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Reactions of orthophthalaldehyde (OPA) with amines are used in the determination of amino acids
and in applications of OPA as a biocide. To contribute to the understanding of processes involved, the
reactions of OPA with ammonia, which are conveniently slow, were studied. In a set of rapidly
established equilibria, the 1,3-dihydroxyindole and the product of its dehydration are formed
(Scheme 1). The individual equilibria were identified and equilibrium constants determined using DC
polarography and UV spectra. The ring closure involves the carbinolamine; the imine formation is a
side reaction. Both the ring formation and the dehydration of the carbinolamine are generally acid
catalyzed. In the finally established overall equilibria between OPA and the isoindole derivative, the
concentrations of intermediates are negligible. The same applies to the reaction of OPA with
2-aminoethanol, in which the initial formation of a carbinolamine and of an imine are too fast to be
followed. Very slow reactions taking place during periods of hours or days, which probably result in the
formation of dimeric species, have also been observed. This contribution demonstrates the advantages
of combinations of polarographic and spectrophotometric techniques in the investigation of complex
reactions of some organic compounds.


Introduction


Roth1 followed the fluorescence of a product of the reaction of
amino acids with orthophthalaldehyde. He observed that the
intensity of fluorescence increases in the presence of a strong
nucleophile, which has no tendency to a ring formation, such as
thiolate. He also reported1 that the intensity of the fluorescence
was higher when the sample of the amino acid was added to the
reaction mixture after the addition of the strong nucleophile to
the solution of OPA, than when the sequence of additions was
reversed. A similar difference was observed for the determination
of ammonia and other primary amines2 in the presence of thiols
and other strong nucleophiles, such as recently preferred cyanide
ions.3 The sequence of the addition was followed in the several
hundred reports dealing with determination of amino acids,3 but
no attempt has been made to propose a plausible explanation for
the procedures used.


The conditions for analytical procedures were established
empirically. As a result, the reported recommended conditions
for individual analyses widely differ4 and the reproducibility in
different laboratories is questionable. The situation does not fulfil
the condition for reliable analytical methods, namely that the
nature of physical and chemical processes involved should be
understood at least to some degree. The same applies to the
applications of OPA as a biocide, used, for example, in disinfection
of surgical instruments.


Attempts to describe the sequence of reaction steps involved3


were based on the assumption that OPA is present in the cyclic
hemiacetal form, and on an identification of the fluorescent
product. Proposed reaction schemes involved implausible steps,
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such as fast dissociation of C-acids. To contribute to a better
understanding of reactions of OPA in aqueous solutions, the
equilibria involving OPA in such solutions were first investigated.4


At pH > 10.5, addition of hydroxide ions to a formyl group in
OPA takes place. The resulting geminal diol anion can undergo
electro-oxidation.4


In the course of a gradual elucidation of the sequence of
chemical reactions taking place in aqueous solutions containing
OPA, in this contribution were investigated the reactions of OPA
with ammonia and 2-aminoethanol (colamine, RNH2). The latter
was chosen because it is a non-volatile, water soluble amine with a
pKa 9.5, close to that of amino acids, but without the complicating
acid–base properties of the carboxylic group. The investigation of
reactions of OPA with amino acids and nucleophiles, such as CN-


and thiolate ions is in progress.
To investigate the establishments of equilibria in solutions


containing OPA and NH3 or colamine and in some cases of the
kinetics of some of the involved reactions, the use of polarography
(recording of current–voltage curves using a dropping mercury
electrode) proved useful. The use of this technique for determi-
nation of equilibrium constants of reactions of various carbonyl
compounds with primary amines was reported early.5 The decrease
of polarographic waves of OPA in the presence of amino acids and
ammonia was used early for analytical purposes,6 but the nature
of the processes involved was not elucidated.


In some instances, particularly when following kinetics of fast
initial reactions, spectrophotometry was used. The reasons for the
preference of the one or the other technique will be discussed
below.


The combination of chemical reactions involved and of elec-
troreductions of the starting material 1 (1,2-benzenedicarbox-
aldehyde), of side reaction products 2 (2-formylbenzaldehyde
hydrate) and 3, (1,3-dihydroxyisobenzofuran) of the reac-
tion intermediates 5, (2-methylol-1-benzcarboxaldehyde imine 6,
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(2-methylol-1-benxenecarboxaldehyde) 7, (1¢-hydroxy-1¢amino-2-
formyl-toluene) 9, (1-hydroxy-isoindoline) and 14, (3-methylol-
benzenecarboxaldehyde hydrate) as well as of the reduc-
tion intermediates 4 (2-formyl-benzenecarboxaldehyde imine),
6, (2-methylol-benzenecarboxaldehyde imine) and 8, (2-
formyl 1¢-aminotoluene) of the final reaction product 9 (1-
hydroxy-isoindoline 11, (2-aminomethyl-1¢-hydroxytoluene 12, (2-
methylol-1¢-hydroxytoluene) and 13 (2-methylol-1¢-aminotoluene)
are depicted in Scheme 1.


Scheme 1 Reaction of orthophthalaldehyde (OPA) with ammonia (NH3).


Results and discussion


Equilibria in the reactions of orthophthalaldehyde (OPA) with
ammonia


OPA is reduced in the investigated pH-range in the absence of
ammonia in borate or 4-hydroxybenzenesulfonate buffers in two


polarographic waves, i1 and i2. The more positive wave i1 [which at
pH 9.3 has a half-wave potential of -0.88 V (SCE)] corresponds
to a reduction of the unhydrated form of OPA 1. In the second,
more negative wave i2, which in these buffers has E1/2 = -1.3 V,
the aldehydic group in the monohydrated, acyclic form of OPA 2
undergoes reduction. In the pH range between pH 8.3 and 10.5,
in which this investigation was carried out, the limiting currents i1


and i2 are controlled by the ring opening of the cyclic hemiacetal
form 3 and by the rate of dehydration of form 2, which are base
catalyzed.4 Due to such catalysis, the equilibria between forms 1,
2, and 3 of OPA are established rapidly, when compared to the
rate of establishment of equilibria between the form 1 of OPA and
ammonia.


Currents i1 and i2 remain a linear function of concentrations
of forms 1 and 2. Due to the relatively rapid establishment of
equilibria between forms 1, 2, and 3, the current i1 remains in the
reaction with NH3 a linear function of the concentration of the
unreacted OPA. The majority of investigations of the equilibria
in the reactions of OPA with NH3 were carried out at pH 9.3,
at equal concentrations of NH3 and NH4Cl. These solutions
acted simultaneously as buffers, as a reagent and as a supporting
electrolyte. To keep a sufficient excess of the supporting electrolyte
at [NH4


+] < 0.1 M, the ionic strength was kept at m = 0.1 by
addition of potassium chloride.


With increasing concentration of the ammonia–ammonium
chloride buffer pH 9.3, waves i1 and i2 decrease and wave i3 (Fig. 1)
increases. The decreases of waves i1 and i2 are due to the reaction of
OPA with NH3 yielding the carbinolamine 7. This compound 7 will
be predominantly formed by addition of NH3 to the unhydrated


Fig. 1 Dependence of polarographic current–voltage curves in solutions
of 1 ¥ 10-4 M orthophthalaldehyde on concentration of a solution of (1)
0.1 M NH3 and 0.1 M NH4Cl, (2) 0.5 M NH3 and 0.5 M NH4Cl, (3)
0.6 M NH3 and 0.6 M NH4Cl, and (4) 0.8 M NH3 and 0.8 M NH4Cl.
Curves starting at -0.6 V approximately 30 min after mixing. Waves i1


and i2 are due to the reduction of the starting dialdehyde, waves i3 to the
product—dehydrated 1,3-dihydroxyisoindole.
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form of OPA 1. When the equilibrium between forms 1 and 2
is perturbed by the reaction of 1 with NH3, further unhydrated
form 1 can be generated from forms 2 and 3, as the equilibria
between forms 1, 2 and 3 are established rapidly, compared to
the equilibrium of the reaction, in which form 1 is converted into
the carbinolamine 7. At higher concentrations of NH3, it is not
possible to exclude that some of the carbinolamine 7 is formed by
addition of NH3 to monohydrated acyclic form 2 followed by a
fast dehydration of the geminal diol group.


It is the carbinolamine that then forms the cyclic intermediate
9a. In the initial stages of the reaction between OPA and NH3


(present in concentrations lower than 0.1 M), a formation of the
wave i1¢ at potentials more positive than wave i1 takes place. This
wave is attributed to the reduction of the imine 4, facilitated by
the formyl group in the ortho-position. A similar easier reduction
of an imine, when compared to the parent carbonyl compound,
has been observed for other substituted benzaldehydes.5 Similarly,
wave i2¢ is attributed to the reductions of imines 5 and 15, bearing
in the ortho-position a CH2OH 5 or CH2NH2 15 group. Their
reductions occur at more positive potentials (E1/2 = -1.13 V) than
those of parent benzaldehydes 6 and 8, which are reduced in a
wave i2 (E1/2 = -1.3 V). The waves of the monohydrated form
2 and of the 2-methylolbenzaldehyde 6 are not separated due
to the similarity of the substituent effects of 2-CH2OH and 2-
CH(OH)2. The monoimine 4 is in this case the product of a side
reaction, because the carbinolamine 7 undergoes a competitive
rapid cyclization into 9a (Scheme 1).


A decrease in wave i1, with increasing concentration of NH3 in
the used buffer, is accompanied by an increase of wave i3 at more
negative potentials [E1/2 = -1.6 V (SCE)] (Fig. 1). The potential
range, in which wave i3 is reduced, indicates the presence of a
species in which the benzene ring is conjugated with a double
bond. Primary cyclization product 9a does not contain a reducible
double bond. A reductive cleavage of one of the C–OH bonds does
not seem to be sufficiently activated.


When the reaction of OPA with amines was carried out in
nonaqueous solvent, such as DMSO or acetonitrile,7 it yielded
a phthalimidine. This compound was prepared and found not
to be reducible at pH 9–11 at potentials more positive than
-1.9 V. As a working hypothesis, it is assumed that the species
9a undergoes dehydration in aqueous solutions and the resulting
isoindole derivative 9 is the compound that undergoes two-electron
reduction in wave i3, following eqn (1).


(1)


At pH 8.3–10.3 at constant [NH3] and varied [NH4
+], the height


of wave i1 and the ratio of i1 : i3 remained pH-independent. The
overall equilibrium is thus not affected by pH, as can be expected.
Hence the overall equilibrium of the sequence in eqn (1) can be
followed by a determination of the ratio i1 : i3.


When currents i1 and i3 were plotted as a function of log[NH3]
after establishment of the overall equilibrium (Fig. 2), the plot for
i1 had the shape of a decreasing dissociation curve, that of i3 =
f (log[NH3]) of an increasing dissociation curve. The inflection
point of such a dissociation curve corresponds to an equilibrium
constant Koverall = [9]/[1] [NH3] for the equilibrium between forms
1 and 9. This equilibrium constant has a value Koverall = 4 ¥
102 L mol-1. For comparison, the equilibrium constant for the
reaction of isophthalaldehyde with ammonia was found8 to be
2.5 ¥ 10-1 L mol-1 and that for the reaction of terephthalaldehyde
with ammonia was reported8 to be 4.75 ¥ 10-1 L mol-1. This
indicates the possibility of the strong role of cyclization on the
reactivity of 1,2-benzenedicarboxaldehyde in the reaction with
ammonia.


Fig. 2 The dependence of limiting currents, (i3), at equilibrium for the
slower reaction in a solution of 1 ¥ 10-4 M orthophthalaldehyde in a
pH 9.3 ammonia buffer composed of different ratios of [NH3] : [NH4Cl],
and keeping the ionic strength constant with KCl.


