generate the putative free NHCs with NaH,
as indicated by trapping experiments with sulfur. The rela-
tive stereochemistry of thioureas 32 and 33 was established
by COSY and NOESY NMR experiments, and for 32 it was
further confirmed by X-ray analysis.>’

We are currently exploring the resolution of C,-symmetric
amines 19h—i, as well as the preparation of structurally
more diverse 2- and 2,9-substituted octahydrophenanthro-
lines for the synthesis of additional NHCs in this series. Car-
bene precursors 22, 30, and 31, and others derived by this
approach, are under investigation as organocatalysts, and
as ligands for transition-metal catalysis. A preliminary ex-
periment has shown that ligand 22 and Pd(dba), catalyze
the formation of 1,3-dimethyl-3-phenyloxindole in an unop-
timized 48% ee via the putative NHC—Pd complex. Previous
chiral NHC-mediated syntheses of this compound have
given 57 and 67% ee.>® The outcome of this, and other stud-
ies, will be reported in due course.

4. Experimental
4.1. General

All reagents were purchased from Aldrich, Fisher Scientific,
Acros or Strem and used as received unless otherwise indi-
cated. Tetrahydrofuran (THF) was freshly dried and distilled
over sodium/benzophenone ketyl under an atmosphere of
nitrogen. Toluene was distilled over sodium under a nitrogen
atmosphere. Dichloromethane was distilled over CaH, under
an atmosphere of nitrogen. Organolithium reagents were
titrated against N-benzylbenzamide*® to a blue endpoint.
All reactions were performed under argon in flame- or oven-
dried glassware using syringe—septum cap techniques unless
otherwise indicated. Column chromatography was per-
formed on Silicycle silica gel 60 (70-230 mesh). NMR spec-
tra were obtained on a Bruker Avance 300 or Avance 600
instrument and are referenced to TMS or to the residual pro-
ton signal of the deuterated solvent for 'H spectra, and to the
carbon multiplet of the deuterated solvent for '*C spectra
according to values given in Spectrometric Identification
of Organic Compounds, Seventh Edition, pp 200 and 240.
FTIR spectra were recorded on an ATI Mattson Research
Series spectrometer. Low- and high-resolution mass spectral
data were obtained on a Kratos Concept 1S Double Focusing
spectrometer. Optical rotations were measured on a Rudolph
Research Autopol IIT automatic polarimeter. Elemental anal-
yses were performed by Atlantic Microlab, Inc., Norcross,
GA, USA. Melting points were determined on a Kofler
hot-stage apparatus and are uncorrected.

4.1.1. 2-Isopropyl-1,10-phenanthroline (11d). A stirred
solution of anhyd 1,10-phenanthroline (1.00 g, 5.55 mmol)
in PhMe (40 mL) at ambient temperature under argon was
treated with a solution of isopropyllithium*! (3.61 mL,
1.69 M in THF, 6.10 mmol). The resulting dark red solution
was stirred for 16 h, cooled to 0 °C, and worked-up by addi-
tion of water (20 mL). The organic layer was separated and
the remaining aqueous layer was extracted with CH,Cl,
(3x10 mL). The combined organic layer was treated with
MnO,*? (4 g, 46 mmol) and stirred for 30 min, after which
anhyd MgSO, was added, and stirring continued for an
additional 30 min. The resulting mixture was filtered and
concentrated in vacuo. Column chromatography (neutral
alumina, 69:30:1 hexanes/EtOAc/EtzN, R=0.33) afforded
11d (745 mg, 60%) as a pale yellow oil; IR (KBr, neat):
Vmax 3045, 2963, 2928, 2869 cm~!; 'H NMR (300 MHz,
CDCl3): 6 9.22 (dd, 1H, J=4.3, 1.6 Hz), 8.22-8.16 (m,
2H), 7.74 (d, 1H, J=8.9 Hz), 7.69 (d, 1H, J=8.8 Hz),
7.61-7.56 (m, 2H), 3.68 (septet, 1H, J=7.0 Hz), 1.46 (d,
6H, J=7.0 Hz); '3C NMR (75.5 MHz, CDCls): 6 168.4,
150.1, 146.0, 145.2, 136.4, 1359, 128.6, 127.0, 126.3,
125.4, 122.4, 119.9, 37.5, 23.0; EIMS [m/z (%)]: 222 (M*,
44), 207 (100); HRMS (EI) calcd for C;sH4N5: 222.1157,
found: 222.1161.

4.1.2. 2,9-Diisopropyl-1,10-phenanthroline (12d). A
stirred solution of anhyd 1,10-phenanthroline (1.00 g,
5.55 mmol) in PhMe (40 mL) at ambient temperature under
argon was treated with a solution of isopropyllithium
(9.9 mL, 1.69 M in THEF, 16.6 mmol). The resulting dark red
solution was stirred for 16 h, cooled to 0 °C, and worked-
up by addition of water (20 mL). The organic layer was
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separated and the remaining aqueous layer was extracted
with CH,Cl, (3% 10 mL). The combined organic layer was
treated with MnO, (4 g, 46 mmol) and stirred for 30 min, af-
ter which anhyd MgSO, was added, and stirring continued
for an additional 30 min. The resulting mixture was filtered
and concentrated in vacuo. Column chromatography (silica
gel, 85:15 hexanes/EtOAc, R =0.22) afforded 12d
(753 mg, 51%) as a pale yellow oil; IR (KBr): v,.x 3041,
2963, 2928, 2869 cm~'; 'H NMR (300 MHz, CDCls):
0 8.13 (d, 2H, J=8.3Hz), 7.67 (s, 2H), 7.54 (d, 2H,
J=8.4 Hz), 3.57 (septet, 2H, J=6.9 Hz), 1.48 (d, 12H,
J=17.0 Hz); '3C NMR (75.5 MHz, CDCl5): 6 167.7, 145.1,
136.3, 127.2, 125.3, 120.0, 37.2, 22.8; EIMS [m/z (%)]:
264 (M*, 44), 249 (49); HRMS (EI) calcd for C;gHoNy:
264.1626, found: 264.1619.

4.1.3. (+)-2,3-(Bicyclo[2.2.1]heptanyl)-1,10-phenanthro-
line (24). A solution of aminoaldehyde 13 (600 mg,
3.49 mmol) and (+)-norcamphor*® (386 mg, 3.50 mmol) in
saturated ~-BuOK/-BuOH (6 mL) was heated to 100 °C in
a sealed tube for 5 h. After cooling to room temperature,
the solvent was removed in vacuo, and the residue was taken
up in CH,Cl, (20 mL). The organic phase was washed with
water (3 x5 mL), brine, dried over anhyd Na,SO,, and con-
centrated in vacuo. Column chromatography (neutral alu-
mina, 98:2 EtOAc/Et;N, R;=0.43) gave phenanthroline 24
(658 mg, 77%) as a pale yellow solid; mp>200 °C (sub-
limes); [a]fY +78.4 (¢ 1.0, CHCls); IR (KBr): vmax 2973,
2869, 1499, 1383 cm~!; '"H NMR (300 MHz, CDCl;):
0 9.21-9.19 (m, 1H), 8.25 (dd, 1H, J=8.1, 1.0 Hz), 7.88 (s,
1H), 7.75 (ABq, 2H), 7.59 (dd, 1H, J=8.1, 4.5 Hz), 3.89
(s, 1H), 3.62 (s, 1H), 2.17-2.09 (m, 2H), 2.02-1.98 (m,
1H), 1.79-1.76 (m, 1H), 1.54 (t, 1H, J=7.2 Hz), 1.36 (t,
1H, J=6.9 Hz); '3C NMR (75.5 MHz, CDCl5): 6 170.7,
149.8, 145.8, 143.6, 142.1, 136.0, 128.0, 127.7, 126.0,
126.2, 124.8, 122.1, 47.5, 45.6, 42.4, 27.1, 25.5; EIMS
[m/z (%)]: 246 (M™*, 93), 218 (100); HRMS (EI) calcd for
C7H 4N,: 246.1157, found: 246.1158; Anal. Calcd for
C7H 4N, C, 82.91; H, 5.73. Found: C, 82.67; H, 5.78.

4.1.4. (1R,55)-(2,3-b)-Pineno-1,10-phenanthroline (25).
Prepared by a modification of the procedure of Thummel
et al’® A solution of aminoaldehyde 13 (1.00 g,
5.81 mmol) and (+)-nopinone (803 mg, 5.81 mmol) in satu-
rated +-BuOK/r-BuOH (10 mL) was heated to 100 °C in
a sealed tube for 5 h. After cooling to room temperature,
the solvent was removed in vacuo and the residue was taken
up in CH,Cl, (20 mL). The organic phase was washed with
water (3x10 mL), brine, dried over anhyd Na,SO,, and
concentrated in vacuo. Column chromatography (neutral
alumina, 60:40 hexanes/EtOAc, R=0.18) gave phenanthro-
line 25 (1.35 g, 85%) as a pale yellow solid; mp 167-169 °C
(1it.3° 168-170 °C); 'H NMR (300 MHz, CDCl5): 6 9.18—
9.16 (m, 1H), 8.24-8.21 (m, 1H), 7.95 (s, 1H), 7.73 (ABq,
2H), 7.57 (dd, 1H, J=8.1, 4.5 Hz), 3.62 (t, 1H, J=5.4 Hz),
3.20 (s, 2H), 2.85-2.82 (m, 1H), 2.43-2.41 (m, 1H), 1.48
(s, 3H), 1.41 (d, 1H, J=9.9 Hz), 0.73 (s, 3H).

4.1.5. rac-2-Methyl-1,2,3,4,7,8,9,10-octahydro-1,10-phe-
nanthroline (19b). Typical procedure: a round-bottomed
flask containing a rapidly stirred solution of 11b (550 mg,
2.83 mmol) in glacial acetic acid (18 mL) and methanol
(7mL) was treated with an equal mass of NaBH;CN

(550 mg, 8.8 mmol) in portions over 5 min. A reflux con-
denser was attached and the resulting deep red mixture
heated to reflux. After 2 h, an additional 550 mg portion of
NaBH;CN was added, a process that was repeated every
2 h for 4 more hours (2.2 g of NaBH;CN was added in total).
Two hours after the last addition of NaBH;CN, a color
change from deep red to orange was observed, indicating
completion of the reduction. The solution was cooled to
room temperature and the majority of the methanol was
removed on a rotary evaporator in vacuo. The resulting
mixture was treated with 6 M aq NaOH (50 mL) and the
whole was extracted with CH,Cl, (4x10 mL). The com-
bined organic extract was washed with water, brine, dried
over anhyd Na,SQy, filtered, and concentrated in vacuo. Col-
umn chromatography (silica gel, 85:15 hexanes/EtOAc,
R=0.24) gave diamine 19b (315 mg, 57%) as a clear oil;
IR (KBr, neat): vy, 3342, 2924, 2843, 1581, 1485, 1331,
1255 cm™!; '"H NMR (600 MHz, acetone-dg): 6 6.25 (d,
1H, J=7.2 Hz), 6.23 (d, 1H, J=9.0 Hz), 3.65 (br, 1H), 3.56
(br, 1H), 3.29-3.23 (m, 3H), 2.82-2.71 (m, 1H), 2.65-2.57
(m, 3H), 1.89-1.84 (m, 1H), 1.80 (quintet, 2H, J=6.0 Hz),
1.48-1.41 (m, 1H), 1.20 (d, 3H, J=6.3 Hz); '3*C NMR
(150.9 MHz, acetone-dg): 6 133.6, 133.0, 119.9, 1194,
119.0, 118.8, 48.4, 43.1, 31.3, 27.9, 27.6, 23.3, 22.8; EIMS
[m/z (%)]: 202 (M™, 100); HRMS (EI) calcd for C;3H;gN,:
202.1470, found: 202.1466.

4.1.6. rac-2-Phenyl-1,2,3,4,7,8,9,10-octahydro-1,10-phe-
nanthroline (19a). According to the typical procedure, a
solution of 11a (256 mg, 1.00 mmol) in glacial acetic acid
(8 mL) and MeOH (2 mL) was treated with NaBH;CN
(256 mg, 4.07 mmol), and the reaction mixture was heated
to reflux. Three subsequent additions of NaBH;CN
(256 mg each) were made every 2 h for over 6 h total. Stan-
dard workup and column chromatography (silica gel, 90:10
hexanes/EtOAc, R;=0.15) gave diamine 19a (150 mg, 57%)
as a colorless solid; mp 90-91 °C; IR (KBr): v,.x 3347,
3283, 3023, 2935, 2922, 2839, 1614, 1581, 1492, 1439,
1331, 1252 cm™!; 'H NMR (300 MHz, acetone-dc): 6 7.41
(d, 2H, J=7.6 Hz), 7.32 (t, 2H, J=8.7 Hz), 7.25 (t, 1H,
J=7.2 Hz), 6.31-6.28 (ABq, 2H), 4.39 (d, 1H, J=8.9 Hz),
3.95 (br, 1H), 3.92 (br, 1H), 3.31-3.22 (m, 2H), 2.85-2.80
(m, 2H), 2.70-2.65 (m, 2H), 2.58 (dt, 1H, J=15.6, 5.6 Hz),
2.03-2.01 (m, 1H), 1.91-1.85 (m, 1H), 1.81 (quintet, 2H,
J=6.0Hz); '3C NMR (75.5 MHz, acetone-ds): 6 146.4,
133.5, 132.9, 129.1, 127.8, 127.4, 120.3, 119.3, 119.2,
118.8, 57.1, 43.1, 31.8, 28.0, 27.2, 23.3; EIMS [m/z (%)]:
264 (M*, 100), 187 (15); HRMS (EI) calcd for C;3H,oN,:
264.1626, found: 264.1627.

4.1.7. rac-2-n-Butyl-1,2,3,4,7,8,9,10-octahydro-1,10-phe-
nanthroline (19¢). According to the typical procedure, a
solution of 11¢ (365 mg, 1.54 mmol) in glacial acetic acid
(7mL) and MeOH (3 mL) was treated with NaBH;CN
(365 mg, 5.8 mmol), and the reaction mixture was heated
to reflux. Three subsequent additions of NaBH3;CN
(365 mg each) were made every 2 h for over 6 h total. Stan-
dard workup and column chromatography (silica gel, 90:8:2
hexanes/EtOAc/Et;N, R,~0.67) gave diamine 19¢ (236 mg,
63%) as a pale yellow oil; IR (KBr, neat): v, 3337, 2926,
2853, 1583, 1486, 1348, 1252 cm™!; 'H NMR (300 MHz,
acetone-dg): 0 6.27-6.22 (ABq, 2H), 3.77 (br, 1H), 3.50
(br, 1H), 3.27-3.24 (m, 2H), 3.14-3.12 (m, 1H), 2.77-2.55
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(m, 4H), 1.93-1.86 (m, 1H), 1.81 (quintet, 2H, J=6.0 Hz),
1.58-1.30 (m, 7H), 0.92 (t, 3H, J=7.2 Hz); '3C NMR
(75.5 MHz, acetone-dg): 6 133.5, 133.1, 120.0, 119.7,
119.0, 118.8, 52.8, 43.1, 37.2, 29.2, 28.7, 27.9, 27.4, 23.6,
23.3, 14.4; EIMS [m/z (%)]: 244 (M*, 55), 187 (100);
HRMS (EI) calcd for CigH»4N»: 244.1939, found: 244.1935.

4.1.8. rac-2-Isopropyl-1,2,3,4,7,8,9,10-octahydro-1,10-
phenanthroline (19d). According to the typical procedure,
a solution of 11d (105 mg, 0.47 mmol) in glacial acetic acid
(7mL) and MeOH (3 mL) was treated with NaBH;CN
(105 mg, 1.67 mmol), and the reaction mixture was heated
to reflux. Three subsequent additions of NaBH;CN
(105 mg each) were made every 2 h for over 6 h total. Stan-
dard workup and column chromatography (silica gel,
88:10:2 hexanes/EtOAc/EtzN, R~=0.22) gave diamine 19d
(76 mg, 70%) as a pale yellow oil; IR (KBr, neat): vpax
3339, 3037, 2954, 2927, 2870, 2841, 1583, 1485, 1437,
1347, 1256 cm™!'; '"H NMR (300 MHz, acetone-ds): 6 6.26
(d, 1H, J=7.8 Hz), 6.23 (d, 1H, J=8.1 Hz), 3.81 (br, 1H),
348 (br, 1H), 3.31-3.18 (m, 2H), 2.98-2.92 (m, 1H),
2.72-2.62 (m, 4H), 1.90-1.69 (m, 4H), 1.55-1.50 (m, 1H),
1.00 (d, 3H, J=6.9 Hz), 0.98 (d, 3H, J=6.9 Hz); '3*C NMR
(75.5 MHz, acetone-dg): o 133.8, 133.1, 120.1, 119.8,
119.0, 118.8, 58.5, 43.1, 33.3, 27.9, 27.6, 25.5, 23.3, 19.0,
18.6; EIMS [m/z (%)]: 230 (M*, 28), 187 (100); HRMS
(EI) calcd for C;sH,,N5: 230.1783, found: 230.1795.

4.1.9. rac-2-tert-Butyl-1,2,3,4,7,8,9,10-octahydro-1,10-
phenanthroline (19¢). According to the typical procedure,
a solution of 11e (171 mg, 0.75 mmol) in glacial acetic
acid (8 mL) and MeOH (2 mL) was treated with NaBH;CN
(177 mg, 2.82 mmol), and the reaction mixture was heated
to reflux. Three subsequent additions of NaBH;CN (177 mg
each) were made every 2h for over 6 h total. Standard
workup and column chromatography (silica gel, 90:10 hex-
anes/EtOAc, R=0.32) gave diamine 19e (42 mg, 23%) as a
colorless solid; mp 71-72 °C; IR (KBr): v,x 3346, 3300,
2955, 2933, 2851, 1614, 1582, 1475, 1429, 1335 cm™'; 'H
NMR (300 MHz, acetone-dg): 6 6.27 (d, 1H, J=7.2 Hz),
6.24 (d, 1H, J=7.8 Hz), 3.82 (br, 1H), 3.44 (br, 1H), 3.28—
3.21 (m, 2H), 2.86 (dt, 1H, J=10.8, 2.4 Hz), 2.79-2.56 (m,
4H), 1.99-1.93 (m, 1H), 1.83-1.74 (m, 2H), 1.53-1.41 (m,
1H), 0.99 (s, 9H); '3C NMR (75.5 MHz, acetone-dg):
o 134.3, 133.2, 120.3, 120.0, 119.0, 118.7, 62.2, 43.1,
34.1, 28.3, 27.9, 26.3, 24.2, 23.3; EIMS [m/z (%)]: 244
(M*, 18), 187 (100); HRMS (EI) calcd for C;cH»4N,:
244.1939, found: 244.1942.

4.1.10. meso/rac-2,9-Diphenyl-1,2,3,4,7,8,9,10-octahy-
dro-1,10-phenanthroline (19f). According to the typical
procedure, a solution of 12a (250 mg, 0.75 mmol) in glacial
acetic acid (8 mL) and MeOH (2 mL) was treated with
NaBH;CN (250 mg, 3.98 mmol), and the reaction mixture
was heated to reflux. Three subsequent additions of
NaBH;CN (250 mg each) were made every 2 h for over
6 h total. Standard workup and column chromatography (sil-
ica gel, 96:4 hexanes/EtOAc, R~0.38) gave diamine 19f
(161 mg, 63%), a pale yellow solid, as a mixture of stereo-
isomers; mp 107-110 °C; IR (KBr): vnax 3339, 3030,
2944, 2919, 2835, 1580, 1473, 1420, 1335, 1252 cm™!; 'H
NMR (300 MHz, acetone-dg): 6 7.39 (d, 4H, J=7.0 Hz),
7.30 (t, 4H, J=7.0 Hz), 7.22 (d, 2H, J=7.2 Hz), 6.35 (s,

2H), 4.43-4.40 (m, 2H), 4.25 (br, 2H), 2.91-2.75 (m, 4H),
2.61 (dt, 2H, J=15.9, 52 Hz), 1.97-1.88 (m, 2H); 3C
NMR (75.5 MHz, acetone-dg): 6 146.3, 132.8, 129.0,
127.7, 127.4, 119.6, 118.9, 57.0, 31.4, 26.9; EIMS [m/z
(%)]: 340 (M*, 54); HRMS (EI) caled for C,4Hp4Ny:
340.1939, found: 340.1942; Anal. Calcd for C,4H,4N,: C,
84.67; H, 7.11. Found: C, 84.35; H, 7.10.

4.1.11. meso/rac-2,9-Dimethyl-1,2,3,4,7,8,9,10-octahy-
dro-1,10-phenanthroline (19g). According to the typical
procedure, a solution of neocuproine 12b (217 mg,
1.00 mmol) in glacial acetic acid (3.5 mL) and MeOH
(1.5 mL) was treated with NaBH3CN (217 mg, 3.45 mmol),
and the reaction mixture was heated to reflux. Three subse-
quent additions of NaBH3;CN (217 mg each) were made
every 2 h for over 6 h total. Standard workup and column
chromatography (silica gel, 92:8 PhMe/Et;N, R;=0.22)
gave 19g (158 mg, 73%), a colorless solid, as a 1:1 mixture
of meso and rac stereoisomers; mp 63—65 °C; IR (KBr): v,ax
3324, 3036, 2959, 2918, 2839, 1582, 1480, 1446, 1334,
1255 cm™!; '"H NMR (300 MHz, acetone-ds): 6 6.23 (s,
2H), 3.64 (br, 1H), 3.55 (br, 1H), 3.31-3.23 (m, 2H), 2.78—
2.54 (m, 4H), 1.87-1.82 (m, 2H), 1.48-1.38 (m, 2H), 1.18
(d, 3H, J=6.3Hz), 1.17 (d, 3H, J=6.3 Hz); '3C NMR
(75.5 MHz, acetone-dg): 6 133.1, 133.0, 119.4, 119.3,
118.8,118.7,48.4,48.3,31.2,27.5,27.5,22.9,22.7, FABMS
[m/z (%)]: 216 (M™, 100); HRMS (FAB) calcd for C;4;H,oN5:
216.1626, found: 216.1619.

4.1.12. meso/rac-2,9-Di-n-butyl-1,2,3,4,7,8,9,10-octahy-
dro-1,10-phenanthroline (19h). According to the typical
procedure, a solution of 12¢ (236 mg, 0.81 mmol) in glacial
acetic acid (7 mL) and MeOH (3 mL) was treated with
NaBH;CN (236 mg, 3.76 mmol), and the reaction mixture
was heated to reflux. Three subsequent additions of
NaBH;CN (236 mg each) were made every 2 h for over
6 h total. Standard workup and column chromatography
(silica gel, 94:5:1 hexanes/EtOAc/Et;N, R,=0.14) gave 19h
(156 mg, 65%), a colorless oil, as a 1:1 mixture of meso and
rac stereoisomers; IR (KBr, neat): v, 3339, 3038, 2953,
2926, 2869, 2855, 1584, 1482, 1438, 1347, 1258 cm™'; 'H
NMR (600 MHz, acetone-dg): 6 6.26 (s, 1H), 6.25 (s, 1H),
3.57 (br, 1H), 3.48 (br, 1H), 3.16-3.11 (m, 2H), 2.79-2.67
(m, 2H), 2.63-2.59 (m, 2H), 1.92-1.89 (m, 2H), 1.57-1.34
(m, 12H), 0.92 (t, 6H, J=6.9 Hz); '3C NMR (75.5 MHz, ace-
tone-dg): 0 133.2, 133.2, 120.0, 119.9, 119.0, 118.8, 52.9,
52.8, 37.2, 37.1, 29.1, 29.0, 28.9, 28.7, 23.6, 23.6, 14.4,
EIMS [m/z (%)]: 300 (M*, 72), 243 (89), 239 (100);
HRMS (EI) calcd for CoqH3,N»: 300.2565, found: 300.2561.

4.1.13. meso/rac-2,9-Diisopropyl-1,2,3,4,7,8,9,10-octa-
hydro-1,10-phenanthroline (19i). According to the fypical
procedure, a solution of 12d (233 mg, 0.88 mmol) in glacial
acetic acid (8 mL) and MeOH (2 mL) was treated with
NaBH;CN (233 mg, 3.71 mmol), and the reaction mixture
was heated to reflux. Three subsequent additions of
NaBH;CN (233 mg each) were made every 2 h for over
6 h total. Standard workup and column chromatography
(silica gel, 94:5:1 hexanes/EtOAc/Et;N, R~0.22) gave a
diamine 19i (149 mg, 62%), a colorless solid, as an unequal
mixture of meso and rac stereoisomers; mp 49-50 °C; IR
(KBr1): vmax 3352, 3041, 2959, 2915, 2873, 2836, 1586,
1483, 1432, 1336, 1261 cm™'; 'H NMR (300 MHz,
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acetone-dg): 0 6.27 (s, 2H), 3.45 (br, 2H), 2.92 (br, 2H),
2.70-2.63 (m, 4H), 1.90-1.80 (m, 2H), 1.78-1.69 (m, 2H),
1.60-1.44 (m, 2H), 1.02 (d, 6H, J=6.9 Hz), 0.98 (d, 6H,
J=6.6 Hz); '3*C NMR (75.5 MHz, acetone-ds): 6 133.6,
133.5, 120.2, 118.9, 118.8, 58.6, 58.5, 33.3, 33.1, 27.5,
27.4, 254, 25.3, 19.3, 19.0, 18.7, 18.4; EIMS [m/z (%)]:
272 (M, 33), 229 (79), 126 (100), 98 (90); HRMS (FAB)
calcd for C,gH,gN,: 272.2252, found: 272.2242.

4.1.14. syn/anti-1,2,3,4,7,7a,8,9,10,11,11a,12-Dodecahy-
dro-benzo[b][1,10]phenanthroline (20). According to the
typical procedure, a solution of 14 (117 mg, 0.50 mmol) in
glacial acetic acid (3.5 mL) and MeOH (1.5 mL) was treated
with NaBH;CN (117 mg, 1.86 mmol), and the reaction mix-
ture was heated to reflux. Three subsequent additions of
NaBH;CN (117 mg each) were made every 2 h for over
6 h total. Standard workup and column chromatography (sil-
ica gel, 90:10 hexanes/EtOAc, R~0.33) gave diamine 20
(66 mg, 54%), a pale yellow solid, as a mixture of syn and
anti isomers; mp 95-105 °C; IR (KBr): v.x 3345, 3033,
2921, 2851, 1581, 1487, 1433 cm™!; 'H NMR (600 MHz,
acetone-dg, major diastereomer as determined by HSQC):
0 6.26 (s, 2H), 3.73 (br, 1H), 3.49 (br, 1H), 3.26-3.22 (m,
2H), 2.84-2.80 (m, 1H), 2.73 (td, 1H, J=10.8, 3.6 Hz),
2.63 (t, 2H, J=6.6 Hz), 2.52 (dd, 1H, J=15.6, 5.4 Hz),
2.36 (dd, 1H, J=16.2, 11.4 Hz), 1.99-1.96 (m, 1H), 1.81-
1.70 (m, 5H), 1.40-1.31 (m, 4H); '*C NMR (150.9 MHz,
acetone-dg, major diastereomer as determined by HSQC
and DEPT): ¢ 133.2, 132.8, 119.9, 119.8, 119.0, 118.7,
57.2, 43.0, 38.6, 35.6, 34.3, 32.9, 27.9, 26.8, 25.6, 23.3;
EIMS [m/z (%)]: 242 (M*, 100); HRMS (EI) calcd for
Ci6H2oN»: 242.1783, found: 242.1777.

4.2. 4-[(1R,2S,5R)-Menthyloxy)]-3,5-diphenyl-
1,2,3,5,6,7-hexahydro-3a,4a-diaza-4-phosphacyclo-
penta[def]phenanthrene 4-sulfide (21a—c)

A solution of 19f (1.25 g, 3.67 mmol) and dimethylaniline
(2.6 mL, 20.2 mmol) in CH,Cl, (13 mL) under argon was
treated with PCl; (0.32 mL, 3.7 mmol), added dropwise by
syringe. The resulting yellow solution darkened and evolved
heat for 15 min, at which point a reflux condenser was
attached and the mixture heated to reflux under argon. After
1 h, (—)-menthol (573 mg, 3.67 mmol) was added in one
portion from the top of the condenser and reflux was contin-
ued. After 1 h, Sg (1.18 g, 36.7 mmol) was added in one por-
tion and the mixture was refluxed for an additional 25 min.
The solvent was removed in vacuo and the residue was sus-
pended in 8 M aq HCl (25 mL). The aqueous phase was ex-
tracted with Et;0 (3x25 mL), and the combined organic
extract was dried over anhyd Na,SQy, filtered, and concen-
trated in vacuo. Column chromatography (silica gel, first
with hexanes to remove Sg, then 96:4 hexanes/EtOAc)
gave 21a—c (1.76 g, 86%), a pale yellow solid, as an approx-
imately 1:1:1 mixture of three stereoisomers as determined
by *'P NMR [6 69.7 (21a), 64.4 (21b), 66.4 (21¢)]. The mix-
ture of stereoisomers was suspended in abs MeOH (115 mL)
and heated to reflux for 4 h. Hot filtration of the mixture
afforded enriched 21a (404 mg). Recrystallization from
pentane/CH,Cl, gave the pure 21a diastereomer (353 mg).
The filtrate was concentrated to approximately half the orig-
inal volume in vacuo and standing at room temperature
afforded crystals of 21b (100 mg), which were collected

by filtration. Concentration of the remaining mother liquor
gave a residue that was enriched in 21c; attempts to recrys-
tallize 21c from several solvents did not afford 2lc
completely free of 21a and 21b.

4.2.1. Compound 21a. Pale yellow solid; mp 225-227 °C
(pentane/CH,CL,); [a.]¥ —249 (¢ 1.0, CHCl5); X-ray analy-
sis (CCDC 612643) was performed on a colorless plate
fragment (0.40x0.21x0.10 mm), which was obtained by
recrystallization from pentane/CH,Cly.  C34H4N,OPS:
M=556.74 g/mol, orthorhombic, P2,2,2;, a=6.5541(4) A,
b=21.0909(13) A, ¢=21.9930(14) A, V=3040.1(3) A3,
Z=4, D.=1.216 g/cm?, F(000)=1192, T=295(2) K. Data
were collected on a Bruker APEX CCD system with graphite
monochromated Mo Ka radiation (A4=0.71073 A), 25,619
data were collected. The structure was solved by Patterson
and Fourier (SHELXTL) and refined by full-matrix least
squares on F? resulting in final R, R,,, and GOF [for 6612
data with F>2g(F)] of 0.0583, 0.0733, and 1.621, respec-
tively, for solution using the 35,55 model, Flack para-
meter=0.00(6); IR (KBr): v, 3054, 3029, 2948, 2919,
2865, 1471, 1289, 1152, 1110 cm™!; 3'P NMR (121.5 MHz,
CDCl5): 6 69.7; 'TH NMR (300 MHz, CDCl5): ¢ 7.31-7.11
(m, 10H), 6.57 (s, 2H), 5.34-5.28 (m, 1H), 5.18-5.13 (m,
1H), 4.20 (qd, 1H, J=10.5, 4.2 Hz), 2.62-2.57 (m, 1H),
2.52-2.39 (m, 2H), 2.34-2.06 (m, 5H), 1.60-1.58 (m, 2H),
1.47-1.35 (m, 2H), 1.18-1.07 (m, 1H), 1.02-0.98 (m, 1H),
0.94 (d, 3H, J=6.9 Hz), 0.88-0.67 (m, 3H), 0.30 (d, 3H,
J=6.9 Hz), 0.25 (d, 3H, J=6.9 Hz); '>*C NMR (150.9 MHz,
CDCl5): 6 142.9, 141.3, 128.5, 128.4, 128.1, 127.1, 127.0,
126.4, 126.3, 117.85, 117.82, 117.25, 117.21, 116.8,
116.7, 80.9 (d, 2Juc_sp = 8.8 Hz), 52.69, 52.66, 47.31,
47.25, 44.2, 339, 31.5, 30.3, 30.2, 29.91, 29.87, 244,
22.3, 22.2, 20.9, 19.52, 19.48, 15.2; EIMS [m/z (%)]: 556
(M*, 12), 418 (100); HRMS (EI) calcd for C34H4;N,OPS:
556.2677, found: 556.2674.

4.2.2. Compound 21b. Pale yellow solid; mp 230-231 °C
(MeOH/CHCly); [a]t¥ —17 (¢ 0.23, CHCl3); IR (KBr):
Vmax 3050, 3026, 2927, 2867, 2857, 1470, 1291, 1168,
1110cm~!; 3'P NMR (243 MHz, CDCl): 6 64.4; 'H
NMR (600 MHz, CDCl3): ¢ 7.32-7.28 (m, 4H), 7.25-7.21
(m, 4H), 7.19 (d, 2H, J=7.8 Hz), 6.59 (s, 2H), 5.11-5.10
(m, 1H), 5.06-5.05 (m, 1H), 429 (qd, 1H, J=10.8,
4.8 Hz), 2.61-2.57 (m, 2H), 2.49-2.42 (m, 2H), 2.32-2.26
(m, 2H), 2.19-2.10 (m, 4H), 1.67-1.65 (m, 2H), 1.46-1.42
(m, 1H), 1.35-1.31 (m, 1H), 1.09-0.96 (m, 2H), 0.94 (d,
3H, J=7.2Hz), 093 (d, 3H, J=6.6Hz), 0.90 (d, 3H,
J=7.2Hz), 0.87-0.80 (m, 1H); '3C NMR (150.9 MHz,
CDCl;): 6 141.5, 141.2, 128.5, 128.4, 128.33, 128.26,
128.2, 127.0, 126.9, 126.4, 126.1, 118.2, 117.2 117.1,
117.04, 117.00, 80.0 (d, 2Ji5c_s1p = 9.1 Hz), 52.53, 52.50,
5247, 52.44, 48.0, 47.9, 31.5, 30.52, 30.48, 29.90, 29.87,
25.7, 22.7, 22.1, 21.0, 20.3, 20.0, 16.1; EIMS [m/z (%)]:
556 (M*, 15), 418 (100); HRMS (EI) caled for
C34H41N,OPS: 556.2677, found: 556.2672.

4.2.3. (—)-(25,95)-19f. A stirred solution of 21a (181 mg,
0.32 mmol) in THF (4 mL) under Ar was treated with
LiAlIH, (143 mg, 3.58 mmol) and heated at reflux for
100 min. The mixture was cooled in an ice bath and Et,O
(10 mL) was added. The mixture was treated sequentially
with water (0.14 mL), 10% aq NaOH solution (0.14 mL),
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and water (0.43 mL). The precipitated aluminum salts were
removed by filtration through a pad of Celite in a sintered
funnel and washed thoroughly with small aliquots of Et,0.
The filtrate was dried over anhyd Na,SOy, filtered, and con-
centrated in vacuo. Column chromatography (silica gel, 96:4
hexanes/EtOAc, Ry=0.40) gave (—)-19f (85 mg, 77%) as
a pale yellow solid; mp 147-149 °C; [a]l¥ —287 (c 1.38,
acetone); 'H NMR (300 MHz, acetone-dg): 6 7.41 (d, 4H,
J=172Hz), 729 (t, 4H, J=69Hz), 7.21 (d, 2H,
J=8.4 Hz), 6.35 (s, 2H), 4.46-4.42 (m, 2H), 4.24 (br, 2H),
2.94-2.75 (m, 4H), 2.62 (td, 2H, J=15.9, 4.8 Hz), 1.97-
1.88 (m, 2H); '3C NMR (75.5 MHz, acetone-dg): 6 146.4,
133.2, 129.0, 127.7, 127.5, 119.7, 119.0, 57.2, 32.1, 27.3.

4.2.4. meso-19f. A stirred solution of 21b (32 mg,
0.057 mmol) in THF (1 mL) under Ar was treated with
LiAlH;, (25 mg, 0.63 mmol) and heated at reflux for
45 min. The mixture was cooled in an ice bath and treated
sequentially with water (0.03 mL), 10% aq NaOH solution
(0.03 mL), and water (0.08 mL). The precipitated aluminum
salts were removed by filtration through a pad of Celite in
a sintered funnel and washed thoroughly with small aliquots
of Et,0. The filtrate was dried over anhyd Na,SOy, filtered,
and concentrated in vacuo. Column chromatography (silica
gel, 97:3 hexanes/EtOAc, R;=0.40) gave meso-19f (8 mg,
41%) as a pale yellow solid; mp 97-99 °C; [l 0; 'H
NMR (300 MHz, acetone-dg): 6 7.37 (d, 4H, J=7.2 Hz),
7.29 (t, 4H, J=6.9 Hz), 7.22 (d, 2H, J=7.2 Hz), 6.34 (s,
2H), 4.46-4.42 (m, 2H), 4.25 (br, 2H), 2.86-2.75 (m, 4H),
2.61 (td, 2H, J=15.9, 5.1 Hz), 2.00-1.92 (m, 2H); '*C
NMR (75.5 MHz, acetone-dg): 6 146.4, 1329, 129.1,
127.8, 127.4, 119.6, 119.0, 57.0, 31.4, 27.0.