The fit of experimental data to the theoretical dissociation curve
for i3 in Fig. 2 represents a proof of establishment of an overall
equilibrium in the reaction of OPA with NH3. In this equilibrium,
the unhydrated form 1 of OPA, which is reduced in wave i1 at -0.9 V
at pH 9.3, yields the isoindole derivative 9, which is reduced in wave
i3 at -1.6 V.


To offer further support of the reversibility of all the processes
given in eqn (1), the reaction mixture, in which the species 9 was
formed and equilibrium was established, was acidified by addition
of acetic acid to a pH between 4.2 and 4.8. Nevertheless, the i–E
curves obtained after acidification differed from that of the parent
OPA. In the presence of NH4


+ as a proton donor, an acid catalyzed
reaction takes place in the vicinity of the electrode surface. The
product of this reaction is a benzaldehyde derivative, reduced in a
single wave at about -1.1 V. The nature of this reaction was not
further investigated and polarography proved not to be a technique
suitable for testing the reversibility of this reaction.


The sought support was obtained by using spectrophotometry.
When the solution, in which the product 9 was formed at pH 9.3,
was acidified to pH 4.2 to 4.8 by addition of acetic acid within
about 30 min after the mixing of solutions of OPA and NH3 at
pH 9.3, the characteristic absorption bands of species 9 at 250 and
284 nm in the spectra disappeared and those of OPA at 240 and
260 nm appeared. This proves the establishment of all equilibria
in reaction (1). Spectra recorded immediately after acidification
decreased with time until a hydration–dehydration equilibrium
was established. The form 1, generated by the hydrolysis of species
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Fig. 3 A The dependence of spectra for the fast reaction followed by the slower reaction in a solution of 1 ¥ 10-4 M orthophthalaldehyde in a buffer
composed of 0.1 M NH3, 0.1 M NH4Cl and 2.9 M KCl at pH 9.3. Spectra 1–10 correspond to times: (1) 0.5, (2) 0.7, (3) 1.02, (4) 1.47, (5) 3.23, (6) 7.65,
(7) 12.72, (8) 21.68, (9) 30.88 and (10) 42.58 min. (a) Product, (b) intermediate imine in a side reaction, (c) starting material. B. The slower reaction of
1 ¥ 10-4 M orthophthalaldehyde in a buffer composed of 1 M NH3 and 1 M NH4Cl at pH 9.3. Spectra recorded after (1) 0.58, (2) 1.07, (3) 1.88, (4) 2.77,
(5) 3.77, (6) 5.22, (7) 7.17, (8) 10.25, (9) 16.55 and (10) 25.15 min. Spectra (a, c) of the product and (b, d) of the starting material. Three isosbestic points.


9, is thus converted into forms 2 and 3 and new equilibria are
established.‡


When the reaction mixture after establishment of an equilibrium
was kept for more than 1 h before acidification, the changes of
absorbances with time did not result in the original spectra of
OPA. This is due to very slow consecutive reactions discussed
below.


Kinetics of reaction of OPA with ammonia


In the reaction of orthophthalaldehyde (OPA) with ammonia, it
was possible to distinguish three phases: (a) a fast reaction that at
25 ◦C plays a role only over the first two minutes. (b) A slower
reaction can be followed over periods between 5 and 60 min.
(c) At time-periods longer than about 60 min, very slow reactions,
yielding products absorbing at wavelengths longer than 350 nm
and yielding fluorescent species, were observed.


Kinetics of the fast reaction


At times shorter than about 120 s in solutions of OPA at pH 9.3
containing NH3 at a concentration lower than 0.1 M, an absorp-
tion band with lmax = 250 nm increases with time (Fig. 3A, spectra
1–5). During this time period, the time-dependence of absorption


‡ Rate of hydration of OPA (current i1) was compared to the decrease in
current i1 after acidification to pH 4.7 of a product formed in the slower
reaction of OPA in solution containing 1 ¥ 10-4 M OPA (Supplementary
Data A).†


spectra shows no isosbestic points such as those that appear at
pH 9.3 at ammonia concentrations higher than 0.1 M. Only after
more than 120 s, where the slower reaction predominates (Fig. 3B,
spectra 6–10), isosbestic points are observed. The changes in
spectra in the course of the slower reaction are discussed below.
This indicates that the species absorbing at 250 nm is not an
intermediate in the sequence of consecutive equilibria involved in
the slower reaction, but a product of a competitive, side-reaction
that reaches an equilibrium. The absorption band at 250 nm is
attributed to an imine, resulting in dehydration of the primarily,
even more rapidly formed carbinolamine.


At pH 8.23 in a solution containing 0.001 M NH3 and 0.01 M
NH4Cl and 3.0 M KCl, where the rate of the slower reaction (see
below) is negligible, the decrease of concentration of OPA was
followed by an increase in absorbance at 257 nm. This reaction
follows first order kinetics§ with a rate constant kobs = 5.8 ¥ 10-3 s-1.


The nature of the side product absorbing at 250 nm was
confirmed by polarography. In this technique, an imine is most
frequently reduced at the dropping mercury electrode at potentials
more positive than that of the parent carbonyl compound.5 When
the reaction between OPA and NH3 was studied in ammonia–
ammonium chloride buffers at pH 9.3 at [NH3] < 0.1 M, a more
positive wave i1¢ was observed. This wave i1¢, which corresponded
to the reduction of the imine, occuring at potentials about 0.15 V


§ The role of pH at [NH3] = const on the rate of the fast initial reaction of
OPA with NH3 was followed (Supplementary Data B).†
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Table 1 Dependence of the first order rate constants of the fast reaction
on concentration of ammonia in buffers containing 1 ¥ 10-4 M orthoph-
thalaldehyde at pH 9.3 (at equal concentrations of NH3 and NH4Cl)
determined from increase in absorbance at 250 nm (k¢250) and from increase
of current i1¢. For k¢ = kobs [NH3], it follows that k¢ = 1.1 ¥ 102 L mol-1 s-1


(R2 = 0.98)


[NH3] 0.02 0.03 0.04 0.06 0.1


k¢280 ¥ 103 s-1 6.4 7.4 9.0 10.4 15.6
k¢i ¥ 103 s-1 6.3 — 8.8 9.6 15.4


more positive than wave i1, can be observed only in initial stages
of the reaction. The half-wave potential of wave i1 is practically
the same as those obtained in solutions of OPA in borate or 4-
hydroxybenzene sulfonate at the same pH 9.3, where formation of
imine would not take place.


The proof of the nature of the short-lived species, that absorbs
at 250 nm and is reduced in wave i1¢, is supported by comparison
of the kinetics of its formation followed spectrophotometrically at
250 nm with the kinetics of formation of the species reduced in
polarographic wave i1¢ (Fig. 4). Such comparisons were restricted
to solutions containing between 0.01 M and 0.1 M NH3, where
the slower reaction does not interfere. Under such conditions,
the time-dependence of the absorbance at 250 nm parallels the
increase in the polarographic wave i1¢, which is proportional to the
concentration of the imine. Furthermore, the values of the first
order rate constants, obtained from the increase in absorbance at
250 nm at each concentration of NH3, are in good agreement with
values obtained from the increase of the polarographic current i1¢
with time (Table 1). The dependence of the average rate constant
kobs on concentration of ammonia in the buffer is linear (R2 =
0.985) and corresponds to a second order rate constant k = 1.1 ¥
102 L mol-1s-1.


Fig. 4 Dependence of current i1¢ and absorbance at 250 nm for a fast
reaction of 1 ¥ 10-4 M orthophthalaldehyde with NH3 in a buffer pH 9.3,
composed of 0.1 M NH3 and 0.1 M NH4Cl. The ionic strength was kept
constant at 0.1 M. Comparison of the time dependence of (1) limiting
polarographic currents i1¢ (left hand scale) with that of (2), the absorbance
of the imine at 250 nm (right hand scale).


The initial rate of the fast reaction (vo) increases with increas-
ing pH. This increase resembles that obtained from the pH-


dependence of the rate of dehydration of OPA.4¶ This indicates
that the rate of formation of the imine is controlled by the rate of
dehydration of OPA.


The rate of the slower reaction decreases with increasing pH
(see below). This enables the following of the fast reaction using
an increase of absorbance at 250 nm even in the presence of 0.3 M
NH3 or 1 M NH3 at pH 9.8. In such solutions, the formation of
the imine had the rate constant kobs = 1.1 ¥ 102 s-1, the same as
obtained from absorbance at 250 nm. More extensive investigation
of the rate of pH in more alkaline solutions was prevented by the
competitive reactions of OH- ions with OPA eqn (2).


(2)


The slower reaction of OPA in the presence of ammonia


The time-interval during which the slower reaction between OPA
and NH3 predominates depends on concentrations of both NH3


and NH4Cl. The higher the concentration of NH3 and/or the
lower the pH (resulting in a smaller ratio of [NH3] : [NH4


+]), the
shorter is the time after mixing after which the slower reaction
predominates.


The slower reaction can be conveniently followed by polarogra-
phy by recording current–voltage curves at chosen time intervals.
On such curves, wave i1 of the unhydrated form of OPA 1 and i2


of the hydrated acyclic form 2 decrease with time, whereas wave
i3 of the reduction product at about -1.6 V (at pH 9.3) increases
(Fig. 5).


The decreases of waves i1 and i2 and the increase in i3 follow
first order kinetics with the same rate constant kobs (Table 2).
This indicates that the equilibria between forms 1, 2 and 3 are
established rapidly relative to the reaction of the unhydrated form
1 with ammonia. Absence of wave i1¢ of the reduction of imine
4 at times longer than about 5 minutes indicates conversion of
the imine 4 back into the carbinolamine 7, which undergoes
cyclization into 9a and 9. Hence the decrease in current i1 is
proportional to the decrease in the total concentration of the
OPA due to its reaction with ammonia. Increase in the current
i3 corresponds to the increase in concentration of the reducible
species 9 with increasing concentration of NH3. As the rate
constant kobs = 9.2 ¥ 10-4 L mol-1 s-1 for the decrease in [1]
is practically identical with a rate constant kobs = 9.0 ¥ 10-4 L
mol-1 s-1 obtained under the same conditions for the increase in
[9], it can be concluded that in the conversion of 1 into 9, there is
no accumulation of an intermediate, such as carbinolamine 7 or
that of 9a nor of the side product, the imine 4.


¶The dependence of the rate of dehydration of OPA in a 1 ¥ 10-4 M
solution on pH with the pH-dependence of the rate of the initial reaction
of 1 ¥ 10-4 M OPA with 0.02 M NH3 in the presence of 0.02 M NH4Cl was
compared at pH 9.3 at ionic strength m = 0.2 (Supplementary Data C).†
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Fig. 5 Time dependence of polarographic current–voltage curves in
solutions of 1 ¥ 10-4 M orthophthalaldehyde in a solution of 0.1 M NH3


and 0.1 M NH4Cl. Curves starting at -0.6 V after (1) 5.5 min, (2) 16 min,
(3) 23 min, (4) 34 min, (5) 42 min after mixing. dE/dt = -0.6 V s-1. Waves
i1 and i2 are due to the reduction of the starting dialdehyde, waves i3 to the
product—dehydrated 1,3-dihydroxyisoindole.


In the view of some uncertainty in the values of currents i1 and
i3 under conditions when equilibria are established (resulting from
the role of the very slow reactions described below), values of
kobs obtained from measurements of half-times were included in
Table 2. Hence polarographic kinetic experiments also indicate the
absence of any measurable accumulation of intermediates in the
equilibria in the reactions of OPA with NH3 yielding an isoindole
derivative.