4.2.5. (—)-(35,55)-Diphenyl-1,2,3,5,6,7-hexahydro-3a-
aza-cyclopenta[def]phenanthren-4a-azonium chloride
(22). A stirred solution of diamine (—)-19f (48 mg,
0.14 mmol) in (EtO);CH (4 mL) was treated with concen-
trated HCI solution (12 pL, 0.14 mmol) under argon and
heated to 80 °C. After 1h, the septum was removed and
the mixture heated at 80 °C for an additional 2 h, then cooled
to ambient temperature. Et;O (6 mL) was added to induce
precipitation of the product, which was collected on a Hirsch
funnel, washed with cold ether, and dried under high vacuum
to give 22 (41 mg, 75%) as a beige powder; mp 244-245 °C;
[a]¥ —205 (¢ 1.0, CHCl3); IR (KBr): vpmax 3155, 3035, 2926,
2854, 1629, 1499, 1454, 1175 cm™'; '"H NMR (600 MHz,
CDCli): 6 9.46 (s, 1H), 7.48-7.23 (m, 12H), 6.28 (br, 2H),
3.20-3.18 (m, 2H), 3.08-3.05 (m, 2H), 2.66 (br, 2H), 2.52
(br, 2H); '3C NMR (150.9 MHz, CDCl;): 6 138.7, 136.8,
129.5, 129.3, 128.3, 127.0, 124.6, 123.0, 60.0, 31.9, 21.7;
FABMS [m/z (%)]: 351 M—CI—, 100), HRMS (FAB) calcd
for C,sH»3N»: 351.1861, found: 351.1807.

4.2.6. (—)-(35,55)-Diphenyl-1,2,3,5,6,7-hexahydro-
3a,4a-diazacyclopental[def]phenanthrene-4-thione (23).
A stirred suspension of 22 (34 mg, 0.09 mmol) and Sg
(3 mg, 0.1 mmol) in THF (3 mL) under argon was treated
with NaH (6 mg, 0.14 mmol, 60% dispersion in mineral
oil) and stirred for 50 min. The reaction mixture was
worked-up with water (3 mL) and the product was extracted
with Et;0 (4x1.5mL). The combined organic extract
was dried over anhyd Na,SO,, filtered, and concentrated
in vacuo. Gradient column chromatography (silica gel,

90:10 hexanes/EtOAc, then 80:20 hexanes/EtOAc,
R=0.12) gave 23 (19 mg, 56%) as a colorless solid;
mp>255 °C; [a]f —285 (¢ 0.59, CHCls); IR (KBr): vpax
3034, 2952, 2922, 2892, 2857, 1480, 1382, 1360,
1328 cm™!; 'H NMR (300 MHz, CDCl5): 6 7.31-7.20 (m,
6H), 6.98-6.94 (m, 6H), 5.89 (t, 2H, J=3.0 Hz), 2.85-2.77
(dt, 2H, J=16.2, 3.6 Hz), 2.73-2.62 (m, 2H), 2.49-2.43
(m, 4H); '3C NMR (150.9 MHz, CDCls): 6 166.8, 139.5,
128.7, 128.3, 127.4, 125.8, 120.2, 118.4, 54.9, 30.7, 19.6;
EIMS [m/z (%)]: 382 (M*, 100), HRMS (EI) calcd for
C,sH»,N,S: 382.1504, found: 382.1499.

4.3. Reduction of norcamphor adduct 24

According to the typical procedure, a solution of 24 (96 mg,
0.39 mmol) in glacial acetic acid (4 mL) and MeOH (1 mL)
was initially treated with NaBH;CN (96 mg, 1.53 mmol),
and the reaction mixture was heated to reflux. Three subse-
quent additions of NaBH;CN (96 mg each) were made every
2 h for over 6 h total. Standard workup and column chroma-
tography (silica gel, 9:1 hexanes/EtOAc) gave, sequentially,
tetrahydrophenanthroline 26 (32 mg, 33%, R/~0.30) and
octahydrophenanthroline 27 (27 mg, 27%, R;=0.16).

4.3.1. Compound 26. Pale yellow solid; mp 95-96 °C; [a] 8
+79 (c 1.0, acetone); IR (KBr): vy« 3404, 3048, 2936, 2923,
2868, 2812, 1517, 1490, 1335 cm™!; '"H NMR (600 MHz,
acetone-dg): 0 7.64 (s, 1H), 6.99 (d, 1H, J=8.4 Hz), 6.85
(d, 1H, J=8.4 Hz), 6.02 (br, 1H), 3.50-3.47 (m, 3H), 3.35
(br, 1H), 2.84 (t, 2H, J=6.6 Hz), 2.05-2.02 (m, 2H), 1.98
(quin, 2H, J=6.0 Hz), 1.83-1.81 (m, 1H), 1.70 (d, 1H,
J=9.0 Hz), 1.32-1.27 (m, 2H); 3C NMR (150.9 MHz, ace-
tone-dg): 0 167.6, 141.7, 139.9, 136.1, 128.2, 127.4, 126.2,
116.1, 113.9, 47.3, 46.0, 42.9, 41.9, 28.2, 27.7, 26.5, 22.9;
EIMS [m/z (%)]: 250 (M™, 100), 221 (21); HRMS (EI) calcd
for C7H;sN,: 250.1470, found: 250.1475.

4.3.2. Compound 27. Colorless glass; [0l —37.9 (¢ 0.71,
acetone); IR (KBr): vpa. 3423, 3033, 2941, 2870,
1093 cm~!; '"H NMR (300 MHz, acetone-dg): 6 6.34 (d,
1H, J=7.8 Hz), 6.27 (d, 1H, J=7.8 Hz), 4.03 (br, 1H), 3.31
(dd, 1H, J=10.3, 3.0 Hz), 3.28-3.22 (m, 2H), 2.84 (br,
1H), 2.68 (t, 2H, J=6.5Hz), 2.41 (dd, 1H, J=13.4,
6.4 Hz), 2.29-2.22 (m, 2H), 2.15-2.10 (m, 2H), 1.92-1.86
(m, 1H), 1.80 (quin, 2H, J=5.2 Hz), 1.68-1.64 (m, 1H),
1.48-1.47 (m, 1H), 1.39-1.37 (m, 1H), 1.33-1.28 (m, 1H),
1.25-1.18 (m, 1H); '3C NMR (150.9 MHz, acetone-dg):
o 136.0, 132.5, 125.2, 1209, 1194, 117.8, 57.4, 43.20,
43.18, 41.8, 41.3, 38.8, 28.4, 28.1, 23.6, 23.4, 21.0; EIMS
[m/z (%)]: 254 (M*, 100), 185 (44), 84 (80); HRMS (EI)
calcd for C;7H,,N,: 254.1783, found: 254.1781.

4.4. Reduction of nopinone adduct 25

According to the typical procedure, a solution of 25 (100 mg,
0.36 mmol) in glacial acetic acid (4 mL) and MeOH (1 mL)
was initially treated with NaBH;CN (100 mg, 1.59 mmol),
and the reaction mixture was heated to reflux. Three subse-
quent additions of NaBH3;CN (100 mg each) were made
every 2 h for over 6 h total. Standard workup and column
chromatography (silica gel, 95:5 hexanes/EtOAc) gave,
sequentially, tetrahydrophenanthroline 28 (35 mg, 34%,
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R~=0.21) and octahydrophenanthroline 29 (24 mg, 23%,
R=0.07).

4.4.1. Compound 28. Off-white solid; mp 155-157 °C;
[a]i +23.0 (¢ 1.0, CHCly); IR (KBr): vy 3407, 2968,
2951, 2927, 2833, 1568, 1514, 1489, 1381, 1348,
1325 cm™!; '"H NMR (300 MHz, acetone-dg): 6 7.73 (s,
1H), 6.99 (d, 1H, J=8.1 Hz), 6.84 (d, 1H, J=8.1 Hz), 6.03
(br, 1H), 3.49-3.45 (m, 2H), 3.09-3.08 (m, 2H), 3.02 (t,
1H, J=5.4 Hz), 2.86-2.75 (m, 2H), 2.39-2.33 (m, 1H),
2.02-1.94 (m, 2H), 1.44 (s, 3H), 1.30 (d, 2H, J=9.6 Hz),
0.65 (s, 3H); '3C NMR (75.5 MHz, acetone-dg): 6 164.1,
141.4, 135.2, 134.5, 128.7, 128.4, 127.6, 116.0, 113.1,
51.9, 41.8, 41.0, 40.1, 31.6, 31.3, 27.7, 26.4, 22.8, 21.7;
EIMS [m/z (%)]: 278 (M*, 100); HRMS (EI) calcd for
C19H22N2: 2781783, found: 278.1787.

4.4.2. Compound 29. Off-white solid; mp 103-105 °C;
[a]® —73.0 (¢ 1.0, acetone); IR (KBr): vy, 3421, 3298,
2933, 2856, 1473 cm™'; 'H NMR (300 MHz, acetone-d):
0 6.36 (d, 1H, J=7.5 Hz), 6.27 (d, 1H, J=7.5 Hz), 4.00-
3.50 (br, 2H), 3.51 (dd, 1H, J=9.6, 4.4 Hz), 3.23 (m, 2H),
2.75 (dd, 1H, J=13.7, 7.0 Hz), 2.67 (t, 2H, J=6.6 Hz),
2.60-2.20 (m, 5H), 194 (m, 1H), 1.79 (quin, 2H,
J=5.5Hz), 1.66 (dd, 1H, J=13.8, 8.4 Hz), 1.32 (d 1H,
J=8.6Hz), 121 (s, 3H), 1.04 (s, 3H); '3C NMR
(150.9 MHz, acetone-dg): 6 136.8, 132.4, 124.2, 120.7,
119.6, 117.7, 59.5, 47.3, 43.1, 42.5, 39.2, 34.7, 34.4, 30.6,
28.5 (2C), 28.1, 23.4, 23.3; EIMS [m/z (%)]: 282 (M*,
100), 278 (49), 211 (39); HRMS (EI) calcd for C;9H,¢N>:
282.2096, found: 282.2093.

4.4.3. Benzimidazolium tetrafluoroborate 30. A solution
of diamine 27 (77 mg, 0.30 mmol) in (EtO);CH (10 mL)
was treated with NH4BF; (32 mg, 0.30 mmol). A reflux
condenser was attached and the mixture was stirred at 80 °C
under argon for 13 h. After cooling to room temperature,
ether (10 mL) was added to induce precipitation of the
product, which was collected by Biichner filtration on
medium porosity (slow-flow) filter paper. After washing with
ether, the product was dried thoroughly under high vacuum
to give 30 (78 mg, 74%) as a colorless solid; mp 62-63 °C;
[a]® +22.4 (c 0.58, CHCl3); IR (KBr): vpax 3134, 2995,
2922, 2870, 1510, 1084 cm™!; 'H NMR (600 MHz, CDCl5):
0 933 (s, 1H), 7.28 (d, 1H, J=7.4Hz), 7.26 (d, 1H,
J=8.0Hz), 491 (dd, 1H, J=10.5, 5.4 Hz), 4.68-4.60 (m,
2H), 3.21 (dd, 1H, J=18.9, 9.7 Hz), 3.09-3.05 (m, 3H),
2.99-2.95 (m, 2H), 2.44-2.42 (m, 1H), 2.42-2.35 (m, 2H),
1.84 (d, 1H, J=9.9 Hz), 1.65 (d, 1H, J=10.3 Hz), 1.42-1.31
(m, 2H), 1.14-1.09 (m, 1H), 0.34-0.29 (m, 1H); '3*C NMR
(150.9 MHz, CDCly): 6 138.3, 127.4, 127.2, 124.4, 123.9,
122.3, 121.2, 55.5, 45.0, 43.4, 43.3, 38.7, 36.8, 22.7 (2C),
222, 21.8, 21.7; FABMS [m/z (%)]: 265 (M—BFZ, 100);
HRMS (FAB) calcd for CgH,1N»: 265.1705, found: 265.1691.

4.4.4. Benzimidazolium chloride 31. A solution of diamine
29 (40 mg, 0.14 mmol) in (EtO)3CH (3 mL) was treated with
concentrated HCI solution (12 pL, 0.14 mmol). A reflux
condenser was attached and the mixture was stirred at
80 °C under argon for 15 h, after which the condenser was
removed and heating was continued in air for an additional
2 h. After cooling to room temperature, the solvent was
carefully decanted and the precipitated residue washed

repeatedly with Et,O and dried thoroughly under high vac-
uum to give 31 (39 mg, 81%) as a hygroscopic amorphous
solid foam; mp>250 °C; [a]y <+1 (c 0.5, acetone); IR
(KBr): vpax 3088, 2994, 2917, 2866, 1634, 1509, 1470,
1329 cm™!; '"H NMR (600 MHz, acetone-dg): 6 11.59 (br,
1H), 7.40 (d, 1H, J=7.0 Hz), 7.35 (d, 1H, J=7.1 Hz), 5.25
(br, 1H), 4.86 (br, 1H), 4.63 (br, 1H), 3.42-3.36 (m, 3H),
3.10 (m, 2H), 2.93 (d, 1H, J=15.9 Hz), 2.42-2.39 (m, 2H),
2.32 (br, 1H), 2.19 (quin, 1H, J=7.6 Hz), 1.97 (br, 1H),
1.91 (d, 1H, J=10.5 Hz), 1.68 (t, 1H, J=13.1 Hz), 1.27 (s,
3H), —0.05 (s, 3H); '3C NMR (150.9 MHz, acetone-d):
0 128.8, 128.4, 125.4, 124.8, 124.1, 122.2, 58.3, 46.0,
45.7, 41.9, 404, 324, 279, 27.7, 27.6, 26.0, 24.1, 23.6,
19.1; FABMS [m/z (%)]: 293 (M—CI~, 100); HRMS
(FAB) calcd for CooH,5N,: 293.2018, found: 293.2075.

4.4.5. Thiourea 32. A flame-dried 25 mL round-bottom
flask under argon was charged with tetrafluoroborate 30
(20 mg, 0.057 mmol), sodium hydride (3.7 mg, 60% dis-
persion in mineral oil, 0.091 mmol), and Sg (1.8 mg,
0.057 mmol). Dry THF (2 mL) was added and the resulting
suspension was stirred at ambient temperature for 45 min.
The reaction mixture was worked-up with water (2 mL)
and the product extracted with Et,;0O (3x2 mL). The com-
bined organic layer was washed with water (2 mL), brine
(2 mL), dried over anhyd Na,SOy,, filtered, and concentrated
in vacuo. Column chromatography (silica gel, 5:1 hexanes/
EtOAc, R;=0.34) gave 32 (10 5 mg, 63%) as a colorless
powder; mp 156-158 °C; [a]® +130.7 (¢ 0.82, CHCl5);
X-ray analysis (CCDC 617690) was performed on a pale
yellow prism fragment (0.30x0.27x0.19 mm), which was
obtained by crystallization from MeOH, C;gH;N,S: M=
296.42 g/mol, triclinic, P/, a=9.067(5) A b=9.5590(6) A
c=10.3151(6) A, a=63. 723(1)°,  $=65.662(1)°, y=
76.558(1)°, V=729.03(7) A}, Z=2, D.=1.350 g/cm?,
F(000)=316, T=295(2) K. Data were collected on a Bruker
APEX CCD system with graphite monochromated Mo Ko
radiation (A=0.71073 A) 6057 data were collected. The
structure was solved by Patterson and Fourier (SHELXTL)
and refined by full-matrix least squares on F? resulting in
final R, R,, and GOF [for 3294 data with F>20(F)] of
0.0648, 0.1083, and 1.934, respectively; IR (KBr): v.x
2951, 2875, 1493, 1406, 1365 cm™!; 'H NMR (300 MHz,
CDCly): 6 6.89 (d, 1H, J=7.8 Hz), 6.85 (d, 1H, J=7.5 Hz),
4.50 (dd, 1H, J=10.5, 3.9 Hz), 4.15-4.02 (m, 2H), 3.60 (s,
1H), 3.05-2.77 (m, 5H), 2.32 (s, 1H), 2.26-2.16 (m, 2H),
1.72 (d, 1H, J=10.2 Hz), 1.54 (d, 1H, J=10.2 Hz), 1.32—
1.21 (m, 3H), 0.63-0.55 (m, 1H); '3C NMR (75.5 MHz,
CDCl): 6 166.6, 128.2, 128.0, 120.1, 119.5, 117.5, 117.3,
53.6, 44.0, 41.6, 40.1, 38.4, 37.4, 23.3, 23.0, 22.8, 22.2,
21.7; EIMS [m/z (%)]: 296 (M*, 100); HRMS (EI) calcd
for C1gHoN,S: 296.1347, found: 296.1355.

4.4.6. Thiourea 33. A flame-dried 25 mL round-bottom
flask under argon was charged with vacuum-dried salt 31
(72 mg, 0.22 mmol), sodium hydride (13.8 mg, 60% disper-
sion in mineral oil, 0.35 mmol), and Sg (7.1 mg, 0.22 mmol).
Dry THF (7 mL) was added and the resulting suspension was
stirred at ambient temperature for 2.5 h. The reaction mix-
ture was worked-up with water (3 mL) and the product ex-
tracted with Et,O (3x3 mL). The combined organic layer
was washed with water (2 mL), brine (2 mL), dried over
anhyd Na,SO,, filtered, and concentrated in vacuo. Column
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chromatography (silica gel, 5:1 hexanes/EtOAc, R;=0.35)
gave 33 (38.3 mg, 54%) as a clear colorless glass; [a]}y
+125 (¢ 0.5, CHCI3); IR (NaCl, thin film): vp.x 2997,
2937, 1493, 1373, 1352cm™}; 'H NMR (300 MHz,
CDCl3): ¢ 6.88 (ABq, 2H), 4.81 (dd, 1H, J=7.2, 5.4 Hz),
4.30 (q, 1H, J=5.7 Hz), 4.05 (t, 2H, J=5.7 Hz), 3.24-3.12
(m, 1H), 3.06-2.98 (m, 1H), 2.93-2.80 (m, 2H), 2.68 (d,
1H, J=16.2 Hz), 2.33-2.26 (m, 1H), 2.22-2.03 (m, 3H),
1.97-1.91 (m, 1H), 1.80-1.68 (m, 2H), 1.25 (s, 3H), 0.17
(s, 3H); '*C NMR (75.5 MHz, CDCl3): ¢ 166.3, 129.1,
128.0, 120.3, 120.0, 117.7, 117.1, 57.0, 41.8, 41.5, 40.6,
39.0, 32.6, 28.1, 27.6 (2C), 25.2, 23.3, 22.9, 18.8; EIMS
[mlz (%)]: 324 (M*, 95), 291 (75), 203 (100); HRMS (EI)
calcd for Cy0Ho4N,S: 324.1660, found: 324.1653.
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Abstract—The reactions of alkylidenepyrrolidine esters with isocyanates generally favour C-acylation, except in the case of benzyl iso-
cyanate. Reactions with alkyl isocyanates are slow, and require forcing conditions. Reactions with isothiocyanates give exclusively the

C-acylated products.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Alkylidenepyrrolidines 1 are versatile heterocyclic ambident
nucleophiles, which have been extensively used in organic
synthesis.! During the course of our studies towards the
synthesis of the batzelladine alkaloids,?> we had occasion
to undertake a three-component coupling reaction of an
alkylidenepyrrolidine with an aldehyde and a silyl isothio-
cyanate.® Since the stereoselectivity in this reaction was
modest, we sought an understanding of the mechanism in
order to optimise this. For this study, we required a range
of compounds of general structure 2 in order to study the
stereoselectivity of their reactions with aldehydes. The
N-acylation of alkylidenepyrrolidines has been reported
with a range of alkyl and aryl isocyanates.* However,
when we attempted to repeat some of the reactions in this
report, we observed somewhat different results. In order to
verify the trends observed during this work, a number of
additional heterocumulenes were also investigated. We
now report our results herein.

R'0,C

CO,R | NH,
| N
NH
2
1 2

2. Results and discussion

The publication by Tronche* states that in general, all
isocyanates used gave an approximately 70:30 mixture of

* Corresponding author. Tel.: +44 29 20874686; fax: +44 29 20874030;
e-mail: elliottmc @cardiff.ac.uk

0040-4020/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.09.014

products favouring N-acylation. With alkyl isocyanates, re-
actions were carried out in pyridine at room temperature
for 2 h, while reactions with aryl isocyanates were under-
taken in benzene at reflux (12 h). The examples reported
are shown in Scheme 1.

CO,Et EtO,C
| R-NCO [ /’l"R
NH N o

3
R = Me, n-Bu, n-CgH43, c-CgH11, Bn, Ph, 3-CICgHy,,
4-CICgHy,, 4-CH3CgH,4

Scheme 1.

In our hands, reaction of phenyl isocyanate with (Z)-alkylidene-
pyrrolidine 3 in chloroform under reflux gave a 3.4:1 crude
mixture of C- and N-acylated products 4 and 5. The isolated
yields approximately reflect this regioselectivity (Scheme 2).
At room temperature in the same solvent, a 2.1:1 mixture of
the same compounds was obtained. When benzene (reflux)
was used as solvent, a 5.2:1 mixture was obtained, while
THF (also at reflux) gave the highest selectivity at 7:1. In
all cases, the C-acylated product 4 predominated.
EtO,C._CONHPh EtO,C

CO,Et
| PhNCO, CHCl3 | | NHPh
+
NH reflux, 2 h NH N/go

3 4, 71% 5 17%

Scheme 2.

All compounds in our study have been fully characterised
('HNMR, '3C NMR+DEPT, IR, MS, HRMS). The 'H NMR
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and melting point data which we have obtained for com-
pound 5 are entirely in line with those reported by Tronche.*
In an attempt to favour N-acylation, compound 3 was depro-
tonated with sodium hydride prior to reaction with phenyl
isocyanate. However, this gave only a mixture of compound
4 and the novel heterocycle 6 (Scheme 3). Clearly the
formation of compound 6 requires N-acylation, but this
could occur after the C-acylation. In no case have we been
able to obtain a mixture favouring the N-acylated product 5.

(0]
CO,Et EtO,C.__ CONHPh
| NaH, THF | . th | NPh
NH then PhANCO NH
N O
3 4,31% 6, 13%
Scheme 3.

In contrast, reaction of alkylidenepyrrolidine 3 with benzyl
isocyanate proceeds to give a 2:1 mixture of N-acylated com-
pound 8 and C-acylated compound 7, exactly as reported.*
We chose to carry out this reaction in chloroform rather
than pyridine, and obtained poor conversion (Scheme 4).
Upon heating, the overall yields were dramatically improved
at the expense of regioselectivity (1:1). Deprotonation of the
alkylidenepyrrolidine with sodium hydride gave good
selectivity for C-acylation (5.3:1). In this case, the bicyclic
compound 9 was also formed (9% yield), while the low con-
version meant that compound 8 was not actually isolated.

At this point we felt that we were beginning to establish
atrend, and that alkyl isocyanates would give predominantly
N-acyl products while aryl isocyanates would give predomi-
nantly C-acyl products. In order to verify this, reactions were
carried out with cyclohexyl and butyl isocyanates. In both

Table 1. Reactions of alkylidenepyrrolidine 3 with a range of heterocumulenes

CO,Et EtO,C.__CONHBn EtO,C
BnNCO, CHCl3 | | NHBn
IR + /&
NH 25°C,18h NH N” 0
3 7,13% 8, 25%
O O
CO,Et EtO,C.__CONHBn
| NaH, THF | + BnN | NBn
NH then BnANCO NH H
25°C, 18 h N~ O
3 7, 35% 9, 9%
Scheme 4.

cases, no reaction was observed in either chloroform or
pyridine at room temperature. With butyl isocyanate, upon
heating for 65 h at 100 °C, C-acylation was again found to
predominate (Scheme 5).

CO,Et  n-BuNCO, EtO,C
| pyridine |

CONHn-Bu EtO,C
| NHn-Bu
+

NH sealed tube, NH [Nie)
100 °C,65h

3 10, 65% 11, 19%

Scheme 5.

Following on from these results, a number of other isocya-
nates and some isothiocyanates were investigated in this re-
action. The results are summarised in Table 1. Of these other
compounds, only 4-methylphenyl isocyanate was found to
produce any of the N-acylated product, this being the minor
compound produced. As we have previously discussed,” we
believe that the data reported by Tronche for the N-acylated

Entry Heterocumulene Conditions Ratio C:N acylation Products (% isolated yield)
1 PhNCO CHCl3, 25°C, 18 h 2.1:1 4 (53%); 5 (20%)

2 PhNCO CHCl, reflux, 2 h 3.4:1 4 (71%); 5 (17%)

3 PhNCO Benzene, reflux, 2 h 5.2:1 Not purified

4 PhNCO THE, reflux, 2 h 7:1 Not purified

5 PhNCO NaH, THF, 18 h 1:0 4 31%); 6 (13%)

6 BnNCO CHCl3, 25°C, 18 h 1:2 7 (13%); 8 (25%)

7 BnNCO CHCls;, reflux, 20 h 1:1 7 (39%); 8 (50%)

8 BaNCO NaH, THF, 18 h 5.3:1 7 (35%); 9 (9%)

9 n-BuNCO Pyridine, 100 °C, 65 h 2.3:1 10 (65%); 11 (19%)
10 4-MeCgH4NCO CHCl, reflux, 2 h 2.3:1 12 (56%); 13 (23%)
11 TsNCO CHCl3, 25°C, 2h 1:0 14 (94%)

12 CI;CCONCO CHCl3, 25°C, 18 h 1:0 15 (51%)

13 PhNCS CHCl, reflux, 18 h 1:0 16 (58%)

14 BnNCS CHCl;, reflux, 18 h 1:0 17 (66%)

15 n-BuNCS Pyridine, 100 °C, 46 h 1:0 18 (89%)

16 BnNCS NaH, THF, 18 h 1:0 17 (38%); 19 (25%)

14 15 16

17 18 19
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product 13 are actually more consistent with the C-acylated
product 12, so that our results are actually in agreement. In
particular, the melting point reported for compound 13 is
close to that which we have measured for compound 12.
In all other cases, the C-acylated product was formed exclu-
sively, and in each case as a single double-bond isomer
according to the spectroscopic data. The double-bond
geometry is presumed to be that shown as a result of more

favourable hydrogen bonding.’
S
HN

0 CH3
Et0,C Et0,C

| N R

NH N" O

12 13

With the benefit of hindsight, it is straightforward to distin-
guish the C- and N-acyl compounds by mass spectrometry
(electrospray or APCI). The former all give a strong peak
at m/z 182 corresponding to fragment 20, while the latter
all give a peak at m/z 156, which presumably corresponds
to 21.

®
_0
EtO0,C._“Z EtO,C
I
)
NH “NH
20 21

Tronche’s group subsequently reported the formation of pyr-
rolo[1,2-c]pyrimidines 22 as shown in Scheme 6.% All of
these compounds presented plausible NMR and analytical
data, and it is difficult to see how any of these compounds
could have been formed from the C-acyl isomers. We there-
fore have no doubt that the N-acyl compounds were indeed
formed, although particularly in the case of R=n-Bu and
c-CgH 3, we are unable to reproduce their formation. The
alkylidenepyrrolidine literature shows numerous examples
of subtle reactivity,’ so it seems possible that impurities pres-
ent in either Tronche’s or our own starting materials could
affect the regioselectivity.

o}
EtO,C NHR
&N% Ao
22

R = Me, n-C4Hgy, n-CgHy3, c-C¢Hyq4, Bn, Ph

Scheme 6.

The other factor which could affect the regiochemical out-
come is the double-bond geometry in the alkylidenepyrrol-
idine. Earlier reports® from the group of Tronche state
that the (Z)-alkylidenepyrrolidine 3 gives exclusively the
C-acylation product with methyl and phenyl isocyanates,

while an unspecified mixture of (E) and (Z) isomers leads
to the 70:30 mixture favouring N-acylation. In their 1988
paper,* Tronche and co-workers do state that a mixture of
double-bond isomers was used. However, they prepared
alkylidenepyrrolidine 3 by an Eschenmoser sulfide contrac-
tion, which is known to strongly favour the (Z)-alkylidene-
pyrrolidine,! and indeed the authors state in their
experimental section that the (Z) isomer 3 was isolated in
46% yield, while the (E) isomer was unstable and was
not isolated under these conditions.* Assuming that the (Z)
isomer 3 and (E) isomer give C- and N-acylation products
respectively, it is difficult to see how a mixture favouring
the (Z) isomer could possibly give a 70:30 mixture favouring
N-acylation. We are only aware of a single unequivocal
example of the synthesis of the (E) isomer of a simple
NH alkylidenepyrrolidine.” While many authors do draw
the (E) isomer, it seems likely that this is for convenience,
and generally no comment is made about the double-bond
geometry. In the cases where the (E) isomer has been drawn
and spectroscopic data are presented, all of these compounds
appear to be the (Z) isomer.

Based on these observations, we can offer no conclusive ex-
planation for the discrepancies between our own results and
those of Tronche. Nevertheless, our results have proven to be
reproducible and consistent over a range of heterocumu-
lenes, and with batches of alkylidenepyrrolidine 3 prepared
on a number of different occasions. We therefore feel that the
results reported herein represent the norm for the acylation
of alkylidenepyrroldines with heterocumulenes.

3. Experimental
3.1. General

All reactions were carried out under an atmosphere of dry
nitrogen. Melting points were determined on a Gallenkamp
melting point apparatus and are uncorrected. Infrared spec-
tra were recorded on a Perkin—Elmer 1600 FTIR spectro-
photometer. Mass spectra were recorded on a Fisons VG
Platform II spectrometer and on a Micromass Q-TOF Micro
spectrometer. NMR spectra were recorded on a Bruker DPX
400 spectrometer operating at 400 MHz for 'H and at
100 MHz for '3C at 25 °C. All chemical shifts are reported
in parts per million downfield from TMS. Coupling con-
stants (J) are reported in hertz. Multiplicity in '3C NMR
was obtained using the DEPT pulse sequence. Flash chroma-
tography was performed using Matrex silica 60 35-70 pm.
Compound 3 was prepared according to a literature
method.'?

3.1.1. N-Phenyl-2-pyrrolidin-(2E)-ylidene-malonamic
acid ethyl ester (4) and (1-phenylcarbamoyl-pyrrolidin-
(2E)-ylidene)-acetic acid ethyl ester (5). To a solution of
(Z2)-pyrrolidin-2-ylidene-acetic acid ethyl ester 3 (106 mg,
0.7 mmol) in CHCl; (6 mL) was added phenyl isocyanate
(89 pLL, 0.8 mmol), and the mixture stirred at 25 °C for
18 h. The solvent was then removed in vacuo. The resulting
orange oil was purified by column chromatography (eluting
with ethyl acetate/hexane 4.5:7) to give compound 4
(R=0.8) (99 mg, 53%) and compound 5 (R=0.37)
(38 mg, 20%).
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Data for compound 4: yellow solid, mp 76-78 °C; vpax
(CH,Cly)/cm™! 3236, 1650, 1614; 6y (400 MHz; CDCl;)
11.44 (1H, br s, CH,NH), 11.29 (1H, br s, PhNH), 7.50
(2H, d, J 7.6, aromatic CH), 7.21 (2H, apparent t, J 7.9,
aromatic CH), 6.95 (1H, t, J 7.4, aromatic CH), 4.14 (2H,
q, J 7.1, CO,CH,CHy3), 3.52 (2H, t, J 7.7, CH,NH), 3.11
(2H, t, J 7.9, CH,C=C), 1.91 (2H, m, CH,CH,NH), 1.25
(3H, t, J 7.1, CO,CH,CH;); 6c (100 MHz; CDCl3) 174.9
(CH,CNH), 169.9 (C=0), 168.9 (C=0), 139.2 (aromatic
C), 128.7 (aromatic CH), 123.0 (aromatic CH), 120.6 (aro-
matic CH), 87.0 (COCCO,Et), 59.9 (CO,CH,CH53), 47.7
(CH,NH), 36.5 (CH,C=C), 21.3 (CH,CH,NH), 14.6
(CO,CH,CHy); m/z (ES*) 297.2 (MNa™*, 7%), 275.3 (MH™,
2), 183.1 (28), 182.1 (100), 154.0 (99), 138.0 (98); HRMS
(ES*) caled for C;sHoN,O; (MH*) 275.1396, found
275.1373.

Data for compound 5: colourless solid, mp 127-129 °C (lit.*
mp 128 °C); ¥max (CH>CL)/cm ™! 3377, 1689, 1660, 1594; 6y
(400 MHz; CDCls) 7.31 (2H, d, J 7.7, aromatic CH), 7.22
(2H, apparent t, J 7.9, aromatic CH), 7.01 (1H, t, J 7.4, aro-
matic CH), 6.95 (1H, br s, NHPh), 6.34 (1H, apparent d,
J 1.6, CH=C), 4.03 (2H, q, J 7.1, CO,CH,CH3;), 3.64 (2H,
t, J 7.1, CH,NCO), 3.12 (2H, apparent dt, J 1.6, 7.8,
CH,C=C), 1.87 (2H, apparent quintet, J 7.4, CH,CH,NCO),
1.16 (3H,t,J7.1,CO,CH,CHS3). 6 (100 MHz; CDCl5) 168.9
(ester C=0), 158.2 (alkene C), 152.1 (urea C=0), 137.5
(aromatic C), 129.0 (aromatic CH), 124.3 (aromatic CH),
120.7 (aromatic CH), 95.6 (alkene CH), 59.4 (CO,CH,),
49.4 (CH,NCO), 31.9 (CH,C=C), 21.1 (CH,CH,NCO),
14.5 (CH;CH,OCO); m/z (ES*) 275 (MH*, 55%), 156
(100); HRMS (ES*) caled for C;sH;oN,Oz (MHY)
275.1396, found 275.1397.

3.1.2. 1,3-Dioxo-2-phenyl-1,2,3,5,6,7-hexahydro-pyr-
rolo[1,2-c]pyrimidine-4-carboxylic acid phenylamide
(6). To a stirred suspension of sodium hydride (60% disper-
sion in oil, 35 mg, 1.5 mmol) in dry THF (15 mL), was
added dropwise a solution of (Z)-pyrrolidin-2-ylidene-
acetic acid ethyl ester 3 (207 mg, 1.3 mmol) in THF
(5mL) at 0°C. The mixture was then stirred for 2h at
25 °C. Phenyl isocyanate (159 mg, 1.3 mmol) was added,
and the mixture stirred for 18 h at rt. The reaction mixture
was quenched with saturated NH,4Cl solution (30 mL), the
organic layer extracted, and the aqueous layer washed with
DCM (3x30 mL). The combined organic washings were
washed with brine (2x50 mL), dried over MgSO,, and
the solvent removed in vacuo. The residue was recrystal-
lised from ethanol to give the title compound (60 mg,
13%) as a pale yellow solid, mp 253-255°C; vy
(CH,CL)/cm™! 3239, 1705, 1682, 1591, 1437; oy
(400 MHz; CDCl3) 11.12 (1H, br s, PhANHCO), 7.60-7.35
(5H, m, aromatic CH), 7.30-7.15 (4H, m, aromatic CH),
7.00 (1H, t, J 7.3, aromatic CH), 4.00 (2H, t, J 7.5,
CH,NCO), 3.77 2H, t, J 7.9, CH,C=C), 2.17 (2H, appar-
ent quintet, J 7.7, CH,CH,NCO); oc (100 MHz; CDCl3)
1649 (C=0), 163.5 (C=0), 160.6 (C=0), 147.8
(CH,CNCO), 137.2 (aromatic C), 133.4 (aromatic C),
128.7 (aromatic CH), 128.3 (aromatic CH), 127.9 (aro-
matic CH), 127.1 (aromatic CH), 123.0 (aromatic CH),
119.3 (aromatic CH), 100.3 (NHCO-C-CO), 48.2
(CH,NCO), 334 (CH,C=C), 19.4 (CH,CH,NCO); m/z
(ES*) 370.3 (MNa*, 92%), 348.3 (MH", 100), 273.2 (44),

255.2 (95), HRMS (ES+) calcd for C20H18N303 (MH+)
348.1348, found 348.1343. Purification of the filtrate by
flash column chromatography gave compound 4 (113 mg,
31%) (data as above).

3.1.3. N-Benzyl-2-pyrrolidin-(2E)-ylidene-malonamic
acid ethyl ester (7) and (1-benzylcarbamoyl-pyrrolidin-
(2E)-ylidene)-acetic acid ethyl ester (8). To a solution of
(Z2)-pyrrolidin-2-ylidene-acetic acid ethyl ester 3 (103 mg,
0.7 mmol) in CHCI; (6 mL) was added benzyl isocyanate
(80 puL, 0.7 mmol), and the mixture stirred at 25 °C for
18 h. The solvent was then removed in vacuo and the result-
ing orange oil purified by column chromatography (eluting
with ethyl acetate/hexane 3:7) giving, in order of elution,
compound 7 (R;=0.41) (25 mg, 13%) and compound 8
(Rr=0.18) (48 mg, 25%).

Data for compound 7: yellow solid, mp 95-98 °C; v.x
(Nujol)/em™' 3408, 1639, 1594; 6y (400 MHz; CDCls)
11.40 (1H, s, CH,NH), 9.51 (1H, m, PhCH,NH), 7.27-7.18
(5H, m, aromatic CH), 4.43 (2H, d, J 5.7, PhCH,NH), 4.09
(2H, q, J 7.1, CO,CH,CH3), 3.50 (2H, t, J 7.4, CH,NH),
3.09 2H, t, J 7.9, CH,C=C), 1.92 (2H, apparent quintet,
J 7.7, CH,CH,NH), 1.22 (3H, t, J 7.1, CO,CH,CH3); 6c
(100 MHz; CDCl3) 174.4 (CH,CNH), 170.5 (C=0), 169.7
(C=0), 139.6 (aromatic C), 128.5 (aromatic CH), 127.3
(aromatic CH), 126.8 (aromatic CH), 86.6 (COCCO,Et),
59.5 (CO,CH,CHj3), 47.5 (PhCH,NH), 43.0 (CH,NH),
36.2 (CH,C=C), 21.4 (CH,CH,NH), 14.6 (CO,CH,CH3);
m/z (ES*) 311 (MNa+H,0%, 26%), 289 (MH*, 10), 243 (5),
182 (100); HRMS (ES*) calcd for C;cH»,N,O3 (MH")
289.1552, found 289.1548.

Data for compound 8: colourless solid, mp 88-92 °C, lit.*
mp 86°C; vpax (Nujol)/em™! 3357, 1669, 1604; oy
(400 MHz; CDCl3) 7.28-7.14 (5H, m, aromatic CH), 6.41
(1H, apparent t, J 1.7, CH=C), 5.32 (1H, br s, NHCH,Ph),
438 (2H, d, J 5.6, NHCH,Ph), 402 (2H, q, J 7.1,
CO,CH,CHj3), 3.54 (2H, t, J 7.1, CH,NCO), 3.11 (2H, ap-
parent dt, J 1.7, 7.8, CH,C=CH), 1.87 (2H, apparent quin-
tet, J 7.5, CH,CH,NCO), 1.16 (3H, t, J 7.1, CO,CH,CH3);
oc (100 MHz; CDCl3) 169.1 (ester C=0), 158.3
(CH,CNCO), 154.5 (urea C=0), 158.5 (aromatic C),
128.7 (aromatic CH), 127.7 (aromatic CH), 127.5 (aromatic
CH), 95.0 (CH=C), 59.2 (CO,CH,CHs;), 49.1 (NHCH,Ph),
44.5 (CH,NCO), 31.8 (CH,C=C), 21.1 (CH,CH,NCO),
14.5 (CO,CH,CHj3); m/z (ES™) 329 (M+Na+H,0, 65%),
261 (38), 156 (100), 128 (97); HRMS (ES*) calcd for
C,6H,oN>05 (MH*) 289.1552, found 289.1548.

3.1.4. 1,3-Dioxo-2-benzyl-1,2,3,5,6,7-hexahydro-pyr-
rolo[1,2-c]pyrimidine-4-carboxylic acid benzylamide
(9). To a stirred suspension of sodium hydride (60% disper-
sion in oil, 45 mg, 1.1 mmol) in dry THF (15 mL), was
added dropwise a solution of (Z)-pyrrolidin-2-ylidene-acetic
acid ethyl ester 3 (159 mg, 1.0 mmol) in THF (5 mL) at 0 °C.
The mixture was then stirred for 2 h at 25 °C. Benzyl iso-
cyanate (0.13 mL, 1.0 mmol) was added, and the mixture
stirred for 18 h at 25 °C. The reaction mixture was quenched
with saturated NH4ClI solution (30 mL), the organic layer
was separated and the aqueous layer washed with CH,Cl,
(3%x30 mL). The combined organic layers were washed
with brine (2x50 mL), dried over MgSQ,, and the solvent
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removed in vacuo. The resulting orange solid was purified
by column chromatography (eluting with 3:7 ethyl acetate/
hexane) giving, in order of elution, compound 9 (R=0.57)
(36 mg, 9%) and compound 7 (R=0.41) (103 mg, 35%)
(data as above).

Data for compound 9: yellow solid, mp 117-120 °C; vy«
(CH,Cly)/lem™! 3248, 1705, 1646, 1623, 1545, 1442; oy
(400 MHz; CDCl5) 11.10 (1H, br s, CH,NHCO), 7.31 (4H,
apparent t, J 7.6, aromatic CH), 7.26—7.12 (6H, m, aromatic
CH), 5.04 (4H, apparent s, 2xPhCH,N), 3.64 (2H, t, J 7.6,
CH,NCO), 3.39 (2H, t, J 8.0, CH,C=C), 2.06 (2H, apparent
quintet, J 7.8, CH,CH,NCO); 6c (100 MHz; CDCl3) 177.2
(CI3CC=0), 1652 (C=0), 1624 (C=0), 151.6
(CH,CNCO), 137.6 (aromatic C), 137.6 (aromatic C),
128.5 (aromatic CH), 128.4 (aromatic CH), 128.2
(aromatic CH), 127.4 (aromatic CH), 127.3 (aromatic CH),
88.5 (NHCO-C-CO), 48.2 (CH,NCO), 44.19, 44.16
(2xPhCH;,N), 35.3 (CH,C=C), 20.8 (CH,CH,NCO); m/z
(ES™) 376 (MH*, 100%), 310 (32), 238 (23), 123 (66);
HRMS (ES™) calcd for C,,H,,N305 (MH™) 376.1661, found
376.1657.

3.1.5. N-Butyl-2-pyrrolidin-(2E)-ylidene-malonamic acid
ethyl ester (10) and (1-r-butylcarbamoyl-pyrrolidin-
(2E)-ylidene)-acetic acid ethyl ester (11). To a solution
of (Z)-pyrrolidin-2-ylidene-acetic acid ethyl ester 3
(147 mg, 0.9 mmol) in pyridine (0.5 mL) was added butyl
isocyanate (128 pL, 1.1 mmol). The solution was stirred at
100 °C in a sealed tube for 65 h, after which time the solvent
was removed under reduced pressure. The resulting dark
brown oil was purified by column chromatography (eluting
with ethyl acetate/hexane 4:7), to give compound 10
(R=0.33) (156 mg, 65%) and compound 11 (R,=0.11)
(45 mg, 19%) both as pale yellow oils.

Data for compound 10: pale yellow oil; v .« (CH,CL)/cm™!
3314, 1654, 1598; oy (400 MHz; CDCl3) 11.45 (1H, br s,
CH,NH), 9.10 (1H, br s, CH,NHCO), 4.10 2H, q, J 7.1,
CO,CH,), 3.51 (2H, t, J 7.4, CH,NH), 3.21 (2H, apparent
g, J 6.5, CH,NHCO), 3.08 (2H, t, J 7.9, CH,C=C), 1.93
(2H, apparent quintet, J 7.7, CH,CH,NH), 1.46 (2H, appar-
ent quintet, J 7.3, CH;CH,CH,), 1.31 (2H, apparent sextet,
J 7.4, CH;CH,CH,), 1.23 (3H, t, J 7.1, CO,CH,CH3),
0.85 (3H, t, J 7.3, CH3CH,CH,); oc (100 MHz; CDCl3)
174.1 (CH,CNH), 170.3 (C=0), 169.6 (C=0), 86.5
(COCCO,Et), 59.3 (CO,CH,), 47.3 (CH,NH), 38.6
(CH,NHCO), 36.0 (CH,C=C), 31.8 (CH3CH,CH,), 21.3
(CH,CH,NH), 20.3 (CH;CH,CH,), 14.4 (CO,CH,CH3),
13.8 (CH5CH,CH,); m/z (APCI) 255 (MH*, 24%), 182
(100); HRMS (ES*) caled for C;3H»3N,O3 (MH")
255.1709, found 255.1704.

Data for compound 11: pale yellow oil; v, (CH,Cl,)/cm™!
3348, 1646, 1565; oy (400 MHz; CDCls) 6.28 (1H, br s,
alkene CH), 4.97 (1H, br s, NHCON), 4.04 (2H, q, J 7.1,
CO,CH,), 3.56 (2H, t, J 7.1, CH,NCO), 3.21 (2H, apparent
q, J 6.6, CH,NHCO), 3.13 (2H, t, J 7.7, CH,C=C), 1.89
(2H, apparent quintet, J 7.4, CH,CH,NCO), 1.47 (2H, appar-
ent quintet, J 7.4, CH;CH,CH,), 1.29 (2H, apparent sextet,
J 7.4, CH;CH,CH,), 1.18 (3H, t, J 7.1, CO,CH,CH>),
0.87 (3H, t, J 7.3, CH;CH,CH,); 6c (100 MHz; CDCl5)
169.0 (ester C==0), 158.4 (CH,CNCO), 154.4 (urea C=0),

94.3 (CHCCO,EY), 59.2 (CO,CH,), 49.2 (CH,NCO), 40.4
(CH,NHCO), 32.0 (CH,C=C), 31.9 (CH;CH,CH,), 21.1
(CH,CH,NH), 20.9 (CH;CH,CH,), 14.5 (CO,CH,CHs),
13.8 (CH3CH,CH,); m/z (APCI) 273 (M+H30%, 42%), 255
(MH*, 19%), 227 (16), 156 (100); HRMS (ES*) calcd for

3.1.6. 2-Pyrrolidin-(2E)-ylidene-N-p-tolyl-malonamic
acid ethyl ester (12) and (1-p-tolylcarbamoyl-pyrrolidin-
(2E)-ylidene)-acetic acid ethyl ester (13). To a solution of
(Z2)-pyrrolidin-2-ylidene-acetic acid ethyl ester 3 (161 mg,
1 mmol) in CHCI; (6 mL) was added p-tolyl isocyanate
(130 pL., 1 mmol), and the solution stirred under reflux
for 2 h. The solvent was removed in vacuo to produce a
yellow oil, which solidified on standing. The yellow solid
was purified by column chromatography (eluting with
EtOAc/hexane 4.5:7) giving, in order of elution, compound
12 (Ry=0.76) (168 mg, 56%) and compound 13 (R;=0.29)
(69 mg, 23%).

Data for compound 12: pale yellow solid, mp 150-153 °C;
Vmax (solution)/cm™! 3216, 1649, 1619; 6y (400 MHz;
CDCls) 11.40 (1H, br s, CH,NH), 11.25 (1H, br s, ArNH),
7.37 (2H, apparent d, J 7.4, aromatic CH), 7.01 (2H, apparent
d,J7.4,aromatic CH),4.12 (2H, q,J 7.1, CO,CH,), 3.49 (2H,
t,J 7.4, CH,NH), 3.08 (2H, t,J 7.9, CH,C=C), 2.20 (3H, s,
CH;Ar), 1.88 (2H, apparent quintet, J 7.7, CH,CH,NH), 1.23
(3H, t, J 7.1, CO,CH,CH>); 6c (100 MHz; CDCl3) 174.8
(CH,CNH), 169.9 (C=0), 168.8 (C=0), 136.5 (aromatic
O), 132.5 (aromatic C), 129.3 (aromatic CH), 120.4 (aro-
matic CH), 87.0 (COCCO,Et), 59.8 (CO,CH,), 47.6
(CH,NH), 36.5 (CH,C=C), 21.3 (CH,CH,NH), 20.9
(CH;3Ar), 14.6 (CO,CH,CH3); m/z (ES*) 311 (MNa*,
30%), 289 (MH™, 30), 182 (100); HRMS (ES*) calcd for
C,6H2oN,05 (MH™) 289.1552, found 289.1537.

Data for compound 13: colourless solid, mp 132-135 °C, lit.*
mp 155 °C; vma (CHoCl)/em™! 3448, 1694, 1609; oy
(400 MHz; CDCls) 7.25 (2H, apparent d, J 8.3, aromatic
CH), 7.04 (2H, apparent d, J 8.3, aromatic CH), 6.77 (1H,
s, NHAr), 6.31 (1H, apparent t, J 1.6, CH=C), 4.04 (2H, q,
J 7.1, CO,CH,), 3.66 (2H, t, J 7.1, CH,NCO), 3.15 (2H,
apparent dt, J 1.7, 7.8, CH,C=C), 2.24 (3H, s, CH3Ar),
1.90 (2H, apparent quintet, J 7.4, CH,CH,NCO), 1.17
(BH, t, J 7.1, CO,CH,CH3); ¢ (100 MHz; CDCl;) 168.8
(ester C=0), 158.1 (CH,CNCO), 152.1 (urea C==0),
134.8 (aromatic C), 134.0 (aromatic CH), 129.5 (aromatic
CH), 120.7 (aromatic CH), 95.4 (CH=C), 59.3 (CO,CH,),
49.4 (CH,NCO), 32.0 (CH,C=C), 21.1 (CH,CH,NCO),
20.8 (CHsAr), 14.5 (CO,CH,CHs); m/z (ES*) 311
(MNa™*, 22%), 289 (MH™, 8), 156 (100), 110 (34); HRMS
(ES*) caled for Ci6HpoN,0O3Na (MNa*) 311.1372, found
311.1356.

3.1.7. 3-Oxo-2-pyrrolidin-(2E)-ylidene-3-(toluene-4-sul-
fonylamino)-propionic acid ethyl ester (14). To a solution
of (Z)-pyrrolidin-2-ylidene-acetic acid ethyl ester 3
(102 mg, 0.7 mmol) in CHCI; (6 mL) was added p-tosyl iso-
cyanate (100 pL, 0.7 mmol) and the mixture stirred at reflux
for 2 h. The solvent was removed in vacuo to yield the title
compound (220 mg, 94%) as a white crystalline solid, with-
out need for further purification, mp 154-158 °C; vax
(Nujol)/cm™! 3447, 1644, 1594; 6y (400 MHz; CDCl3) 12.20
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(1H, s, CH,NH), 11.30 (1H, s, SO,NHCO), 7.83 (2H, appar-
ent d, J 8.3, aromatic CH), 7.18 (2H, apparent d, J 8.3, aro-
matic CH), 4.09 (2H, q, J 7.1, CO,CH,CH3), 3.46 (2H, t,
J 7.5, CH,NH), 3.05 (2H, t, J 7.9, CH,C=C), 2.29 (3H, s,
CH;Ar), 1.89 (2H, apparent quintet, J 7.7, CH,CH,NH),
1.20 (3H, t, J 7.1, CO,CH,CH3); 6c (100 MHz; CDCl3)
175.9 (CH,CNH), 169.5 (C=0), 167.7 (C=0), 143.9 (aro-
matic C), 137.4 (aromatic C), 129.3 (aromatic CH), 128.1
(aromatic CH), 86.5 (COCCO,Et), 60.5 (CO,CH,CH,),
48.1 (CH,NH), 36.6 (CH,C=C), 21.6 (CHsAr), 20.8
(CH,CH,NH), 14.4 (CO,CH,CHs3); m/z (ES*) 353 (MH*,
34%), 182 (100), HRMS (ES+) calcd for C]6H2|N205S
(MH*) 353.1171, found 353.1166.

3.1.8. 3-Oxo0-2-pyrrolidin-(2E)-ylidene-3-(2,2,2-tri-
chloro-acetylamino)-propionic acid ethyl ester (15). To
a stirred solution of (Z)-pyrrolidin-2-ylidene-acetic acid
ethyl ester 3 (63 mg, 0.4 mmol) was added trichloroacetyl
isocyanate (48 pL, 0.4 mmol) and the mixture stirred for
18 h at 25 °C. The solvent was then removed in vacuo.
The resulting yellow oil was purified by column chromato-
graphy (eluting with ethyl acetate/hexane 4:7) to give the
title compound (R;=0.25) (72 mg, 51%) as an off-white
solid, mp 110-112 °C; v, (solution)/cm™! 3197, 1750,
1664, 1614; oy (400 MHz; CDCl;) 13.38 (1H, br s,
CI;CCO-NH-CO), 11.31 (1H, br s, CH,NH), 4.20 (2H, q,
J 7.1, CO,CH,), 3.66 (2H, t, J 7.5, CH,NH), 3.20 (2H, t,
J 79, CH,C=C), 2.04 (2H, apparent quintet, J 7.8,
CH,CH,NH), 128 (3H, t, J 7.1, CO,CH,CHj); oc
(100 MHz; CDCl5) 176.6 (C13;CCONH), 174.9 (CH,CNH),
169.8 (ester C=0), 167.8 (NHCOC=C), 93.2 (CI3C),
87.8 (COCCO,EY), 60.8 (CO,CH,), 48.4 (CH,NH), 36.9
(CH,C=C), 20.9 (CH,CH,NH), 14.4 (CO,CH,CHs3); m/z
(ES*) 343 (MH*, 18%) (+consistent isotopomer peaks),
182 (100); HRMS (ES*) caled for C;H;sN,0,%Cls
(MH") 343.0019, found 343.0015.

3.1.9. Phenylthiocarbamoyl-(2Z)-pyrrolidin-2-ylidene-
acetic acid ethyl ester (16). To a stirred solution of (Z)-pyr-
rolidin-2-ylidene-acetic acid ethyl ester 3 (60 mg, 0.4 mmol)
in CHCI; (6 mL) was added phenyl isothiocyanate (46 pL,
0.4 mmol), and the mixture stirred for 20 h under reflux.
The solvent was removed in vacuo and the resulting brown
solid recrystallised from aqueous ethanol to yield the fitle
compound (65 mg, 58%) as colourless needles, mp 118—
120 °C; wvpmax (solution)/em™! 3176, 1649, 1248; oy
(400 MHz; CDCl3) 13.28 (1H, br s, CH,NH), 12.47 (1H,
br s, PhNH), 7.38 (2H, d, J 7.6, aromatic CH), 7.31 (2H,
apparent t, J 7.9, aromatic CH), 7.16 (1H, t, J 7.4, aromatic
CH), 4.18 (2H, q, J 7.2, CO,CH,), 3.64 (2H, t, J 7.4,
CH,NH), 3.15 (2H, t, J 7.8, CH,C=C), 1.98 (2H, apparent
quintet, J 7.6, CH,CH,NH), 1.28 (3H, t, J 7.2, CO,CH,CH3);
oc (100 MHz; CDCl;) 190.2 (thioamide C=S), 174.1
(CH,CNH), 170.2 (ester C=0), 139.7 (aromatic C), 128.6
(aromatic CH), 126.3 (aromatic CH), 126.2 (aromatic CH),
95.0 (CSCCO), 60.4 (CO,CH,), 48.0 (CH,NH), 37.8
(CH,C=C), 21.9 (CH,CH,NH), 14.4 (CO,CH,CH3); m/z
(ES*) 291 (MH™, 29%), 198 (100); HRMS (ES*) calcd for
C|5H19N2028 (MH+) 2911167, found 291.1172.

3.1.10. Benzylthiocarbamoyl-(2Z)-pyrrolidin-2-ylidene-
acetic acid ethyl ester (17). To a solution of (Z)-pyrroli-
din-2-ylidene-acetic acid ethyl ester 3 (155 mg, 1 mmol)

in CHCI; (6 mL) was added benzyl isothiocyanate
(160 uL, 1.2 mmol), and the solution was stirred under
reflux for 23 h. The mixture was allowed to cool, and the sol-
vent was removed in vacuo. The resulting dark orange oil
was purified by column chromatography (eluting with ethyl
acetate/hexane 1:4) to give the fitle compound (R;=0.41)
(204 mg, 66%) as buff waxy solid, mp 83-87 °C; v« (solu-
tion)/em™' 3197, 1639, 1268; 6y (400 MHz; CDCl5) 13.05
(1H, br s, CH,NH), 12.22 (1H, br s, PhCH,NH), 7.18-7.11
(5H, m, aromatic CH), 4.79 (2H, apparent d, J 4.9,
PhCH,NH), 4.08 (2H, q, J 7.2, CO,CH,) 3.59 (2H, t,
J 7.3, CH,NH), 3.09 (2H, ¢, J 7.8, CH,C=C), 1.93 (2H,
apparent quintet, J 7.6, CH,CH,NH), 1.20 (3H, t, J 7.2,
CO,CH,CH3); 6c (100 MHz; CDCl;) 190.0 (thioamide
C=S), 173.4 (CH,CNH), 169.9 (ester C=0), 137.7 (aro-
matic C), 128.7 (aromatic CH), 127.9 (aromatic CH),
127.3 (aromatic CH), 94.3 (CSCCO,Et), 60.1 (CO,CH,),
49.1 (PhCH,NH), 47.8 (CH,NH), 37.5 (CH,C=C), 21.9
(CH,CH,NH), 14.4 (CO,CH,CHs); m/z (ES) 305 (MH™,
100%), 259 (24), 198 (78); HRMS (ES*) calced for
C6H>1N>0,S (MH*) 305.1324, found 305.1300.

3.1.11. n-Butylthiocarbamoyl-(2Z)-pyrrolidin-2-ylidene-
acetic acid ethyl ester (18). To a solution of (Z)-pyrroli-
din-2-ylidene-acetic acid ethyl ester 3 (160 mg, 1.0 mmol)
in pyridine (0.5 mL) was added butyl isothiocyanate
(149 pL, 1.2 mmol). The solution was stirred at 100 °C in
a sealed tube for 46 h, after which time the solvent was re-
moved under reduced pressure. The resulting dark orange
solid was recrystallised from aqueous ethanol to give the title
compound (240 mg, 89%) as an orange solid, mp 53-56 °C;
Vmax (CH,ClL)/em~! 3176, 1633, 1257; 6y (400 MHz;
CDCl3) 13.05 (1H, br s, CH,NH), 1092 (1H, br s,
CH,NHCS), 4.13 (2H, q, J 7.2, CO,CH,), 3.59 (2H, appar-
ent q, J 7.3, CH,NHCS), 3.58 (2H, t, J 7.3, CH,NH), 3.08
(2H, t, J 7.8, CH,C=C), 1.94 (2H, apparent quintet,
J 7.6, CH,CH,NH), 1.58 (2H, apparent quintet, J 7.3,
CH;CH,CH,), 136 (2H, apparent sextet, J 7.4,
CH;CH,CH,), 1.24 (3H, t, J 7.2, CO,CH,CHj3), 0.88 (3H,
t, J 7.3, CH3CH,CH,); 6c (100 MHz; CDCl3) 189.5 (thio-
carbamoyl C=S), 173.1 (CH,CNH), 169.9 (ester C=0),
94.0 (CSCCO,EY), 60.0 (CO,CH,), 47.6 (CH,NH), 44.7
(CH,NHCS), 37.4 (CH,C=C), 30.3 (CH5;CH,CH,), 21.8
(CH,CH,;NH), 20.4 (CH3CH,CH,), 14.3 (CO,CH,CHj3),
13.8 (CH5CH,CH,); m/z (APCI) 271 (MH*, 74%), 225
(26), 198 (100), 156 (19); HRMS (ES*) calcd for
C|3H23N2025 (MH+) 2711480, found 271.1476.

3.1.12. 2-Benzyl-3-oxo0-1-thioxo-1,2,3,5,6,7-hexahydro-
pyrrolo[1,2-c]pyrimidine-4-carbothioic acid benzyl-
amide (19). To a stirred suspension of sodium hydride
(60% dispersion in oil, 18 mg, 0.44 mmol) in dry THF
(10 mL), was added dropwise a solution of (Z)-pyrrolidin-
2-ylidene-acetic acid ethyl ester 3 (62 mg, 0.4 mmol) in
THF (5 mL) at 0 °C. The mixture was then stirred for 2 h
at 25 °C. Benzyl isothiocyanate (53 pL, 1.0 mmol) was
added, and the mixture stirred for 18 h at 25 °C. The reaction
mixture was quenched with saturated NH4Cl solution
(30 mL), the organic layer separated, and the aqueous layer
extracted with CH,Cl, (3%x30 mL). The combined organic
layers were washed with brine (2x50 mL), dried over
MgSO,, and the solvent removed in vacuo. The resulting
dark orange solid was purified by column chromatography
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(eluting with ethyl acetate/hexane 3:7) to give, in order of
elution, compound 17 (R,=0.68) (46 mg, 38%) (data as
above) and the ftitle compound (R;=0.45) (42 mg, 25%) as
a pale solid, mp 130-132 °C; v (CH,Cly)/ecm ™! 3337,
1664, 1288; oy (400 MHz; CDCl;) 14.0 (1H, br s,
PhCH,NHCS), 7.45-7.05 (10H, m, aromatic CH), 6.45
(2H, s, one of PhCH,N), 5.73 (2H, s, one of PhCH,N),
374 (2H, t, J 7.4, CH,NCS), 3,55 (2H, t, J 7.9,
CH,C=C), 2.17 (2H, apparent quintet, J 7.7,
CH,CH,NCO); o6c (100 MHz; CDCl3) 191.0 (C=S),
183.4 (C=S), 176.6 (C=0), 157.8 (alkene C), 135.6
(aromatic C), 135.5 (aromatic C), 127.3 (aromatic
CH), 127.2 (aromatic CH), 126.5 (aromatic CH), 126.1 (ar-
omatic CH), 125.6 (aromatic CH), 125.6 (aromatic CH),
102.8 (alkene C), 56.0 (CH,N), 50.5 (CH,N), 47.9
(CH,N), 37.1 (CH,), 20.1 (CH,); m/z (ES*) 408 (MH™,
100%), 383 (28), 303 (22), 238 (29), 182 (58); HRMS
(ES™) calcd for C,,H,,N50S, (MH*) 408.1204, found
408.1208.
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Abstract—A novel methodology leading to the synthesis of (+)-triacetoxygoniotriol 2 from p-glucose is described. Construction of the core
six-membered o,B-unsaturated lactone moiety involved ring closing metathesis (RCM) followed by a PCC oxidation. Later exploiting the
pseudo-symmetry of p-glucose three other diastereomers of triacetoxygoniotriol were synthesized using the developed methodology.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Styryllactones, isolated from the stem bark of Goniothala-
mus gigeanteus (Annanoceae) have interesting heterocyclic
skeletons.! They show significant murine toxicity toward
lymphocytic leukemia systems. Goniotriol 1a is one of the
important members of styryllactone family. It showed signif-
icant cytotoxicity in the potato disc test and brine shrimp
test. Interestingly both enantiomers of goniotriol occur in
nature and its stereochemistry varies with the source of
extraction.? Syntheses of (+)-goniotriol adopting both chiral
pool and enantioselective approaches (including our own
approach) and its analogues have been reported and their
bioactivities were studied.>* Also, synthesis of other styryl-
lactones from goniotriol has been reported. Taking into
account the various approaches reported in the literature
we embarked on developing a novel unified approach for
synthesis of various diastereomers of (+)-goniotriol from
p-glucose. In our approach, which is described here we con-
structed the core o,B-unsaturated lactone moiety by using
RCM and PCC oxidation of dialkenyl derivatives. We also
showed that the allyl group, which is generally known to
be a protection group could be used as a masked acrylic ester
moiety during our synthesis. Herein, we wish to report
complete details of our approach along with the synthesis
of both the enantiomers of goniotriol, thus demonstrating
the versatility of our approach (Fig. 1).

Keywords: Styryllactones; Goniotriol; RCM and PCC oxidation.
* Corresponding author. E-mail: sriks74@yahoo.com

0040-4020/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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Figure 1.

2. Results and discussion

Retrosynthetic analysis of our approach for the synthesis of go-
niotriols 1-4 is depicted in Scheme 1. The recognition that the
core six-membered a,B-unsaturated lactone moiety of the
goniotriol could be constructed by ring closing metathesis fol-
lowed by PCC oxidation guided our planning from the outset.
In the synthetic direction (—)-triacetoxygoniotriols 3 and 4
could be synthesized from RCM product of dialkene 5 by
a PCC oxidation reaction.’ Dialkene 5 could originate from
the acetonide 6 by incorporation of the required phenyl group.
Finally the acetonide 6 can be synthesized from diol 7, which in
turn could be obtained from p-glucose by known steps.®

Our synthesis commenced as outlined in Scheme 2. Di-
alkenyl acetonide 6 was subjected to hydrolysis using acetic


mailto:sriks74@yahoo.com

11166

G. S. C. Srikanth et al. / Tetrahedron 62 (2006) 11165-11171

oAc 0N = 0.0
3/4 <——= W —— /\gj
CeHs N o)
=
OAc OAc © E\
5 6 OH
Hoy\goj..\.o
~ 0 "’/o>(
OH / 7
0Ac 0 C.H 0
1b/2 = : = " >(
Cofs 7 =0 0o
OAc OAc
8 9
Scheme 1.
OAc O d . .
c R || —— (-)-Triacetoxygoniotriol 3
from 12 CeHs
2 o N\F OAc OAc
a R! R O
6 2, 14
CeHs N OAc O d
R R® c || —£~ (-)-7-epi-Triacetoxygoniotriol 4
10:R"=H,RZR®*=0OH  from 13 CgHsg
11:R'"R®=0H,R%=H OAc OAc
bL 15
12:R?=H,R'R®= OAc

13:R?R®=0OAc,R'=H

Scheme 2. (a) (i) CH3CO,H-H,0 (4:1), reflux, 12 h (86% yield); (ii) PhMgBr, THE, 0 °C to rt, 30 h (74% yield, a:b=3:1); (b) Ac,0, EtzN, DMAP, 24 h
(88% yield); (c) Grubb’s catalyst (5 mol %), DCM, rt, 24 h (90% yield); (d) PCC, Py, DCM, reflux, 8 h (64% yield).

acid in water at 90 °C to furnish an inseparable mixture of
anomeric diols in 86% yield. Diols were subjected to
a Grignard reaction with phenyl magnesium bromide in
dry THF at O °C resulting in an inseparable mixture of dia-
stereomeric triols 10 and 11 in 3:1 ratio. The diastereomeric
diols on acetylation followed by column chromatography
afforded essentially pure triacetates 12 and 13 in 49%
combined yield (for two steps). The stereochemistry of the
major diastereomer 13 was deduced by the literature analogy
and was later unambiguously corroborated by the single
crystal X-ray structure of (—)-7-epi-triacetoxygoniotriol 4,
which was derived from 13.*7 Treatment of triacetate 12
to ring closing metathesis conditions using Grubb’s catalyst
[benzylidene-bis(tri-cyclohexylphosphine)-dichlororuthenium
(5 mol %)] in dry DCM yielded allyl ether 15 in 90% yield.
The allylic methylene moiety in ether 15 was oxidized with
3 equiv of PCC and pyridine in dry DCM furnished the
required styryllactone, [7R,6S,5S,4R]-7-epi-triacetoxy-(—)-
goniotriol 4.° It is appropriate to mention that this is the
first example wherein such an oxidation was conducted on
densely functionalized intermediate. The minor isomer 12
was converted into (—)-triacetoxygoniotriol 3 under the
same conditions.

In order to synthesize (+)-triacetoxygoniotriols 1b and 2,
which are enantiomers of 3 and 4, respectively, we decided
to exploit the pseudo-symmetry of p-glucose. It was envi-
sioned that the intermediate generated by the addition of
phenyl magnesium bromide onto the aldehyde generated
by the oxidative cleavage of diol 7 could be converted to
triacetoxydialkene 8, which is enantiomeric to triacetoxy-
dialkene 5. Intermediate 8 could be converted to triacetoxy-
goniotriols 1b and 2 using the conditions described earlier.

Accordingly, the synthesis of (+)-7-epi-triacetoxygoniotriol
2 is outlined in Scheme 3. The aldehyde generated by the
oxidative cleavage of diol 7 using NalO, in MeOH, when
allowed to react with phenyl magnesium bromide in dry
THF at 0 °C resulted in the formation of the diastereomeric
alcohols 16 and 17 in a 8:2 ratio with 77% overall yield. The
stereochemistry at the C-5 center in two diastereomers was
established by the literature analogy (Fig. 2).® The proton
on C-3 in the case of alcohol 16 (major diastereomer) having
L-ido configuration appeared approximately ¢ 0.4 upfield
than that in the alcohol 17 with the p-gluco configuration
due to the anisotropy of the phenyl moiety. The benzylic
alcohol in 16 was then converted to PMB ether 19 using stan-
dard reaction conditions. Conversion of the PMB ether 19 to
dialkene 20 involved a two-step reaction sequence of acid
hydrolysis followed by Wittig reaction. While the Wittig
reaction preceded without any complication, albeit moderate
yield, the acid hydrolysis was complicated as a result of
cleavage of PMB group under the hydrolysis conditions.
The most efficient protocol entailed conducting acidic
hydrolysis using 4 M HCI in THF at 55 °C and halting the
reaction prior to completion (52% yield based on the isolated
yield of the anomeric diols after column chromatography;
88% based on the recovered 19). The recovered diol was
resubjected to acidic hydrolysis. Acidic hydrolysis under
prolonged reaction conditions or use of strong acids resulted
in low yields of the desired product. Peracetylation of diol 20
gave diacetate 21, which was then exposed to DDQ in moist
CH,Cl, to afford alcohol 22 in overall 88% yield. It was then
converted into the triacetate 23, followed by a ring closing
metathesis reaction using Grubb’s catalyst gave allyl ether
24 in 92% yield. Oxidation of the allyl ether 24 using PCC
and pyridine in dry DCM furnished the required lactone in
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Scheme 3. (a) NalO4, MeOH-H,0 (10:1), 0 °C, 4 h (88% yield); (b) PhMgBr, THF, 0 °C to rt, 12 h (74% yield, a:b=_8:2); (c) NaH, PMBC], BuyNI (cat), DMF,
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(quant); (g) DDQ, moist DCM, rt, 2 h (88%); (h) Ac,0, Et;N, DMAP, 0 °C to rt, 24 h (quant); (i) Grubb’s catalyst (5%) DCM, rt, 24 h (92% yield); (j) PCC,

CsHsN, DCM, reflux, 7 h (65% yield).

Figure 2.

65% yield. The (+)-7-epi-triacetoxygoniotriol thus obtained
showed same optical rotation but with opposite sign as that
of (—)-7-epi-triacetoxygoniotriol 4 ([a]¥ +134.1 (c 0.2,
MeOH)).* The absolute stereochemistry of (—)-7-epi-triace-
toxygoniotriol 4 was further confirmed from single crystal
X-ray of the 8-O-benzyl derivative of the compound 24.8

The reversal of the stereochemistry at the C-6 center of 16
was accomplished by first oxidizing the benzylic alcohol
in acetonide 16 followed by reduction with NaBH, at
0 °C.? Single crystal X-ray structure of the PMB ether of
17 unambiguously ascertained the stereochemistry at the
benzylic position (Fig. 3).!° Alcohol 17 was later converted
to (+)-triacetoxygoniotriol 1b using the same reaction
sequence as described in Scheme 4.

OH OH
0 e O,
CsHs/\gj‘ >( a,_b» CeHs '
=~ 0 ‘0 =0
16

Figure 3.

3. Conclusion

Synthesis of natural products containing six-membered a.,3-
unsaturated lactones as a core feature using RCM reactions
has been reported.!! These approaches involve intramolec-
ular RCM reactions of appropriately substituted acrylyl
alkenylic esters. However, in some cases acrylyl esters are
known to be reluctant to undergo a ring closing metathesis
reaction due to the formation of stable seven-membered
metal chelates formed between the ester carbonyls and
the intermediate metal carbene species.!? In the present
case we have used allyl ether as a masked acrylic ester
moiety to overcome such difficulties. Since allyl ethers
withstand many harsher reaction conditions the developed

'O>( _C . (+)-Triacetoxygoniotriol 1b

Scheme 4. (a) PDC, DCM, 1t, 4 h (80% yield); (b) NaBHy4, 0 °C, 4 h (90% yield, 9:1 (17:16)); (c) Scheme 2cj.
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methodology offers an attractive alternative to acrylyl ester
derived synthesis of cyclic lactones. Also p-glucose offers
possibility of manipulating the stereochemistry around a
given carbon atom at a time. Hence it is possible to synthe-
size all stereoisomers of goniotriol from p-glucose using the
developed methodology.

4. Experimental
4.1. General

Optical rotations were measured with a JASCO DIP-370
digital polarimeter using a sodium lamp (A=589 nm) at
24 °C. 'H and '3C NMR spectra were recorded in CDCl5 us-
ing Me,Si as an internal standard on a Varian spectrometer.
Thin-layer chromatography was performed on E. Merck
glass plates silica gel sheets (Silica Gel F;s4) and visualized
under UV light and/or stained with ceric ammonium molyb-
date—aqueous H,SO, solution. Column chromatography
was carried out on silica gel (E. Merck 230400 mesh). All
solvents were distilled before use.

4.1.1. 2,4,5-Tri-O-acetyl-3-0-allyl-5,6-dideoxy-1-O-phen-
yl-hex-1-enitol 12/13. Dialkene 6 (0.5 g, 2.2 mmol) was dis-
solved in aqueous AcOH (10 ml, 1:4) and refluxed for 12 h.
Removal of the solvents in vacuo yielded a yellow oil, which
was then dissolved in DCM (10 ml) and washed with satd
aqueous NaHCO; solution (5 ml). The organic layer was
dried (Na,SQO,) and concentrated in vacuo. The resultant
crude diol was dissolved in dry THF (10 ml) and was added
drop wise (15 min) to a solution of phenyl magnesium bro-
mide (2 g, 11.0 mmol) in THF (15 ml) at 0 °C. After stirring
for 2 h at 0 °C and then for 30 h at rt, cold 1 M HCI (5 ml)
was added and extracted with EtOAc (10 ml). The combined
organic layers were dried (Na,SO4) and concentrated
in vacuo. Flash column chromatography (1:1, hexane—
EtOAc) afforded triols 10/11 (0.36 g, 1.36 mmol, 74%)
as a 3:1 mixture of diastereomers. The triols 10 and 11
(0.36 g, 1.36 mmol) were dissolved in EtzN (2 ml) at 0 °C
and DMAP (20 mg) was added. Acetic anhydride (0.83 g,
8.1 mmol) was added and the resultant mixture was stirred
for 24 h at rt. Et;N was evaporated and flash column chroma-
tography of the resultant crude mixture afforded triacetoxy-
dialkenes 12 and 13 (0.46 g, 1.20 mmol, 88% yield) in 3:1
ratio, respectively, as a pale viscous oil. HRMS (FAB) m/z
391.1741 (MH*, C,,H,,04, requires 391.1757).