The slower reaction between OPA and NH3 in ammonia–
ammonium chloride buffers, pH 8.3 to about 10.0, was also
followed by spectrophotometry. During time-intervals between
about 3 min and 90 min, we observed increasing absorbances at
240 and 284 nm and decreasing absorbances at 264 and 294 nm. All
these absorptions correspond to p → p* transitions. Absorptions
at 264 and 294 nm were attributed to OPA. This was confirmed
by comparison of spectra of equimolar solutions of OPA in an
ammonia–ammonium chloride buffer pH 9.3 and in a borate
buffer pH 9.3. The absorptions at 240 and 284 nm thus correspond
to the product of the reaction of OPA with NH3, the isoindole
derivative 9.


To avoid complications due to an overlap of the band at 240 nm
by the band of the imine (see above) at 250 nm during the initial
stages of the reaction (Fig. 3A), the kinetics of formation of the
isoindole product 9 were followed by measurement of the increase
of absorbance at 284 nm. Kinetics of the conversion of OPA were


Table 2 First order rate constants (kobs) for the slower reaction of 0.1 mM
orthophthalaldehyde at varying concentrations of ammonia at pH 9.3 at
25 ◦C. Buffers contain equal concentrations of ammonia and ammonium
chloride


[NH3] [NH4
+] [KCl] kobs ¥ 104 s-1


Mean kobs ¥
104 s-1


1.00 1.00 — 8.4a ,b 9.6a ,c 8.2d ,e 9.3d , f 8.9
0.30 0.30 — 3.0a ,b 3.1a ,c 3.0d ,e 3.1d , f 3.2


4.0g ,h 3.0g , i 3.0j ,k 3.3j , l


0.20 0.20 0.10 2.0a ,b 2.1a ,c 2.0d ,e 2.2d , f 2.2
3.0g ,h 2.0g , i 2.0j ,k 2.3j , l


0.10 0.10 0.20 1.0a ,b 1.3a ,c 0.9d ,e 1.2d , f 1.2
2.0g ,h 1.1g , i 1.0j ,k 1.2j , l


0.08 0.08 0.25 0.67a ,b 0.96a ,c 0.72d ,e 0.89d , f 0.81
0.06 0.06 0.24 0.62a ,b 0.69a ,c 0.67d ,e 0.67d , f 0.66
0.05 0.05 0.25 0.60a ,b 0.49a ,c 0.50d ,e 0.48d , f 0.52
0.02 0.02 0.28 0.33a ,b 0.28a ,c 0.33d ,e 0.29d , f 0.31


a Values of rate constants for the decrease in concentration of orthophtha-
laldehyde from variations of polarographic limiting currents i1 with time.
b Values of kobs from log(i1 - i1


e) = f (t). c Values of kobs from i1 = f (t),
r1/2. d Rate constants from the increase in polarographic limiting current
i3 with time. e Values of kobs from log(i3 - i3


e) = f (t). f Values of kobs from
i3 = f (t), r1/2. g Values of kobs for the decrease in concentration of the
orthophthalaldehyde from variations of absorbance at 285 nm. h Values
of kobs from log(A285 - Ae


285) = f (t). i Values of kobs from A285 = f (t), r1/2.
j Values of kobs for the increase in absorbance of the reaction product at
262 nm. k Values of kobs from log(A262 - Ae


262) = f (t). l Values from A262 =
f (t), r1/2.


studied using the decrease of absorbance at 264 nm, as this band
has a higher molar absorptivity than that found at 294 nm.


When the concentration of NH3 in the buffer was higher than
about 0.3 M at pH 9.3 (that is at equal concentrations of ammonia
and ammonium chloride), the role of the fast reaction manifested
by formation of the band at 250 nm can be neglected. Under
such conditions, the decreases of the bands at 264 and 294 nm
and the increases of those at 240 and 284 nm in the course of
the reaction, result in formation of three isosbestic points at 250,
274 and 289 nm (Fig. 3B). Such a pattern of changes of spectra
with time indicates that, under the conditions used, both the
concentration of the imine and that of any intermediate in the
sequence of consecutive equilibria are negligible. This confirms
the deduction based on polarographic data (see above). Thus in
the reaction of OPA with ammonia, the starting materials are in
equilibrium with the isoindole product 9.


This conclusion is further supported by the fact that both the
decrease in concentration of OPA indicated by the decrease of the
absorbance of 264 nm and that of the increase in concentration
of the isoindole product based on absorbance at 284 nm follow
first order kinetics. Moreover, the observed rate constants for
the decrease in concentration of OPA and for the increase in
concentration of the isoindole derivative were found to be equal
(Table 2).


The reason for the immeasurably low concentration of the imine
4 and of the intermediates 7 and 9a is the larger stability of the
isoindole product. Its formation is the driving force of the sequence
of equilibria, resulting in a simple overall equilibrium.


The rate of the establishment of the equilibrium between OPA
1 and the isoindole derivative 9 at pH 9.3 is first order in
concentration of NH3. This is shown by the linear dependence
of values of kobs (Table 2) on concentration of ammonia at pH 9.3,
which follows the equation kobs = k1 [NH3]. For k1 = kobs/[NH3]
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Table 3 Dependence of first order rate constants (kobs) on pH for the slower reaction of 0.1 mM orthophthalaldehyde with ammonia at 25 ◦C. Buffers
contained 0.1 M NH3 and a varied [NH4Cl] at m = 1.0


[NH3] [NH4
+] [KCl] pH [H+] ¥ 109 kobs ¥ 104 s-1 Mean kobs ¥ 104 s-1


0.1 1.00 — 8.3 5.0 5.7a ,b 7.7a ,c 5.8d ,e 6.4d , f 6.4
0.1 0.79 0.2 8.4 4.0 4.5a ,b 6.7a ,c 4.6d ,e 5.8d , f 5.4
0.1 0.30 0.7 8.8 1.6 2.3a ,b 2.3a ,c 2.5d ,e 2.5d , f 2.3
0.1 0.10 0.9 9.3 0.50 1.0a ,b 1.6a ,c 1.1d ,e 1.2d , f 1.2
0.1 0.03 0.97 9.8 0.16 0.43a ,b 0.57a ,c 0.43d ,e 0.58d 0.5


a Values of rate constants for the decrease in concentration of orthophthalaldehyde from variations of polarographic limiting currents i1 with time. b Values
of kobs from log(i1 - i1


e) = f (t). c Values of kobs from i1 = f (t), r1/2. d Rate constants from the increase in polarographic limiting current i3 with time. e Values
of kobs from log(i3 - i3


e) = f (t). f Values of kobs from i3 = f (t), r1/2.


and y = 1.00, the value of k1 = 9.1 ¥ 10-4 L mol-1 s-1 has been
found.


Changes of absorbance with time at about 224 nm and in the
wavelength region corresponding to forbidden n → p* transitions
at l > 300 nm were not taken into consideration. At these
wavelengths, absorption bands were due to overlap of several
species. Thus the absorbance in the range between 300 and 320 nm
is a result not only of transition involving the two formyl groups
of the unhydrated OPA, but also of transition that involves the
carbonyl groups in all benzaldehyde derivatives participating in
the reaction, including the monohydrated acyclic form 2.


The role of pH on the rate of the slower reaction between OPA
and NH3 was investigated in buffers, in which the concentration
of NH3 and the ionic strength were kept constant and the
concentration of NH4


+ ions was varied. The values of the rate
constant kobs obtained from plots of log (i1 - i1


e) and log (i3 -
i3¢) as a function of time were comparable (Table 3) as were the
values obtained from t 1/2. The rate of the establishment of the
equilibria, in which OPA and NH3 yielded the isoindole derivative,
increases with decreasing pH. The reaction is thus acid catalyzed.
To distinguish between a specific and a general catalysis, the rate
constant of the slower reaction in the ammonia–ammonium ion
buffers was determined at varying concentration of ammonium
ions at varying pH of these solutions. The first order rate constant
(kobs) in such buffers at varying ratios of [NH3] and [NH4


+] was a
linear function of both [NH4


+] and [H+].
At varied pH, the value of kNH4+ obtained from the intercept of


kobs = f ([H+]) was found to be practically the same at various pH. It
can be thus concluded that the increase in the rate of formation
of 9 is due to a general acid catalyzed ring formation, 1 → 9
or 2 → 9.


Reactions of OPA with 2-aminoethanol (RNH2)


At pH 9.5 (at [RNH2] = [RNH3
+]) when excess of the con-


centration of RNH2 was five times or more higher than the
concentration of OPA, and the reaction followed first order
kinetics, the establishment of the equilibria was too fast to be
followed by available techniques. The reactions were too fast even
under conditions of second order kinetics, where [OPA] = [RNH2]
at pH 9.5. Reactions such as the latter were carried out in solutions
containing 0.1 mM OPA and 0.2 mM RNH2 buffered by borate
or 4-hydroxybenzene sulfonate.


The kinetics of the reaction between OPA and RNH2 could have
been followed in a 4-hydroxybenzene sulfonate buffer pH 8.5, to
which equal concentrations (0.1 mM) of OPA and 2-aminoethanol


were added. In such a reaction mixture, OPA is present in about
10 times excess over the reactive form of RNH2. In such reaction
mixtures, the initial reaction velocity (uo) was determined from
the decrease of wave i1 of OPA (which is proportional to its
concentrations) with time. The value of uo is a linear function
of concentration of the 2-aminoethanol. This observation [at a
pH 8.5 which is smaller than the pKa of the amine (9.5)] indicates
that the rate determining step is the addition of an unprotonated
RNH2 to one of the carbonyl groups of the unhydrated form of
OPA. The interaction of OPA with RNH2 is thus slower than the
rate of the establishment of equilibria between 1, 2, and 3. The
slope of the uo = f ([RNH2]) plot corresponds to a kobs = 3 ¥ 101 L
mol-1 s-1 with R2 = 0.993.


Spectrophotometry enables the following of the reaction of
OPA with 2-aminoethanol (RNH2), even in the absence of a
higher concentration of the buffer and that of a supporting
electrolyte. It enables us to avoid the addition of a borate or p-
hydroxybenzene sulfonate buffers at pH 9.5. The general acid–
base catalytic properties of such added buffers would complicate
the investigated kinetics. Thus to follow the kinetics in a solution
containing 0.005 M RNH2 and 0.005 M RNH3


+ at pH 9.5, it was
possible to measure changes in absorbances at 235 and 285 nm,
corresponding to absorption due to the product 9. The increases in
absorbance followed first order kinetics‖ with kobs = 5.7 ¥ 10-3 s-1,
corresponding to a second order rate constant k = 1.1 ¥ 10◦ L
mol-1 s-1.


Because the rate of decrease in [OPA] corresponds to an increase
of the isoindole derivative reduced in wave i3, no accumulation of
intermediates occurs, similar to the reaction with ammonia. This
reaction leading to an equilibrium is followed by an irreversible
process, corresponding to the very slow reaction observed in the
reaction with ammonia. The rate of this consecutive reaction
increases with increasing concentration of RNH2. Thus in solution
containing 1 ¥ 10-4 M OPA, 1 ¥ 10-3 M RNH2, 1 ¥ 10-3 M RNH3


+


and 1.0 M KCl, the reduction of the product of the reaction of
OPA with RNH2 occurs at -1.65 V. With increasing concentrations
of RNH2 and RNH3


+ at constant pH and m = 1.0, the wave i3 at
-1.65 V (recorded after 1 h) gradually decreases (Fig. 6) and a
new wave, i3¢ at -1.60 V, increases. The equal limiting currents of
waves i1 (at [RNH2] < 0.1 M) and i1¢ (at [RNH2] > 0.5 M) indicate
that in both processes, the same number of electrons (n = 2) is
transferred.