Compound 13: 0.35 g, [a]& +8.5 (¢ 2, CHCl3); max (liquid
film) 3120, 1743, 1643, 1604, 1434, 1335, 1130 cm™".
'H NMR (CDCls, 500 MHz) & 7.38-7.30 (m, 5H, Ph),
595-5.81 (m, 2H, CH=CH,), 5.86 (d, J=8.0Hz,
I1H, PhCH(OAc)), 5.40-535 (m, 2H, CH(OAc) and
AcOCHCH=CH,), 5.30-5.19 (m, 4H, CH=CH,), 4.25
(dd, J=4.5, 13.0Hz, 1H, OCH,CH=CH,), 4.10 (dd,
J=5.5, 13.0 Hz, 1H, OCH,CH=CH,), 3.69 (dd, J=3.0,
7.5Hz, 1H, CHOallyl), 2.09 (s, 3H, OAc), 2.02 (s, 3H,
OAc), 1.81 (s, 3H, OAc). '*C NMR (CDCls, 125 MHz)
0 170.0, 169.5, 169.4, 136.6, 134.5, 132.4, 128.8, 128.4,
127.9, 118.5, 118.2, 77.7, 74.3, 73.9, 73.4, 72.3, 21.4,
21.3, 20.8.

"H NMR of compound 23 was similar to that of compound
13 ([a]E —8.4 (¢ 2, CHCly)).

Compound 12: 0.10 g, [o]F —18.5 (¢ 2, CHCL3); ¥pax (liquid
film) 3110, 1740, 1638, 1610, 1444, 1342 cm~!. '"H NMR
(CDCl5, 500 MHz) & 7.36-7.28 (m. 5H, Ph), 6.03 (d,
J=8.0Hz, 1H, PhCH(OAc)), 5.94-5.81 (m, 2H,
CH=CH,), 5.46 (q, J=3.5 Hz, 1H, CH=CH,), 5.42-5.40
(m, 1H, CH=CH,), 5.30 (d, /=2.0 Hz, 1H, CH=CH,),
527 (d, J=2.0Hz, 1H, CH=CH,), 5.24 (dd, J=2.0,
7.0 Hz, 1H, OCHCH=CH,), 5.19 (dd, J=2.0, 10.5 Hz,
1H, CHOAc), 4.15 (dd, J=5.0, 10.0Hz, 1H,
OCH,CH=CH,), 3.89 (dd, J=4.0, 10.0Hz, 1H,
OCH,CH=CH,), 3.51 (dd, J=3.0, 7.0 Hz, 1H, CHOallyl),
2.06 (s, 3H, OAc), 2.05 (s, 3H, OAc), 2.03 (s, 3H, OAc).
13C NMR (CDCls, 125 MHz) 6 170.1, 169.6, 169.4, 136.6,
134.4, 132.4, 128.5, 128.4, 128.0, 118.5, 118.3, 77.8, 74.5,
73.6,73.4,72.5, 21.6, 21.3, 20.6.

'H NMR of (8R) diastereomer of compound 23 was similar
to that of compound 12 ([al]3 +18.4 (c 2, CHCI,)).

4.1.2. 1,2,4-Tri-O-acetyl-3,7-anhydro-5,6-dideoxy-1-0-
phenylhept-5-enitol 14/15. To a degassed solution of di-
alkene 12/13/23 (0.10 g, 0.25 mmol) in anhydrous DCM
(3 ml) was added Grubb’s catalyst (10 mg, 0.012 mmol)
and stirred for 24 h at rt. The reaction mixture was diluted
with DCM (2 ml) and air was bubbled through the solution
to deactivate the catalyst. The reaction mixture was filtered
through Celite and concentrated in vacuo. Flash column
chromatography (10% EtOAc in hexane) afforded pyran
14/15/24 (82 mg, 0.23 mmol, 90% yield) as a colorless
semi solid. HRMS (FAB) m/z 362.3737 (MH*, C,oH,,0-,
requires 362.3729).

Compound 15: [a]F —152.1 (¢ 0.2, MeOH); v,y (liquid
film) 3080, 1742, 1646, 1430, 1335cm~'. 'H NMR
(CDCls, 300 MHz) 6 7.38-7.31 (m, 5H), 6.04-5.98 (m,
3H), 5.52 (t, J=5.4Hz, 1H), 5.004.95 (m, 1H), 4.30
(d, J=19.8 Hz, 1H), 4.08 (d, J=19.8 Hz, 1H), 3.55 (dd,
J=2.5, 5.5Hz, 1H), 2.09 (s, 3H), 2.08 (s, 3H), 2.07 (s,
3H). '3C NMR (CDCl;, 125 MHz) 6 170.3, 169.6, 136.5,
131.8, 128.6, 126.9, 122.2, 74.2, 73.5, 73.1, 66.1, 65.5,
21.0, 20.9, 20.8.

'"H NMR of compound 24 was similar to that of compound
15 ([a]& +152.1 (c 0.2, MeOH)).

Compound 14: []F +90.2 (c 0.2, MeOH); ¥,max (KBr) 3100,
1740, 1644, 1440, 1320 cm™'. '"H NMR (CDCls, 300 MHz)
0 7.38-7.29 (m, SH), 6.04-5.96 (m, 2H), 5.83 (d, J=5.5 Hz,
1H), 5.52 (d, J=6.0 Hz, 1H), 5.01-4.97 (m, 1H), 4.33
(d, J=18.0Hz, 1H), 4.10 (d, J=18.0 Hz, 1H), 3.57 (dd,
J=4.0, 8.0 Hz, 1H), 2.09 (s, 3H), 2.07 (s, 3H), 2.05 (s,
3H). '3C NMR (CDCls, 125 MHz) 6 170.2, 169.8, 136.5,
131.6, 128.9, 126.7, 122.0, 74.1, 73.5, 73.2, 66.2, 65.3,
21.1, 20.9, 20.7.

'H NMR of (8R) diastereomer of compound 24 was similar
to that of compound 15 ([e]& —90.0 (c 0.2, MeOH)).

4.1.3. General procedure for the oxidation of cyclic allyl
ethers to lactones. To a solution of pyran 14/15/24 (80 mg,
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0.20 mmol) in anhydrous DCM were added PCC (142 mg,
0.6 mmol) and pyridine (0.1 ml) and refluxed for 7 h. The
solvent was evaporated and ethyl ether (5 ml) was added
and filtered through Celite. The solvent was evaporated
and flash column chromatography (5-20% EtOAc in
hexane, gradient elution) afforded triacetoxygoniotriol 3/4/2
(54.5 mg, 65% yield) as a white solid. HRMS (FAB) m/z
376.1158 (MH™*, C19H(Os, requires 376.1164).

7-epi-7,6,4-Triacetoxy-(—)-goniotriol  4: [a]F —135.0
(c 0.2, MeOH): v, (KBr) 3100, 1742, 1640, 1448,
1336 cm~". "H NMR (CDCls, 300 MHz) 6 7.34 (m, SH),
6.93 (dd, J=5.4, 9.5 Hz, 1H), 6.16 (d, J=9.5 Hz, 1H), 6.05
(d, J=6.2 Hz, 1H), 5.62 (dd, J=5.1, 6.2 Hz, 1H), 5.24 (dd,
J=3.2, 5.1 Hz, 1H), 4.43 (dd, J=3.2, 5.1 Hz, 1H), 2.1 (s,
6H), 2.08 (s, 3H). '3C NMR (CDCls, 125 MHz) ¢ 170.1,
169.4, 169.2, 140.3, 129.3, 129.2, 127.2, 124.7, 100.1,
75.7,74.0, 71.8, 62.9, 21.1, 21.0.

'H NMR of 7-epi-1,6,4-triacetoxy-(+)-goniotriol 2 was sim-
ilar to that of compound 4 ([a]& +135.0 (c 0.2, MeOH)).

7,6,4-Triacetoxy-(—)-goniotriol 3: [a]¥ —121 (c 0.8,
MeOH); v,ax (KBr) 3124, 1742, 1644, 1440, 1327 cm™ .
"H NMR (CDCl;, 300 MHz) 6 7.42-7.33 (m, 5H), 6.93
(dd, J=6.0, 10.2 Hz, 1H), 6.16 (d, /=9.8 Hz, 1H), 5.96 (d,
J=5.2Hz, 1H), 5.76 (dd, J=4.8, 7.1 Hz, 1H), 5.30 (dd,
J=3.2, 6.0Hz, 1H), 4.53 (dd, J=3.2, 6.8 Hz, 1H), 2.10
(s, 3H), 2.08 (s, 3H), 2.01 (s, 3H). '*C NMR (CDCls,
125 MHz) 6 170.2, 169.4, 169.1, 140.4, 129.4, 129.0,
127.3, 124.5, 100.3, 76.1, 74.2, 71.6, 62.7, 21.3, 21.1.

"H NMR of 7,6,4-triacetoxy-(+)-goniotriol 1b was similar to
that of compound 3 ([o)8 +121 (c 0.8, MeOH)).

4.1.4. 1,2-0-(1-Methylethyledene)-3-0-allyl-5-C-phenyl-
a-p-xylo-furanose 16/17. To vigorously stirred slurry of
silica gel (10 g, Acme 60-120 mesh) in DCM (100 ml) a
solution of NalO4 (5.83 g, 22.27 mmol in 15 ml water)
was added and continued stirring at rt for 10 min after which
a solution of diol 7 (4 g, 18.18 mmol) in methanol (20 ml)
was added. The reaction mixture was further stirred for 4 h
and solids were filtered. Solvents were evaporated to give the
aldehyde as a colorless oil, which was dried in vacuo over
P,O5 (88% yield). The resultant crude aldehyde was dis-
solved in anhydrous THF (60 ml) and the solution was added
drop wise (30 min) to a solution of phenyl magnesium bro-
mide (6.8 g, 37.8 mmol) in anhydrous THF (150 ml) at 0 °C.
After stirring for4 hat 0 °C and then 12 h atrt, cold 1 M HCl
(25 ml) was added and extracted with EtOAc (30 ml). The
combined organic layers were dried (Na,SO,4) and concen-
trated in vacuo. Flash chromatography (1:1, hexane—EtOAc)
afforded diastereomeric alcohols 16/17 (3.9 g, 12.8 mmol,
74% yield) as 8:2 (16:17) mixtures of diastereomers as a yel-
low oil separable by column chromatography. HRMS (FAB)
m/z 329.1350 (MNa*, C;7H»,05Na, requires 329.1365).

(58)-Isomer 16: [a]F —5.0 (¢ 1, MeOH); vy« (liquid film)
3480-3060 (br), 1610, 1434, 1335, 1130 cm™'. 'H NMR
(CDCl3, 500 MHz) 6 7.49-7.34 (m, 5H, Ph), 6.03 (d,
J=6.5Hz, 1H, OCHO), 5.92-5.78 (m, 1H, CH=CH,),
5.35-5.20 (m, 2H, CH=CH,), 5.06 (dd, J=3.0, 13.0 Hz,
1H, PhCH(OH), 4.57 (d, J=6.0 Hz, 1H, CHOCMe,), 4.33

(dd, J=6.0, 13.0 Hz, 1H, PhACH(OH)CH), 4.04 (dd, J=5.5,
12.5Hz, 1H, OCH,CHCH,), 3.77 (dd, J=5.5, 12.5 Hz,
1H, OCH,CHCH,), 3.50 (d, J=5.0 Hz, 1H, CHOallyl),
2.89 (d, J=2.5 Hz, 1H, OH), 1.51 (s, 3H, C(CHs),), 1.33
(s, 3H, C(CHs),). 3C NMR (CDCls, 125 MHz) 6 140.0,
133.8, 128.6, 128.4, 127.5, 118.0, 112.1, 105.5, 84.9, 82.4,
82.2,72.8,71.1, 27.0, 26.5.

(5R)-Isomer 17: [a.] —34.9 (c 1, MeOH); vax (liquid film)
3450-3050 (br), 1620, 1424, 1340, 1140 cm~!. '"H NMR
(CDCls, 500 MHz) & 7.42-7.35 (m, 4H, Ph), 7.31-7.26
(m, 1H, Ph), 6.02 (d, J=5.5 Hz, 1H, OCHO), 5.95-5.86
(m, 1H, CH=CH,), 5.32 (d, J=17.0 Hz, 1H, CH=CH,),
525 (d. J=10.5Hz, 1H, CH=CH,), 5.11 (t, J=6.5 Hz.
1H, PhCH(OH)), 4.55 (d, J=2.5 Hz, 1H, CHOCMe,), 4.33
(t, J=2.5Hz, 1H, PhCH(OH)CH), 4.16-4.12 (m, 1H,
OCH,CH=CH,), 3.96-3.92 (m, 1H, OCH,CH=CH,),
3.88-3.86 (m, 1H, CHOallyl), 3.51 (d, /=7.0Hz, 1H,
OH), 147 (s, 3H, C(CHs),), 1.31 (s, 3H, C(CHs),).
130 NMR (CDCls, 125MHz) & 141.5, 133.4, 1286,
127.8, 126.2, 118.7, 105.4, 83.1, 82.5, 81.9, 72.4, 71.3,
26.9, 26.4.

4.1.5. 1,2-0-(1-Methylethyledene)-5-0-(4-methoxybenz-
y1)-3-0-allyl-5-C-phenyl-5-0-a-p-xylo-furanoses 18
and 19. To pentane-washed NaH (0.16 g, 6.5 mmol) in
anhydrous DMF (5 ml) was added alcohol 16/17 (1 g,
3.2 mmol) at 0 °C and stirred for 15 min. 4-Methoxybenzyl-
chloride (0.77 g, 4.9 mmol) and tetrabutylammonium iodide
(20 mg) were added and the resultant reaction mixture was
stirred for 18 h at rt. HC1 (1 M, 10 ml) was added slowly
and extracted twice with DCM (10 ml). The organic layers
were collected dried and concentrated in vacuo. Flash
column chromatography (10% EtOAc in hexane) afforded
acetonide 18/19 (1.40 g, 3.13 mmol, 98% yield) as a color-
less oil. HRMS (FAB) miz 449.1938 (MNa+, C25H3006Na,
requires 449.1940).

(55)-Isomer 18: [a]¥ +18.2 (¢ 1, CHCl3); vax (liquid film)
3110, 1634, 1595, 1410, 1340, 1044 cm~!. 'H NMR
(CDCls, 500 MHz) 6 7.42-7.35 (m, 5H, Ph), 7.23 (d,
J=9.0 Hz, 2H, Ph of PMB), 6.83 (d, /=8.0 Hz, 2H, Ph
of PMB), 6.02 (d, J=4.0Hz, 1H, OCHO), 5.76-5.68
(m, 1H, CH—=CH,). 5.22 (d, J=17.5 Hz, 1H, CH=CH,),
5.14 (d, J=10.5Hz, 1H, CH=CH,), 4.68 (d, J=9.0 Hz,
IH, PhCH(OPMB)), 4.48-445 (m, 2H, CHOCMe,,
PhCH(OPMB)CH), 4.49 (d, J=11.5 Hz, 1H, OCH,PhOMe),
4.32 (d, J=11.5 Hz, 1H, OCH,PhOMe), 3.82 (dd, J=5.0,
12.0 Hz, 1H, OCH,CHCH,), 3.77 (s, 3H, OMe), 3.48 (dd,
J=6.0, 12.5 Hz, 1H, OCH,CHCH,), 3.20 (d, J=3.5 Hz,
1H, CHOallyl), 1.50 (s, 3H, CMe,), 1.29 (s, 3H, CMe,).
13C NMR (CDCls, 125 MHz) ¢ 159.1, 138.7, 133.9, 130.7,
129.5, 128.4, 117.6, 113.7, 111.7, 105.7, 84.1, 82.2, 81.6,
79.9, 70.9, 70.2, 55.4, 27.0, 26 4.

(5R)-Isomer 19: [a.]F —45.0 (c 1, MeOH); v,5x (liquid film)
3120, 1640, 1602, 1420, 1344, 1045cm~'. 'H NMR
(CDCl3, 500 MHz) 6 7.46-7.31 (m, 5H, Ph), 7.18 (d,
J=14.5 Hz, 2H, Ph of PMB), 6.84 (d, J=15.0 Hz, 2H, Ph
of PMB), 5.80-5.86 (m, 1H, CH=CH,), 5.84 (d,
J=6.5Hz, 1H, OCHO), 5.34-5.20 (m, 2H, CH=CH,),
4.65 (d, J=15.0Hz, 1H, PhCH(OPMB)), 4.55 (d,
J=6.5Hz, 1H, CHOCMe,), 4.31 (d, J=18.5Hz, 1H,
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OCH,Ph(OMe,)), 427 (d, J=50Hz, IH,
PhCH(OPMB)CH), 420 (d, J=17.5Hz, 1H, OCH,.
Ph(OMe)), 4.16 (d, J=9.0 Hz, 1H, OCH,CHCH,), 4.10 (d,
J=4.0 Hz, 1H, CHOallyl), 4.06 (dd, J=9.0, 21.0 Hz, 1H,
OCH,CHCH,), 3.79 (s, 3H, OMe), 1.39 (s, 3H, CMe,),
1.26 (s, 3H, CMe,). '*C NMR (CDCl;, 125 MHz) 6 159.4,
139.8, 134.6, 130.6, 129.7, 128.6, 128.2, 128.1, 117.6,
114.0, 111.7, 105.3, 83.1, 82.5, 81.8, 78.2, 71.8, 70.3,
55.5, 27.0, 26.5.

4.1.6. 3-0-Allyl-5,6-dideoxy-1-0-(4-methoxybenzyl)-1-
O-phenyl-hex-5-enitol (65)-20 and (6R)-20. To acetonide
18/19 (0.3 g, 0.7 mmol) dissolved in THF (3 ml) was added
4 M HCIl (2 ml) and the resultant mixture was heated to
55 °C for 4 h. The reaction mixture was cooled, neutralized
with satd aqueous NaHCOs solution (5 ml) and extracted
twice with EtOAc (5 ml). The combined organic layers
were dried (Na,SQO,) and concentrated in vacuo. Flash col-
umn chromatography (10-30% gradient elution) afforded
diol (0.13 g, 52%) as anomeric mixture and acetonide
18/19 (0.10 g, 44%) was recovered. The diol (0.1 g,
0.2 mmol) was dissolved in anhydrous THF (0.5 ml) and
added drop wise to methylenetriphenylphosphine ylide (pre-
pared from methyltriphenylphosphonium bromide (0.46 g,
1.3 mmol) and n-BuLi (0.79 ml of 1.6 M in hexane,
1.2 mmol) at —5 °C) at —10 °C. The reaction mixture was
stirred at —10°C for 2h and then at rt for 24 h, then
quenched with cold satd aqueous NH4Cl (2 ml), and ex-
tracted twice with EtOAc (5 ml). The combined organic
layers were dried (Na,SQO,) and concentrated in vacuo. Flash
column chromatography (10-20% EtOAc in hexane, gra-
dient elution) afforded pure dialkene (65)-20/(6R)-20
(54.6 mg, 1.4 mmol, 55% yield) as a colorless liquid.
HRMS (FAB) m/z 407.1826 (MNa*, C,3H,305Na, requires
407.1835).

Compound (65)-20: [a]Z —88.0 (¢ 1, CHCl3); vpay (liquid
film) 3450-3100 (br), 1638, 1610, 1450, 1342, 1145 cm™".
'"H NMR (CDCl;, 500 MHz) ¢ 7.42-7.36 (m, SH), 7.23
(d, J/=14.0 Hz, 2H), 6.90 (d, J=12.0 Hz, 2H), 5.90-5.83
(m, 2H), 5.40-5.18 (m, 4H), 443437 (m, 2H), 4.32
(t, J/=10.5Hz, 1H), 4.20 (d, J=19.0 Hz, 1H), 4.19 (d,
J=19.0 Hz, 1H), 4.07 (dd, J=9.0, 20.5 Hz, 1H), 3.83 (s,
3H), 3.82-3.76 (m, 2H). 3C NMR (CDCls, 125 MHz)
0 159.6, 139.3, 137.4, 134.9, 130.0, 128.8, 128.5, 128.1,
117.4,117.3, 114.0, 81.4, 80.3, 75.2, 74.6, 74.5, 70.2, 55.5.

Compound (6R)-20: [a]& +47.0 (¢ 2, CHCly); vpmax (liquid
film) 3500-3100 (br), 1640, 1610, 1440, 1135, 1095 cm™".
'H NMR (CDCls, 500 MHz) 6 7.42-7.35 (m, 5H), 7.20 (d,
J=8.5 Hz, 2H), 6.87 (d, J=8.0 Hz, 2H), 5.93-5.85 (m, 1H),
5.83-5.76 (m, 1H), 5.33-5.21 (m, 2H), 5.15 (d, J/=10.0 Hz,
1H), 4.57 (d, J=7.5 Hz, 1H), 4.41 (d, J=11.5 Hz, 1H), 4.31
(m, 1H), 423 (d, J=11.0 Hz, 1H), 4.23-4.17 (m, 2H),
3.95-3.91 (m, 2H), 3.81 (s, 3H), 3.05-3.02 (m, 1H), 2.99
(br s, 1H), 2.67 (br s, 1H). 3C NMR (CDCls, 125 MHz)
0 159.6, 138.4, 138.0, 135.0, 130.0, 128.9, 128.7, 128.2,
117.0, 116.7, 114.1, 81.7, 80.8, 76.1, 73.8, 70.6, 55.5.

4.1.7. 2,4-0-Acetyl-3-0-allyl-5,6-dideoxy-1-0-(4-meth-
oxybenzyl)-1-O-phenyl-hex-5-enitol 21 and its (6R) dia-
stereomer. To a mixture of diol 20 (50 mg, 0.13 mmol)
and DMAP (7 mg) in EtzN (0.5 ml) at 0 °C was added acetic

anhydride (53 mg, 0.52 mmol). The resultant mixture was
stirred for 24 h at rt. Et;N was evaporated and flash column
chromatography of the resultant crude mixture gave diace-
tate (60 mg, 0.12 mmol, 98% yield) as a pale yellow oil.
HRMS (FAB) m/z 491.2052 (MNa*, C,7H3,0,Na, requires
491.2045).

(6S)-Isomer 21: [a]F —15.5 (¢ 2, CHCl3); vay (liquid film)
3180, 1742, 1610, 1550, 1320cm~!. '"H NMR (CDCls,
500 MHz) 6 7.39-7.28 (m, 5H), 7.20 (d, J=8.0 Hz, 2H),
6.87 (d, J/=8.0 Hz, 2H), 5.93-5.87 (m, 1H), 5.85-5.78 (m,
1H), 5.35 (t, J=6.5 Hz, 1H), 5.24 (d, J=17.0 Hz, 1H), 5.20
(d, J=17.0 Hz, 1H), 5.18-5.16 (m, 3H), 4.57 (d, J=9.5 Hz,
1H), 4.37 (d, J=11.5Hz, 1H), 4.24-4.18 (m, 2H), 4.05
(dd, J=4.5, 12.0 Hz, 1H), 3.98 (d, J/=8.5 Hz, 1H), 3.80
(s, 3H), 2.07 (s, 3H), 1.70 (s, 3H). '*C NMR (CDCls,
125 MHz) ¢ 170.0, 169.1, 159.1, 138.0, 135.0, 132.6,
130.0, 129.9, 128.6, 128.4, 118.4, 117.3, 114.0, 78.8, 74.7,
74.5,73.9, 70.3, 55.5, 21.4, 20.8.

(6R)-Isomer 21: [0(]2 +32.5 (¢ 2, CHCL3); pay (liquid film)
3210, 1740, 1605, 1520, 1142 cm~!. 'H NMR (CDCls,
500 MHz) 6 7.39-7.30 (m, 5H), 7.19 (d, J=9.0 Hz, 2H),
6.87 (d, J=8.5 Hz, 2H), 5.95-5.80 (m, 2H), 5.35-5.30 (m,
2H), 5.24-5.19 (m, 2H), 5.14 (dd, J=4.0, 8.5 Hz, 1H),
4.60 (d, J=5.0 Hz, 1H), 4.43 (d, J=11.5 Hz, 1H), 4.16 (d,
J=12 Hz, 2H), 4.12 (dd, J=6.0, 12.5 Hz, 1H), 3.93 (dd,
J=6.0, 12.5 Hz, 1H), 3.82 (s, 3H), 3.47 (t, J=5.0 Hz, 1H),
2.08 (s, 3H), 2.00 (s, 3H). '3C NMR (CDCls, 125 MHz)
6 170.2, 170.0, 159.4, 138.0, 134.7, 133.0, 130.4, 130.2,
129.5, 128.8, 128.6, 128.0, 118.1, 117.1, 114.0, 79.5, 79.0,
74.9,74.0, 73.9, 70.4, 55.5, 21.3, 21.2.

4.1.8. General procedure for PMB cleavage: synthesis of
2-4-di-0O-acetyl-3-0-allyl-5,6-dideoxy-1-O-phenyl-hex-5-
enitol 22 and its (6R)-diastereomer. To a stirred solution of
diacetate 21 (55 mg, 0.11 mmol) in wet DCM (0.2 ml) was
added DDQ (35.0 mg, 0.15 mmol) and stirred for 2 h at rt.
DCM (2 ml) and satd aqueous NaHCOj5 (1 ml) were added
to the reaction mixture and extracted. The combined organic
layers were dried (Na,SO,) and concentrated in vacuo. Flash
column chromatography afforded alcohol (65)-isomer 22/
(6R)-isomer 22 (34 mg, 0.096 mmol, 88% yield) as a color-
less oil. HRMS (FAB) m/z 371.1486 (MNa™*, C;9H,,0¢Na,
requires 371.1471).

(6S)-Isomer 22: [a]F —32.0 (¢ 2, CHCl3); vay (liquid film)
3550-3100 (br), 1740, 1605, 1450, 1140 cm~'. 'H NMR
(CDCl5, 500 MHz) 6 7.41-7.30 (m, 5H), 6.03-5.93 (m,
1H), 5.82-5.73 (m, 1H), 5.42-5.29 (m, 2H), 5.27-5.22 (m,
2H), 5.17-5.12 (m, 1H), 4.97-4.95 (m, 1H), 4.32-4.28 (m,
1H), 4.19-4.11 (m, 1H), 3.81 (dd, J=2.5, 7.0 Hz, 1H),
2.10 (d, J=4.5Hz, 1H), 2.06 (s, 3H), 1.92 (s, 3H). '3C
NMR (CDCl;, 125 MHz) 6 169.9, 169.7, 140.5, 134.4,
132.5, 128.6, 128.3, 126.7, 118.7, 118.2, 78.5, 74.3, 74.1,
73.3,21.3, 21.1.

(6R)-Isomer 22: [at]F +28.0 (¢ 2, CHCl3); v,y (liquid film)
3500-3100 (br), 1738, 1610, 1450, 1245 cm™~'. 'H NMR
(CDCl3, 500 MHz) 6 7.37-7.29 (m, 5H), 5.91-5.86 (m,
2H), 5.51-5.48 (m, 1H), 5.32-5.28 (m, 2H), 5.20 (dd,
J=2.0, 11.0 Hz, 1H), 4.97 (d, J=5.5Hz, 1H), 4.22-4.18
(m, 1H), 4.15-4.10 (m, 2H), 4.02-3.98 (m, 1H), 3.58 (d,
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J=4.5 Hz, 1H), 2.06 (s, 3H), 1.99 (s, 3H). '3*C NMR (CDCl,,
125 MHz) 6 171.4, 170.5, 140.4, 134.4, 132.5, 128.8, 126.7,
119.6,118.3,117.7,117.5,79.1, 75.3, 73.8, 60.6, 21.3, 21.1.
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Abstract—Reversed-phase HPLC analysis of the methanol extract of the seeds of Centaurea montana atforded a flavanone, montanoside (4),
six epoxylignans, berchemol (7), berchemol 4'-O-B-p-glucoside (5), pinoresinol (10), pinoresinol 4-O-B-p-glucoside (8), pinoresinol 4,4-di-
O-B-p-glucoside (6), pinoresinol 4-O-apiose-(1 — 2)-B-p-glucoside (9), two quinic acid derivatives, trans-3-O-p-coumaroylquinic acid (1),
cis-3-O-p-coumaroylquinic acid (2), and eight indole alkaloids, tryptamine (3), N-(4-hydroxycinnamoyl)-5-hydroxytryptamine (11), cis-
N-(4-hydroxycinnamoyl)-5-hydroxytryptamine (12), centcyamine (16), cis-centcyamine (17), moschamine (13), cis-moschamine (14) and
a dimeric indole alkaloid, montamine (15). While the structures of two new compounds, montanoside (4) and montamine (15), were estab-
lished unequivocally by UV, IR, MS and a series of 1D and 2D NMR analyses, all known compounds were identified by comparison of their
spectroscopic data with literature data. The antioxidant properties of these compounds were assessed by the DPPH assay, and their toxicity
towards brine shrimps and cytotoxicity against CaCo-2 colon cancer cells were evaluated by the brine shrimp lethality and the MTT cyto-
toxicity assays, respectively. The novel dimer, montamine (15), showed significant in vitro anticolon cancer activity (IC5p=43.9 uM) while

that of the monomer, moschamine (13), was of a moderate level (IC5,=81.0 pM).

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Centaurea montana (family: Asteraceae alt. Compositae),
an erect plant with large, reddish, blue centre flower heads,
is native to Australia, Belgium and Italy, and also cultivated
in many countries of the world.! While a number of flavo-
noids,”™ acetylenes and a lignan, arctigenin,? have previ-
ously been reported from the aerial parts of C. montana,”
to our knowledge, no report on the isolation of any plant sec-
ondary metabolites from the seeds or any pharmacological
properties of this plant is available to date. Many species
of the genus Centaurea have long been used in traditional
medicine to cure various ailments, e.g., diabetes, diarrhoea,
rheumatism, malaria, hypertension, etc., and a variety of
secondary metabolites have been reported from different

Keywords: Centaurea montana; Asteraceae; DPPH assay; Cytotoxicity;

MTT assay; Colon cancer; Brine shrimp lethality assay; Lignan; Flavanone;

Indole alkaloids; Dimer.
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species of this genus.® As a part of our ongoing phytochem-
ical investigation on the species of the genus Centaurea,®™'!
we now report on the isolation, structure elucidation and bio-
activity of a series of compounds, including a new flavanone
named, montanoside (4), six epoxylignans, berchemol (7),
berchemol 4'-0-B-p-glucoside (5), pinoresinol (10), pinore-
sinol 4-O-B-p-glucoside (8), pinoresinol 4,4’-di-O-B-p-glu-
coside (6), pinoresinol 4-O-apiose-(1— 2)-B-p-glucoside
(9), two quinic acid derivatives, trans-3-O-p-coumaroyl-
quinic acid (1), cis-3-O-p-coumaroylquinic acid (2), and eight
indole alkaloids, tryptamine (3), N-(4-hydroxycinnamoyl)-5-
hydroxytryptamine (11), cis-N-(4-hydroxycinnamoyl)-5-
hydroxytryptamine (12), centcyamine (16), cis-centcyamine
(17), moschamine (13), cis-moschamine (14) and a novel
dimer montamine (15) from the seeds of C. montana.

2. Results and discussion

Reversed-phase preparative HPLC analysis of the methanol
extract of the seeds of C. montana afforded a new flavanone,
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montanoside (4), six epoxylignans, berchemol (7), berche-
mol 4'-0-B-pb-glucoside (5), pinoresinol (10), pinoresinol
4-0-B-p-glucoside (8), pinoresinol 4,4'-di-O-B-p-glucoside
(6), pinoresinol 4-0O-apiose-(1 —2)-B-p-glucoside (9), two
quinic acid derivatives, trans-3-O-p-coumaroylquinic acid
(1), cis-3-O-p-coumaroylquinic acid (2), and eight indole
alkaloids, tryptamine (3), N-(4-hydroxycinnamoyl)-5-
hydroxytryptamine (11), cis-N-(4-hydroxycinnamoyl)-5-
hydroxytryptamine (12), centcyamine (16), cis-centcyamine
(17), moschamine (13), cis-moschamine (14), and a novel
dimer, montamine (15). The spectroscopic data of the known
lignans (5-10), quinic acid derivatives (1 and 2) and alka-
loids (3, 11-14, 16 and 17) were in good agreement with
respective literature data.'>2? The structures of the novel
compounds, montanoside (4) and montamine (15), were
established unequivocally by UV, MS and a series of 1D
and 2D NMR analyses.

The ESIMS spectrum of 4 showed the pseudomolecular
ion peak at m/z 603 [M+Na]* suggesting Mr=580. The
HRCIMS gave the pseudomolecular ion at m/z 598.1769
[M+NH4]* (calculated 598.1771 for C,cH3,NO;s). The
UV absorptions at 213, 252 and 343 nm and the IR absorp-
tion band (1679 cm™") for a conjugated carbonyl were indi-
cative of a flavanone skeleton.”*** The 'H and '*C NMR
spectra (Table 1) of 4 showed the presence of one methylene
[0y 3.12 (dd, J=13.0, 17.0Hz) and 2.73 (dd, J=2.0,
17.0 Hz); 0c 42.4], one oxymethine [0y 5.36 (dd, J=2.0,
13.0Hz); oc 79.0] and two methines [0y 6.15 (d,
J=2.0 Hz); 6c 95.0 and 6.11 (d, J/=2.0 Hz); ¢ 96.5] of the
ring A, and four methines in a group of two chemically
equivalent protons [0y 7.28 (d, J=8.4 Hz) and 6.77 (d,
J=8.4 Hz)] of the ring B. These data also supported 1 being

Table 1. "H NMR (chemical shift, multiplicity, coupling constant J in hertz),
3C NMR data and long-range HMBC correlations for montanoside (4)

Carbon Chemical shift 6 in ppm HMBC (‘H—"C)
number T Bea 2 37
2 5.36, dd, 2.0, 13.0 790 — —
3 3.12, dd, 13.0, 17.0 425 C4 C-1
273, dd, 2.0, 17.0
4 — 1960 — —
5 1620 — —
6 6.11,d, 2.0 9.5 — C-8, C-10
7 1640 — —
8 6.15,d, 2.0 950 C-7 C-6, C-10
9 — 1620 — —
10 — 1040 — —
G — 1300 — —
2 7.28,d, 8.4 1290 C-3  C-2,C4,C-6
3 6.77,d, 8.4 1151 C4  C-I,C-5
4 — 1580 — —
5 6.77,d, 8.4 1151 C4  C-1',C%
6 7.28,d, 8.4 1290 C-5  C-2,C2,C4
1 5.05,d,7.2 9.0 — C-7
2" 3.47, m 73.0 C-3" —
3" 3.61, m 778 — —
4" 372, 1,92 750 — —
5" 3.65, m 780 — C-1"
6" 1730 — —
1 5.38,d, 1.0 109.0 C2"  C-4",C-3"
G 3.89, m 715 Cc-4", C-5"
3" — 799 — —
4m 391, m 74.0 — C-5"
5" 347, m 650 C-3”7 C-4”

@ 'H NMR (400 MHz) and '*C NMR (100 MHz) in CD;0D.

a flavanone.?> The presence of a 1,4-disubstituted benzene
ring system was evident from these signals, which was fur-
ther confirmed by cross peaks between H-2'/6’ and H-3'/5’
in the 'H-'H COSY spectrum. The "H-'*C HMBC correla-
tions between H-6 (0y 6.11) and C-8 (6¢ 95.0) and C-10 (6c
104.0), and H-8 (6y 6.15) and C-6 (6¢ 96.5), C-7 (6c 164.0)
and C-10 (6c 104.0) further confirmed the flavanone skele-
ton. The 'H and '*C NMR spectra (Table 1) also revealed
signals representing two sugar moieties. A doublet at oy
5.05 (d, J=7.2 Hz) and additional signals (éy 3.47-3.72)
in the '"H NMR implied that one of the sugars was a B-glu-
cose derivative and the carbon signal at 6 173.0 in the '*C
NMR confirmed that it was a B-p-glucuronic acid moiety.?®
Five more '*C NMR signals at 6 109.0, 79.9, 77.5, 74.0 and
65.0 could be assigned to the carbons of another sugar,
apiose.”’” A 3J 'H-'3C long-range coupling between the
anomeric proton of apiose oy 5.38 (H-1") and ¢ 75.0
(C-4") in the HMBC spectrum confirmed that the apiose
was connected to glucuronic acid at C-4”. The presence of
apiose/glucuronic acid was also confirmed by the loss of
309 mass units from the molecular mass of the compound
in the ESIMS spectrum. The 3J 'H-!3C long-range HMBC
correlation between 6y 5.05 (H-1") and 6¢ 164.0 (C-7) con-
firmed that the glucuronic acid moiety was connected to C-7
of the flavanone skeleton. The specific optical rotation for 4
was found to be —48°. Literature review showed that all
natural (—)-flavanones possess a S configuration at C-2.282°
Comparing with other flavanones of established absolute
configuration measured by using circular dichroism spec-
troscopy, 4 was considered having S configuration at C-2
due to its levorotatory nature.?®?° Thus, 4 was determined
as a flavanone derivative, and named montanoside. To the
best of our knowledge this is a new natural product.