‖ Reaction of 2-aminoethanol (RNH2) with OPA was followed in a solution
containing 0.005 M RNH2, 0.005 M RNH3


+ (pH 9.5) and 1 ¥ 10-4 M OPA
(Supplementary Data D).†
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Fig. 6 Dependence of polarographic current–voltage curves in solutions of 1 ¥ 10-4 M orthophthalaldehyde on concentration of 2-aminoethanol in
solutions of (1) 0.001 M, (2) 0.002 M, (3) 0.005 M, (4) 0.01 M, (5) 0.02 M, (6) 0.05 M, (7) 0.1 M, (8) 0.2 M, (9) 0.5 M and (10) 1.0 M of the reactive form of
2-aminoethanol at equal concentrations of its protonated form. Curves starting at -1.0 V recorded 2 hours after mixing when equilibrium is established.
Wave i3¢ is due to reduction of product of consecutive reactions occurring at higher concentration of 2-aminoethanol while i3 is due to reduction of the
primary product, the dehydrated 1-3-dihydroxyisoindole.


The similar half-wave potentials, the similar wave-shapes as well
as similar UV spectra indicate the presence of a similar conjugated
system and a similar type of a reducible grouping. Due to re-
establishment of equilibria between 1 and 9 and the presence
of consecutive reactions, isolation and identification of species
reducible in wave i3 and i3¢ and absorbing at 235 and 285 nm has
not been successful so far.


Very slow reactions


In interactions between OPA and NH3 over periods of time longer
than about 2 h, very slow consecutive reactions take place. This
is manifested by a slow decrease of the polarographic limiting
currents i3 with time as well as of the absorbance at 262 nm.
Both these quantities are attributed to the dehydration product 9
of the 1,3-dihydroxyisoindole. These very slow reactions result in
formation of species absorbing at 301, 330 and 430 nm (Table 4).
In these reactions, an increase in absorbances at about 550 and
650 nm is also observed.


Time periods in which the role of consecutive reactions yielding
the above mentioned species become significant, are much longer
than those encountered in real life practical applications. Therefore
a further preliminary investigation of very slow processes was
mostly limited to those that can play a role at time periods shorter
than about 3 hours.


The very slow reactions were investigated in three types of
reaction mixtures, all containing 0.1 mM OPA. (a) The reaction
of OPA with NH3 was carried out in a solution containing 0.3 M
ammonia and an equal concentration of ammonium chloride at
pH 9.3. Under these conditions, the OPA is completely converted
into dehydrated form 9 of 1,3-dihydroxyisoindole. (b) The reaction
of OPA with 2-aminoethanol (RNH2) was carried out at pH 9.5 in
solutions containing 1 mM RNH2, 1 mM RNH3


+ and 1.0 M KCl to
control the ionic strength. In such solutions, wave i3 predominates.
Its limiting current is proportional to the concentration of the
dehydrated form of the N-substituted 1,3-dihydroxyisoindole 9.
(c) When the reaction was carried out also at pH 9.5 in solutions
containing 0.5 M RNH2 and 0.5 M RNH3


+, the isomer of 9 was
formed in an irreversible process, which is reduced in wave i3¢.


Table 4 Time dependence of limiting currents (i3), half-wave potentials of wave i3 (E1/2)3, absorbances at several wavelengths and of florescence at two
wavelengths for the slow reaction of 1 ¥ 10-4 M OPA on concentrations of ammonia and 2-aminoethanol (RNH2)


0.3 M NH3, 0.3 M NH4Cl


t/h i3/mA ¥ 101 i3E1/2/V A301nm ¥ 102 A330nm ¥ 102 A430nm ¥ 102 aF 315nm ¥ 102 bF 455nm


0.5 — -1.6 — — — 1.19 2.13
0.6 3.65 — 3.11 1.17 1.80 — —
1.0 6.30 — — — — 1.02 1.95
1.3 6.81 -1.59 2.86 1.03 1.81 — —
1.5 — -1.58 — — — — —
2.0 — -1.57 — — — 1.22 2.05
2.3 7.39 2.89 1.12 1.82 — —
3.0 — — 2.93 1.15 1.85 1.01 2.03
4.5 8.13 -1.57 2.94 1.21 1.79 — —


24.0 — — 2.75 1.16 1.23 — —
48.0 — — 2.70 1.21 1.11 — —
96.0 — — 2.93 1.47 1.16 — —


a Intensity of florescence at 315 nm, excitation at 230 nm. b Intensity of absorbance at 455 nm, excitation at 340 nm.
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(a) Under these conditions, the half-wave potential of wave i3 is
gradually shifted with time to somewhat more negative potentials.
Simultaneously, the absorption band at 262 nm attributed to the
1,3-dihydroxy derivative slowly decreases (Table 4). The initial
decrease of the band at 330 nm is followed by a consecutive increase
at times longer than 2 h. Simultaneously, the band at 430 nm that
remains unchanged over 3 h, decreases at longer times.


(b) The half-wave potential of wave i3 shows a small shift to more
positive values with time (Table 4). This process is accompanied by
a decrease of the band of the dehydrated 1,3-dihydroxyisoindole at
262 nm. Products of this reaction absorb at 301 and 330 nm; these
absorption bands increase with time. Under these conditions the
intensity of fluorescence at 315 nm (for excitations at 230 nm) and
at 455 nm (excitation at 340 nm) did not show gradual changes. (c)
The half-wave potential of wave i3¢ is shifted gradually with time
to more positive potentials (Table 4). This shift is accompanied
by the increase in absorbance at 262 nm. Under these conditions,
the absorption bands at 301 and 330 nm decrease (Table 4). This
behaviour confirms that the isomer reduced in wave i3¢ differs from
that reduced in wave i3.


All the observations above stress the importance of control of
the time between the preparation of the reaction mixture and
the measurement in the development of analytical methods for
determination of amines using OPA as a reagent.


Experimental


Chemicals


Orthophthalaldehyde (OPA) was purchased from Ralph
N. Emanuel LTD Research Chemicals. Acetonitrile was supplied
by J. T. Baker; it was used to prepare 0.01 M stock solutions for
OPA.


Boric acid, sodium and ammonium chloride, ammonia, sodium
hydroxide and sodium acetate, for the preparation of buffers were
reagent-grade chemicals obtained from J. T. Baker; glacial acetic
acid was obtained from VWR Scientific Inc.; 2-aminoethanol
hydrochloride and 4-hydroxybenzenesulfonic acid were purchased
from Aldrich. The sample of isoindolin-1-one was kindly supplied
by J. Urban (J. Heyrovsky Institute of Physical Chemistry, Czech
Academy of Science, Prague, Czech Republic).


Instrumentation


For recordings of DC current–voltage curves, a Sargent-Welch
Model 4001 Polarograph was used. For recording of the current–
voltage curves, the investigated solution was placed, together
with the capillary of the dropping mercury electrode, into the
working compartment of the Kalousek cell. In this cell, the
working compartment is connected by a liquid junction with
the compartment containing the reference electrode. A saturated
calomel electrode (SCE) was used as the reference electrode. The
dropping mercury electrode (DME) had a drop-time of t1 = 4 s
and m = 2.2 mg s-1 at h = 49 cm.


UV–vis absorption spectra were recorded using a Hewlett-
Packard Agilent 8453 UV–vis spectrophotometer. Fused quartz
cells were used with a 10 mm path-length.


For measurement of fluorescence, a Perkin Elmer Luminescence
Spectrometer LS 50B was used. The excitation wavelength for
the fluorescent species was chosen to be 230 nm for ammonia


buffer, producing a species fluorescent at 350 nm. For a system
buffered by 2-aminoethanol, the excitation at 330 nm resulted
in fluorescence at 435 nm. A Denver Instrument, model UB-10,
pH meter equipped with a glass electrode, was used for the pH
measurements.


Solutions


Stock solutions (0.01 M) of OPA were prepared in acetonitrile. All
stock solutions were stored in a refrigerator in the dark and used
in less than two weeks.


Ammonia and 2-aminoethanol buffers of pH 9.3 and pH 9.5, re-
spectively, were prepared by using the same ratios of the amine and
the ammonium form, but varying the concentration of the amine.
At low concentrations of the ammonium form, the pH was kept
constant by addition of a borate or 4-hydroxybenzenesulfonate
buffer of the same pH and ionic strength constant by addition of
potassium chloride solution.


For investigation of the role of pH, the concentration of the
amine was kept constant and the concentration of the protonated
form of the amine was varied.


General procedures


For recordings of polarographic i–E curves, 0.1 mL of a 0.01 M
stock solution of the OPA were added to 9.90 mL of the supporting
electrolyte. In most instances, a solution of ammonia or the amine
containing the corresponding conjugate acid were used both as
a reagent, a buffer and a supporting electrolyte. Only at amine
concentrations lower than 0.005 M borate or a 4-hydroxybenzene
sulfonate was added. Potassium chloride was added to keep the
ionic strength at m = 0.1 or 1.0.


For the determination of the equilibrium constants, the depen-
dence on the concentration of NH3 or RNH2 was studied. The
solutions were left to reach equilibrium for one day in ammonium
buffer and two hours in 2-aminoethanol buffer. After purging
with nitrogen gas for about 3 min to remove the oxygen, the
polarographic current–voltage curves were recorded.


For recording of absorption spectra in the UV region, 0.1 mL
of a 0.01 M stock solution were added to 9.90 mL of ammonia
and 2-aminoethanol buffers at pH 9.3. The solutions were allowed
to reach equilibrium for one day and 2 hours in ammonia and
2-aminoethanol respectively.


Procedures for kinetic studies


For the kinetic studies of OPA with ammonia and 2-aminoethanol,
rate constants were determined for three different stages: the fast,
slower and very slow reactions.


Fast reactions. The kinetics of the decrease of the starting
material of 1 ¥ 10-4 M OPA in ammonia buffers of pH 9.3 with
[NH3] varied between 0.1 and 0.02 M were followed within the
first 120 s using polarography at constant potential (-0.99 V). The
current was recorded as a function of time. At concentrations of
NH3 higher than 0.1 M, the reactions were too fast to be followed.
UV–vis spectroscopy also enabled us to follow the kinetics of the
fast reaction of 1 ¥ 10-4 M OPA in ammonia buffers of pH 9.3 with
[NH3] between 0.1 and 0.02 M. Measurements of the absorbance
were taken every 7 seconds.
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The kinetics of the decrease of the starting material of 1 ¥
10-4 M OPA in the presence of 2-aminoethanol were too fast
to follow, even under conditions for a second order reaction at
concentration of the 2-aminoethanol equal to 1 ¥ 10-4 M. To reach
a measurable rate, solutions of 1 ¥ 10-4 M OPA and 1 ¥ 10-4 M 2-
aminoethanol were prepared in a phosphate buffer pH 8.5. Under
such conditions, the concentration of OPA was tenfold higher
than that of the reactive, unprotonated form of 2-aminoethanol
(pKa = 9.5).


Slower reactions. The kinetics of the slower reactions were
followed between 3 min and 120 min using both polarography
and UV–vis spectroscopy. Using ammonia buffers at pH 9.3,
the concentration of ammonia was varied between 0.5 M and
0.01 M. Polarography allowed us to follow the decrease of the
starting materials by following waves i1 and i2 and the increase of
the product formed at -1.6 V (i3).


UV–vis spectroscopy was also used to follow reactions of 1 ¥
10-4 M OPA in ammonia buffers of pH 9.3 for concentrations of
ammonia between 0.5 M and 0.01 M. The absorbances at 235,
250, 262, 282 and 301 nm were recorded.