3

The UV and IR spectral data of 15 indicated the presence of
a serotonin moiety conjugated with a cinnamic acid deriva-
tive substructure, exactly similar to that of moschamine
(13).° The '3C NMR spectrum of 15 (Table 2) displayed
20 carbons. The DEPT-135 indicated the presence of two
methylenes (6c 41.0, 25.0), nine methines (6c 141.0,
121.0, 126.0, 117.5, 115.0, 111.5, 111.2, 111.1, 110.0),
seven quarternary (6c 149.0, 148.0, 146.0, 133.0, 129.5,
129.0, 111.0), one carbonyl carbon (6¢ 172.0) and a methoxy
group (6 55.5). These carbon signals and the "H NMR data
(Table 2) also supported the fact that 15 was composed of
a serotonin derived substructure and a feruloyl moiety like
the known alkaloid moschamine (13), and was further con-
firmed by the 'H-'H COSY and 'H-'*C HMBC experi-
ments. The 'H-'H COSY spectrum revealed four different
spin systems: H-7 < H-6 < H-4, Hyo.<>H,B, H-7 < H-8
and H-H-6' ~H-5 and the 'H-'*C HMBC spectrum
showed key correlations between H-2 to C-3, C-3a and
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Table 2. "H NMR (chemical shift, multiplicity, coupling constant J in hertz),
3C NMR data and long-range HMBC correlations for montamine (15)

Carbon Chemical shift 6 in ppm HMBC ('"H— "*C)

number BTE 3ca 2; 37

2 6.93, s 1260 C-3 C-3a, C-7a

3 — 1110 — —

3a — 1295 — —

4 6.83,d, 2 1112 C-5 C-7a

5 — 1480 — —

6 6.82, dd, 2, 8 1111 C-5 C-7a

7 7.26,d, 8 1115 C-7a C-3a, C-5

7a — 1330 — —

B-CH, 227, m 250 C-2, C-a-CH, C-3
2.19, m

a-CH, 2.86, m 41.0 C-B-CH, C-3, C9Y
277, m

G 1290 — —

2 6.99,d, 2 1100 — C-6, C-4, C-7'

3/ — 1460 — —

& — 14990 — —

5 6.70, d, 8.4 1150 — C-1, C-3

6 691,dd, 2, 84 1210 — C-2,C-4, C-7

7 7.27,4d, 15.6 1410 — Cc-2, C-6, CY

8 6.31,d, 15.6 1175 C9 C-1

9 — 1720 — —

OCH; (3') 3.78,s 555 — Cc-3

2 TH NMR (400 MHz) and '>C NMR (100 MHz) in CD;0D.

C-7a, H-4 and C-5 and C-7a, H-6 and C-5 and C-7a, H-7 and
C-3aand C-5, H-8" and C-1’ and C-9'. All spectroscopic data
suggested that 15 possessed a moschamine (13) type sub-
structure. However, the a-CH, and B-CH, protons of 15
gave rise to significantly different resonances in the 'H
NMR spectrum compared to those of 13 (Table 3). For
moschamine (13), the signals for a-CH, and -CH, protons
were observed at 6y 3.53 (t, J=7.2Hz) and 2.88 (t,
J=7.2 Hz), whereas they were found at more upfield region
Oy 2.86, m and 2.27, m, respectively, for 15. The ESIMS
spectrum showed that 15 had a molecular mass of 702 in-
stead of 352. The HRESIMS gave [M+Na]* at 725.2587
(required 725.2587), counted for the molecular formula
C40H3sN4O5. The HRESIMS and 'H NMR spectra con-
firmed that 15 was a symmetrical dimer of moschamine
(13), formed through an N-N linkage. The N-N linkage
could be either of these three: (a) between two ring N of
the indole skeleton; (b) one ring N of the indole skeleton
and the other from the serotonin side chain N; or (c) two
N from the serotonin side chain. As only one set of 'H and
13C NMR data were observed for 15, option (b) could be
ruled out because it would generate an asymmetric dimer.
Options (a) and (c) could generate symmetrical dimers, but
only option (a) could explain the upfield shift of the methyl-
ene resonances in the 'H NMR spectrum. The upfield shift
was due to the fact that in 15, the formation of a N-N dimer
brought these methylenes into close proximity of the aro-
matic electron clouds, and the rotation about N-N bond

Table 3. Major differences in NMR data of 13 and 15

was somewhat restricted. A trivial name, montamine, has
been proposed for this dimer. Although the N-N dimer for-
mation between two tryptamine/serotonin derivatives is not
common, there is precedence of such dimer formation in the
case of the indole alkaloid, schischkiniin, which was isolated
from Centaurea schischkinii.” Montamine (15), isolated
from C. montana, is a new natural product.

HO

The DPPH assay> is an easy and straightforward method for
determining the free radical scavenging property of a com-
pound. DPPH is a molecule containing a stable free radical.
In the presence of an antioxidant, which can donate an elec-
tron to DPPH, the purple colour, which is typical of the free
DPPH radical, decays and the change in absorbance at
517 nm is monitored spectrophotometrically. All the com-
pounds (1-15) showed low to moderate levels of free radical
scavenging activity (ICso=16.0x1072-2.02x 1073 mg/mL)
(Table 4). Among eight alkaloids (3 and 11-17), mosch-
amine (13), montamine (15) and centcyamine (16) showed
the most prominent antioxidant property, which could be
attributed to the presence of the highest number of phenolic
hydroxyl groups (four —OH) in the molecule (Table 4).

The brine shrimp lethality assay, which has been proven to
be an effective and rapid assay method to screen compounds
for potential general toxicity and cytotoxic activity,?'>? was
used to determine the general toxicity of compounds 1-17.
The LDs values of quinic acid derivatives and epoxylignans
were between 6.5x1072 and 10.3x 102 mg/mL (Table 4),

Molecule Group 'H e HMBC ('"H— "C) HRESIMS [M+Na]*
Moschamine (13)° a-CH, 3.53,1,7.2 40.3 C-2, C-9 375.1321
B-CH, 2.88,t,7.2 252 C-2
Montamine (15) o-CH, 2.86, m 41.0 C-3, C-9, C-B-CH, 725.25869
277, m
B-CH, 227, m 25.0 C-2, C-3, C-9-CH,

2.19, m
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Table 4. Antioxidant (DPPH assay) and cytotoxic (MTT assay) activities,
and brine shrimp toxicity (Brine Shrimp Lethality assay) of compounds
1-17

Compounds Antioxidant ~ Cytotoxicity  Brine shrimp
activity IC5y  1Csq toxicity LDsq
(mg/mL) (M) (mg/mL)
1 7.6x107> 146.4 7.8x1072
2 10.0x102 325.0 10.3x102
3 6.4x107> 198.0 8.3x1072
4 5.0x1072 153.4 7.2x1073
5 2.1x1072  1260.0 10.3x1072
6 >5x1072 843.2 7.2x107"
7 3.2x1072 833.0 3.1x1072
8 3.6x1072 705.0 6.8x107>
9 3.0x107%  1130.0 8.3x107>
10 1.4x1072 233.0 6.5x1072
11 1.6x1072 125.0 7.5%1072
12 4.8x1072 411.0 8.2x1072
13 22x1073 81.0 20%107°
14 45%x107° 213.0 192x1073
15 3.6x1072 43.9 3.5x107°
16 2.8><10": 82.2 15x10*z
17 3.2x107° 213.0 13.8x1073
Methanol extract of 32.7x1072 56.4 62.5x1072
Centaurea montana

Quercetin 2.88x107° — —
Podophyllotoxin — — 2.79%x1073

and montanoside (4), moschamine (13) and montamine (15)
were found to be the most toxic of all the test compounds
towards brine shrimp (LDs,=7.2x1073, 20x1073,
3.5x 1073 mg/mL, respectively). The toxicity of these com-
pounds (4, 13 and 15) was comparable to that of the positive
control podophyllotoxin (LDsp=2.79x 10~* mg/mL), a well
known cytotoxic lignan.

The in vitro cytotoxicities of all the compounds isolated and
characterised in this work were determined by the MTT as-
say against colon cancer cell line, CaCo-2 (Table 4).33 The
dimeric indole alkaloid, montamine (15), exhibited signifi-
cant in vitro anticancer activity with an ICsy value of
43.9 uM. It is interesting to note that the dimerisation of
moschamine (13) leading to the formation of montamine
(15) increased the cytotoxicity two-fold. The unique struc-
tural features of 15 can certainly be exploited as a template
for generating compounds with enhanced anticancer activ-
ity. The new flavanone, montanoside (4) displayed low levels
of cytotoxicity with an ICs, value of 153.4 uM. However, all
the isolated epoxylignans demonstrated low levels of activ-
ity against colon cancer cells in vitro. Among the epoxy-
lignans, the presence of a sugar moiety in the molecule
tends to reduce significantly the anticancer activity of these
compounds. It can be assumed that the presence of a sugar
group may prevent the effective transport of these com-
pounds through the cell membrane, hence their reduced
biological activities. It is noteworthy that the degree of brine
shrimp toxicity displayed by the test compounds in the brine
shrimp lethality assay corresponded well with the cytotoxic
potentials of these compounds observed in the MTT assay
using colon cancer cell line.

3. Conclusion

Compounds (1-17) isolated and identified from the seeds of
C. montana showed various levels of activities in the DPPH,

the brine shrimps lethality and the MTT cytotoxicity assays.
However, the most significant finding is the discovery of
the novel dimeric indole alkaloid, montamine (15), which
exhibited significant in vitro anticancer activity against the
CaCo2 cell line with an ICsq value of 43.9 uM.

4. Experimental
4.1. General procedures

UV spectra were obtained in MeOH using a Hewlett—
Packard 8453 UV-vis spectrometer. MS analyses were per-
formed on a Quattro II triple quadrupole instrument. NMR
spectra were recorded in CD;O0D on a Varian Unity INOVA
400 MHz NMR spectrometer (400 MHz for 'H and
100 MHz for '2C) using the residual solvent peaks as inter-
nal standard. HPLC separation was performed using a
Dionex prep-HPLC system coupled with Gynkotek GINA50
autosampler and Dionex UVD340S Photo-Diode-Array de-
tector and/or A JASCO PU-1580 Intelligent HPLC Pump,
coupled with JASCO DG-1580-53 Degasser and JASCO
LG-1580-02 Ternary Gradient Unit. A Luna C,g preparative
(10 pm, 250 mmx21.2 mm) and/or a Luna C,g semi-prepar-
ative HPLC column (5 um, 250 mmx 10 mm) were used.
Sep-Pak Vac 35 cc (10 g) C,g cartridge (Waters) was used
for pre-HPLC fractions. HMBC spectra were optimised for
a long-range Jy_c of 9 Hz and the NOESY experiment was
carried out with a mixing time of 0.8 s.

4.2. Plant material

The seeds of C. montana were collected from B & T, World
Seeds Sarl, Paguignan, 34210 Olonzac, France. A voucher
specimen PHSH80006 has been retained in the herbarium
of the Plant and Soil Science Department, University of
Aberdeen, Scotland (ABD).

4.3. Extraction and isolation of compounds

Ground seeds of C. montana (100 g) were Soxhlet-extracted,
successively, with n-hexane, dichloromethane and methanol
(MeOH) (1 L each). The MeOH extract was fractionated by
solid phase extraction method using a Sep-Pak C;g (10 g)
cartridge eluting with a step gradient: 30, 40, 60, 80 and
100% MeOH in water (200 mL each). Preparative-HPLC
(eluted with a linear gradient-water/MeCN=90:10-60:40
over 50 min followed by 40% MeCN for 10 min, 20 mL/
min) of the Sep-Pak fraction, which was eluted with 30%
MeOH, yielded seven fractions: F1 (30.4 mg, rg=6.1 min),
F2 (78.2 mg, tg=11.2 min), F3 (50.9 mg, r=12.2 min),
F4 (60.0 mg, tx=18.2 min), F5 (925.0 mg, x=19.0 min),
F6 (45.4 mg, ty=26.5 min) and F7 (68.2 mg, trg=27.3 min).
Following the same HPLC procedure, 40% Sep-Pak fraction
of the MeOH extract yielded compound 10 (14.1 mg,
trr=31.5 min) in addition to previous seven fractions. Com-
pounds 1-4 (7.0 mg, tx=9.0 min; 4.5 mg, tg=10.0 min;
3.0mg, tg=16.0min and 2.0 mg; fxR=23.0 min, respec-
tively), 5,6 (12.3mg, Rr=42.0min and 9.8 mg, fr=
70.0 min, respectively), 9 (19.9 mg, x=48.0 min) and
11-14 (3.5 mg, trg=40.5 min; 4.5 mg, tx=49.0 min; 6.0 mg,
trg=56.0 min and 22.5 mg, #R=67.0 min, respectively)
were further purified by semi-prep HPLC (isocratic elution
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with MeCN in water, 2.0 mL/min), respectively, from frac-
tions F1 (10% MeCN in water), F2 (12% MeCN in water),
F4 (17% MeCN in water) and F6 (20% MeCN in water).
From fraction FS, compounds 7 (25.0 mg, tr=74.0 min)
and 8 (20.0 mg, zr==84.0 min) were obtained by prep-
HPLC (isocratic elution with 15% MeCN in water, 20 mL/
min). Similar prep-HPLC purification of the 60% Sep-Pak
fraction produced two fractions F8 (32.0 mg, trg=17.5 min)
and F9 (33.0 mg, tg=19.8 min). F8 was further purified by
semi-prep HPLC (isocratic elution with 25% MeCN in water,
2.0 mL/min) to obtain 15 (4.0 mg, trg=92.0 min). However,
16 (5.0 mg, tg=31.0 min) and 17 (4.0 mg, r=34.0 min)
were obtained from fraction F9 by prep-HPLC (isocratic
elution with 30% MeCN in water, 20 mL/min).

4.3.1. Montanoside (4). Yellow amorphous (yield 0.002%);
5.0 mg; [a]3 —48 (¢ 0.021, MeOH); UV Ay.x (MeOH): 213,
252, 343; IR v, (neat): 3459, 1679, 1246 cm~!; ESIMS
m/z 603 [M+Na]*, 307, [glucose+apiose+2H]*, 271 [M—
glucose—apiose]*, 104, 60; HRCIMS m/z 598.1769
[M+NH,]* (calculated 598.1771 for C,sHs,NO;s); 'H
NMR (400 MHz, CD;OD): see Table 1; '3C NMR
(100 MHz, CD50OD): see Table 1.

4.3.2. Montamine (15). Gum (yield 0.004%); UV A,ax
(MeOH): 213, 271, 274 nm; IR v, (neat): 3434, 3380,
2362, 1652, 1590, 1516, 1460, 1366, 1270, 1201, 1120,
1032 cm™!; HRESIMS: 725.2587 [M+Na]* (calculated
725.2587 for C40H3sN,OgNa); 'H NMR: see Table 2; 3C
NMR: see Table 2.

4.4. Free radical scavenging activity: DPPH assay

2,2-Diphenyl-1-picrylhydrazyl (DPPH), molecular formula
C,3H5N;50¢, was obtained from Fluka Chemie AG, Bucks.
Quercetin was obtained from Avocado Research Chemicals
Ltd, Shore road, Heysham, Lancs. The method used by
Takao et al.>* was adopted with appropriate modifications.
DPPH (4 mg) was dissolved in MeOH (50 mL) to obtain
a concentration of 80 pg/mL.

4.4.1. Qualitative assay. Test compounds (1-17) were ap-
plied on a TLC plate and sprayed with DPPH solution using
an atomiser. The plate was allowed to develop for 30 min.
The colour change (purple on white) was noted.

4.4.2. Quantitative assay. Test compounds (1-17) were dis-
solved in MeOH to obtain a concentration of 0.5 mg/mL
each. Dilutions were made to obtain concentrations of
5x1072, 5x1073, 5x1074, 5x1073, 5x107°, 5x1077,
5%x1078, 5x107%, 5x107'“mg/mL. Diluted solutions
(1.00 mL each) were mixed with DPPH (1.00 mL) and
allowed to stand for 30 min for any reaction to occur. The
UV absorbance was recorded at 517 nm. The experiment
was performed in triplicate and the average absorption was
noted for each concentration. The same procedure was
followed for the positive control, quercetin, a well known
natural antioxidant.

4.5. Brine shrimp lethality assay

Shrimp eggs were purchased from The Pet Shop, Kittybrew-
ster Shopping Complex, Aberdeen, UK. The bioassay was

conducted following the procedure described by Meyer
et al.3! The eggs were hatched in a conical flask containing
300 mL artificial seawater. The flasks were well aerated with
the aid of an air pump and kept in a water bath at 29-30 °C.
A bright light source was left on and the nauplii hatched
within 48 h. The compounds 1-17 were dissolved in 20%
aq DMSO to obtain a concentration of 1 mg/mL. These
were serially diluted two times and seven different concen-
trations were obtained. A solution of each concentration
(1 mL) was transferred into clean sterile universal vials
with pipette, and aerated seawater (9 mL) was added. About
10 nauplii were transferred into each vial with pipette. A
check count was performed and the number alive after
24 h was noted. LDs, values were determined using the
Probit analysis method.>?

4.6. MTT cytotoxicity assay

CaCo2 cells were maintained in Earle’s minimum essential
medium (Sigma), supplemented with 10% (v/v) foetal calf
serum (Labtech Int.), 2 mM L-glutamine (Sigma), 1% (v/v)
non-essential amino acids (Sigma), 100 IU/mL penicillin
and 100 pg/mL streptomycin (Sigma). Exponentially grow-
ing cells were plated at 2x 10* cells cm~2 into 96-well plates
and incubated for 72 h before the addition of drugs. Stock
solution of compounds was initially in DMSO or H,O and
further diluted with fresh complete medium.

The growth-inhibitory effects of the compounds (1-17) were
measured using standard tetrazolium MTT assay.>® After
72 h of incubation at 37 °C, the medium was removed and
100 pL of MTT reagent (1 mg/mL) in serum free medium
was added to each well. The plates were incubated at
37°C for 4h. At the end of the incubation period, the
medium was removed and pure DMSO (200 pL) was added
to each well. The metabolised MTT product dissolved in
DMSO was quantified by reading the absorbance at 560 nm
on a micro plate reader (Dynex Technologies, USA). The
ICs, values were calculated from the equation of the log-
arithmic line determined by fitting the best line (Microsoft
Excel) to the curve formed from the data. The ICs, value
was obtained from the equation y=50 (50% value).
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Abstract—Novel fluconazole/bile acid conjugates were designed and their regioselective synthesis was achieved in very high yield via Cu(I)
catalyzed intermolecular 1,3-dipolar cycloaddition. These new molecules showed good antifungal activity against Candida species.
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1. Introduction

The incidence of life threatening fungal infections has tre-
mendously increased in last two decades due to greater use
of immunosuppressive drugs, prolonged use of broad-spec-
trum antibiotics, wide-spread use of indwelling catheters,
and also in cancer and AIDS patients.! The presently
marketed antifungal drugs are either highly toxic (ampho-
tericin-B) or becoming ineffective due to appearance of resis-
tant strains (flucytosine and azoles).? Azole antifungals are
strong inhibitors of lanosterol 14a-demethylase, which is
major component of fungal cell membrane.® Fluconazole
(Fig. 1) is an orally effective, potent, and safe triazole based
antifungal drug, with favorable pharmacokinetic characteris-
tics and low toxicity.* Due to the emergence of new fungal
pathogens, resistant to fluconazole, great efforts have been
made to modify the chemical structure of fluconazole, in or-
der to broaden its antifungal activity and increase its potency.>

N
/N N
s es

Figure 1. Fluconazole.

In recent years bile acid structures have become increasingly
important in a number of fields, such as pharmacology, biomi-
metic, and supramolecular chemistry.® Bile acid transporters
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have been shown to accept and carry a variety of analogues
that are derivatized at different positions of bile acids.” They
have been used as absorption enhancers and as new cholesterol
lowering agents.”® A common feature of bile acid derived an-
timicrobials is its potential to exhibit facially amphiphilic na-
ture, due to polar hydroxyl groups on one face and nonpolar
hydrophobic methyl groups on the other face.® Polyene macro-
lide amphotericin-B, peptide antimicrobial agent polymixin
B, and squalamine in the cyclic form show such amphiphilic-
ity and function as ionophores.’

Bioconjugation has recently emerged as a fast growing tech-
nology that affects almost every discipline of life science. It
aims at the ligation of two or more molecules to form new
complexes with the combined properties of its individual
components.'? In continuation of our work on bile acids,!
we designed new bioconjugates 3 (Scheme 1) of bile acids

R1/\ + Ny——

N=N
\
R2 —_— /&/N\
Ri R,
1 2 3

R, = Fluconazole part R, = Bile acid part

Scheme 1.

having amphiphilic nature as amphotericin-B and pharmaco-
phore of fluconazole, linked together with 1,2,3-triazole,
which may be viewed as an isoster of one of the 1,2,4-triazole
component of fluconazole. 1,2,3-Triazole moieties are attrac-
tive connecting units, since they are stable to metabolic deg-
radation and capable of hydrogen bonding, which can be
favorable in binding of biomolecular targets and for solubil-
ity.'? 1,2,3-Triazole moiety does not occur in nature,
although the synthetic molecules containing 1,2,3-triazole
unit shows diverse biological activities including antibacte-
rial, herbicidal, fungicidal, antiallergic, and anti-HIV.'3
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1,3-Dipolar cycloaddition of terminal acetylene and organic
azides has been a method of choice for the synthesis of 1,2,3-
triazoles.'*

2. Results and discussion

In our approach to synthesize these new molecules, we con-
sidered performing Huisgen (click) reaction to connect flu-
conazole part containing terminal alkyne 1 and bile acid
containing terminal azide 2, in the presence of Cu(I) catalyst
to form fluconazole/bile acid conjugate 3 (Scheme 1).
Accordingly, we synthesized 2-(2,4-difluorophenyl)-1-(1H-
1,2,4-triazol-1-yl)pent-4-yn-2-ol 6 by propargylation of the
corresponding ketone 5°° by using propargyl bromide and
zinc dust to obtain racemic compound 6 (Scheme 2).

N N\ OH
/‘N /O ~ °N
F Eﬁ Eﬁ ~
F
0 e R
F
F F
6

4 5

Scheme 2. Reagents and conditions: (a) AICl3, 1,2-dichloroethane, chloro-
acetyl chloride, 25 °C, 7 h; (b) 1,2,4-triazole, NaHCO3, toluene, reflux, 4 h
(overall 55% in a+b step); (c) Zn, propargyl bromide, DMF/THF, 25 °C, 5 h,
95%.

The compound 6 constitutes an alkyne component. In the
proton NMR spectrum of compound 6, the acetylenic
proton was identified as triplet at 6 2.06 ppm and doublet
of doublet at 0 2.87 ppm obtained due to B methylene. In
the '>C NMR spectrum it showed intricacies of various
YE_13C coupling as in fluconazole molecule.!> The

presence of acetylenic group was also evident from IR spec-
trum wherein the absorption due to acetylenic group was ob-
served at 3307 cm™ .

C-24-Azido bile acid derivatives 17 and 18 were synthesized
from the corresponding mesyl compounds 13''® and 15
(Scheme 3). IR of these compounds showed absorption
due to azido group at 2100 cm . In proton NMR spectrum,
resonance corresponding to C-24-methylene group was
observed at 6 3.24 ppm. Similarly, C-3-azido bile acid deriv-
atives 21 and 22 were synthesized according to the literature
procedures'® with small modifications. The presence of azido
group of the compounds 21 and 22 was also confirmed by
IR spectrum. All the four compounds are well characterized
by 'H NMR, '3C NMR, mass, and elemental analyses. The
cycloaddition of 6 to azido compound 17 was attempted un-
der previously reported conditions!!® with copper sulfate
and sodium ascorbate in -BuOH/H,0. This reaction failed
at low temperature and at 50-60 °C, the reaction was slow
and after 3 days the product 23 was obtained in 10% yield
along with starting material. Although the result was encour-
aging, the reaction condition needed to be optimized.
Among the various reaction conditions, microwave assisted
Cu(I) catalyzed reaction was found to be suitable for this
conjugation.!” Under microwave irradiation compound 6
was reacted with C-24-azide 17 in DMF/H,0 using catalytic
amount of Cu(I) to give fluconazole/bile acid conjugate 23
as a diastereomeric mixture in 92% yield (Scheme 4).

In the proton NMR spectrum of compound 23, resonance
corresponding to C-24-methylene protons was identified at
0 3.15 ppm and 3.48 ppm (two doublets) and the proton of
1,2,3-triazole was noticed at 6 7.19 ppm. Methylene at C-4
position of 1,2,3-triazole was identified at 6 4.20 ppm. In
the IR spectrum, compound 23 showed absorption due to

13R=H,R,=H
14R=H, R, = OMs
15R = OH, R, = H
16 R = OH, R, = OMs

910 _° o

MsO'"
H

19R=H

20 R=0H

Scheme 3. Reagents and conditions: (a) p-TsOH/MeOH, 25 °C, 24 h, 95-96%; (b) LAH/THF, 25 °C, 2 h, 93-97%; (c) (i) 11, MsCl, Et;N, CH,Cl,, 0 °C,
10 min or (ii) 12, MsCl, pyridine, 0 °C, 10 min; (d) NaN;, DMF, 60 °C, 3 h, 93-94%; (e) MsCl, Et;N, CH,Cl,, 0 °C, 10 min; (f) NaN3, DMF, 60 °C, 3 h,

90-91%.
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23R=H
24 R = OH

H

\Z _

25R=H
26 R =0OH

Scheme 4. Reagents and conditions: CuSO,-5H,0 (5 mol %), sodium ascorbate (40 mol %), DMF/H,O (9:1), microwave, 5 min, 90-95%.

hydroxyl group at 3391 cm™ . In addition, it gave satisfac-
tory elemental analysis and in mass spectrum it showed mo-
lecular ion peak at 667.34 (M+1).

We then extrapolated the ligation protocol successfully to
other bile acid derived azides, 18, 21, and 22 and synthesized
fluconazole/bile acid conjugates 24, 25, and 26 (Scheme 4).

All these fluconazole/bile acid bioconjugates showed very
good antifungal activity against Candida species (Table 1).

For the comparison of biological activity we synthesized
bile acid azoles conjugates 27a—d containing imidazole,
benzimidazole, triazole, and benzotriazole at C-24 position
from C-24-monomesyl compound 13 (Scheme 5). However,

Table 1. In vitro antifungal activity for compounds 23, 24, 25, 26, and 27a—d

Compound Inhibitory concentration in pg/mL against
2

MIC 1Csg MIC 1Cs MIC 1Cso MIC 1Csg MIC 1Cso MIC 1Cs
23 3.12 2.11 12.5 11.34 6.25 6.11 12.5 10.58 >50 >50 6.25 5.82
24 6.25 4.58 50 44.76 25 12.34 25 2482 >50 >50 6.25 5.16
25 6.25 5.72 25 22.23 25 23.34 25 22.48 >50 >50 6.25 5.48
26 6.25 3.44 50 48.42 3.12 2.64 25 2146  >50 >50 3.12 2.18
27a >50 >50 >50 >50 >50 >50 >50 >50 >50 >50 >50 >50
27b >50 >50 >50 >50 >50 >50 >50 >50 >50 >50 >50 >50
27¢ >50 >50 >50 >50 >50 >50 >50 >50 >50 >50 >50 >50
27d >50 >50 >50 >50 >50 >50 >50 >50 >50 >50 >50 >50
Amphotericin-B 0.12 0.09 0.06 0.04 0.12 0.08 0.12 0.09 0.5 0.38 0.12 0.11
Fluconazole 0.5 0.13 1.0 0.46 2.0 1.06 1.0 0.63 2.0 1.06 1.0 0.21

1. Candida albicans, 2. Cryptococcus neoformans, 3. Sporothrix schenckii, 4. Trichophyton mentagrophytes, 5. Aspergillus fumigatus, 6. Candida parapsilosis

(ATCC-22019).

H

27

Scheme 5. Reagents and conditions: RH, NaH, DMF, 25 °C, 12-20 h, 75-95%.

(a-d)

N
N

27c.R=

=
N

N
=
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/N
27d.R= N’
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all these compounds showed very weak antifungal activity
(Table 1).

3. Conclusion

In summary we have designed and synthesized fluconazole/
bile acid conjugates at C-3 and C-24 positions of bile acids
under microwave assisted Cu(I) catalyzed cycloaddition re-
action. This reaction gave fluconazole/bile acid conjugates,
linked with 1,4-disubstituted 1,2,3-triazole regioselectively,
in excellent yield and in less reaction time. These new
molecules showed very good antifungal activity against
Candida albicans, Sporothrix schenckii, and Candida para-
psilosis having MIC ranging from 3.12 to 6.25 pg/mL. It is
thought that in this biological activity, bile acid part acts
as a drug carrier and fluconazole part acts as an inhibitor
of 14a-demethylase enzymes in fungal cell. Work to clarify
the role of bile acid is underway in our laboratory. This is the
first report of use of ‘click chemistry’ for the modification of
fluconazole.

4. Experimental
4.1. General experimental techniques and apparatus

TLC was performed on precoated silica gel F,s4 plates
(0.25 mm; E. Merck) and product(s) and starting material(s)
were detected by either viewing under UV light or treating
with an ethanolic solution of phosphomolybdic acid or ani-
saldehyde spray followed by heating. Column chromato-
graphy was performed on neutral deactivated aluminum
oxide. Optical rotations were obtained on Bellingham &
Stanley ADP-220 Polarimeter. Specific rotations ([a]p) are
reported in deg/dm and the concentration (c) is given in
2/100 mL in the specified solvent. Infrared spectra were re-
corded in CHCI; as a solvent on Schimadzu 8400 series
FTIR instrument. '"H NMR spectra were recorded on a
Brucker AC-200 and 400 spectrometers at 200.13 and
400.13 MHz and '3C NMR spectra were recorded on
a Brucker AC-200 at 50.32 MHz. The chemical shifts are
given in parts per million relative to tetramethylsilane.
Mass spectra were recorded on LC-MS/MS-TOF API
QSTAR PULSAR spectrometer, and samples were intro-
duced by infusion method using Electrospray lonisation
Technique. Elemental analyses were performed by CHNS-
O EA 1108-Elemental analyser, Carloerba Instrument (Italy)
or Elementar vario EL (Germany) and were within £0.4%
of calculated values. Melting points were determined on
a Thermonik Campbell melting point apparatus and were
uncorrected. Microwave irradiation was carried out in an
open glass vessel using a domestic microwave oven (800 W,
BPL-make). Standard work up: after extraction of all the re-
actions, the organic extracts were washed with water and
brine and dried over anhydrous Na,SO, and concentrated
in vacuum.

4.2. Synthesis of terminal acetylene
4.2.1. 1-(2,4-Difluorophenyl)-2-(1H-1,2,4-triazol-1-yl)

ethanone (5). Compound § was synthesized from 4 using lit-
erature procedure.5b White solid, yield 55% (overall in a+b

step); mp=104-106 °C (lit.’® 103-105 °C); IR (cm~'): 1703,
1614, 1593; 'H NMR (CDCl;, 200 MHz): ¢ 5.59 (d,
J=3.54 Hz, 2H), 6.93-7.10 (m, 2H), 7.99-8.11 (m, 2H), 8.21
(br s, 1H); '*C NMR (CDCl;, 50 MHz): ¢ 58.2 (dd,
4Jcp=14.09 Hz), 104.8 (dd, 2Jcp=25.66 Hz), 112.9 (dd,
ZJCF:21.63 HZ, 4JCF:3~02 HZ), 118.8 (dd, 2](:]::14.09 HZ,
4Jcp=3.52 Hz), 132.9 (dd, 3Jcp=4.52, 10.81 Hz), 144.8,
151.7, 163.0 (dd, 'Jop=256.38 Hz, 3Jcr=13.08 Hz),
166.6 (dd, 'Jcp=259.9 Hz, 3Jcp=12.58 Hz), 187.6 (d,
3Jcr=5.53 Hz). Anal. Calcd for C,oH,F,N50: C, 53.82; H,
3.16; F, 17.03; N, 18.83. Found: C, 54.10; H, 3.02; F,
16.87; N, 18.71; MS (LC-MS) m/z: 224.57 (M+1), 246.57
(M+23 for Na).

4.2.2. 2-(2,4-Difluorophenyl)-1-(1H-1,2,4-triazole-1-yl)-
pent-4-yn-2-ol (6). The ketone 5 (0.500 g, 2.24 mmol)
and propargyl bromide (4 mL, 6.73 mmol) were dissolved
in a mixed solvent DMF/THF 1:1 (10 mL). To this well
stirred solution, activated zinc dust (washed with 2% HCl
and water and dried in vacuum) (0.439 g, 6.73 mmol) was
slowly added at room temperature.'® After 5 min exother-
mic reaction brought itself to reflux, which was allowed
to attain 25 °C. The whole reaction mixture was then stirred
for 5 h at 25 °C. Ice-cold HCI solution (5%) was added to
the reaction mixture and it was extracted with EtOAc,
and washed with water and brine. Solvent was evaporated
under reduced pressure to afford crude product, which
was purified by column chromatography on silica gel (5%
MeOH/DCM) to produce compound 6 (0.551 g) as a white
solid.

Yield 95%; mp=145-146°C; IR (cm™!): 3272, 3137; 'H
NMR (CDCls, 200 MHz): 6 2.06 (t, J=2.65 Hz, 1H), 2.86
(dd, J=16.01, 2.65 Hz, 1H ABX pattern), 2.92 (dd, /=18.01,
2.65 Hz, 1H ABX pattern), 4.13 (br s, 1H, OH), 4.72 and
4.82 (two d, J=14.01 Hz, 2H AB pattern), 6.73—6.87 (m,
2H), 7.50-7.59 (m, 1H), 7.87 (s, 1H), 8.20 (s, 1H); '3C NMR
(CDCL+CD;0D, 50 MHz): 6 29.1 (d, *Jcr=5.03 Hz),
56.3 (d, *Jcp=5.03Hz), 719, 73.4 (d, 3Jcr=4.53 Hz),
78.1, 1039 (dd, 2Jcp=26.17, 27.17Hz), 111.1 (dd,
2.](:1:22063 HZ, 4JCF:352 HZ), 124.2 (dd, 2](:]:21308 HZ,
4Jcr=3.52 Hz), 129.6 (dd, 3Jcr=6.04, 9.56 Hz), 1442,
150.4, 158.6 (dd, 'Jop=246.58 Hz, 3Jr=12.08 Hz), 162.6
(dd, 'Jop=249.59 Hz, 3Jg=12.08 Hz). Anal. Calcd for
C3HFoN30: C, 59.31; H, 4.21; F, 14.43; N, 15.96. Found:
C, 5945; H, 4.13; F, 14.31; N, 15.87; MS (LC-MS) m/z:
264.06 (M+1), 286.05 (M+23 for Na).

4.3. Synthesis of terminal azide

4.3.1. Synthesis of methyl 3a,12a-dihydroxy-5p-cholane-
24-o0ate (9) and methyl 3o,70,120-trihydroxy-5p-
cholane-24-oate (10). Compounds 9 and 10 were synthe-
sized in overall good yield starting from cholic acid 7 and
deoxycholic acid 8 using the literature procedure.!!®

4.3.1.1. Methyl 3a,12a-dihydroxy-5B-cholane-24-oate
(9). White solid; mp=82-105 °C (lit.'** 70-108 °C); IR
(cm™'): 3385, 1728; 'H NMR (CDCls, 500 MHz): 6 0.68
(s, 3H, CH5-18), 091 (s, 3H, CHs-19), 098 (d,
J=6.36 Hz, 3H, CH;-21), 3.62 (m, 1H, CH-3), 3.67 (s,
3H), 3.98 (br s, 1H, CH-12); '3C NMR (CDCl;, 50 MHz):
0 12.6, 17.1, 23.0, 23.6, 26.0, 27.1, 27.4, 28.4, 29.6, 30.1,
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30.8,31.0,33.4,34.0,35.2,35.9,36.2,42.0,46.3, 47.0, 48.0,
51.4,71.4,72.9, 174.7.

4.3.1.2. Methyl 3oa,7a,120-trihydroxy-5B-cholane-
24-0ate (10). White solid; mp=155-156°C (lit.'®
155-156 °C); IR (cm™'): 3376, 1731; '"H NMR (CDCl;,
200 MHz): 6 0.68 (s, 3H, CH3-18), 0.89 (s, 3H, CH;-19),
0.98 (d, J=5.69 Hz, 3H, CH3-21), 3.57 (m, 1H, CH-3),
3.67 (s, 3H), 3.89 (br s, 1H, CH-7), 4.01 (br s, 1H, CH-12);
13C NMR (CDCl3, 50 MHz): 6 12.8, 17.7, 22.8, 23.6, 26.6,
27.7, 28.5, 30.0, 31.4, 31.5, 35.2, 35.2, 35.7, 35.8, 39.9,
39.9,42.0,42.0,46.8,47.3, 51.8, 68.8, 72.2, 73.4, 175.2.

4.3.2. Synthesis of 3a,120,24-trihydroxy-53-cholane (11)
and 3a,70,120,24-tetrahydroxy-58-cholane (12). Com-
pounds 11 and 12 were synthesized in overall good yield
starting from methyl esters of cholic acid 9 and deoxycholic
acid 10 using the literature procedure.!

4.3.2.1. 3a,1201,24-Trihydroxy-5B-cholane (11). White
solid; mp=123-124 °C (lit.'"*® 107-114 °C, 1it.!*¢ 123 °C);
IR (cm™'): 3257; '"H NMR (CDCls;, 200 MHz): 6 0.69 (s,
3H), 0.91 (s, 3H), 0.99 (d, J=6.87 Hz, 3H), 3.61 (m, 3H),
4.00 (br s, 1H); '3C NMR (CDCls, 50 MHz): 6 12.7, 17.7,
23.1, 23.7, 26.2, 27.2, 27.6, 28.5, 29.4, 30.4, 31.8, 33.6,
34.1, 35.3, 35.4, 36.1, 36.4, 42.1, 46.5, 47.5, 48.2, 63.4,
71.8, 73.3.