For following the dependence of the reaction of 1 ¥ 10-4 M OPA
with NH3 on the pH, ammonia buffers between pH 8.3 and 10.3
were prepared, keeping the [NH3] constant at 0.3 M and keeping
the ionic strength constant at m = 0.95.


Very slow reactions. The very slow reactions were followed
for periods of between hours and days for both 1 ¥ 10-4 M
OPA in ammonia and 2-aminoethanol buffers of pH 9.3 and 9.5
respectively.


Fluorescence measurements


The fluorescence was followed in solutions containing 1 ¥ 10-4 M
OPA and amine–ammonium ion buffers, one hour after mixing.
Under these conditions, the equilibria between OPA and the amine
were established. In particular, the fluorescence was followed of
products that were formed in 0.3 M NH3 and 0.3 M NH4Cl
(which are reduced at -1.65 V). Alternatively, the fluorescence
was measured of species formed in solutions containing 0.001 M
RNH2 and 0.001 M RNH3


+ (which are reduced at -1.65 V) as well
as those generated in solutions of 0.5 M RNH2 and 0.5 M RNH3


+


(which are reduced at -1.60 V).


Reversibility test


For determination of reversibility, the reaction of 0.1 mL of
0.01 M OPA in 9.90 mL of ammonia pH 9.3 or 2-aminoethanol
buffer at pH 9.5 was allowed to reach equilibrium. After it
was established, 10 mL of acetate buffer pH 4.8 was added
to the reaction mixture, resulting in a pH of about 4.8, and
polarographic curves and UV–vis spectra were recorded. The
polarographic curves and the UV–vis spectra were compared to the
polarographic curves and spectra obtained for 0.1 mL of 0.01 M


OPA in 10 mL of an acetate buffer pH 4.8 in the absence of the
amine.


Conclusion


This investigation demonstrated the power of the combination
of spectrophotometry with polarography in following equilibria
and kinetics of complex reactions of organic compounds in protic
solvents. The reactions involved proved to be both more complex
and different from these proposed2 to take place for the analytically
important reactions of amines with orthophthalaldehyde. As op-
posed to the mechanism proposed9 for the reaction of ninhydrine
with amines, as well of the assumption that imine formation
plays an important role in the cyclization yielding to formation
of an isoindole derivative,10 the essential role of carbinolamine
rather than that of the imine, as intermediate, has been pointed
out. Previously proposed reaction schemes for the reaction of
OPA with amines were based solely on product identification.
In this study, following the equilibria and kinetics contributed
to a better understanding of some reaction steps involved. This
investigation pointed out the importance of the control of the
time period elapsed between preparation of the reaction mixture
and measurement of UV or fluorescence spectra widely used, for
example, in determinations of other primary amines and amino
acids.
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We describe the total synthesis and biological properties of a new carboranyl-containing chlorin
(TPFC) that might find application as a dual sensitizer in the PDT and BNCT treatment of cancer.
TPFC was found to be non-toxic in the dark but showed extensive photosensitizing ability both in vitro
and in vivo despite its relatively low singlet oxygen quantum yield. In particular, TPFC exhibited
significant photosensitizing activity against highly pigmented melanotic melanoma tumors in mice.


Introduction


Boron neutron capture therapy (BNCT)1 and photodynamic
therapy (PDT),2 are two binary modalities for cancer treatment
that rely on the selective accumulation of a sensitizer within
tumor tissue, followed by its activation upon irradiation with
either low-energy neutrons (in BNCT) or red light (in PDT).
The combination of BNCT and PDT using a single drug
has several advantages, including increased therapeutic effect
due to the targeting of different cellular components and/or
mechanisms of tumor cell destruction. Boronated porphyrins and
their derivatives, in particular dihydroporphyrins or chlorins, are
promising dual BNCT and PDT sensitizers because they usually
have low dark toxicity, preferentially accumulate within tumor
tissues and persist there for a considerable amount of time.3–5


Moreover, their significant absorption of light wavelengths in
the far-red region (>650 nm), which is characterized by the
power of deep penetration into most human tissues,6 makes them
ideal candidates for in vivo phototherapeutic applications;2 on
the other hand, their large boron content enhances the efficiency
of their interaction with thermal neutrons. We have previously
reported a boronated chlorin that was synthesized in 4 steps
from a boronated porphyrin.7 This compound showed very low
intrinsic cytotoxicity towards human glioma T98G cells, moderate
phototoxicity and high cellular uptake. In our continuing effort
to develop expeditious synthetic routes to boronated porphyrin
derivatives for therapeutic applications,8 we choose 5,10,15,20-
tetrakis(2,3,4,5,6-pentafluorophenyl) porphyrin (TPPF) as the
core platform for the preparation of a new carboranyl-substituted
chlorin (TPFC). Our methodology allows the introduction of the
carborane clusters on a pre-formed porphyrin, under exceptionally
mild conditions and good (48%) overall yield.


TPPF is commercially available and can be routinely made in
multi-gram amounts using either the procedures of Adler et al.9
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or Lindsey et al.10 TPPF was selected as the starting material for
functionalization for the following reasons: (1) it is readily avail-
able in multi-gram amounts; (2) the p-phenyl fluoride is known
to be reactive towards nucleophilic substitution reactions;11–13


(3) it can be easily functionalized at the b-positions to form
chlorins and other reduced porphyrins;14 (4) TPPF derivatives
can be studied by in vivo spectroscopy and imaging; and (5)
fluorinated porphyrins have been shown in previous investigations
to have higher photodynamic activities than the corresponding
non-fluorinated analogs.15,16 Furthermore, 19F NMR is a highly
sensitive technique with low endogenous background signals and
has been used to study metabolism, tumor growth, and blood
flow.17 In addition, fluorinated porphyrins have been shown to
have greater triplet state quantum yields and increased biological
efficacy compared with their non-fluorinated analogs.


The substitution of the p-phenyl fluoride of TPPF using
nucleophilic reagents has been previously exploited,11–13 and the
application of this method to the attachment of biomolecules, such
as sugars, to porphyrins has been reported.18,19 Recently, Drain’s
group has also reported an efficient method using microwave
heating.20 The use of TPPF derivatives as PDT agents has been pre-
viously reported,17–20 but surprisingly their corresponding chlorins
have not been investigated, although chlorins have significantly
stronger absorptions within the so-called PDT therapeutic window
(600–800 nm).2 Herein we report the expeditious synthesis of a new
boronated chlorin from TPPF, and its characterization. Sulfur,
rather than oxygen, was used as the nucleophilic species in the
p-fluoride substitution reactions, since sulfur is known to induce
greater stability towards acid hydrolysis than oxygen, as a result
of its weaker basicity and lower affinity for protons.


Results and discussion


Synthesis


TPFC was synthesized in 48% overall yield as shown in Scheme 1,
from commercially available TPPF. The reaction of TPPF with
CH3NHCH2COOH and paraformaldehyde in toluene gave the
corresponding chlorin, which reacted with excess 1-mercapto-o-
carborane and K2CO3 in DMF at room temperature to give a
mixture of partially deboronated tetra(o-carboranylthio) chlorins,
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Scheme 1 Synthesis of TPFC (48% overall yield).


after two days. The partial degradation of the icosahedral o-
caborane cages to the corresponding open-face nido-carboranes
under the above reaction conditions is not surprising. It has
been previously observed that the o-carborane cages of a sugar
derivative21 and of a porphyrin macrocycle22 were degraded upon
heating in a polar solvent. To complete the deboronation reaction
fluoride ion was used, as previously reported.23,24 TPFC was
obtained after purification by silica gel column chromatography
using ethyl acetate–acetone 1 : 1 for elution, and characterized by
UV–vis and 1H-NMR spectroscopy, HRMS and HPLC.


TPFC shows a characteristic long wavelength absorption at
650 nm in its optical spectrum, characteristic of dihydropor-
phyrins, that is 14 times stronger than that of the corresponding
porphyrin.25 Therefore TPFC is potentially more suitable for
application as a PDT sensitizer than the boronated porphyrin.
In addition TPFC showed an intense fluorescence band at 658 nm
upon excitation at 410 nm, and a fluorescence quantum yield of
0.22 in DMSO. The fluorescence properties of TPFC will not only
allow the detection of tumors via minimally invasive fluorescence-
based techniques, but also the determination and quantification of
tumor-localized boron, which facilitates radiation microdosimetry
in BNCT. The HRMS (ESI) of TPFC showed isotope patterns
matched perfectly with those calculated (see ESI†). TPFC is very
soluble in polar organic solvents such as methanol, ethyl acetate,
THF, DMSO and DMF, but has limited solubility in water.


Photochemical and photophysical investigations


The irradiation of TPFC in a DMSO solution by red light
wavelengths, using experimental conditions identical with those
adopted for cell photosensitization, induced a very modest de-
crease in the intensity of the visible absorption bands of the chlorin
(less than 10% decrease after 30 min irradiation). The formation
of new absorption bands was not detected even after prolonged
illumination. The high degree of photostability displayed by TPFC
is fairly unusual since most derivatives having a tetrapyrrolic
macrocycle are known to undergo extensive photobleaching
upon exposure to visible light.26 These observations imply that
the concentration of TPFC in the irradiated tissue remains at
reasonably large levels throughout the light exposure time, thereby
ensuring an efficient absorption of the incident light during the


phototherapeutic treatment. On the other hand, the singlet oxygen
quantum yield (UD) for TPFC was found to be 0.1, a significantly
lower value compared with ca. 0.5, the typical singlet oxygen
quantum yield value for most PDT photosensitizers.27 The high
photochemical stability and comparatively low oxygen quantum
yield observed for TPFC are probably a consequence of the
presence of the four carborane cages, as previously observed for
other carborane-containing molecules.28


Cellular investigations


Since drug toxicity is a very important property that determines its
therapeutic use, the dark cytotoxicity of TPFC was investigated in
human carcinoma HEp2 cells at concentrations up to 100 mM for
24 h. The HEp2 cell line was used because a substantial amount
of data on the dark cytotoxicity of porphyrin derivatives already
exists using this cell line. TPFC was found to be non-toxic in the
dark under these conditions, as shown in Fig. 1.


Fig. 1 Dark toxicity of TPFC toward human HEp2 cells using the Cell
Titer Blue assay.


In spite of the low UD, TPFC appears to be a very efficient pho-
tosensitizing agent toward tumor cells. As shown in Fig. 2A TPFC
accumulated in significant amounts within melanoma B16F1 cells.
The endocellular concentration of TPFC gradually increased by
more than 8 times upon increasing the chlorin concentration in
the incubation medium over the 1–20 mM interval. No appreciable
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Fig. 2 (A) Effect of TPFC concentration on the uptake by melanotic melanoma B16F1 cells after 24 h incubation in DMEM containing 0.3% DMSO.
(B) Effect of incubation time in DMEM containing 0.3% DMSO on the uptake of 20 mM TPFC by B16F1 cells.


toxic effect on the melanotic melanoma cells was noticed even at
the largest photosensitizer dose investigated. For the 20 mM TPFC
concentration the uptake process appeared to be fairly rapid, since
a TPFC recovery from the melanotic melanoma cells of about
0.6 nmoles mg-1 of cell protein was obtained after incubation times
as short as 1 h, with a further increase to about 0.85 nmoles mg-1


of cell protein when the incubation time was prolonged to 18 h (see
Fig. 2B). The latter value underwent no appreciable increase when
the incubation was extended to 24 h, suggesting that the 20 mM
TPFC binding with this cell type reaches a plateau value.


Under these experimental conditions (24 h incubation with
20 mM TPFC) irradiation of B16F1 cells with 600–700 nm
light caused an essentially complete mortality after 5 min irra-
diation, as shown in Fig. 3. Interestingly, when the cells were
irradiated after 3 h incubation with 20 mM TPFC, the degree
of photosensitivity markedly dropped (about 25% decrease in
survival after 5 min exposure to light) in spite of the fact that
the amount of cell-bound chlorin was decreased by less than 30%
over this incubation time interval (Fig. 2B). Moreover, under these


Fig. 3 Survival of B16F1 melanotic melanoma cells irradiated with
red light (600–700 nm) at 20 mW cm-2 for different time periods after
incubation for 3 h or 24 h with 10 or 20 mM TPFC.


experimental conditions, the cell photosensitivity was significantly
lower than that observed upon irradiation after 24 h incubation
in the presence of 10 mM TPFC, i.e. under conditions yielding
endocellular chlorin concentrations that are very similar to those
obtained after 3 h incubation with 20 mM TPFC. A similar
dependence of the photosensitivity on the incubation time was
recently observed for melanotic melanoma cells photosensitized
by naphthalocyanine derivatives and was ascribed to a different
pattern of subcellular distribution of the photosensitizing agent.29


In our case, fluorescence microscopy observations of the B16F1
cells after 24 h incubation with 20 mM TPFC clearly indicate
that the chlorin is mostly localized at the level of the cytoplasmic
membrane (Fig. 4), which should consequently represent the
preferential target of the photosensitized process. Thus, the
integrity of the plasma membrane appears to be critical for cell
survival.


Fig. 4 Fluorescence micrographs of B16F1 cells after 24 h incubation
with TPFC 20 mM in DMEM with 10% FBS and 0.5% DMSO and their
corresponding bright field images. The cells were grown for 48 h before
incubation with TPFC.
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The caspase-3 assays, performed as described in the exper-
imental section, showed no significant difference between the
control and extensively photosensitized cells, suggesting that
apoptotic processes give a minor, if any, contribution to the
photoinduced cell death. Actually, caspase-3 is known to be a
typical marker of PDT-induced cell apoptosis.30 This observation
was further supported by fluorescence microscopy after incubation
of control and photosensitized cells with the chromatin probe
Hoechst (Fig. 5). Such analysis monitors the possible occur-
rence of caspase-independent apoptotic pathways. Clearly, the
micrographs obtained for B16F1 cells that had been extensively
photoinactivated show no increase in the nuclear fluorescence
as compared with control cells, suggesting that no significant
increase in chromatin condensation (a process which is again
typical of apoptosis) had occurred as a consequence of TPFC
photosensitization. Thus, it is likely that TPFC predominantly
performs its photosensitizing activity through random necrotic
pathways, at least in the case of B16F1 cells.


Fig. 5 Fluorescence micrographs of B16F1 melanotic melanoma cells
after 10 min incubation with Hoechst dye HO33342. The pictures on the
left side refer to control untreated cells; the pictures on the right side refer
to cells that have been incubated for 24 h with TPFC 20 mM, irradiated
with 600–700 nm light for 3 min and observed 2 h after the end of the
phototreatment.


It is likely that such conclusions do not completely apply to other
cell types, where different modes of TPFC interaction with the cell
constituents can take place. In actual fact, the preferential sites
of intracellular localization of TPFC in human carcinoma HEp2
cells at 10 mM for 24 h were also investigated (Fig. 6). The green
fluorescing organelle tracers BODIPY Ceramide (Golgi network),
LysoSensor Green (lysosomes) and MitoTracker Green (mito-
chondria) were used in colocalization experiments. A punctuate
fluorescence pattern was observed (Fig. 6b) that correlated to some
extent with the cell lysosomes, as seen by the characteristic orange–
yellow regions in Fig. 6f. No additional areas of colocalization
were observed in the overlaid images with the organelle tracers
BODIPY Ceramide and MitoTracker Green (Fig. 6d,h).


In vivo studies


As shown in Fig. 7, intravenously injected TPFC exhibited some
selectivity for tumor targeting at relatively short times after admin-
istration. The maximum ratio of photosensitizer concentration


Fig. 6 Subcellular localization of TPFC in HEp2 cells at 10 mM for 24 h.
(a) Phase contrast, (b) overlay of TPFC fluorescence with phase contrast,
(c) BODIPY Ceramide fluorescence, (d) overlay of BODIPY Ceramide
with TPFC fluorescence, (e) LysoSensor Green fluorescence, (f) overlay
of Lysosensor Green with TPFC fluorescence, (g) MitoTracker Green
fluorescence, (h) overlay of MitoTracker Green with TPFC fluorescence.


in the melanotic melanoma to the peritumoral cutaneous tissue,
namely 2.5, was measured at 3 h post-injection. Clearly, the chlorin
underwent a faster clearance from the tumor as compared with
the adjacent skin compartments, so that no residual selectivity
was noticed after 18 h. This behaviour was observed for other
photodynamic agents2,17 and can be related to some degree of
radial infiltration of the melanotic melanoma into the surrounding
tissue.29 On the other hand, only minor amounts of TPFC were
recovered from tumor-distal skin at all post-injection times, which
should reduce the risk of a persistent or generalized cutaneous
photosensitivity; the latter represents an undesired side effect
of PDT, especially when first generation PDT agents, such as
Photofrin, are used.2,27


As is typical of hydrophobic porphyrin-type derivatives, the
largest accumulation of TPFC takes place (Fig. 8a) at the level
of the liver and, to a lesser extent, of the spleen, which reflects
both the affinity of such compounds for the components of the
reticuloendothelial system and their predominant clearance from
the organism via the liver–gut pathway.6,31 In this case, however,
significant amounts of TPFC are also found in the kidneys,
which could indicate a partial elimination of the chlorin in the


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 3732–3740 | 3735







Fig. 7 Recovery of TPFC from tumor and skin of C57BL/6 mice bearing
a s.c.-transplanted B16 pigmented melanoma at various times after i.v.
injection of 10 mg kg-1 of photosensitizer dissolved in a ternary mixture
composed of 20% DMSO, 30% PEG 400 and 50% water.


urine. Metabolic investigations to clarify this issue are currently in
progress. In any case, a decrease in the TPFC concentration from
all tissues analysed by us is evident at one week after injection,
hence the onset of toxic effects as a consequence of prolonged
retention of the chlorin in such tissues is unlikely.


The lack of appreciable TPFC accumulation in the brain is
in agreement with the known inability of such compounds to
cross the blood–brain barrier.32 Lastly, the clearance of TPFC
from serum is essentially complete after 18 h (Fig. 8b), which is
again suggesting that the systemic administration of this chlorin
should not be accompanied by the appearance of generalized
photosensivity.


In actual fact, when skin areas distal to the melanotic melanoma
were irradiated at 3 h or 24 h after the injection of TPFC
by using the same protocol as adopted for the PDT of the
neoplastic lesion, no indication of cutaneous phototoxicity was
obtained, in full agreement with the indications provided by
the pharmacokinetic studies. On the other hand, at both post-


injection times, the melanotic melanoma showed a significant
response to the PDT treatment (Fig. 9). Apparently, all the mice
irradiated after injection of the chlorin remained tumor-free for
about 5 days, while the untreated mice or the mice irradiated in
the absence of the photosensitizing agent displayed a fairly rapid
tumor growth during this time interval. This result is certainly
appreciable since this kind of melanoma is known to be poorly
responsive to PDT owing to the filtering action toward the incident
light caused by the large concentration of melanin-type pigments.27


The regrowth of the tumor starting on the 6th day after the end
of PDT can actually reflect the insufficient penetration of the red
light used by us to the deeper tumor layers. In any case, as one can
see in Fig. 9, the growth of the tumor for both controls and PDT-
treated mice eventually proceeds at a very aggressive rate, hence
the animals need to be sacrificed when the tumor volume becomes
larger than 1.5 cm3 in order to avoid undue suffering caused by
too large a size of the neoplasia and/or the spread of metastases
to other organs (e.g., liver or lungs).


Fig. 9 Growth rate of pigmented melanoma B16F1 in mice C57BL/6
injected with 10 mg kg-1 of TPFC and irradiated after 3 h (▲) and 24 h
(�) with 135 mW cm-2 (81 J cm-2) of 600–700 nm light. Comparison with
the tumor growth rate in untreated ( ) and only irradiated (�) mice.


Fig. 8 Recovery of TPFC from different tissues (a) and serum (b) of C57BL/6 mice bearing a s.c.-transplanted B16 pigmented melanoma at various times
after i.v. injection of 10 mg kg-1 of photosensitizer dissolved in a ternary mixture composed of 20% DMSO, 30% PEG 400 and 50% water.


3736 | Org. Biomol. Chem., 2008, 6, 3732–3740 This journal is © The Royal Society of Chemistry 2008







Conclusions


In summary, a new carborane-containing chlorin TPFC was
synthesized in 48% overall yield from commercially available
materials. The presence of the four carborane cages does not
impair the affinity of this chlorin for tumor cells, as shown
by our findings with two different cell lines. Moreover, the
boronated chlorin exhibits an efficient photosensitizing activity
against melanotic melanoma cells, namely a tumor type which is
usually poorly responsive to PDT. Interestingly, TPFC appears to
induce an extensive cell photoinactivation under relatively mild
irradiation conditions even though its singlet oxygen quantum
yield is rather low, at least in a homogeneous solution. This
observation can be interpreted by assuming that reaction pathways
not involving singlet oxygen occur in the subcellular microen-
vironment of the boronated chlorin, e.g. type I mechanisms
promoted by radical species, which are generated via electron
transfer from the photoexcited triplet chlorin.27 Alternatively,
the efficiency of the photoprocess can be enhanced by the close
proximity between the cell-bound TPFC and specific constituents
whose integrity is critical for cell survival.33 Our fluorescence
microscopy images indicate that TPFC is largely partitioned
into the cytoplasmic membrane, where several potential targets
of photosensitized reactions, especially proteins and unsaturated
lipids, are present. A multi-target nature of the photoprocess would
also be in agreement with the observed predominance of random
necrosis rather than apoptosis as the main mechanism of melanotic
melanoma cell death. On the other hand, TPFC was found to be
non-toxic in the dark toward human carcinoma cells up to the
100 mM concentration investigated, and to localize subcellularly
preferentially within the cell lysosomes.