4.3.2.2. 3a,7a,120,24-Tetrahydroxy-5p3-cholane (12).
Mp=236-238 °C (lit.!”¢ 236.5-238 °C); IR, 'H NMR, and
13C NMR spectroscopic data are consistent that reported in
literature. !¢

4.3.3. Synthesis of 3a,12a-dihydroxy 24-mesyloxy-58-
cholane (13) and 3a,24-dimesyloxy-12o-hydroxy-5p3-
cholane (14). To a solution of 11 (2.000 g 5.28 mmol) in
dry CH,Cl, (20 mL) was added triethylamine (1.5 mL,
0.56 mmol) at 0 °C. Methane sulfonyl chloride (0.53 mL,
6.86 mmol in 10 mL CH,Cl,) was added dropwise in
10 min at O °C, and ice was added to the reaction mixture im-
mediately after addition was complete. The reaction mixture
was extracted with CH,Cl,. Organic layer was washed with
NaHCOs, water, and brine. Solvent was evaporated under
reduced pressure. The crude product was purified by col-
umn chromatography (0.5% MeOH/CH,Cl,) to obtain pure
products 13 (1.805 g) and 14 (0.615 g).

4.3.3.1. 3a,120-Dihydroxy 24-mesyloxy-5p-cholane
(13). White solid; mp=78 °C; [a]& +93.04 (c 0.2, CHCl5);
IR (cm™Y): 3419, 1416, 1448 cm™!; 'H NMR (CDCls,
300 MHz): 6 0.68 (s, 3H, CH5-18), 0.91 (s, 3H, CHs-19),
0.99 (d, J=6.26 Hz, 3H, CHs-21), 3.00 (s, 3H), 3.60 (m,
1H, CH-3), 3.97 (s, 1H, CH-12), 4.19 (t, J=6.66 Hz, 2H);
13C NMR (CDCl;, 50 MHz): 6 12.6, 17.4, 23.0, 23.6, 25.9,
26.0, 27.0, 27.5, 28.6, 30.3, 31.4, 33.5, 34.0, 35.0, 35.2,
35.9, 36.3, 37.3, 42.0, 46.4, 47.3, 48.1, 70.5, 71.6, 73.0.
Anal. Calcd for C,sH4405S: C, 65.75; H, 9.71; S, 7.02.
Found: C, 65.45; H, 9.53; S, 7.28; MS (LC-MS) m/z:
457.19 M+1), 479.13 (M+23 for Na).

4.3.3.2. 3a,24-Dimesyloxy-12a-hydroxy-53-cholane
(14). White solid; mp=67-68 °C; [a]} +43.25 (¢ 2.7,
CHCl3); IR (cm™Y): 3566; 'H NMR (CDCls, 300 MHz):

6 0.68 (s, 3H, CH3-18), 0.92 (s, 3H, CH5-19), 1.00 (d,
J=6.26 Hz, 3H, CH3-21), 3.00 (s, 3H), 3.01 (s, 3H), 4.00
(s, 1H, CH-12), 4.21 (t, J=6.66 Hz, 2H), 4.65 (m, 1H,
CH-3); '3C NMR (CDCl;, 50 MHz): 6 12.6, 17.4, 22.7,
23.4, 257, 25.8, 26.6, 27.4, 27.5, 28.5, 31.2, 33.1, 33.4,
33.7, 34.7, 34.9, 35.7, 37.2, 38.7, 41.9, 46.3, 47.1, 47.9,
70.6, 72.7, 82.7. Anal. Calcd for Co6H460,S,: C, 58.39; H,
8.67; S, 11.99. Found: C, 58.22; H, 8.39; S, 12.16; MS
(LC-MS) m/z: 557.32 (M+23 for Na).

4.3.4. Synthesis of 3a,70,12a-trihydroxy 24-mesyloxy-
5B-cholane (15) and 3o,24-dimesyloxy-7a,120-dihydroxy-
5B-cholane (16). To a solution of 12 (0.394 g, 1 mmol) in
dry pyridine (5 mL), methane sulfonyl chloride (0.12 mL,
1.5 mmol) was added to the reaction mixture. After 10 min,
ice was added and it was extracted with EtOAc. Organic layer
was washed with cold water, cold-HC1 (5%), water, and brine
and dried over Na,SOy. Solvent was evaporated under reduced
pressure and the crude product was purified by column
chromatography (10% MeOH/CH,Cl,) to obtain pure 15
(0.329 g) and pure 16 (0.125 g).

4.3.4.1. 3a,70,120-Trihydroxy 24-mesyloxy-53-chol-
ane (15). White solid; mp=79-81 °C; [a]¥ +68.49 (¢ 0.9,
CHCly); IR (cm™!): 3408; 'H NMR (CDCl5, 200 MHz):
6 0.68 (s, 3H, CH3-18), 0.89 (s, 3H, CH5-19), 0.99 (d,
J=6.44 Hz, 3H, CHs-21), 3.01 (s, 3H), 3.44 (m, IH,
CH-3), 3.84 (s, 1H, CH-7), 3.97 (s, 1H, CH-12), 4.21 (t,
J=6.57Hz, 2H); '3C NMR (CDCl;, 50 MHz): § 12.3,
17.5, 20.8, 22.3, 23.1, 25.8, 26.2, 27.5, 28.0, 29.6, 30.1,
31.3, 34.5, 34.7, 35.1, 37.4, 39.2, 39.3, 41.3, 41.5, 46.3,
46.9, 68.4, 70.8, 71.9, 73.1. Anal. Calcd for C,5H4404S: C,
63.52; H, 9.38; S, 6.78. Found: C, 63.21; H, 9.12; S, 6.53;
MS (LC-MS) m/z: 473.91 M+1), 495.89 (M+23 for Na).

4.3.4.2. 3o,24-Dimesyloxy-7a,12a-dihydroxy-53-chol-
ane (16). White solid; mp=82-84 °C; [a]& +29.85 (c 0.8,
CHCL,); IR (cm™'): 3434; '"H NMR (CDCl;, 200 MHz):
6 0.69 (s, 3H, CH3-18), 0.91 (s, 3H, CH5-19), 0.99 (d,
J=6.44 Hz, 3H, CH3-21), 2.99 (s, 3H), 3.01 (s, 3H), 3.87
(br s, 1H), 4.00 (s, 1H, CH-12), 4.21 (t, J=6.69 Hz, 2H),
4.51 (m, 1H, CH-3); '3C NMR (CDCls, 50 MHz): 6 12.3,
17.5, 22.1, 22.7, 23.0, 26.3, 27.4, 27.8, 28.0, 31.3, 34.2,
344, 34.7, 35.1, 35.9, 37.2, 38.7, 39.2, 41.3, 41.6, 46.3,
47.1, 68.0, 70.7, 72.8, 83.0. Anal. Calcd for CrgH4605S5:
C, 56.70; H, 8.42; S, 11.64. Found: C, 56.84; H, 8.26; S,
11.81; MS (LC-MS) m/z: 573.51 (M+23 for Na).

4.3.5. Synthesis of 3a,12a-dihydroxy 24-azido-5p3-chol-
ane (17) and 3,7 a,120-trihydroxy 24-azido-53-cholane
(18). To a solution of 13 (0.300 g, 0.66 mmol) in dry DMF
(10 mL), sodium azide (0.214 g, 3.28 mmol) was added
and stirring was continued at 60—65 °C for 3-5 h. The re-
action mixture was allowed to cool to room temperature. It
was then poured into ice-cold water (30 mL) and extracted
with EtOAc. The organic extract was washed with cold
water and brine. Solvent was evaporated under reduced
pressure to afford crude product 17, which was purified by
column chromatography on silica gel (10% EtOAc/hexane)
to produce pure compound 17 as a white solid (0.247 g).

4.3.5.1. 3a,12a-Dihydroxy 24-azido-53-cholane (17).
White solid, yield 94%; mp=126 °C; [a]& +40.57 (c 1.4,
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CHCl3); IR (cm™!): 2090, 3409; 'H NMR (CDCls,
200 MHz): 6 0.69 (s, 3H, CH;-18), 0.91 (s, 3H, CH;-19),
0.99 (d, J=6.65 Hz, 3H, CH;5-21), 3.24 (t, J=7.05 Hz, 2H),
3.62 (m, 1H, CH-3), 4.00 (br s, 1H, CH-12); '3C NMR
(CDCls, 50 MHz): 6 12.7, 17.6, 23.1, 23.6, 25.6, 26.1,
27.1, 27.5, 28.7, 30.5, 32.9, 33.7, 34.1, 35.3, 36.1, 36.5,
422, 46.5, 47.5, 48.3, 51.9, 71.7, 73.2. Anal. Calcd for
C,4H4N;O,: C, 71.42; H, 10.24; N, 10.41. Found: C,
71.19; H, 10.46; N, 10.38; MS (LC-MS) m/z: 404.88
(M+1), 426.83 (M+23 for Na).

4.3.5.2. 3a,70,120-Trihydroxy 24-azido-53-cholane
(18). Compound 18 was prepared by similar procedure
from compound 15. White solid, yield 93%; mp=160 °C;
[a]® +31.46 (c 0.8, CHCl3); IR (cm™"): 2098, 3410; 'H
NMR (CDCl;, 200 MHz): 6 0.68 (s, 3H), 0.89 (s, 3H),
0.99 (d, /=6.32 Hz, 3H), 3.25 (t, J=6.57 Hz, 2H), 3.52 (m,
1H), 3.87 (br s, 1H), 4.00 (br s, 1H), 4.50 (br s, 3H, OH);
13C NMR (CDCls, 50 MHz): 6 12.4, 17.6, 22.4, 23.1, 25.6,
26.2, 27.6, 28.1, 30.2, 32.8, 34.6, 34.7, 35.3, 35.3, 39.3,
394, 41.4, 41.5, 46.3, 47.1, 51.9, 68.4, 71.8, 73.1. Anal.
Calcd for C,4H4N3O5: C, 68.70; H, 9.85; N, 10.01. Found:
C,68.65; H,9.69; N, 9.94; MS (LC-MS) m/z: 420.24 (M+1),
442.23 (M+23 for Na).

4.3.6. Synthesis of methyl-3a-mesyloxy-12a-hydroxy-
5B-cholane-24-oate (19) and methyl-3a-mesyloxy-7a-
12a-dihydroxy-5B-cholane-24-oate  (20). Compounds
19 and 20 were prepared from compounds 9 and 10 by
using similar procedure as used for the preparation of com-
pound 13.

4.3.6.1. Methyl-3a-mesyloxy-12a-hydroxy-5p3-chol-
ane-24-oate (19). White solid, yield 89%; mp=62-63 °C;
[a]3 +45.77 (¢ 4.1, CHCly); IR (cm™Y): 1728, 3549; 'H
NMR (CDCl;, 200 MHz): 6 0.67 (s, 3H), 0.91 (s, 3H),
0.97 (d, J=6.06 Hz, 3H), 2.99 (s, 3H), 3.65 (s, 3H), 3.98
(br s, 1H), 4.64 (m, 1H); '3C NMR (CDCls, 50 MHz):
0 12.3, 16.8, 22.5, 23.3, 25.6, 26.5, 27.1, 27.3, 28.3, 30.5,
30.6, 32.9, 33.1, 33.5, 34.5, 34.8, 35.5, 38.4, 41.7, 46.1,
46.7, 47.6, 51.1, 72.3, 82.5, 174.3. Anal. Calcd for
Cy6H4406S: C, 64.43; H, 9.15; S, 6.62. Found: C, 64.58;
H, 9.02; S, 6.73; MS (LC-MS) m/z: 485.23 (M+1), 507.22
(M+23 for Na).

4.3.6.2. Methyl-3a-mesyloxy-7a-12a-dihydroxy-5f3-
cholane-24-oate (20). White solid, yield 87%; mp=83—
85°C; [a]® +29.98 (¢ 0.9, CHCly); IR (cm™!): 1728,
3460; 'H NMR (CDCl5, 200 MHz): 6 0.69 (s, 3H), 0.91 (s,
3H), 0.99 (d, /=6.06 Hz, 3H), 2.99 (s, 3H), 3.67 (s, 3H),
3.88 (br s, 1H), 4.00 (br s, 1H), 4.51 (m, 1H); '3C NMR
(CDCl3, 50 MHz): o6 12.4, 17.2, 22.1, 23.0, 26.3, 274,
27.8, 28.0, 30.7, 30.9, 34.1, 34.4, 34.7, 35.1, 35.9, 38.7,
39.3, 41.3, 41.6, 46.4, 47.0, 51.4, 68.0, 72.8, 82.9, 174.7.
Anal. Calcd for C,cH440,S: C, 62.37; H, 8.86; S, 6.40.
Found: C, 62.23; H, 8.92; S, 6.23; MS (LC-MS) m/z:
501.07 (M+1), 523.17 (M+23 for Na).

4.3.7. Synthesis of methyl-33-azido-12a-hydroxy-5p-
cholane-24-oate (21) and methyl-3B-azido-7a,120-
dihydroxy-5B-cholane-24-oate (22). The compounds 19
and 20 were reacted with NaN; (3 equiv) in DMF for 4 h
at 80-90 °C to give compounds 21 and 22.%°

4.3.7.1. Methyl-3pB-azido-12a-hydroxy-58-cholane-
24-oate (21). White solid, yield 91%; mp=127-128 °C
(lit.'%* 128 °C); [a]d’ +41.34 (¢ 0.8, CHCl3); IR (cm™'):
1728, 2102, 3503; 'H NMR (CDCl5, 200 MHz): 6 0.68 (s,
3H), 0.94 (s, 3H), 0.97 (d, J=6.20 Hz, 3H), 3.66 (s, 3H),
3.94 (br s, 1H), 3.99 (br s, 1H); '3C NMR (CDCls,
50 MHz): 6 12.7, 17.3, 23.5, 23.5, 24.5, 25.9, 26.4, 27.4,
28.8, 30.1, 30.5, 30.8, 31.0, 33.2, 34.4, 35.0, 35.8, 37.2,
46.5, 47.3, 48.3, 51.4, 58.7, 73.1, 174.6. Anal. Calcd for
C25H41N303I C, 6957, H, 957, N, 9.74. Found: C, 6947,
H, 9.90; N, 9.66; MS (LC-MS) m/z: 432.26 (M+1), 454.25
(M+23 for Na).

4.3.7.2. Methyl-3B-azido-7a,120-dihydroxy-5B-chol-
ane-24-oate (22). White solid, yield 90%; mp=169—
170°C (lit."®® 157°C); [a]d +22.45 (¢ 1.16, MeOH)
(1it.'* +23.7); IR (cm™!): 1728, 2098, 3439; 'H NMR
(CDCl3, 200 MHz): ¢ 0.70 (s, 3H), 0.93 (s, 3H), 0.97 (d,
J=6.06 Hz, 3H), 3.67 (s, 3H), 3.86-3.89 (br s, 2H), 3.99
(br s, 1H); 3C NMR (CDCls, 50 MHz): 6 12.4, 17.2, 22.7,
23.2, 24.5, 26.0, 27.4, 28.3, 30.4, 30.8, 31.0, 33.0, 34.2,
35.1, 35.2, 36.7, 39.3, 41.7, 46.5, 47.2, 51.5, 58.7, 68.4,
73.0, 174.7. Anal. Calcd for C,sH4N3O4: C, 67.08; H,
9.23; N, 9.39. Found: C, 67.21; H, 9.18; N, 9.31; MS
(LC-MS) m/z: 448.24 (M+1), 470.22 (M+23 for Na).

4.4. General procedure for cycloaddition (23-26)

The alkyne 6 (1 equiv) and the azide 17, 18, 21, or 22
(1.3 equiv) were dissolved in DMF/H,O 4:1 (5 mL). To
this solution, CuSQOy4-5H,0 (0.05 equiv) and sodium ascor-
bate (0.40 equiv) were added. The reaction mixture was
placed in a domestic microwave reactor and irradiated for
5 min at 415 W. The reaction mixture was cooled, ice was
added, and it was then extracted with EtOAc. The extract
was washed with water and brine. Solvent was evaporated
under reduced pressure and crude product was purified
by column chromatography on silica gel using 5%
MeOH/CH,Cl, system to obtain fluconazole/bile acid con-
jugates 23, 24, 25, or 26 linked with 1,4-disubstituted
1,2,3-triazole.

4.4.1. 3a,120-Dihydroxy-24-[(4-(2-(2,4-difluorophenyl)-
2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl)-1H-1,2,3-
triazol-1-yl)]-5B-cholane (23). White solid, yield 95%;
mp=169-171 °C; IR (cm~!): 1597, 1618, 3391; 'H NMR
(CDCl3, 200 MHz): 6 0.65 (s, 3H), 0.90-0.93 (6H), 3.15
and 3.48 (two doublets, J=14.90 Hz, 2H, adjacent to C-4
end of 1,2,3-triazole), 3.62 (m, 1H), 3.95 (br s, 1H), 4.20
(t, J=6.82 Hz, 2H), 4.53-4.74 (two doublets, J=14.15 Hz,
2H), 5.55 (1H, OH), 6.70-6.80 (m, 2H), 7.19 (br s, 1H),
7.33-7.46 (m, 1H), 7.81 (br s, 1H), 8.16 (br s, 1H). Anal.
Calcd for C37H52F2N603: C, 6664, H, 786, F, 570, N,
12.60. Found: C, 66.81; H, 7.77; F, 5.51; N, 12.55; MS
(LC-MS) m/z: 667.34 (M+1).

4.4.2. 3a,700,120-Trihydroxy-24-(4-(2-(2,4-difluoro-
phenyl)-2-hydroxy-3-(1H-1,2,4-triazol-1-yl)propyl)-1H-
1,2,3-triazol-1-yl)-5B-cholane (24). White solid, yield
93%; mp=118-121 °C; IR (cm™!): 1597, 1618, 3404; 'H
NMR (CDCls, 400 MHz): 6 0.65 (s, 3H), 0.88 (s, 3H),
0.93 (d, /=6.52 Hz, 3H), 3.17 (d, J=14.15 Hz, 1H adjacent
to 1,2,3-triazole), 3.42-3.49 (m, 2H, C3-H and 1H adjacent
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to 1,2,3-triazole), 3.83 (br s, 1H), 3.94 (br s, 1H), 4.19 (m,
2H), 4.58 and 4.72 (two doublets, J=14.06 Hz, 2H, adjacent
to 1,2,4-triazole), 6.69-6.78 (m, 2H), 7.20 (br s, 1H), 7.42
(m, 1H), 7.83 (br s, 1H), 8.20 (br s, 1H). Anal. Calcd for
C;37H5,F,NgO4: C, 65.08; H, 7.68; F, 5.56; N, 12.31. Found:
C, 64.93; H, 7.66; F, 5.39; N, 12.45; MS (LC-MS) m/z:
683.29 (M+1), 705.27 (M+23 for Na).

4.4.3. Methyl-3B-[(4-(2-(2,4-difluorophenyl)-2-hydroxy-
3-(1H-1,2 4-triazol-1-yl)propyl)-1H-1,2,3-triazol-1-yl)]-
12a-hydroxy-5pB-cholane-24-oate (25). White solid, yield
90%; mp=183-185 °C; IR (cm~'): 1618, 1728, 3362; 'H
NMR (CDCl;, 200 MHz): 6 0.67 (s, 3H), 0.80 (s, 3H),
0.96 (d, /=593 Hz, 3H), 3.19 and 3.54 (two doublets,
J=16.29 Hz, 2H, adjacent to 1,2,3-triazole), 3.65 (s, 3H),
4.00 (br s, 1H), 4.54 (br s, 1H), 4.73 (br s, 2H, adjacent to
1,2,4-triazole), 6.63-6.80 (m, 2H), 7.23-7.35 (m, 2H),
7.86 (br s, 1H), 846 (br s, 1H). Anal. Calcd for
CsgH5,FoNgOy4: C, 65.68; H, 7.54; F, 5.47; N, 12.09. Found:
C, 65.43; H, 7.67; F, 5.24; N, 11.93; MS (LC-MS) m/z:
695.35 M+1), 717.31 (M+23 for Na).

4.4.4. Methyl-3B-[(4-(2-(2,4-difluorophenyl)-2-hydroxy-
3-(1H-1,2 4-triazol-1-yl)propyl)-1H-1,2,3-triazol-1-yl)]-
7a-12a-dihydroxy-5B-cholane-24-oate (26). White solid,
yield 91%; mp=172-174°C; IR (cm™'): 1618, 1730,
3420; 'H NMR (CDCls, 400 MHz): 6 0.69 (s, 3H), 0.79 (s,
3H), 0.99 (d, J=6.27 Hz, 3H), 3.12 and 3.51 (two doublets,
J=14.35 Hz, 2H, adjacent to 1,2,3-triazole), 3.66 (s, 3H),
3.87 (br s, 1H), 4.00 (br s, 1H), 4.46 (br s, 1H, C3-H),
4.63-4.72 (two doublets, J=14.30 Hz, 2H, adjacent to
1,2,4-triazole), 6.66-6.75 (m, 2H), 7.21 (br s, 1H), 7.36
(br s, 1H), 7.83 (br s, 1H), 8.30 (br s, 1H). Anal. Calcd for
C;s3H5,F>NgOs: C, 64.21; H, 7.37; F, 5.35; N, 11.82. Found:
C, 64.10; H, 7.29; F, 5.19; N, 11.77; MS (LC-MS) m/z:
711.29 (M+1), 733.26 (M+23 for Na).

4.5. General procedure for 27a-d

Azole compound RH (2 mmol) and NaH (3 mmol) were
stirred in dry DMF (3 mL) at 0 °C for 20 min. To this mix-
ture compound 13 (1 mmol) in DMF (2 mL) was added
dropwise at 0 °C. The reaction mixture was allowed to
warm to 25 °C and stirred for 24 h at this temperature. Ice
was added to the reaction mixture and it was extracted
with EtOAc. The extract was washed with water and brine,
and solvent was evaporated under reduced pressure to afford
crude product, which was purified by column chromato-
graphy on silica gel (5% MeOH/CH,Cl,) to produce
compounds 27a-d in 75-95% yield.

4.5.1. 3o,12a-Dihydroxy-24-(1H-imidazol-1-yl)-5B-chol-
ane (27a). White solid, yield 75%; mp=215-216 °C; [a]¥
450.30 (¢ 0.7, CHCl;); IR (cm™!): 3300, 1510; 'H NMR
(CDCls, 200 MHz): 6 0.67 (s, 3H), 0.91 (s, 3H), 0.97 (d,
J=6.26 Hz, 3H), 3.62 (m, 1H), 3.90 (t, J=7.44 Hz, 2H), 3.98
(br s, 1H), 6.91 (br s, 1H), 7.06 (br s, 1H), 7.48 (br s, 1H);
13C NMR (CDCl+CD;OD, 50 MHz): & 12.3, 17.1, 22.7,
22.7,23.4,25.9,26.9, 27.3,27.4, 28.4, 29.6, 32.4, 33.3, 33.9,
35.0, 35.0, 35.8, 41.9, 46.7, 47.4, 47.7, 48.6, 71.1, 72.6,
118.8, 128.1, 136.5. Anal. Calcd for CosHuN,O,: C, 75.65;
H, 10.35; N, 6.54. Found: C, 75.77; H, 10.21; N, 6.43; MS
(LC-MS) m/z: 429.30 (M+1), 451.26 (M+23 for Na).

4.5.2. 3a,120-Dihydroxy-24-(1H-benzo[d]imidazol-1-yl)-
5B-cholane (27b). White solid, yield 91%; mp=118 °C;
[a]d +42.77 (¢ 1.0, CHCl3); IR (cm™!): 3346, 1643, 1616;
'"H NMR (CDCls, 300 MHz): 6 0.65 (s, 3H), 0.90 (s, 3H),
0.95 (d, J=6.60 Hz, 3H), 3.60 (m, 1H), 3.96 (br s, 1H),
4.13 (t, J=6.60 Hz, 2H), 7.26-7.32 (m, 2H), 7.38-7.41 (m,
1H), 7.79-7.82 (m, 1H), 7.90 (s, 1H); '*C NMR (CDCls,
50 MHz): ¢ 12.5, 17.4, 23.0, 23.5, 26.0, 26.4, 27.0, 27.4,
28.7, 30.4, 32.9, 33.5, 34.0, 35.1, 35.2, 35.9, 36.3, 42.0,
454, 46.3, 47.0, 48.1, 71.4, 72.8, 109.5, 120.1, 121.9,
122.7, 133.7, 142.7, 143.5. Anal. Calcd for C3;H4cN,O,: C,
77.78; H, 9.69; N, 5.85. Found: C, 77.64; H, 9.54;, N, 5.77;
MS (LC-MS) m/z: 479.26 (M+1), 501.20 (M+23 for Na).

4.5.3. 3a,120-Dihydroxy-24-(1H-1,2,4-triazol-1-yl)-53-
cholane (27¢). White solid, yield 95%; mp=196-197 °C;
[a]® +45.33 (¢ 0.7, CHCly); IR (cm™1): 3421; '"H NMR
(CDCl3, 200 MHz): 6 0.66 (s, 3H), 0.90 (s, 3H), 0.98 (d,
J=6.26 Hz, 3H), 3.61 (m, 1H), 3.97 (br s, 1H), 4.13 (t,
J=6.65Hz, 2H), 7.94 (s, 1H), 8.05 (s, 1H); '3C NMR
(CDCl;, 50 MHz): 6 12.4, 17.1, 22.8, 23.4, 25.9, 26.2,
26.9, 27.4, 28.3, 26.6, 32.2, 33.3, 33.8, 35.0, 35.0, 35.7,
35.7, 41.8, 46.1, 46.8, 47.8, 50.1, 71.2, 72.7, 142.6, 151.0.
Anal. Calcd for C,gHy43N30,: C, 72.68; H, 10.09; N, 9.78.
Found: C, 72.49; H, 10.00; N, 9.67; MS (LC-MS) m/z:
430.49 (M+1), 452.44 (M+23 for Na).

4.5.4. 3a,120-Dihydroxy-24-(1H-benzo[d][1,2,3]triazol-
1-yD)-5B-cholane (27d). White solid, yield 92%; mp=98—
101 °C; [a]¥ +47.82 (¢ 0.5, CHCly); IR (cm™'): 3417; 'H
NMR (CDCl;, 300 MHz): 6 0.65 (s, 3H), 0.90 (s, 3H),
0.95 (d J=6.59 Hz, 3H), 3.61 (m, 1H), 3.95 (br s, 1H),
4.61 (t, J=7.33 Hz, 2H), 7.34-7.40 (m, 1H), 7.46-7.55
(m, 2H), 8.06 (d, J=8.06 Hz, 1H); '3C NMR (CDCls,
50 MHz): 6 12.6, 17.5, 23.0, 23.6, 26.1, 26.4, 27.1, 27.4,
28.6, 30.4, 32.8, 33.6, 34.0, 35.0, 35.2, 36.0, 36.4, 42.1,
46.4, 47.2, 48.1, 48.6, 71.6, 73.0, 109.2, 119.9, 126.0,
127.0, 132.9, 144.2. Anal. Calcd for C;oHysN;O,: C,
75.11; H, 9.46; N, 8.76. Found: C, 75.26; H, 9.39; N, 8.71;
MS (LC-MS) m/z: 480.53 (M+1), 502.49 (M+23 for Na).

4.6. Biological evaluation procedure

4.6.1. MIC and ICs, determination. Minimum inhibitory
concentration of compounds was tested according to stan-
dard microbroth dilution technique as per NCCLS guide-
lines.?! Briefly, testing was performed in flat bottom 96
well tissue culture plates (CELLSTAR® Greiner bio-one
GmbH, Germany) in RPMI 1640 medium buffered with
MOPS (3-[N-morpholino]propanesulfonic acid) (Sigma
Chem. Co., MO, USA) for fungal strains and in Muller
Hinton broth (Titan Biotech Ltd, India) for bacterial strains.
The concentration range of tested compounds was 50-0.36
and 32-0.0018 pg/mL for standard compounds. The plates
were incubated in a moist chamber at 35 °C and absorbance
at 492 nm was recorded on VersaMax microplate reader
(Molecular Devices, Sunnyvale, USA) after 48 h for C. albi-
cans and C. parapsilosis, 72 h for Aspergillus fumigatus,
S. schenckii, and Cryptococcus neoformans, and 96 h for
Trichophyton mentagrophytes. MIC was determined as
90% inhibition of growth with respect to the growth control
and ICsy was the concentration at which 50% growth
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inhibition was observed by using SOFTmax Pro 4.3 Soft-
ware (Molecular Devices, Sunnyvale, USA).
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Abstract—6H-Indolo[2,3-b]quinoxaline was studied as a covalently bound heteroaromatic intercalator. Six monomers were synthesized and
incorporated into DNA oligonucleotides. Through a study of linker length dependence it was concluded that the linker between the oligo and
the intercalator must consist of at least five C atoms in order to stabilize a DNA duplex. An intercalator with a 2'-deoxy-p-riboside linker to the
oligo could also stabilize a DNA/RNA duplex, while (S)-4-(6-methylindolo[2,3-b]quinoxalin-3-ylmethoxy)-butane-1,2-diol was able to
stabilize both DNA/DNA, DNA/RNA and a DNA/LNA duplex. Mismatch studies revealed a huge sensitivity to the C—C mismatch at the

5'-site of the intercalator.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

The term intercalation was first used by Lerman,! who had
conducted a number of physical studies on interactions
of DNA with planar aromatic compounds, to describe the
non-covalent binding of a planar polyaromatic molecule
between the nucleobases of DNA. When intercalation
occurs, the torsion angles in the sugar-phosphodiester back-
bone of DNA are changed in order to accommodate the in-
tercalating aromatic moiety. This causes an unwinding of
the DNA helix with a maximum helix increase of 3.4 A,
which can be measured by viscosity and sedimentation of
the DNA solution.! The degree of unwinding varies depend-
ing on the intercalator and the DNA sequence.y‘° Normally
the helix increase is less than the maximal 3.4 A, because
of other effects such as bending of the duplex around the
site of intercalation. X-ray studies on intercalation were first
provided by Wang et al.” Classical intercalators such as pro-
flavine, acridine, ethidium bromide, daunomycin6 and
actinomycin’® are known for their anti-tumour activity by
inhibition of topoisomerases,”!? but the group of intercala-
tors has expanded heavily over the years and now includes
mono-, bis- and trisintercalators. For recent reviews, see
Martinez and Chacén-Garcia,!! Braifia et al.'? and Graves
and Velea.!?

Keywords: Intercalating nucleic acids; 6H-Indolo[2,3-b]quinoxaline; Oligo-

nucleotides with a covalently bound intercalator; Thermal stability; DNA.
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We have used the term intercalating nucleic acids to define
an oligonucleotide with an intercalating pseudonucleotide
inserted with a covalent bond. Important factors to be
considered while using intercalating nucleic acids for
hybridization are the structure of the backbone, and the
length of the linker and intercalator.'* We use a vicinal
dihydroxy system to incorporate the intercalator as a bulge
in the DNA backbone, because it creates a distance between
the intercalator and the neighbouring nucleobases of ca.
3.4 A. Furthermore it introduces additional flexibility into
the backbone. Previously we have focused on pyrene as
the intercalating moiety and have achieved significant
discrimination between DNA and RNA," as the DNA
duplex was stabilized while the RNA duplex was destabi-
lized. The fluorescence properties of the pyrene intercalator
confirmed its intercalation rather than groove binding in
duplexes.'® These findings led to commercialization of
intercalating nucleic acids containing bulge insertions
of (R)-1-O-(1-pyrenylmethyl)glycerol (INA™) in order to
exploit the technology in diagnostics, e.g., DNA methylation
screening.'”

For this study we were looking for a heteroaromatic inter-
calator in order to achieve higher affinity towards ssSRNA.
Ren et al.'® had done some studies on the binding affinity
of small molecules to an RNA:DNA hybrid using a poly
rA:poly dT assay. Among the 84 tested compounds, of which
five compounds showed a potential, they found the best one
to be Ellipticine (5,11-dimethyl-6H-pyrido[4,3-b]carbazole
(1)," a naturally occurring alkaloid, known for its promising
anti-tumour activities.°

6H-Indolo[2,3-b]quinoxaline (2) can be seen as an aza
analogue of Ellipticine. It is a well-examined and
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Figure 1. Structures of Ellipticine (1), 6H-Indolo[2,3-b]quinoxaline (2) and
B-220 (3).

well-described compound, primarily by Bergman and
co-workers.>!=2* It has nitrogen atoms in the third ring
instead of the 5,11-methyl groups in Ellipticine. Several
analogues of 6H-indolo[2,3-b]quinoxaline have been syn-
thesized, e.g., B-220 (2,3-dimethyl-6-(2-dimethylamino-
ethyl)-6H-indolo[2,3-b]quinoxaline, 3), which have shown
high antiviral activity?*>> (Fig. 1).

Ellipticine (1) as well as B-220 (3) have been used as non-
covalent intercalators.2222-2° Furthermore, Arimondo
et al.?* observed a stronger stabilization of a poly(dAdT)-
poly(dAdT) duplex for compound 2 than for its correspond-
ing pyridopyrazino[2,3-b]indole analogues. It was therefore
of interest to us to test 6H-indolo[2,3-b]quinoxaline as an
intercalating nucleic acid. We also chose indolo[2,3-b]-
quinoxaline as the intercalator for this study because of its
direct synthesis.

In this paper we present the synthesis of six intercalating
nucleic acids with indolo[2,3-b]quinoxaline as the intercala-
tor (Fig. 2) and their evaluation by thermal stability measure-
ments and fluorescence spectroscopy.

For monomers 4-7 the covalently bound linker was attached
to N-6, which is the same position as the dimethylamino-
ethyl side chain that is attached in B-220 (3). Monomer 8
has a 2’-deoxy-p-ribose as the connector to the backbone
of the DNA strand. It was synthesized in order to evaluate
the flexibility of the acyclic linkers versus the natural fura-
nose sugar linkage. The site of linker connection to the inter-
calator was changed in monomer 9 in order to investigate
whether this could lead to better base stacking as the interca-
lator would be positioned differently in the duplex.

In this study we have investigated the dependence of linker
length on the stabilities of DNA/DNA, DNA/RNA and
DNA/LNA duplexes by varying the linker.

2. Results and discussion
2.1. Chemistry

The commercially available ((S)-(+)-2,2-dimethyl-1,3-di-
oxolane-4-yl)-methanol was mesylated in CH,CL/Et;N
according to the procedure described by Kim et al.’! to
give methanesulfonic acid (R)-2,2-dimethyl-1,3-dioxolane-
4-ylmethyl ester (10).>?> Enantiomerically pure methane-
sulfonic acid 2-((S)-2,2-dimethyl-1,3-dioxolan-4-yl)-ethyl
ester (11)* was obtained from (S)-malic acid in four steps.
(S)-Malic acid was converted to dimethyl (S)-malate accord-
ing to Mori and Ikunaka.** The diester was reduced with
LiAlH, to (S)-1,2,4-butanetriol and protected with an iso-
propylidene group as described by Hayashi et al.*> Mesyla-
tion of 2-((S)-2,2-dimethyl-1,3-dioxolan-4-yl)-ethanol with
methanesulfonyl chloride was carried out in either pyridine
according to Augustyns et al.>* or CH,Cl,/Et;N according
to Kim et al.*! Using pyridine as the solvent gave 11 in
51% yield, while the latter gave 11 in 99% yield. Enantio-
merically pure methanesulfonic acid 3-((S)-2,2-dimethyl-
1,3-dioxolan-4-yl)-propyl ester (12) was obtained from
L-glutamic acid in four steps. L-Glutamic acid was converted
to (S)-5-oxotetrahydrofuran-2-carboxylic acid as described
by Herdeis.*® Reduction with LiAlH, according to Brunner
and Lautenschalger®’ yielded (S)-1,2,5-pentanetriol. This
was protected with an isopropylidene group and mesylated
as described above to give 12.38

6H-Indolo[2,3-b]quinoxaline (2) and its 2,3-dichloro deriv-
ative (13) were easily prepared by condensation of isatin
with 1,2-phenylene diamine in glacial acetic acid according
to Schunck’s method.***° For the alkylation, 2 and 13 were
deprotonated (at N-6) with NaH giving red anions. Follow-
ing the procedure of Cassel et al.*! they were then reacted
with the mesylated alcohols 10 and 11 in refluxing DMF
for 48 h in the presence of the phase-transfer catalyst tetra-
n-butylammonium bromide (TBAB) giving 14b and ¢ in
yields of 35-50%. A similar yield of 14d was achieved with-
out addition of TBAB,*? whereas this procedure afforded
14a in 76% yield using a long reaction time of three days.

The alkylation is supposed to take place on N-6 and this
molecule will be similar to B-220 (3). However, there is a
risk of forming an isomer due to alkylation on N-5. Bergman
and co-workers?>*? reported a 4:1 ratio of the 6-substituted
versus 5-substituted derivative, by using Knotz’s method.**

LT O Sewed
X NZ N NZ N Ho SN0 N7 N\

) HO

P HO— o 0

HO  ©OH

4-7 OH
8
n X
4 1 H
5 1 Cl
6| 2 H
7 3 H

Figure 2.
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Figure 3. One independent molecule in the asymmetric unit of the X-ray
structure of 4. Displacement ellipsoids are shown at the 30% probability
level for non-H atoms.