The in vivo data appear to confirm the indications obtained
through cellular studies in regard to both the lack of detectable
toxic effects of TPFC at photodynamically active doses, and the
efficiency of this chlorin in inducing a significant response of the
melanotic melanoma to PDT. This observation is very encouraging
since a variety of photodynamic sensitizers have been previously
shown to be inefficient toward highly pigmented tumors.2,27 Only
photosensitizers absorbing in the infrared spectral region have the
possibility of favourably competing with melanin for the incident
light; however, such photosensitizers cannot act photodynamically
due to insufficient energy in their electronically excited states for
the generation of singlet oxygen.29 Since BNCT acts on tumors
via completely different mechanisms, it appears reasonable to
hypothesize that activation of the porphyrin-bound boron atoms
by irradiation with thermal neutrons could promote a synergistic
effect with PDT, enhancing the overall damage to pigmented
tumors and providing novel perspectives for their therapeutic
treatment. The use of boronated compounds for therapeutic
applications must also address the problem of generalized toxicity,
which may arise as a consequence of slow boron release from
the carborane clusters, although carboranes are among the most
stable boron clusters known.34 Preliminary studies performed with
healthy mice that had been intravenously injected with TPFC at
doses up to 4 mmol kg-1 body weight showed that no apparent toxic
effect occurred up to one month after administration. In any case,
we plan to perform more focused toxicological studies especially
for those organs, such as liver and spleen, that accumulate
larger amounts of the boronated compound and release it at a


slow rate, as we have previously reported for related boronated
porphyrins.34


Experimental section


Synthesis of TPFC


All reactions were monitored by TLC using 0.25 mm silica gel
plates (60F-254). The carborane group was detected by TLC upon
coating with an aqueous HCl solution of PdCl2(1 g PdCl2 in
80 mL water and 20 mL concentrated HCl solution) followed
by heating. Silica gel Sorbent Technologies 32–63 mm was used
for flash column chromatography. 1H NMR were obtained on a
ARX-250 Bruker spectrometer. Chemical shifts (d) are given in
ppm relative to acetone-d6 (2.05 ppm, 1H). Electronic absorption
spectra were measured on a Perkin Elmer Lambda 35 UV–vis
spectrophotometer. Fluorescence spectra were measured on a
Perkin Elmer LS55 spectrometer in the 500–800 nm wavelength
regions with 1 nm accuracy, excitation at 410 nm. The fluorescence
quantum yield was measured using the standard method and
5,10,15,20-tetraphenylporphyrin as the standard (quantum yield
is 0.11), according to the literature.31 Exact mass was obtained
using ESI-TOF and the isotope peaks were perfectly matched
with the calculated patterns (only the most abundant peaks are
listed below). All materials obtained from commercial suppliers
were used without further purification.


TPFC. TPPF was converted into the corresponding chlorin in
69% yield, as previously reported in the literature.14 The resulting
chlorin (20.6 mg, 20 mmol), 1-HS-o-carborane35 (35 mg, 200 mmol)
and K2CO3 (28 mg, 200 mmol) were added to a reaction tube
containing 5 mL of DMF. The mixture was stirred at room
temperature for two days. KF (12 mg, 200 mmol) was added and
the reaction mixture was heated to reflux for 2 h. The mixture
was poured into 50 mL of aqueous KCl and extracted with
EtOAc (3 ¥ 50 mL). The organic layers were washed three times
with aqueous KCl, the solvent evaporated under vacuum and
the resulting residue was purified by column chromatography on
silica gel using 1 : 1 acetone–ethyl acetate. The major fraction
was collected and recrystallized from ethyl acetate and hexane to
give the target chlorin TPFC (24.4 mg) in 69% yield. 1H NMR
(250 MHz, acetone-d6) d 8.89–8.92 (6H, m), 6.14 (2H, br), 4.03–
4.06 (4H, m), 3.21–3.29 (2H, m), 2.75–2.76 (2H, m), 2.38 (3H,
s), 1.5–3.5 (36H, br), -1.83 (2H, s), -2.51–2.56 (4H, br). HRMS
(ESI) m/z 538.2360, calcd. for C55H63B36F16N5S4: 538.2857. UV–
vis (DMSO) 414 nm (137 000), 506 (12 200), 599 (4220), 618 (3200),
652 (28 960).


Photochemical and photophysical studies


The stability of TPFC to red light irradiation was determined
by exposure of a chlorin solution in DMSO (absorbance 0.25 at
410 nm) to 600–700 nm light (100 mW cm-2) isolated from the
emission of a quartz-halogen lamp (Teclas, Lugano, Switzerland)
by optical filtering. The solution was placed in a quartz cuvette
with a 1 cm optical path and kept at 25 ◦C under gentle magnetic
stirring. The light beam was driven to the target by a bundle
of optical fibers (external diameter = 8 mm). After predetermined
irradiation times, the absorbance spectrum was recorded by a Cary
Eclipse 50 scan spectrophotometer and the value of the absorbance
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at the maximum peak at time 0 was compared with those recorded
after various irradiation times.


The quantum yield (UD) of singlet oxygen generation by TPFC
was measured by following the decrease in the fluorescence
emission of 9,10-dimethyl-anthracene (DMA) upon its photosen-
sitized conversion into the corresponding non-fluorescent 9,10-
endoperoxide.32 A 20 mM DMA and TPFC solution in DMSO
was irradiated at 20 ± 2 ◦C under gentle magnetic stirring (600–
700 nm, 100 mW cm-2) for different periods of time. The DMA
fluorescence emission was recorded in the 380–550 nm wavelength
range with excitation at 360 nm. The first-order rate constant of
the photoprocess was obtained by plotting ln F 0/F as a function
of the irradiation time, where F 0 and F represent the fluorescence
intensity at time 0 and at time t, respectively. The rate constant was
converted into the 1O2 quantum yield by comparison with the rate
constant for DMA photooxidation sensitized by unsubstituted
Zn(II)-phthalocyanine (ZnPc) for which UD was shown to be 0.55.36


Cell accumulation and photosensitization studies


Melanotic murine melanoma cells (B16F1) were seeded in 25 cm2


flasks and approximately 24 h later the cells were washed twice with
PBS. The cells were incubated with TPFC in DMEM containing
0.3% DMSO in a humid atmosphere containing 5% CO2 at
a constant temperature of 37 ◦C. Control studies showed that
incubation of the cells with the solvent both in the presence
and the absence of the boronated chlorin had no effect on cell
survival. The cells were incubated in DMEM with TPFC in a
humid atmosphere containing 5% CO2 at a constant temperature
of 37 ◦C. At the end, the cells were washed twice with PBS without
Ca2+ and Mg2+ and removed from the flasks by exposure to trypsin.
The cells were centrifuged at 1100 rpm for 7 min; then 2 mL
of a 2% sodium dodecyl sulphate (SDS) solution per flask were
added and the cells incubated for 60 min under gentle magnetic
stirring. An aliquot was diluted with 2% SDS and the fluorescence
emission was measured. A second aliquot was used to measure
the protein concentration by the bicinchoninic acid test.37 The
chlorin recovery was expressed as nanomoles of TPFC per mg of
cell protein.


For the dark toxicity experiments, human carcinoma HEp2
cells were plated at 10 000 per well in a Costar 96 well plate and
allowed 36–48 h to attach. The cells were exposed to increasing
concentrations of TPFC up to 100 mM and incubated overnight.
The loading medium was then removed and the cells fed medium
containing Cell Titer Blue (Promega) as per the manufacturer’s in-
structions. Cell viability was measured by reading the fluorescence
at 520/584nm using a BMG FLUOstar plate reader. The signal
was normalized to 100% viable (untreated) cells and 0% viable
(treated with 0.2% saponin from Sigma) cells.


For the phototoxicity experiments, the B16F1 cells were seeded
in Petri dishes (35 mm diameter) and after 24 h the growth
medium was removed, replaced with DMEM enriched with 10%
FCS at the desired concentration of TPFC. The cells incubated at
37 ◦C for 24 h or 3 h were then washed twice with 2 ml of PBS
containing Ca2+ and Mg2+, and irradiated in the same buffer for
various periods of time with 600–700 nm light from a high pressure
sodium lamp (Waldmann, Schwenningen, Germany). The fluence
rate at the level of the cell monolayer was 20 mW cm-2. At 24 h
after irradiation the cells were washed twice and trypsinized.


Then the surviving cells were counted in a Burker chamber with
a standard trypan blue staining. The survival percentage was
calculated by comparing the counts obtained for TPFC-incubated
and irradiated cells to those obtained for cells irradiated in the
absence of TPFC. Control studies showed that irradiation alone
or chlorin in the dark had no detectable effect on cell survival.


TPFC intracellular localization


The B16F1 cells were seeded on a round cover glass in Petri
dishes (5 ¥ 104 cells per dish). After 48 h the cells were incubated
with 20 mM TPFC for 24 h and then observed with an Olympus
IMT-2 fluorescence microscope equipped with a refrigerated CCD
camera (Micromax; Princeton Instruments). A 75 W xenon lamp
was used as the excitation source. Fluorescence images obtained
with a 40 ¥ 1.4 NA oil immersion objective (Olympus) were
acquired with the imaging software Methamorph (Universal
Imaging). The TPFC fluorescence was detected by means of a
set of filters with 400 nm excitation and 620 nm emission.


The HEp2 cells were plated on LabTek 2 chamber coverslips and
incubated overnight, before being exposed to 10 mM of TPFC for
24 h. For the co-localization experiments the cells were incubated
for 24 h concurrently with TPFC and one of the following
organelle tracers, for 30 min: MitoTracker Green (Molecular
Probes) 250 nM, LysoSensor Green (Molecular Probes), and
BODIPY FL C5-ceramide at 50 nM (Golgi network). The slides
were washed three times with growth medium and new medium
containing 50 mM HEPES pH 7.4 was added. Fluorescence
microscopy was performed using a Zeiss Axiovert 200M inverted
fluorescence microscope fitted with standard FITC and Texas
Red filter sets (Chroma). The images were aquired with a Zeiss
Axiocam MRM CCD camera fitted to the microscope.


Mechanisms of photosensitized cell death


Specific aspects of the mechanisms involved in the TPFC-
photosensitized death of melanotic B16F1 cells were investigated
by measuring the activity of caspase-3a. Typically, cells were
incubated with 20 mM TPFC for 24 h and then irradiated for
1 min and 3 min under the same experimental conditions as
specified above. The cells were collected at 2 h and 6 h after the end
of the irradiation. According to the manufacturer-recommended
procedure of the ApoAlert CPP32 kit (Clontech, Palo Alto, CA),
106 cells were counted, centrifuged, resuspended in 50 ml of lysis
buffer, and held for 10 min on ice. Then, 50 mL of reaction buffer
containing DTT (dithiothreitol) and 5 ml of DEVD (Asp-Glu-Val-
Asp-)-7-amino-4-trifluoromethyl-coumarin were added to the cell
lysate, and the fluorescence emitted at 505 nm (lex = 400 nm) was
measured with a Perkin Elmer LS50 spectrometer. The caspase-3
activity in the treated cells was expressed as an x-fold increase in
the emitted fluorescence, taking the fluorescence from untreated
cells as a reference.


In a parallel experimental session, cells irradiated as previously
described were collected at 2 h and 6 h post-irradiation, washed
twice with PBS and incubated in the dark for 10 min with PBS
containing Hoechst dye HO33342 (HO342) at a concentration
of 5 mg ml-1. Nuclear fragmentation was assessed by fluorescence
microscopy (Zeiss, Germany). The excitation wavelength was 353–
377 nm with emission monitored at 420–450 nm.
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Pharmacokinetic studies


Female C57BL/6 mice, 20–22 g body weight, were obtained from
Charles River (Como, Italy) and housed in specifically designed
cages (up to 10 mice per cage) with free access to standard
dietary chow and tap water. All the in vivo investigations were
performed by following the regulations established by the Italian
Ministry of Health ethical committee for the humane treatment of
experimental animals. The animal experiments were also approved
by the Italian Ministry of Health.