However, we did not isolate the N-5 alkylated isomer. The
N-6 alkylation was proven by obtaining a synchrotron
X-ray structure of the corresponding alcohol 4, a step further
in the synthetic route (see Figs. 2 and 3 and Scheme 1).

IQ+ oNOMSHII I@

N N 10n=1
2R=H 1Mn=2
13R=Cl 12n=3
14a-d ><
X N
b a7 _c°, :@:I@
=
X N N
a
RO ODMT

15a-d R = H
d |: v
16a-d R = P(NPr,)O(CH,),CN

Scheme 1. (a) NaH, TBAB, DMF, 35-76%; (b) AcOH/H,O (4:1), 67-93%;
(¢) DMT-CI, pyr or CH,Cly/Et;N, 24-83%; (d) NC(CH,)>,OP(N'Pr)s,
N,N-diisopropylammonium tetrazolide, CH,Cl,, 61-84%.

Treatment of 14a—d with 80% aq acetic acid gave the diols
4-7. These were DMT-protected using DMT-chloride in
pyridine or in CH,Cl,/Et3N and then converted to the phos-
phoramidites 16a-d using 2-cyanoethyl-N,N,N',N'-tetra-
isopropylphosphane in CH,Cl,.

We also synthesized an analogue having a 2'-deoxy-p-ribo-
side as the backbone linker (Scheme 2). 2-Deoxy-3,5-
di-O-(p-toluoyl)-a-D-pentofuranosyl chloride was prepared
according to Rolland et al.*> and coupled with 6H-indolo-
[2,3-b]quinoxaline (2) using NaH in DMF according to
the procedure described above.*! o- and B-Isomers were
separated by dissolving the mixture in MeCN by which the

B-isomer precipitated. Extraction with CHCI; isolated the
a-isomer. Assignment of o,f-configuration was done by
2D NMR and NOE. Deprotection of the toluoyl groups
were carried out using sodium methoxide in methanol as
described by Abdel-Megied et al.*® yielding B-6-(2'-deoxy-
ribose)-indolo[2,3-b]quinoxaline (8). DMT-protection of
the diol and conversion to the phosphoramidite (19) were
carried out as described above.

N,

S
o LTS

Z N

N

TolO 0

ToIO17

)
° @\IQ
NN
DMTO— ¢

OR

|: 18R=H
19 R = P(NPr,)O(CH,),CN

Scheme 2. (a) 2-Deoxy-3,5-di-O-(p-toluoyl)-a-bD-pentofuranosyl chloride,
NaH, TBAB, DMF, 32%; (b) CH3;0Na, MeOH, 73%; (c) DMT-CI,
CH,CL,/Et;N, 58%; (d) NC(CH,),OP(N'Pr,),, N,N-diisopropylammonium
tetrazolide, CH,Cl,, 21%.

Having made 4-7 with three different linker lengths and
a sugar moiety (8), we also found it interesting to change
the connection site of the intercalator to the linker. This
was done in order to position the intercalator in a different
way inside the duplex and thereby to investigate, whether
better base stacking could be obtained. At the same time
the linker length was further increased.

6H-Indolo[2,3-b]quinoxaline-3-carboxylic acid (20) was
synthesized by condensation of isatin with 3,4-diaminobenz-
oic acid in glacial acetic acid according to Schunck’s
method.?**° As the diamino compound is not symmetric,
there was a possibility of regioisomers. However, we did
not isolate the regioisomeric 6H-indolo[2,3-b]quinoxaline-
2-carboxylic acid. The regioselectivity has previously been
reported by Varma and Khan.*” However, we found it
more convincing to prove the structure 20 by an X-ray struc-
ture of the corresponding alcohol 23, a few steps further in
the synthetic route (see Fig. 4 and Scheme 3).

In order to avoid alkylation on N-6, when alkylating the new
site (at the 3 position), the N-6 position was blocked with
amethyl group using CH3I in DMSO in the presence of pow-
dered potassium hydroxide. This yielded a 3:2 mixture of
6-methylindolo[2,3-b]quinoxaline-3-carboxylic acid methyl
ester (21) and the carboxylic acid (22). A small sample of the
crude product was separated into pure compounds. The rest
was reduced to the corresponding alcohol (6-methyl-
indolo[2,3-b]quinoxalin-3-yl)methanol (23) using LiAlH,4
in THF. Badger and Nelson*® reported a 40% yield of the
6-methylated compound and 12% of the 5-methylated by
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Figure 4. X-ray structure of 23-H,O showing displacement ellipsoids at the
50% probability level for non-H atoms.
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Scheme 3. (a) CH;1, KOH, DMSO; (b) LiAlH4, THF, 44% (over two steps);
(c) SOCl,, CH,Cl,, 89%; (d) (S)-2,2-dimethyl-1,3-dioxolane-4-ethanol,
KOH, toluene, 67%; (e) AcOH/H,O (4:1); (f) DMT-CI, CH,CL,/Et;N,
55%; (g) NC(CH,),OP(N'Pr,),, N,N-diisopropylammonium tetrazolide,
CH,Cl,, 47%.

using 1 equiv of KOH and CHj3l in ethanol. We used an
excess of both KOH and CH5I and DMSO as solvent, which
according to Zegar et al.>? should give a 95:5 ratio, but we
isolated only the 6-methylated compound, which was also
proven by the X-ray structure of 23-H,O (Fig. 4).

In order to have a more reactive leaving group for the sub-
sequent alkylation reaction, the alcohol 23 was converted
to 3-chloromethyl-6-methylindolo[2,3-b]quinoxaline (24)
using thionyl chloride in CH,Cl, according to the procedure
described by Bair et al.** Following the procedure of Tirosh
et al.,’° 24 was reacted with 2-((S)-2,2-dimethyl-1,3-dioxo-
lan-4-yl)-ethanol in toluene in the presence of powdered
potassium hydroxide to give 25. Subsequent treatment of
25 with 80% acetic acid as described above, followed by
DMT-protection and phosphitylation gave 27 (Scheme 3).

The DMT-protected phosphoramidites of the intercalating
nucleic acid monomers 4-9 were incorporated into two dif-
ferent DNA oligonucleotides using the same coupling times
(2 min) in the oligo synthesis as was used for the amidites of
natural nucleosides. The monomers 4-9 were inserted as
a bulge in a 12-mer highly conserved HIV-1 strand,>! which
was modified around the site of intercalation (C-G switch)
according to Christensen et al.!*!> They were also inserted
as a bulge or as an end-positioned intercalating pseudo-
nucleotide in an 11-mer oligonucleotide earlier described
by Filichev et al.>> All modified oligonucleotides were con-
firmed by MALDI-TOF analysis with a variation of m/z £3.

2.2. Thermal melting studies

The project was designed to study the linker length depen-
dence of the intercalating nucleic acids. As it is seen from
Table 1, intercalators with short linkers (4-6) were destabi-
lizing the DNA duplex, whereas stabilization was obtained
when a longer linker (7) or a sugar moiety (8) is used. Intro-
duction of chloro substituents in the 2 and 3 positions of the
6H-indolo[2,3-b]quinoxaline (5) gave a marginal improve-
ment compared to 4. Highest stabilization was obtained for
9, which had the longest linker, and the linker attached to
C-3 instead of N-6. It is believed that the shorter linker is
unable to position the intercalator optimally for base stack-
ing in the duplex without disturbance of the backbone.

In comparison with previous studies'# of pyrene and anthra-
cene intercalators inserted in the same sequence and with the
same linker length, 6H-indolo[2,3-b]quinoxaline (9) gives
a higher AT}, (44.5 °C vs +2.5 °C for pyrene and —1.3 °C
for anthracene).

Shifting the intercalator to the complementary strand (Table
1, bottom) was expected to give higher T, as better stacking
is normally obtained when the intercalator is neighbouring
two guanines in the same strand rather than two cytosines.
This was also observed with the linkers 4-7. However,
the opposite effect is the case, when the acyclic linker
is replaced with the 2-deoxyribose (8) or the elongated

Table 1. Melting temperatures of duplexes with 4, 5, 6, 7, 8 and 9 inserted as a bulge

Sequences Tm (°C) AT, (°C) AT, (°O) AT, (°C) AT, (°C) AT, (°C) AT, (°C)
ODNI1 5'-AGCTTG-GTTGAG-3'
ODN2 3'-TCGAACXCAACTC-5' 49.6 -9.0 -1.0 +1.7 +4.0 +4.5
ODN3 5'-AGCTTGXGTTGAG-3'
ODN4 3'-TCGAAC-CAACTC-5 49.6 —6.0 -1.9 +4.3 +2.2 -0.9

AT, is the difference in Ty, between duplexes with an intercalator (X) inserted and the corresponding unmodified duplex.
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Figure 5. Fluorescence spectra of 9 inserted in ODN2 and ODN3.

linker/intercalator system 9. For 9, a destabilization of the
duplex was even observed contrary to what is seen, when the
linker is connected to N-6 and when pyrene is used as the in-
tercalator.' For the same linker length, shifting the pyrene
intercalator to the complementary strand resulted in further
stabilization of the duplex (AT,,=3.6 °C).'"* With the linker
attached to C-3 of indolo[2,3-b]quinoxaline, the fourth ring
of the intercalator can reach deeply into the duplex, which is
not the case with pyrene because of its shape. It is thus antici-
pated that the intercalator 9 is placed nearer to the nucleo-
bases of the complementary strand than those of its ‘own’
strand and in this way it is capable of stacking to guanines
in the opposite strand in a better way.

This hypothesis is supported by fluorescence spectroscopy
(Fig. 5). Weak fluorescence was observed for the ss-DNA
containing insertions of 9 between two guanines. When 9
was inserted between two cytosines in the ss-DNA, the fluo-
rescence was stronger. Upon hybridization to the comple-
mentary strand, the monomer fluorescence of 9 inserted
between the two cytosines was quenched. To the contrary,
enhancement of fluorescence was observed when the
ss-DNA containing insertions of 9 between two guanines
was hybridized to the complementary strand. This implies
that the intercalator in the first case makes base stacking
with the neighbouring guanines in the opposite strand, which
also leads to stabilization of the duplex.

The intercalators were also placed opposite to each other in
the two strands of the duplex in a zipping manner (Table 2).
We observed a significant difference between 4 and 5 as the
2,3-dichloro substituted 5 was destabilizing the duplex by
—4.4 °C, while 4 gave a destabilization of —11.5 °C. Com-
pound 7 was marginally stabilizing the duplex. The most
important result was obtained with the 2’-deoxyribose link-
age 8, which gave a significant stabilization. This result is
remarkable, because previous studies’® on two pyrenes
directly opposing each other in the same duplex sequence

resulted in destabilization. This has also been the case in
other studies with INA>* with two pyrenes opposing each
other in a slightly different DNA sequence. The stabilization
of 8 is most likely due to zipping of the two indolo[2,3-b]qui-
noxaline intercalating moieties. Also 9 was stabilizing the
duplex when two intercalating moieties were inserted oppo-
site to each other. In this case zipping may be facilitated by
the longer linker.

For further investigation on indolo[2,3-b]quinoxaline as
an intercalator, monomers 4-9 were incorporated into a
11-mer oligonucleotide either in a region of AT base pairs
in the middle of the strand or as an end positioned pseudo-
nucleotide. Thermal stability measurements were made
against DNA, RNA and LNA>S strands (Table 3).

Also for this sequence the dependence on linker length was
obvious. When incorporated in the middle of the sequence,
4, 5 and 6 destabilized the DNA/DNA duplex. A linker
with n=3 (7) was necessary in order to achieve stabilization.
The RNA/DNA duplex stabilization was only observed for
the deoxyribose linked intercalators 8 and 9 with the longest
linker attached to C-3.

Incorporation of 5'-end pseudonucleotide gave stabilization
to all the duplexes and for all the investigated linkers. It is
seen that the chloro substituents do not lead to further stabi-
lization of the duplex when compared with 4. However, it is
noteworthy that 8, which gives the highest 7,,, when incorpo-
rated into the middle of the DNA duplex, gives a lower Ty,
than 7 and 9 when incorporated at the 5’-end of a duplex.
This might be due to the greater flexibility of the acyclic
linker.

For the affinity studies towards LNA, we did not use a fully
modified duplex but incorporated three thymines with LNA
(TY) into a DNA duplex. LNA locks the sugar ring in a north-
type conformation, resulting in an A-type duplex, which is
typically seen for RNA/RNA duplexes. If the duplex is not
fully modified with LNA monomers, there will only be
A-type duplex around the insertions. In the rest of the
duplex—away from LNA monomers—there will be the
B-type structure like in DNA/DNA duplexes. However, in
this case, with three LNA insertions evenly distributed, it
is reasonable to anticipate an A-type structure of the duplex
as revealed by NMR structure determination of a similar
LNA/DNA duplex.>®-57 Except for 9 all intercalating nucleic
acid monomers destabilized the DNA/LNA duplex when
they were inserted as a bulge in the middle of the sequence.
It is interesting to observe the discrimination of 7 and 8
among DNA/LNA, DNA/RNA and DNA/DNA duplexes.
Compound 7 stabilized the DNA/DNA duplex, but destabi-
lized the DNA/LNA and DNA/RNA duplexes, even though
the latter was only marginally destabilized (AT,,,=—0.7 °C).

Table 2. Melting temperatures of duplexes with zipping insertions of 4, 5, 7, 8 and 9

X= — 4 5 7 8 9
Sequences T, C) AT, (°C) AT, (°C) AT, (°C) AT, (°C) AT, (°C)
ODN3 5-AGCTTGXGTTGAG-3'
ODN2 3-TCGAACXCAACTC-5' 49.6 —11.5 —4.4 +0.3 +9.7 +6.6

AT, is the difference in T, between duplexes with an intercalator (X) inserted and the corresponding unmodified duplex.
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Table 3. Comparison of DNA/DNA, DNA/RNA and DNA/LNA duplexes with 4, 5, 7, 8 and 9 inserted as a bulge or at the end of the duplex

X= — 4 5 6 7 8 9
Sequences Ty (°O) AT, (°O) AT, (°C) AT, (°O) AT, (°C) AT, (°O) AT, (°C)
5-TGTGAT-ATGCT-3'

3-ACACTAXTACGA-5' 424 —9.9 —6.8 19 24 46 34
5-TGTGATATGCT-3'

3-ACACTATACGAX-5' 24 24 24 — 3.8 3.4 4.6
5-UGUGAU-AUGCU-3'

3-ACACTAXTACGA-5 39.5 —134 ~11.8 — -0.7 1.8 2.3
5-UGUGAUAUGCU-3'

3-ACACTATACGAX-5' 39.5 0.7 0.4 — 1.7 15 1.6
5-TGT-GAT"— AT“GCT-3'

3-ACA CTA XTA CGA-5' 56.7 —15.6 ~16.9 —99 —4.4 —4.6 1.6
5-TGT-GAT"-AT"GCT-3'

3'-ACA CTA TAC GAX-5' 56.7 2.1 2.9 — 35 3.1 4.6

T" denotes locked nucleotide of thymine. AT, is the difference in T}, between duplexes with an intercalator (X) inserted and the corresponding unmodified

duplex.

Table 4. Melting temperatures of mismatched sequences with 4, 7, 8 and 9 inserted as a bulge

Sequence: 5'-AGC TTZ YTT GAG-3'
3'-TCG AAC X CAACTC-5

X— — 4 7 8 9
Z Y T,(0 AL(O) Ta(O AT, (O Tn(C) ATy (O Ta(C) AT, (C) T, (0O AT, (C)

Wildtype G G 496 40.6 51.3 53.6 54.1

Mut. 1 G C 21.7 —27.9 17.9 —22.7 204 -30.9 223 -31.3 37.1 -17.0
Mut. 2 G A 33.6 -16.0 28.3 —-12.3 31.6 —19.7 34.7 —18.9 38.5 —15.6
Mut. 3 G T 324 —-17.2 28.4 —12.2 30.5 —20.8 33.9 —-19.7 40.2 —-13.9
Mut. 4 C G 282 —21.4 30.3 —10.3 353 -16.0 37.3 —16.3 37.2 —16.9
Mut. 5 A G 311 —18.5 30.5 —10.1 36.4 —14.9 38.4 —15.2 38.4 —15.7
Mut. 6 T G 322 —17.4 30.5 —10.1 372 —14.1 39.7 —13.9 38.1 -16.0

ATy, is the difference in Ty, between the matched sequence and the mismatched.

Compound 8 stabilized both DNA/DNA and DNA/RNA du-
plexes, but destabilized the DNA/LNA duplex. Compound 9,
which was stabilizing the investigated DNA/DNA, DNA/
RNA and DNA/LNA duplexes, is currently being examined
for stabilization of Three Way Junctions (TWJ).

Finally mismatch studies were carried out (Table 4). The
specificity for hybridization was measured by the difference
in the melting temperature between the fully complementary
duplex and the duplex where one mismatch has been intro-
duced. In general, when a mismatch was introduced at the
3'-site of the intercalator, this proved to be less sensitive
than the unmodified oligo, while a greater sensitivity was
observed when the mismatch was introduced at the 5-site
of the intercalator. However, for the C—C mismatch at the
5'-site of the intercalator, monomers 7 and 8 caused a drop
in melting temperatures up to ca. 30 °C.

3. Conclusion

From the study of linker length dependence we conclude that
the linker must, as a minimum, have a length corresponding
to 7, when used as a covalently bound intercalator. Shorter
linkers destabilize the duplexes as they are not able to posi-
tion the intercalator optimally for base stacking without
disturbing the backbone. Introduction of chloro substituents
in the 2,3 positions of 6H-indolo[2,3-b]quinoxaline did

not increase stabilization significantly and therefore 2,3-di-
chloro-6H-indolo[2,3-b]quinoxaline was not coupled to
any of the longer linkers.

In comparison studies of a DNA/DNA, DNA/RNA and
a DNA/LNA duplex the linker length dependence was also
obvious. When inserted in an A-T region in the middle of
a 11-mer sequence, only 9 could stabilize DNA/LNA, while
8 and 9 stabilized DNA/RNA. Stabilization of a DNA/DNA
duplex could be achieved using 7, 8 or 9.

In mismatch studies we found the intercalator to be less
sensitive to mismatch at the 3’-site than observed for the
unmodified duplex and more sensitive to the 5'-site of the
intercalator. With insertions of the 6H-indolo[2,3-b]qui-
noxaline containing monomers 7 and 8 the maximum drop
in melting temperature was ca. 30 °C for a C—C mismatch.

4. Experimental
4.1. General

NMR spectra were recorded on a Varian Gemini 2000 NMR
spectrometer at 300 MHz for 'H, 75 MHz for '3C and
121.5 MHz for 3'P with TMS as an internal standard for
'H NMR, deuterated solvents CDCl; (6 77.00), CD,Cl, (6
53.80), CD50D (6 49.00), DMSO (6 39.44) for '3C NMR,
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and 85% H;PO, as an external standard for *!'P NMR.
MALDI mass spectra were recorded on a Fourier Transform
Ion Cyclotron Resonance Mass Spectrometer (lonspec,
Irvine, CA). For accurate ion mass determinations, the
[M+H]* or [M+Na]* ion was peak matched using ions
derived from the 2,5-dihydroxybenzoic acid matrix. IR spec-
tra were recorded on a Perkin—Elmer 1720 Infrared Fourier
Transform Spectrometer. Melting points were determined
on a Biichi melting point apparatus. Silica gel (0.040-
0.063 mm) used for column chromatography and analytical
silica gel TLC plates 60 F,s, were purchased from Merck.
UV-light or a stain of (NH4)¢M070,4-4H,0/Cen(SOy4)3
(50:1) in 5% sulfuric acid was used for visualization. Sol-
vents used for column chromatography were distilled prior
to use, while reagents were used as purchased. Petroleum
ether (PE): bp 60-80 °C. NMR assignment follows standard
nucleoside style, that is the carbon next to the intercalator is
assigned C-1'.

4.2. General procedure for alkylation of 2 and 13,
method A*!

NaH (60% in oil, 1.5 equiv) was added portionwise to a
solution of 6H-indolo[2,3-b]quinoxaline®**° (2, 0.139 g,
0.63 mmol) or 2,3-dichloro-6H-indolo-[2,3-b]quinoxaline>®
(13, 0.250 g, 0.87 mmol) in dry DMF (40 mL). After stirring
at rt for 30 min, TBAB (0.2 equiv) was added and the
reaction mixture was stirred for additional 30 min. The
mesylated alcohol 10 or 11 (2 equiv) was added dropwise.
The reaction mixture was stirred at 140 °C for 48 h. After
cooling, DMF was evaporated off under reduced pressure.
The residue was treated with water and extracted three times
with CHCl3. The combined organic phases were dried
(MgS0,) and the solvent evaporated off. The product was
purified by silica gel column chromatography using
EtOACc/PE (25:75 v/v) as an eluent.

4.2.1. 2,3-Dichloro-6-((S)-2,2-dimethyl-1,3-dioxolan-
4-ylmethyl)-6H-indolo[2,3-b]quinoxaline (14b). Yield:
0.122 g (35%) as a yellow solid, Ry 0.94 (EtOAc/PE 2:3),
mp 131°C. 'H NMR (CDCls): 6 1.32, 1.38 (2xs, 6H,
2xCHj3), 3.97 (dd, 1H, J=5.5 Hz, 8.6 Hz, H-3'), 4.15 (dd,
1H, J=5.5Hz, 8.6 Hz, H-3’), 4.52 (dd, 1H, J=5.5 Hz,
14.6 Hz, H-1"), 4.61 (dd, 1H, J=5.5 Hz, 14.6 Hz, H-1"),
4.69 (quintet, 1H, J=5.5 Hz, H-2"), 7.40 (t, 1H, J=7.4 Hz,
Harom), 7.61-7.74 (m, 2H, Hom), 8.19 (s, 1H, Harom), 8.36
(s, 1H, Hyrom), 8.39 (d, 1H, J=7.9 Hz, Hyom). °C NMR
(CDCl3): 6 25.17, 26.70 (2xCHjz), 44.49 (C-1'), 67.24
(C-3"), 74.36 (C-2), 109.10 (C(CHjs),), 110.70, 119.15,
121.64, 122.81, 128.29, 131.62, 132.87, 138.10, 139.18,
14523 (Cyom).- HRMS  (MALDI): m/z caled for
C,oH3C1,N;03 (MH*): 402.0770, found 402.0783.

4.2.2. 6-[2-((S)-2,2-Dimethyl-1,3-dioxolan-4-yl)ethyl]-
6H-indolo[2,3-b]quinoxaline (14c). Yield: 0.110 g (50%)
as a yellow oil, Ry 0.76 (EtOAc/PE 1:4). 'H NMR
(CDCl3): 6 1.32 (s, 3H, CH3), 1.47 (s, 3H, CHj3), 2.13-
2.25 (m, 2H, H-2'), 3.57 (dd, 1H, J=7.1 Hz, 8.0 Hz, H-4),
4.01 (dd, 1H, J=6.0 Hz, 8.0 Hz, H-4'), 4.11-4.19 (m, 1H,
H-3"), 4.52-4.70 (m, 2H, H-1"), 7.37 (m, 1H, H,,,m), 7.56
(d, 1H, J=8.2 Hz, H,,s), 7.64-7.77 (m, 3H, H,..,), 8.11
(dd, 1H, J=1.2Hz, 8.2Hz, H,om), 8.29 (dd, 1H, J=
1.2 Hz, 8.2 Hz, Hyom), 8.46 (d, 1H, J=7.2 Hz, Hyom). °C

NMR (CDCly): & 25.57, 27.05 (2xCHs), 32.60 (C-2'),
38.36 (C-1), 69.18 (C-4"), 73.47 (C-3'), 109.10 (C(CH3),),
109.54, 119.42, 120.91, 122.66, 125.97, 127.75, 128.71,
129.32, 130.94, 139.29, 140.08, 140.52, 144.45, 145.47
(Carom). HRMS (MALDI): m/z caled for CaHyN;0%
(MH*): 348.1706, found 348.1705.

4.3. General procedure for alkylation of 2 and 13,
method B+

NaH (60% in oil, 1.2 equiv) was added in two portions to
a solution of 6H-indolo-[2,3-b]quinoxaline®**® (2, 0.230 g,
1 mmol) in dry DMF (20 mL). The reaction mixture was
heated to 80 °C for 30 min, before the mesylated alcohol
10 (0.405 g, 2 mmol, 2equiv) or 12 (0.250 g, 1 mmol,
1 equiv) was added dropwise. The reaction mixture was
stirred at 80 °C overnight (14d) or for three days (14a).
The mixture was partitioned between CH,Cl, and brine.
The organic phase was dried (MgSQ,), and the solvent evap-
orated by co-evaporation with dry xylene. The product was
purified by silica gel column chromatography using
EtOACc/PE (25:75 v/v) as an eluent.

4.3.1. 6-((S)-2,2-Dimethyl-1,3-dioxolan-4-ylmethyl)-6H-
indolo[2,3-b]quinoxaline (14a). Yield: 0.268 g (76%) as
a yellow solid, Ry 0.44 (EtOAc/PE 1:1), mp 135 °C. 'H
NMR (CDCls): 6 1.33 (s, 3H, CH3), 1.39 (s, 3H, CHj3),
4.00 (dd, 1H, J=5.5Hz, 8.6 Hz, H-3), 4.13 (dd, 1H,
J=6.0 Hz, 8.6 Hz, H-3'), 4.54 (dd, 1H, J=5.5 Hz, 14.4 Hz,
H-1),4.65 (dd, 1H, J=5.5 Hz, 14.4 Hz, H-1"), 4.70 (quintet,
1H, J=5.5 Hz, H-2"), 7.38 (m, 1H, H o), 7.62-7.78 (m, 4H,
Hurom), 8.11 (dd, 1H, J=1.5 Hz, 8.3 Hz, H,om), 8.31 (dd,
1H, J=1.5Hz, 8.3 Hz, H,,,m), 8.46 (dd, 1H, J=0.7 Hz,
78Hz, H,,,). °C NMR (CDCly): 6 25.20, 26.68
(2xCHs), 44.31 (C-1"), 67.32 (C-3"), 74.49 (C-2"), 109.76
(C(CH3),), 110.41, 119.47, 121.14, 122.53, 126.13,
127.75, 128.50, 129.25, 130.90, 139.40, 139.97, 140.43,
144.89, 145.80 (Cuom). HRMS (MALDI): m/z calcd for
C,oH oN30,Na* (MNa*): 356.1369, found 356.1377.

4.3.2. 6-[3-((S)-2,2-Dimethyl-1,3-dioxolan-4-yl)propyl]-
6H-indolo[2,3-b]quinoxaline (14d). Yield: 0.132 g (35%)
as a yellow oil. 'H NMR (CDCls): 6 1.34 (s, 3H, CHj),
1.38 (s, 3H, CHj3), 1.63-1.73 (m, 2H, H-3'), 2.02-2.10 (m,
2H, H-2'), 3.47 (t, 1H, J=8.0 Hz, H-5"), 3.99 (dd, 1H, J=
5.9 Hz, 8.0 Hz, H-5), 4.14-4.19 (quintet, 1H, J=5.9 Hz,
H-4"), 4.52 (dd, 2H, J=6.7 Hz, 13.4 Hz, H-1"), 7.38 (t, 1H,
J="71.6 Hz, Hyrom), 7.47 (d, 1H, J=8.3 Hz, H,1om), 7.64—
7.77 (m, 3H, Hayrom), 8.12 (dd, 1H, J=1.5 Hz, 8.3 Hz, H,,om),
8.29 (dd, 1H, J=1.5Hz, 8.3 Hz, H,,om), 8.47 (d, 1H, J=
7.6 Hz, Hyom). °C NMR (CDCl5): 6 24.83 (C-2), 25.64,
26.90 (2xCHj3), 30.66 (C-3'), 41.12 (C-1"), 69.23 (C-5),
75.50 (C-4"), 108.84 (C(CHz),), 109.41, 119.46, 120.82,
122.72, 12591, 127.75, 128.68, 129.29, 130.90, 139.25,
139.93, 140.54, 144.24, 145.58 (Crom)- HRMS (MALDI):
miz calcd for C,,H,3N30,Na* (MNa*): 384.1682, found
384.1691.

4.4. General procedure for isopropylidene deprotection
Compounds 14a-d were stirred in acetic acid/H,O (4:1,

50 mL) at rt overnight. The solvent was evaporated under
reduced pressure.
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4.4.1. (S)-3-(Indolo[2,3-b]quinoxalin-6-yl)-propane-1,2-
diol®® (4). Yield: 0.194 g (93%) as yellow crystals (obtained
from 0.237 g, 0.71 mmol of 14a), R, 0.32 (4% MeOH/
CH,Cl,), mp 215°C. IR (KBr): 3338cm~!. 'H NMR
(DMSO-dy): 6 3.52 (d, 2H, J=5.3 Hz, H-3'), 4.14 (m, 1H,
H-2'), 4.45 (dd, 1H, J=7.8 Hz, 14.4 Hz, H-1'), 4.56 (dd,
1H, J=4.4 Hz, 14.4 Hz, H-1'), 4.89 (br s, 1H, OH), 5.03
(br s, 1H, OH), 7.41 (t, 1H, J=7.7 Hz, H,,.,), 7.71-7.86
(m, 4H, H,..), 8.12 (dd, 1H, J=8.3 Hz, 1.1 Hz, Hyom),
8.28 (dd, 1H, J=8.3Hz, 1.1 Hz, H,om), 8.38 (d, 1H,
J=7.7Hz, Hyom). °C NMR (DMSO-dy): 6 44.93 (C-1'),
63.96 (C-3"), 69.60 (C-2"), 111.14, 118.54, 120.77,
121.91, 125.94, 127.50, 128.88, 129.04, 131.11, 138.58,
139.63, 139.89, 145.09, 145.44 (Curom). HRMS (MALDI):
m/z calcd for C;H;sN3O,Na* (MNa*): 316.1056, found
316.1054.

4.4.2. (S)-3-(2,3-Dichloro-indolo[2,3-b]quinoxalin-6-yl)-
propane-1,2-diol (5). Yield: 0.080 g (92%) as a yellow solid
(obtained from 0.097 g, 0.24 mmol of 14b), R, 0.50 (5%
MeOH/CHCl3), mp 212 °C. '"H NMR (DMSO-dg): 6 3.50
(t, 2H, J=5.4 Hz, H-3'), 4.07-4.12 (m, 1H, H-2'), 4.41 (dd,
1H, J=7.9 Hz, 14.2 Hz, H-1), 4.51 (dd, 1H, J=4.2 Hz,
14.2 Hz, H-1'), 4.83 (t, 1H, J=5.5 Hz, OH), 4.97 (d, 1H, J=
5.3 Hz, OH), 7.42 (m, 1H, H,.o1m), 7.80 (m, 3H, Hyrom), 8.33—
8.36 (m, 2H, H,rom). >C NMR (DMSO-dg): 6 44.49 (C-1'),
63.91 (C-3"), 69.44 (C-2), 111.43, 118.01, 121.28, 122.28,
128.10, 129.58, 131.92, 137.13, 138.85, 145.19 (C rom)-
HRMS (MALDI): m/z calcd for C7H4CILN;03% (MH™):
362.0457, found 362.0472.

4.4.3. (S)-4-(Indolo[2,3-b]quinoxalin-6-yl)-butane-1,2-
diol (6). Yield: 0.065 g (67%) as a yellow oil (obtained
from 0.110 g, 0.32 mmol of 14¢), R, 0.20 (EtOAc/PE 1:4).
'H NMR (DMSO-dq): 6 1.74-1.87 (m, 1H, H-2), 2.07—
2.18 (m, 1H, H-2"), 3.26-3.57 (m, 3H, H-3’, H-4'), 4.50—
4.67 (m, 2H, H-1'), 4.83 (br s, 2H, 2x0OH), 7.42 (m, 1H,
Hyrom), 7.71-7.86 (m, 4H, H,,,), 8.14 (dd, 1H, J=8.4 Hz,
1.1 Hz, H,om), 8.27 (dd, 1H, J=8.4 Hz, 1.1 Hz, Huom),
8.39 (d, 1H, J=7.7Hz, H,om). °C NMR (DMSO-dy):
6 32.22 (C-2"), 38.26 (C-1"), 65.81 (C-4"), 69.04 (C-3"),
110.43, 118.54, 120.88, 122.18, 125.99, 127.51, 128.95,
129.08, 131.37, 138.59, 139.56, 139.93, 144.35, 144.90
(Carom)- HRMS (MALDI): m/z caled for C;gH,;gN;O%
(MH™): 308.1393, found 308.1395.

4.4.4. (S)-5-(Indolo[2,3-b]quinoxalin-6-yl)-pentane-1,2-
diol (7). Yield: 0.103 g (88%) as yellow crystals (obtained
from 0.132 g, 0.37 mmol of 14d). 'H NMR (CD;0D):
6 1.30-1.39 (m, 1H, H-3'), 1.44-1.50 (m, 1H, H-3"), 1.79—
1.94 (m, 2H, H-2"), 3.20-3.30 (m, 2H, H-5"), 3.52 (m, 1H,
H-4"), 425 (m, 2H, H-1"), 7.11-8.14 (m, 8H, Hom). °C
NMR (CD;0D): 6 25.78 (C-2"), 31.61 (C-3"), 42.32 (C-1"),
67.23 (C-5"), 72.80 (C-4'), 111.03, 119.77, 122.04, 123.43,
127.18, 128.47, 129.44, 129.94, 132.53, 139.48, 140.67,
141.44, 145.71, 146.50 (Carom). HRMS (MALDI): m/z calcd
for C,9H oN30,Na*™ (MNa*): 344.1369, found 344.1363.

4.4.5. 6-(2'-Deoxy-3,5'-di-O-(p-toluoyl)-G-p-ribofurano-
syl)-indolo[2,3-b]quinoxaline (17). NaH (60% in oil,
0.274 g, 6.8 mmol, 1.5 equiv) was added portionwise to a
solution of 6H-indolo[2,3-b]quinoxaline (2, 1.0 g, 4.6 mmol,
1 equiv) in dry DMF (40 mL) under N,. After stirring at rt

for 30 min, TBAB (0.30 g, 0.9 mmol, 0.2 equiv) was added
and the reaction mixture was stirred for another 30 min.
2-Deoxy-3,5-di-O-(p-toluoyl)-a-p-pentofuranosyl chloride
(1.64 g,4.2 mmol, 0.9 equiv) was added dropwise. The reac-
tion mixture was stirred at rt for 48 h. The solvent was evap-
orated off under reduced pressure, and the residue was
purified by silica gel column chromatography using
EtOAC/PE (40:60 v/v) as an eluent. a- and B-Isomers were
separated by dissolving the mixture in MeCN by which the
B-isomer precipitated. Extraction with CHCl; isolated the
d-isomer.

Yield: 0.77 g (32%) as a yellow solid. 'H NMR (CDCls):
0 240, 246 (2xs, 6H, 2xCHj3), 2.65 (ddd, 1H, J=
143 Hz, 6.6Hz, 29Hz, H-2), 3.76 (dt, J=14.3 Hz,
6.6 Hz, H-2"), 4.65 (q, 1H, J=3.7 Hz, H-4"), 4.74 (dd, 1H,
J=119Hz, 43Hz, H-5), 494 (dd, 1H, J=11.9 Hz,
3.7 Hz, H-5'), 6.08 (dt, 1H, J=7.4 Hz, 6.6 Hz, H-3'), 7.10
(t, 1H, J=6.6 Hz, H-1), 7.17 (d, 2H, J=8.0 Hz, H,om),
7.31 (d, 2H, J=8.0 Hz, H,.omm), 7.35-7.42 (m, 2H, Huom),
7.68-7.80 (m, 3H, H,om), 7.94 (d, 2H, J=8.0 Hz, H,om),
8.05 (d, 2H, J=8.0 Hz, H.om), 8.16 (dd, 1H, J=8.1 Hz,
1.5 Hz, Hayom), 8.29 (dd, 1H, J=8.1 Hz, 1.5 Hz, Huom),
8.46 (dd, 1H, J=8.1Hz, 1.5Hz, Hiom). *C NMR
(CDCls): 6 21.68, 21.74 (2xCHs), 34.73 (C-2)), 63.95
(C-5"), 74.64 (C-3"), 81.42 (C-4"), 83.43 (C-1'), 111.61,
120.33, 121.83, 122.72, 126.66, 126.73, 126.92, 128.05,
129.10, 129.12, 129.26, 129.69, 129.84, 130.94, 139.61,
140.02, 142.85, 143.87, 144.31, 145.18 (Cuom), 166.15,
166.29 (2xC=0). HRMS (MALDI): m/z calcd for
C55H,50N30sNa*™ (MNa'): 594.1999, found 594.2005.

4.4.6. 6-(2-Deoxy-g@-p-ribofuranosyl)-indolo[2,3-b]qui-
noxaline (8). Sodium (0.056 g, 1 mmol) was dissolved in
methanol (20 mL), and 17 (0.383 g, 0.67 mmol) was added.
The reaction mixture was stirred at rt for three days. The
solution was neutralized with NH4Cl (s), and stirred for
another 30 min. The mixture was filtered and product was
purified by silica gel column chromatography using 5%
MeOH in CH,Cl, as an eluent.

Yield: 0.165 g (73%) as a yellow solid, R;0.35 (8% MeOH/
CH,Cl,), mp 226°C. IR (KBr): 3368 cm~!. 'H NMR
(DMSO-dg): 6 2.23 (ddd, 1H, J=13.0 Hz, 6.3 Hz, 2.5 Hz,
H-2'), 3.04-3.14 (m, 1H, H-2"), 3.72 (dd, 1H, J=11.6 Hz,
4.5Hz, H-5"), 3.82 (dd, 1H, J=11.6 Hz, 3.9 Hz, H-5"),
3.99 (q, 1H, J=3.9 Hz, H-4'), 4.61-4.64 (m, 1H, H-3),
5.23 (br s, 1H, OH), 5.42 (br s, 1H, OH), 7.01 (dd, 1H,
J=8.7Hz, 6.3 Hz, H-1"), 7.46 (t, 1H, J=7.7 Hz, Hyom),
7.72-7.88 (m, 3H, Hyom), 8.09 (dd, 2H, J=8.3 Hz, 1.2 Hz,
Harom), 8.28 (dd, 1H, J=8.3 Hz, 1.2 Hz, H,om), 8.40 (d,
1H, J=7.7Hz, H,om). °C NMR (DMSO-di): ¢ 36.91
(C-2, 61.76 (C-5"), 70.81 (C-3"), 82.92 (C-4"), 87.10
(C-1), 112.72, 119.28, 121.64, 122.10, 126.63, 127.44,
128.98, 129.20, 131.32, 138.78, 139.32, 139.79, 142.71,
144.61 (Cyom). HRMS (MALDI): m/z caled for
CoH7N303Na* (MNa*): 358.1162, found 358.1151.

4.5. General procedure for DMT-protection of diols 4-8
The diols were dissolved in either dry pyridine (20 mL) (5

and 6) or CH,Cl, (20 mL) and Et;N (1 mL) (4, 7 and 8),
and DMT-chloride (1.1-1.5 equiv) were added. The
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reaction mixture was stirred at rt for 36 h and concentrated
under reduced pressure. The residue was purified by silica
gel column chromatography using EtOAc/cyclohexane/
Et3N (33:65:2 v/v/v) as an eluent.

4.5.1. (S)-(4,4'-Dimethoxytriphenylmethyloxy)-3-indolo-
[2,3-b]quinoxalin-6-yl-propan-2-ol (15a). Yield: 0.147 g
(44%) as a yellow oil (obtained from 0.164 g, 0.56 mmol
of 4). 'TH NMR (CDCls): 6 2.81 (br s, 1H, OH), 3.16 (dd,
1H, J=6.7 Hz, 9.5 Hz, H-3), 3.37 (dd, 1H, J=5.1 Hz,
9.5 Hz, H-3"), 3.73, 3.78 (2xs, 6H, 2xOCHj3), 4.39 (m,
1H, H-2'), 4.57 (dd, 1H, J=6.0 Hz, 14.6 Hz, H-1'), 4.64
(dd, 1H, J=3.7 Hz, 14.6 Hz, H-1), 6.72 (d, 1H, J=8.7 Hz,
Haom), 6.81 (d, 4H, J=9.1 Hz, H,,,m), 7.14-7.40 (m, 9H,
Harom), 7.48-7.72 (m, 4H, H,.om), 8.01 (dd, 1H, J=8.2 Hz,
1.3 Hz, Hyom), 8.25 (dd, 1H, J=8.2 Hz, 1.3 Hz, H,om),
8.41 (d, 1H, J=7.6 Hz, H,;omm). >*C NMR (CDCls): 6 46.19
(C-1"), 55.14 (2xOCHj), 64.91 (C-3"), 70.32 (C-2"), 86.42
(Cpmr), 110.05, 113.03, 113.12, 119.38, 121.12, 122.50,
126.12, 126.77, 127.02, 127.43, 127.78, 127.99, 129.10,
129.24, 129.93, 130.96, 135.68, 135.81, 139.20, 139.62,
140.15, 144.71, 144.82, 145.94, 158.42, 158.59 (Carom)-
HRMS (MALDI): m/z calcd for C3gH33N304Nat (MNa*):
618.2363, found 618.2379.

4.5.2. (S)-1-(4,4'-Dimethoxytriphenylmethyloxy)-3-(2,3-
dichloro-indolo[2,3-b]quinoxalin-6-yl)-propan-2-ol
(15b). Yield: 0.200 g (62%) as yellow foam (obtained from
0.175 g, 0.48 mmol of 5). 'H NMR (CDCls): 6 3.01 (br s,
1H, OH), 3.24 (dd, 1H, J=6.1 Hz, 9.7 Hz, H-3'), 3.37 (dd,
IH, J=5.1Hz, 9.7Hz, H-3’), 3.76, 3.79 (2xs, 6H,
2x0CHj3), 4.38-4.41 (m, 1H, H-2"), 4.53-4.56 (m, 2H,
H-1'), 6.74 (d, 4H, J=8.7 Hz, Hy;om), 6.82 (d, 1H, J/=8.7 Hz,
Haom)s 7.16-7.69 (m, 11H, H,om), 8.06 (s, 1H, Haom)s
8.28 (s, 1H, Hyom), 8.59 (d, 1H, J=4.1 Hz, Hyom). °C
NMR (CDCls): 6 45.87 (C-1'), 55.04, 55.15 (2xOCHz),
65.12 (C-3'), 70.01 (C-2'), 86.47 (Cpmr), 110.31, 113.06,
113.11, 118.86, 121.51, 122.75, 123.69, 126.84, 127.01,
127.81, 127.99, 129.11, 129.54, 129.93, 131.65, 132.86,
135.64, 135.93, 137.68, 138.56, 140.85, 144.60, 145.10,
149.76, 158.47 (Cuyom)- HRMS (MALDI): m/z calcd for
C3sH3,CILN;0% (MHY): 664.1764, found 664.1791.

4.5.3. (S)-1-(4,4'-Dimethoxytriphenylmethyloxy)-4-
indolo[2,3-b]quinoxalin-6-yl-butan-2-0l  (15¢). Yield:
0.206 g (83%) as a yellow oil (obtained from 0.125 g,
0.41 mmol of 6). 'H NMR (CDCls): 6 1.71-2.22 (m, 2H,
H-2), 3.04-3.19 (m, 3H, H-3', H-4), 3.55 (br s, 1H, OH),
3.73, 3.79 (2xs, 6H, 2xOCHj3), 4.46 (m, 1H, H-1), 4.80
(m, 1H, H-1), 6.71-6.86 (m, 4H, Hyom), 7.11-7.53 (m,
11H, Hgaom), 7.66-7.78 (m, 3H, H,om), 8.09 (dd, 1H,
J=8.1 Hz, 1.5 Hz, H,;om), 8.31 (dd, 1H, J=8.1 Hz, 1.5 Hz,
Harom)» 8-49 (d, 1H, J=7.3 Hz, Hyom)- 1°C NMR (CDCls):
6 32.92 (C-2), 37.97 (C-1), 55.13, 55.22 (2xOCHz),
67.29 (C-3/, C-4'), 85.98 (Cpmr), 109.45, 113.00, 119.51,
121.12, 122.79, 126.11, 126.66, 127.03, 127.50, 127.68,
127.74, 127.81, 128.09, 128.97, 129.11, 129.35, 129.92,
131.18, 135.99, 139.30, 139.45, 139.87, 144.37, 144.76,
158.33 (Carom)-

4.5.4. (S)-1-(4,4-Dimethoxytriphenylmethyloxy)-5-
indolo[2,3-b]quinoxalin-6-yl-pentan-2-0l (15d). Yield:
0.068 g (34%) as a yellow oil (obtained from 0.103 g,

0.32 mmol of 7), Ry 0.13 (EtOAc/cyclohexane 1:2). 'H
NMR (CDCl3): 6 1.51-1.59 (m, 2H, H-3’), 1.97-2.13 (m,
2H, H-2"), 3.01 (dd, 1H, J=6.8 Hz, 9.3 Hz, H-5'), 3.12 (dd,
1H, J=3.7 Hz, 9.3 Hz, H-5'), 3.74 (s, 6H, 2xOCHj3), 3.91—
3.93 (m, 1H, H-4'), 4.48-4.57 (m, 2H, H-1"), 6.74 (d, 4H,
J=8.8 Hz, Hyrom), 7.17 (dd, 2H, J=2.5 Hz, 6.5 Hz, H,om),
7.23 (d, 6H, J=8.8 Hz, Huom), 7.35 (d, 2H, J=7.4 Hz,
Harom), 7.45 (d, 1H, J=8.1 Hz, Hyrom), 7.63-7.73 (m, 3H,
Harom), 8.07 (dd, 1H, J=8.1 Hz, 1.6 Hz, H,,om), 8.29 (dd,
1H, J=8.1 Hz, 1.6 Hz, H,.m), 8.47 (d, 1H, J=7.4 Hz,
Hyrom). °C NMR (CDCl5): 6 24.95 (C-2'), 30.30 (C-3),
41.28 (C-1"), 55.12 (2xOCHj3), 67.44 (C-5"), 70.89 (C-4"),
85.90 (Cpmr), 109.48, 113.00, 119.41, 120.81, 122.68,
125.88, 126.69, 127.65, 127.71, 128.00, 128.71, 129.23,
129.91, 130.96, 135.86, 135.91, 139.16, 140.03, 140.33,
144.30, 144.72, 145.60, 158.35 (Carom)-

4.5.5. 6-[2-Deoxy-5-0-(4,4'-dimethoxytriphenylmethyl)-
B-p-ribofuranosyl]-indolo[2,3-b]quinoxaline (18). Yield:
0.148 g (58%) as a yellow oil (obtained from 0.134 g,
0.40 mmol of 8), R; 0.35 (4% MeOH/CH,Cl,). '"H NMR
(CDCl3): 6 2.36-2.46 (m, 2H, H-2'), 3.43-3.56 (m, 2H,
H-5"), 3.72 (s, 6H, 2xOCHj3), 4.16 (m, 1H, H-4'), 5.02 (m,
1H, H-3"), 6.71 (m, 4H, Hyom), 7.00 (t, 1H, J=7.1 Hz,
H-1"), 7.15-7.43 (m, 11H, Hyom), 7.66-7.71 (m, 2H, Hyrom),
7.80 (d, 1H, J=7.6 Hz, Hyom), 7.92 (dd, 1H, J=7.6 Hz,
2.2 Hz, Hyom), 8.26 (dd, 1H, J=7.6 Hz, 2.2 Hz, Hrom),
8.44 (dd, 1H, J=7.6Hz, 2.2Hz, Hiom). '*C NMR
(CDCl3): 6 37.21 (C-2), 55.15 (2xOCHz3), 63.64 (C-5),
72.69 (C-3), 83.09 (C-4"), 84.98 (C-1'), 86.46 (Cpmr).
111.98, 113.05, 120.11, 121.61, 122.57, 126.44, 126.80,
127.77, 127.98, 128.18, 128.72, 129.13, 130.04, 130.09,
130.97, 135.72, 135.79, 139.38, 140.02, 140.33, 143.12,
144.65, 145.19, 158.42, 158.45 (Curom)- HRMS (MALDI):
mlz calcd for C40H35N305Na* (MNa*): 660.2469, found
660.2450.

4.6. General procedure for synthesis of phosphor-
amidites

The DMT-protected compound (15a—d, 18) was mixed with
diisopropylammoniumtetrazolide (1.7 equiv) and dissolved
in dry CH,Cl, (10 mL). 2-Cyanoethyl-N,N,N',N'-tetra-
isopropylphosphane (2.5 equiv) was added, and the reaction
mixture was stirred at rt overnight. The solvent was
evaporated off under reduced pressure, and the residue was
purified by silica gel column chromatography using
EtOAc/cyclohexane/Et;N (49:49:2 v/v/v) as an eluent.

4.6.1. Phosphoramidite of (S)-1-(4,4'-dimethoxytriphe-
nylmethyloxy)-3-indolo[2,3-b]quinoxalin-6-yl-propan-2-
ol (16a). Yield: 0.078 g (61%) as a yellow oil (obtained from
0.095 g, 0.16 mmol of 15a), R; 0.58 (EtOAc/cyclohexane
1:1). 3'P NMR (CDCl3): 6 149.96, 150.27. HRMS
(MALDI): m/z caled for C47HsoNsOsPNa* (MNa™*):
818.3442, found 818.3401.

4.6.2. Phosphoramidite of (S)-1-(4,4’-dimethoxytriphe-
nylmethyloxy)-3-(2,3-dichloro-indolo[2,3-b]quinoxalin-
6-yl)-propan-2-ol (16b). Yield: 0.146 g (66%) as a yellow
oil (obtained from 0.170 g, 0.26 mmol of 15b), R, 0.64
(EtOAc/cyclohexane 1:1). "TH NMR (CDCl3): 6 0.74-1.28
(m, 12H, 4xCHy), 2.06, 2.32 (2xt, 2H, J=6.6 Hz, CH,CN),
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3.22-3.60 (m, 6H, H-3’, OCH,CH,CN, 2xCH(CHs),), 3.77
(s, 6H, 2xOCHz), 4.07-4.16 (m, 1H, H-2'), 4.62-4.67 (m,
2H, H-1"), 6.76-6.84 (m, 4H, H,,om), 7.16-7.69 (m, 12H,
Harom), 8.12-8.41 (m, 3H, Hpom). °C NMR (CDCl5):
6 2009 (CH,CN), 2428, 2440, 2446, 24.54
(4xCH(CHs),), 42.73, 42.92 (2x CH(CH,3),), 44.42 (C-1"),
55.17 (2xOCH3), 57.75 (OCH,CH,CN), 64.87 (C-3),
70.63 (C-2), 86.28 (Cpmr), 110.57, 113.02 (Chrom),
119.08 (CN), 121.29, 122.76, 126.76, 127.73, 128.11,
128.27, 129.10, 129.70, 129.98, 131.50, 132.60, 135.79,
135.98, 137.83, 139.27, 144.71, 145.10, 145.93, 158.43
(Carom). P NMR (CDCls): 6 150.20, 150.34. HRMS
(ESI) mfz calcd for C47H48N505C12PN3+ (MNEI+):
886.2662, found 886.2684.

4.6.3. Phosphoramidite of (S)-1-(4,4'-dimethoxytriphe-
nylmethyloxy)-4-indolo[2,3-b]quinoxalin-6-yl-butan-2-ol
(16c¢). Yield: 0.206 g (84%) as a yellow oil (obtained from
0.185 g, 0.30 mmol of 15¢). 'H NMR (CDCls): 6 1.04—
1.26 (m, 12H, 4xCHj3), 2.23-2.38 (m, 2H, H-2'), 2.40,
2.59 (2xt, 2H, J=6.5 Hz, CH,CN), 3.10, 3.24 (2xdd, 1H,
J=6.2Hz, 9.2 Hz, H-4), 3.36 (m, 1H, H-4"), 3.55-3.71
(m, 4H, OCH,CH,CN, 2xCH(CHs),), 3.77, 3.79 (2xs,
6H, 2xOCH53), 4.51-4.61 (m, 2H, H-1'), 4.174.22 (m,
1H, H-3"), 6.76-6.84 (m, 4H, H,om), 7.16-7.76 (m, 14H,
Haom), 8.04 (m, 1H, H,om), 8.29 (dd, 1H, J=8.1 Hz,
1.3 Hz, Hyom), 8.47 (d, 1H, J=7.6 Hz, Hyom). >'P NMR
(CDCly): 6 149.47, 149.70.

4.6.4. Phosphoramidite of (S)-1-(4,4'-dimethoxytriphe-
nylmethyloxy)-5-indolo[2,3-b]quinoxalin-6-yl-pentan-2-
ol (16d). Yield: 0.066 g (73%) as a yellow oil (obtained from
0.068 g, 0.11 mmol of 15d), R; 0.58 (EtOAc/cyclohexane
1:1). 'TH NMR (CDCl5): 6 1.69-2.00 (m, 2H, H-3'), 2.34,
2.64 (2xt, 2H, J=6.5Hz, CH,CN), 2.90 (dd, 1H, J=
6.2 Hz, 9.2 Hz, H-5), 3.01-3.15 (m, 1H, H-5), 3.41-3.51,
3.56-3.70 (2xm, 4H, OCH,CH,CN, 2xCH(CHs),), 3.73
(s, 6H, 2xOCH3), 3.97-4.06 (m, 1H, H-4'), 4.47-4.53 (m,
2H, H-1"), 6.71 (m, 4H, H,yomm), 7.13-7.75 (m, 14H, Hyrom),
8.07 (m, 1H, H,;om), 8.29 (dd, 1H, J=8.1 Hz, 1.2 Hz, Harom),
8.48 (d, 1H, J=7.6 Hz, H,rom). °C NMR (CDCl5): 6 20.29
(CH,CN), 23.71 (C-2), 24.36, 24.46, 24.55, 24.66
(4xCH3), 30.85 (C-3), 41.35 (C-1), 42.87, 43.04
(2xCH(CHs),), 55.12 (2x0OCH3), 58.09 (OCH,CH,CN),
65.66 (C-5"), 72.70 (C-4"), 85.76 (Cpmr), 109.52, 112.91,
117.61, 119.44, 120.75, 122.66, 125.85, 126.55, 126.62,
127.62, 127.77, 127.81, 128.04, 128.11, 128.65, 129.31,
129.95, 130.91, 136.00, 139.21, 140.01, 144.34, 144.46,
144.86, 158.26, 158.31 (Cayom). >'P NMR (CDCl5):
0 149.08, 149.60. HRMS (MALDI): m/z calcd for
C4oH5,N50sPNa* (MNa*): 846.3755, found 846.3778.

4.6.5. Phosphoramidite of 6-[2-deoxy-5-0-(4,4'-dimeth-
oxytriphenylmethyl)-3-p-ribofuranosyl]-indolo[2,3-
b]quinoxaline (19). Yield: 0.033 g (21%) as a yellow oil
(obtained from 0.119 g, 0.19 mmol of 18). 'H NMR
(CDCl3): 6 1.19-1.28 (m, 12H, 4xCHs;), 2.47, 2.63 (2xt,
2H, J=6.5 Hz, CH,CN), 3.41-3.92 (m, 8H, H-2/, H-5/,
OCH,CH,CN, 2xCH(CHs3),), 3.73 (2xs, 6H, 2xOCHj3),
4.30 (m, 1H, H-4'), 5.04-5.18 (m, 1H, H-3'), 6.66-6.72
(m, 4H, H,om), 7.01-7.43 (m, 12H, H-1', Hyom), 7.70
(m, 2H, H,om), 7.89-7.96 (m, 2H, Hgm), 8.27 (dd,
1H, J=7.6 Hz, 2.2 Hz, Hyom), 8.43-8.46 (m, 1H, Hyom).

13C NMR (CDCl3): 6 20.33 (CH,CN), 24.52, 24.54, 24.60,
2467 (4xCH(CHs),), 3639 (C-2), 4321, 4332
(2x CH(CHs),), 55.15 (2xOCHs), 58.53 (OCH,CH,CN),
62.98 (C-5), 73.32 (C-3'), 83.29 (C-4'), 84.73 (C-1),
8630 (Cpyr), 11229, 11297 (Caom), 117.45 (CN),
120.14, 121.58, 122.47, 126.37, 126.76, 127.68, 127.93,
128.31, 128.68, 129.21, 130.17, 130.97, 135.70, 135.74,
135.78, 135.81, 139.45, 140.04, 143.11, 144.64, 145.22,
158.39 (Curom). >'P NMR (CDCly): & 149.63, 150.02.
HRMS (MALDI) m/z calcd for C49H52N5O6PN3+
(MNa*): 860.3547, found 860.3578.

4.6.6. 6-Methylindolo[2,3-b]quinoxaline-3-carboxylic
acid methyl ester (21). 6H-Indolo[2,3-b]quinoxaline-3-
carboxylic acid® (20, 2.50 g, 9.5 mmol) was suspended in
dry DMSO (25 mL) and powdered KOH (1.85 g, 33 mmol,
3.5 equiv) was added. The reaction mixture turned red, as
it was stirred for 15 min CH3I (5.11 g, 36 mmol, 3.8 equiv)
was added through a syringe. The reaction mixture was
stirred at rt for 48 h. N, was bubbled through the reaction
mixture in order to get rid of excess of CHzl. H,O
(50 mL) was added, and the compound precipitated. The
yellow powder was filtered, washed with water and dried
in vacuo. A small sample was separated for analysis by silica
gel column chromatography using EtOAc/PE 1:1 as an
eluent. The rest was used for the next step without further
purification. The ratio between the ester and the carboxylic
acid was 3:2.

Yellow solid, R¢0.53 (EtOAc/PE 1:1), mp 180 °C. 'H NMR
(CDCl3): 6 3.87, 4.00 (2xs, 6H, 2xCHs), 7.35 (d, 2H,
J=7.3Hz, Hyop), 7.66 (t, 1H, J=7.3 Hz, H,,oy), 8.21 (m,
2H, H,om), 8.37 (d, 1H, J=7.2 Hz, H,om), 8.73 (s, 1H,
H,,om). °C NMR (CDCl5): ¢ 27.39 (CH;), 52.34 (OCH;),
109.20, 118.88, 121.10, 122.91, 125.31, 129.30, 129.61,
130.30, 131.65, 139.45, 141.12, 141.38, 145.32, 145.88
(Carom), 166.71 (COOR). HRMS (MALDI): m/z calcd for
C,7H4N503 (MH™): 292.1081, found 292.1071.

4.6.7. 6-Methylindolo[2,3-b]quinoxaline-3-carboxylic
acid (22). Yellow solid, R, 0.42 (EtOAc/PE 1:1), mp
192 °C. "H NMR (DMSO-de): 6 3.78 (s, 3H, CH3), 7.34 (t,
1H, J=7.5 Hz, H,1om), 7.57 (d, 1H, J=8.0 Hz, H,;0m), 7.71
(t, 1H, J=7.5 Hz, Hyom), 7.93-8.14 (m, 2H, H,,m), 8.22
(d, 1H, J=7.5 Hz, Hyom), 8.46 (s, 1H, Hyom). °C NMR
(DMSO-dg): 6 27.30 (CHj), 110.06, 117.98, 120.96,
122.26, 124.95, 129.04, 129.28, 130.29, 131.79, 138.78,
140.21, 140.64, 145.04, 145.17 (Cayom), 166.96 (COOH).
HRMS (MALDI): m/z caled for C;gH;;N;O% (MH"):
278.0924, found 278.0922.

4.6.8. (6-Methylindolo[2,3-b]quinoxalin-3-yl)methanol
(23). LiAlH, (0.65 g, 17.1 mmol) was suspended in dry
THF (20 mL) at O °C under N,. The crude mixture of 21
and 22 was dissolved in dry THF (20 mL) and added
dropwise using a syringe. The icebath was removed and
the reaction was gently refluxed for 5 h. The reaction was
quenched at 0 °C by carefully adding 1 mL. H,O, 1 mL of
a 15% aq solution of NaOH and 3 mL of H,0. The reaction
mixture was filtered and washed with ethanol. The solvent
was evaporated off under reduced pressure, and the residue
was purified by silica gel column chromatography using
5% MeOH/CHCI; as an eluent.
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Yield: 1.10 g (44% over two steps) as yellow crystals,
R 034 (5% MeOH/CHCl;), mp 175°C. IR (KBr):
3371 cm™!. '"H NMR (DMSO-dq): 6 3.89 (s, 1H, CHs),
4.80 (d, 2H, J=5.4 Hz, CH,), 5.53 (t, 1H, OH), 7.39 (t,
1H, J=7.7 Hz, H,om), 7.66-7.80 (m, 3H, Hyom), 8.03 (s,
1H, Hyom), 8.20 (d, 1H, J=8.7 Hz, Hyom), 8.35 (d, 1H,
J=7.7Hz, Hyom). °C NMR (DMSO-dq): ¢ 27.36 (CH3),
62.77 (CH,), 110.01, 118.44, 120.78, 121.81, 123.78,
124.91, 128.61, 130.96, 137.59, 138.80, 139.83, 143.71,
144.44, 145.16 (Cyom)- HRMS (MALDI): m/z calcd for
C16H14N;0" (MH"): 264.1131, found 264.1128.

4.6.9. 3-Chloromethyl-6-methylindolo[2,3-b]quinoxaline
(24). (6-Methylindolo[2,3-b]quinoxalin-3-yl)methanol (23,
0.500 g, 1.9 mmol) was suspended in a mixture of pyridine
(0.23 mL) and CH,Cl, (10 mL) and the suspension was
cooled to 0 °C. SOCI, (0.25 mL) was added slowly with a
syringe. The reaction was stirred at rt overnight. The reaction
mixture was poured into water (20 mL) and CH,Cl, (10 mL)
was added. The two-phase system was stirred for 30 min,
after which the phases were separated. The organic phase
was washed with 5% NaHCO; (aq) (2x25 mL) and satd
aq NaCl (2x25 mL) and dried using MgSO,. The solvent
was removed under reduced pressure yielding a yellow solid,
which was purified by silica gel column chromatography
using 1% MeOH/CH,Cl, as eluent.

Yield: 0.478 g (89%) as a yellow solid, R;0.50 (1% MeOH/
CH,Cl,), mp 204-205 °C. 'HNMR (CD,Cl,): 6 3.84 (s, 3H,
CH;), 4.78 (s, 2H, CH,), 7.30 (t, 1H, J=7.4 Hz, H,.o1), 7.40
(d, 1H, J=8.2 Hz, H,;om), 7.59-7.64 (m, 2H, H,;om), 8.00 (s,
1H, H.om), 8.13 (d, 1H, J=8.6 Hz, H,om), 8.32 (d, 1H,
J=79Hz, Hyom). °C NMR (CD,Cl,): 6 27.76 (CHjy),
46.57 (CH,), 109.83, 119.34, 121.52, 122.92, 126.71,
127.44, 129.66, 129.87, 131.80, 138.66, 138.84, 140.54,
140.79, 145.60 (Curom). HRMS (MALDI): m/z caled for
C,¢H5CINF (MH"): 282.0973, found 282.0795.

4.6.10. 3-[2-((S)-2,2-Dimethyl-1,3-dioxolan-4-yl)ethoxy-
methyl]-6-methylindolo[2,3-b]quinoxaline (25). To a solu-
tion of 2-((S)-2,2-dimethyl-1,3-dioxolan-4-yl)-ethanol
(0.180 g, 1.23 mmol) in dry toluene (15 mL) was added
pulverized KOH (0.736 g, 13.0 mmol) followed by 3-chloro-
methyl-6-methylindolo[2,3-b]quinoxaline (24, 0.205 g,
0.73 mmol). A Dean—Stark apparatus was filled with dry tol-
uene in the side arm and used, while refluxing the reaction
mixture for 48 h. H,O (10 mL) was added and the organic
phase was washed with H,O (3x10mL), dried using
MgSO, and evaporated under reduced pressure yielding
a yellow oil, which was purified by silica gel column chro-
matography using 2% MeOH/CH,Cl, as an eluent.

Yield: 0.190 g (67%) as a yellow oil, Ry 0.46 (4% MeOH/
CH,Cl,). 'H NMR (CDCly): 6 1.37, 1.41 (2xs, 6H,
2xCHj), 1.91-1.97 (m, 2H, H-2"), 3.59-3.64 (m, 1lH,
H-3"), 3.69 (t, 2H, J=6.8 Hz, H-1'), 3.94 (s, 3H, NCH;),
4.08-4.13 (m, 1H, H-4"), 4.26-4.30 (m, 1H, H-4"), 4.76 (s,
2H, CH,), 7.34-7.43 (m, 2H, H,), 7.62-7.70 (m, 2H,
Hyom), 7.97-8.21 (m, 1H, H,om), 8.25 (d, 1H, J=8.6 Hz,
H.iom), 8.44 (d, 1H, J=7.7 Hz, H,o1). °C NMR (CDCl5):
0 25.78, 26.95 (C(CH;),), 27.48 (CH3), 33.92 (C-2)), 67.35
(C-1"), 69.67 (C-4"), 72.85 (CH,), 73.80 (C-3'), 108.58
(C(CH3),), 109.14, 119.35, 120.93, 122.54, 125.43,

125.76, 129.40, 130.90, 137.90, 138.67, 139.35, 140.39,
144.84, 145.68 (Cyor). HRMS (MALDI): m/z caled for
C23H25N3O3Na+ (MNa*): 4141788, found 414.1776.

4.6.11. (S)-4-(6-Methylindolo[2,3-b]quinoxalin-3-yl-
methoxy)-butane-1,2-diol (9). The same procedure was
used as for compounds 4-7.

Quantitative yield. Yellow oil. "H NMR (DMSO-dy): 6 1.53—
1.62, 1.80-1.90 (2xm, 2H, H-2'), 3.23-3.32 (m, 2H, H-4'),
3.66 (t, 2H, J=6.5 Hz, H-1’), 3.82-3.95 (m, 1H, H-3),
3.89 (s, 3H, NCH3), 4.51 (br s, 2H, 2xOH), 4.73 (s, 2H,
CH,), 7.39 (t, 1H, J=7.3 Hz, Huom), 7.62-7.83 (m, 3H,
Harom), 7.99-8.13 (m, 1H, Hyom), 8.19 (d, 1H, J=8.6 Hz,
Haom), 8.33 (d, 1H, J=7.6 Hz, H,,o). °C NMR (DMSO-
dg): 6 27.40 (CH3), 33.67 (C-2), 66.04 (C-1"), 67.13
(C-4"), 68.44 (C-3"), 71.47 (CH,), 110.09, 118.40, 120.83,
121.89, 124.94, 125.31, 128.83, 131.09, 137.77, 139.10,
139.68, 139.90, 144.58, 145.21 (Cyom). HRMS (MALDI):
miz calcd for C,oH,;N3OsNa*t (MNa*): 374.1475, found
374.1462.

4.6.12. (S)-1-(4,4'-Dimethoxytriphenylmethyloxy)-4-(6-
methylindolo[2,3-b]quinoxalin-3-ylmethoxy)-butan-2-ol
(26). The same procedure was used as for DMT-protection of
compounds 4-8.

Yield: 0.149 g (55%) as a yellow oil, '"H NMR (CDCls):
6 1.80-1.86 (m, 2H, H-2), 3.13-3.17, 3.68-3.73 (2xm,
4H, H-1/, H-4"), 3.76 (s, 6H, 2xOCHs), 3.96 (s, 3H,
NCH3), 4.02-4.12 (m, 1H, H-3"), 4.74 (s, 2H, CH,), 6.81
(d, 4H, J=8.7 Hz, H,;om), 7.19-7.29 (m, 3H, H,om), 7.32
(d, 4H, J=8.7 Hz, Hy.om), 7.36-7.46 (m, 4H, H,om), 7.59
(dd, 1H, J=8.5 Hz, 1.8 Hz, H,,,m), 7.70 (t, 1H, J=7.0 Hz,
Harom), 7.98-8.20 (m, 1H, Hyom), 8.25 (d, 1H, J=8.7 Hz,
Harom), 8.46 (d, 1H, J=7.8 Hz, Hy1om). '*°C NMR (CDCls):
6 27.50 (CH3), 33.53 (C-2'), 55.16 (OCH3), 67.33 (C-1),
68.14 (C-4"), 69.43 (C-3"), 72.95 (CH,), 85.97 (Cpmr),
109.16, 113.06, 120.88, 120.95, 122.58, 125.47, 125.85,
126.72, 127.77, 128.14, 129.42, 130.02, 130.93, 136.05,
138.67, 139.21, 140.38, 144.85, 158.41 (Cuom). HRMS
(MALDI): m/z caled for C,oHzoN3OsNat (MNa*):
676.2782, found 676.2757.

4.6.13. Phosphoramidite of (S)-1-(4,4'-dimethoxytri-
phenylmethyloxy)-4-(6-methylindolo[2,3-b]quinoxalin-
3-ylmethoxy)-butan-2-ol (27). The same procedure was
used as for phosphitylation of compounds 15a—d.

Yield: 0.061 g (47%) as a yellow oil, R;0.52 (EtOAc/cyclo-
hexane 1:1). 'H NMR (CDCls): 6 1.04-1.17 (m, 12H,
4xCHj), 2.38, 2.53 (2xt, 2H, J=6.5 Hz, CH,CN), 1.92—
1.99 (m, 1H, H-2'), 2.08-2.17 (m, 1H, H-2), 3.02-3.07,
3.20-3.23 (2xm, 2H, H-4'), 3.49-3.72 (m, 6H, H-1’,
OCH,CH,CN, 2xCH(CHs;),), 3.76 (s, 6H, 2xOCHj3), 3.98
(s, 3H, NCH3;), 4.19-4.22 (m, 1H, H-3), 4.70-4.74 (m,
2H, CH,), 6.77-6.82 (m, 4H, Huom), 7.16-7.29 (m, 4H,
Harom), 7.34 (d, 4H, J=8.8 Hz, H,om), 7.40 (t, 1H, J=
7.5 Hz, Hyom), 7.46 (dd, 2H, J=2.9 Hz, 7.3 Hz, H.om),
7.62 (m, 1H, Hyom), 7.71 (t, 1H, J=7.3 Hz, Hyom), 8.06
(d, 1H, J=8.6 Hz, Hyom), 8.25 (dd, 1H, J=1.0 Hz, 8.6 Hz,
Harom)s 8.47 (d, 1H, J=7.5 Hz, Hyrom). *C NMR (CDCls):
0 21.03 (CH,CN), 24.43, 24.54, 24.60, 24.73 (4xCHy),
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26.90 (CH3), 33.84 (C-2'), 42.33, 42.81 (2xCH(CHs),),
55.15 (2xOCHj3;), 58.23 (OCH,CH,CN), 64.61 (C-1'),
66.31 (C-4'), 67.08 (C-3"), 72.72 (CH,), 85.86 (Cpmr),
109.19, 112.97 (Caom), 119.33 (CN), 120.95, 122.57,
125.56, 125.77, 126.59, 127.67, 128.24, 129.34, 130.16,
130.92, 136.19, 138.03, 139.27, 140.44, 144.06, 144.99,
158.41 (Cpom). °'P NMR (CDCls): 6 148.57, 149.06.
HRMS (MALDI): m/z caled for CsoHscNsOgPNa*
(MNa™): 876.3860, found 876.3865.

Crystallographic data (excluding structure factors) for the
structures in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary
publication numbers CCDC-609476 (4) and CCDC-
609477 (23-H,0). Copies of the data can be obtained, free
of charge, on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK, (fax: +44 1223 36033 or
e-mail: deposit@ccdc.cam.ac.uk).

4.7. ODN and INA syntheses, purification and
measurement of melting temperatures

The ODN and INA syntheses were carried out on an
Expedite™ Nucleic Acid Synthesis System Model 8909
from Applied Biosystems. The 6H-indolo[2,3-b]quinoxaline
amidits 16a—d, 19 and 27 were dissolved in dry MeCN (if
necessary a 1:1 mixture of dry MeCN and dry CH,Cl,), as
a 0.075 M solution and inserted into the growing oligo-
nucleotide chain using the same conditions as for normal
nucleotide couplings (2 min coupling). The ODNs were syn-
thesized with DMT and purified on a Waters Prep LC 4000
HPLC with a Waters Prep LC controller and a Waters
2487 Dual A Absorbance detector on a Waters Xterra™
MS C,g column. Buffer A [950 mL of 0.1 M NH,HCO;
and 50 mL of MeCN (pH=9.0)] and buffer B [250 mL of
0.1 M NH4HCO; and 750 mL of MeCN (pH=9.0)]. Gradi-
ents: 5min 100% A, linear gradient to 70% B in 30 min,
2 min with 70% B, linear gradient to 100% B in 8 min and
then 100% A in 15 min (product peak at ~35 min). The
ODNs were DMT-deprotected in 80% aq acetic acid
(100 uL) for 20 min, diluted with 1M sodium acetate
(150 pL), and precipitated from abs ethanol (600 pL). All
modified ODNs were confirmed by MALDI-TOF analysis
on a Voyager Elite Bio Spectrometry Research Station
from Perceptive Biosystems.

Melting temperature measurements were performed on
a Perkin—Elmer Lambda 20 UV/VIS spectrometer fitted
with a PTP-6 temperature programmer. Melting temperature
(T,,) measurements were determined in a 1 mM EDTA,
10 mM Na,HPO,-2H,0, 140 mM NaCl buffer at pH=7.0
for 1.5 uM of each strand. The melting temperature was
determined as the maximum of the first derivative plots of
the melting curve and are with an uncertainty of £1.0 °C
as determined by repetitive experiments.

4.8. Fluorescence measurements

Fluorescence measurements were performed on a Perkin—
Elmer LS-55 luminescence spectrometer fitted with a Julabo
F25 temperature controller by an excitation at 360 nm and
detection at 370-700 nm. All measurements were conducted
at 10°C in a 140 mM NaCl, 10 mM sodium phosphate,

1 mM EDTA buffer at pH=7.0 with a concentration of
1.5 uM of each strand.

4.9. Single-crystal X-ray diffraction

Crystals of 4 and 23-H,0 were obtained from solutions in
MeOH/CH,Cl,, layered with hexane. X-ray diffraction
data for 4 were collected at Beamline 1911-3 at the MAX-II
storage rigg, MAX-lab, University of Lund, Sweden
(A=0.750 A). Diffraction data for 23-H,O were collected
locally with a Bruker Nonius X8APEX-II instrument.
Molecule 4 crystallizes in the non-centrosymmetric space
group P2; with two molecules in the asymmetric unit. The
ring systems adopt a centrosymmetric arrangement (space
group P2,/n), but the centrosymmetry is broken by the chiral
side-chains. It was not possible to determine the absolute
structure: the S enantiomer was assigned on the basis of
the chemistry and Friedel opposites were merged as equiva-
lent data in the final cycles of refinement.
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