To study the pharmacokinetic properties of TPFC, the mice
(5 mice for each time point) were subcutaneously injected in the
upper flank with 106 B16F1 cells suspended in 20 ml of DMEM. At
about 7 days after transplantation, when the malignant lesion
had reached a volume of about 0.02 cm3, TPFC (10 mg kg-1


body weight) was injected into the tail vein after solubilization
in a ternary mixture containing 20% DMSO, 30% PEG 400
and 50% water. Control studies had previously shown that this
solvent mixture, as well as the TPFC at the administered dose,
had no detectable toxic effects on the mice. At predetermined
time intervals after i.v. injection of the PDT agent, the mice were
sacrificed by euthanasia and the blood and selected organs were
quickly removed. The serum was isolated by centrifugation at 3000
rpm for 15 min at room temperature. The tissues were washed
once with PBS, homogenized with 2% aqueous SDS and kept
under gentle magnetic stirring for 2 h. At the end, the samples
were diluted with a suitable amount of 2% aqueous SDS in order
to obtain an absorbance lower than 0.1 at 410 nm, namely the
wavelength to be used for spectrophotofluorimetric analysis, in
order to avoid any artifact due to inner filter effects. The 410 nm-
excited fluorescence emission typical of TPFC was collected in the
600–800 nm wavelength interval and its intensity was converted
into the TPFC concentration (nmoles of chlorin per g of tissue) by
interpolation with a calibration plot built with solutions of known
TPFC concentration in 2% SDS. Previous investigations showed
that this procedure allows the recovery of 90–95% tissue-bound
photosensitizer.4


Photodynamic therapy studies


In a typical experiment, groups of 6 to 8 mice bearing the s.c.-
transplanted tumor were injected in the tail vein with TPFC
(10 mg kg-1) by following the same procedure as described for
the pharmacokinetic experiments. At 3 h or 24 h after injection
of the chlorin, the neoplastic lesion was irradiated with 600–
700 nm light isolated from the emission of a quartz-halogen
lamp (Teclas, Lugano, Switzerland) by means of a band-pass
optical filter. The light source was equipped with UV- and heat-
reflecting filters, while the light beam was piloted to the irradiated
area by a bundle of optical fibers (total external diameter:
0.5 cm). The irradiation was carried out for 10 min at a fluence
rate of 135 mW cm-2 (total delivered light dose: 81 J cm-2).
The response of the melanotic melanoma to the photodynamic
treatment was determined by measuring the volume of the
tumor with a calliper at daily intervals.29 No effect on the rate
of tumor growth was caused by irradiation of the melanoma
under identical conditions but in the absence of the photosen-
sitizer, as well as by injection of TPFC without exposure to
light.
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Modifed oligonucleotides are routinely employed as analytical probes for use in diagnostics, e.g. in the
examination of specific RNA sequences for infectious diseases, however, a major limiting factor in
oligonucleotide-based diagnostics is poor cellular uptake of naked oligonucleotides. This problem can
be overcome by covalent attachment of a so-called ‘cell-penetrating peptide’ to form an oligonucleotide
peptide conjugate. Stepwise solid phase synthesis of such a conjugate is difficult and expensive due to
the conflicting chemistries of oligonucleotides and peptides. A simple approach to overcome this is
post-synthetic conjugation. Diels–Alder cycloaddition is an attractive methodology for oligonucleotide
peptide conjugation; the reaction is fast, chemoselective and the reaction rate is greatly enhanced in
aqueous media – ideal conditions for biological moieties. An oligodeoxyribonucleotide sequence has
been derivatised with a series of dienes at the 5¢-terminus, using a series of unique dienyl-modified
phosphoramidites, and investigation into the effect of diene type on the efficiency of conjugation, using
Diels–Alder cycloaddition with a maleimido-derivatised cell-penetrating (TAT) peptide, has been
performed. This led to the observation that the optimal diene for conjugation was cyclohexadiene,
allowing conjugation of oligodeoxyribonucleotides to a cell-penetrating peptide by Diels–Alder
cycloaddition for the first time.


Introduction


Modified oligonucleotides have been used in a variety of applica-
tions such as antisense1,2 and gene-silencing therapies.3 However, a
major limiting factor in oligonucleotide-based therapeutics is poor
access of naked oligonucleotides to the intracellular environment,
as a result of oligonucleotide size and of the repulsion of the
negatively charged phosphate backbone encountered when faced
with the anionic charges of the phospholipid cell membrane.4 The
use of modified oligonucleotides as probes for the detection of
specific DNA sequences is also well documented,5–8 but while
laboratory-based analysis of single stranded DNA sequences using
modified oligonucleotides is well established, little work has been
carried out on the detection of nucleic acid sequences in living
cells, partly due to the limitation of poor cellular uptake.


Previously, translocation of negatively charged oligonucleotides
across cell membranes for delivery into common laboratory cell
lines in culture (such as HeLa cells) has been achieved by com-
plexation of the oligonucleotides with cationic lipids;9 however,
there are problems with cytotoxicity and stability associated
with this method.10,11 More recent studies have uncovered the
existence of certain proteins, including HIV-1 TAT transactivation
protein,12 Drosophila Antennapedia homoprotein13 and the HSV-1
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structural protein, VP22,14 which have been shown to have the
ability to traverse the cell membrane and reach the cell nucleus,
whilst maintaining their biological activity. Their ability to do
this has been attributed to short ‘protein-transduction domains’
(PTDs).15,16 It has since been reported that short peptide sequences
derived from these PTDs have been internalised by cells and, when
complexed or conjugated to bioactive molecules, have been able
to deliver these molecules into the intracellular environment.17


Such peptide sequences have become known as cell-penetrating
peptides (CPPs),18 and have shown delivery of a wide range of
bioactive components into cells, including oligonucleotides.19


Conjugation of oligonucleotides to peptides is made difficult
due to the conflicting protecting group strategies required to avoid
side reactions of the peptide side chains and the oligonucleotide
bases. In-line solid phase synthesis of an oligonucleotide peptide
conjugate has been achieved, but requires the development of
a new series of protecting groups.20 A simpler method for the
synthesis of an oligonucleotide peptide conjugate involves separate
preparation and functionalisation of the oligonucleotide and the
peptide in a manner that allows their conjugation to be performed
post-synthetically.21–23


Diels–Alder cycloaddition24 is an attractive methodology for
preparation of an oligonucleotide peptide conjugate in this way.
Diels–Alder cycloaddition is selective for a diene and a dienophile,
ruling out the need for oligonucleotide and/or peptide protecting
groups, and the rate of the reaction has been shown to be greatly
enhanced in aqueous systems,25–27 presenting ideal conditions for
bioconjugation. The reaction was first documented by Hill et al.28


as an effective method for oligonucleotide modification. Diels–
Alder cycloadditions have since been used for oligonucleotide
labelling29–33 and immobilisation of oligonucleotides onto glass
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slides.34 Diels–Alder cycloaddition has also more recently been
reported to be effective for oligonucleotide peptide conjugation.35


Cycloadditions, in aqueous media, of 5¢-(1,3-hexadienyl)-modified
thymine dimers to a short series of maleimido-modified dipeptides,
and of 5¢-(1,3-hexadienyl)-modified 8mer and 15mer oligonu-
cleotide sequences to simple maleimido-modified 8mer and 20mer
peptide sequences, were reported in an investigation into the
effect of sequence length on conjugate yield, using Diels–Alder
cycloaddition. Composition of the peptide sequence used, as
opposed to the oligonucleotide sequence used, has a greater effect
on the outcome of cycloadditions and, as such, is the crucial factor
in these types of conjugations. The peptide sequences used in this
study were not highly charged, as is the case for CPP sequences,
which are generally highly cationic and are notoriously difficult
peptide sequences to handle.


This study further investigates the use of the Diels–Alder
reaction for the conjugation of 5¢-dienyl-modified oligodeoxyri-
bonucleotides to peptides, specifically a cell-penetrating peptide,
with a view to enhancing cellular uptake of the oligonucleotide
for use as a biomolecular probe. A series of three different 5¢-
dienyl modifications have been investigated and their effect on the
efficiency of conjugation to a maleimido-modified TAT peptide
derivative, based on the PTD Tat (47–57), has been observed.


Materials and methods
1H NMR and 13C NMR were recorded on a Brüker DPX 400 MHz
spectrometer with the appropriate solvent peak as reference. J
values are quoted in Hertz. Mass spectrometry was carried out
either as a service by Swansea EPSRC mass spectrometry centre
or on a Shimadzu Axima-CFR system. Analytical and preparative
HPLC were performed on a Dionex UVD170U detector fitted with
a P680 pump through either a DNA-Pac 100 column (Dionex)
or a 1 ml Resource Q column (Amersham Biosciences). Desalting
HPLC was performed on a Dionex UVD170U detector fitted with
a P680 pump and a CD20 Conductivity Detector, using a HiTrap
(5 ml) size exclusion column. Oligonucleotides were synthesised
on a MerMade 6 Nucleic Acid Synthesiser. Oligonucleotide
synthesis reagents were purchased from Link Technologies. Tube-
O-Dialyzers were purchased from G-Biosciences. ZipTipTM C18


purification pipette tips were purchased from Millipore Corp.


(3-E/Z)-N-(6-Hydroxyhexyl)hexa-3,5-dienamide, 1a


To a solution of sorbic acid (500 mg, 4.5 mmol, 1.0 eq) in
MeCN (anhydrous, 10 ml) was added CDI (868 mg, 5.4 mmol,
1.2 eq), under dark conditions. The mixture was stirred at room
temperature for 3 h. 6-Aminohexan-1-ol (784 mg, 6.6 mmol,
1.5 eq) was added and the mixture was stirred at room temperature
overnight. The solvent was removed under reduced pressure. The
product was dissolved in EtOAc (50 ml) and washed with citric
acid (10% (m/v), 2 ¥ 30 ml), NaOH (10% (m/v), 2 ¥ 30 ml),
water (30 ml) and sat. NaCl (30 ml). The organic layer was dried
over Na2SO4. The solvent was removed under reduced pressure to
afford the amide 1a as a white solid (284 mg, 30%). dH (400 MHz;
CDCl3) 1.25–1.61 (8H, m, 4 ¥ CH2), 1.84 (2H, d, J 5.8, CH2CO),
3.34 (2H, q, J 6.7, NHCH2), 3.64 (2H, t, J 6.5, CH2OH), 5.48 (1H, s
br, NH), 5.70 (1H, s, CH2=CH), 5.74 (1H, s, CH2=CH), 6.04–6.19
(2H, m, CH–CH), 7.16–7.22 (1H, m, CH=CH). dC (400 MHz,


d6-acetone) 14.4, 18.5, 26.3, 27.5, 33.7, 39.7, 6.2, 124.0, 131.0,
136.7, 10.2, 166.5. m/z 212.1648 ([M + H+] C12H21NO2 requires
212.1651).


3-Furan-2-yl-N-(6-hydroxyhexyl)propanamide, 1b


To a solution of 3-(2-furyl)propanoic acid (252 mg, 1.8 mmol,
1.0 eq) in MeCN (5 ml, anhydrous) was added CDI (350 mg,
2.2 mmol, 1.2 eq) and the mixture was stirred at 40 ◦C for 1 h
30 min. 6-Aminohexan-1-ol (220 mg, 1.9 mmol, 1.1 eq) was added
and the mixture was stirred at room temperature for 2 h. The
solvent was removed under reduced pressure. The product was
dissolved in EtOAc (30 ml) and washed with citric acid (10%
(m/v), 2 ¥ 20 ml), NaOH (10% (m/v), 2 ¥ 20 ml), water (20 ml)
and sat. NaCl (20 ml). The organic layer was dried over Na2SO4.
The solvent was removed under reduced pressure to afford the
amide 1 as a pale yellow solid (302 mg, 70%). dH (400 MHz;
CDCl3) 1.26–1.60 (8H, m, 4 ¥ CH2), 2.49 (2H, t, J 7.5, CH2CO),
2.99 (2H, t, J 7.5, furan CH2), 3.24 (2H, t, J 6.5, NHCH2), 3.64
(2H, t, J 6.5, CH2OH), 5.44 (1H, s br, NH), 6.04 (1H, dd, J 3.1, 0.8,
furfuryl), 6.28 (1H, dd, J 3.1, 1.9, furfuryl), 7.31 (1H, dd, J 1.8,
0.8, furfuryl). dC (400 MHz, CDCl3) 24.2, 25.2, 26.4, 29.6, 32.5,
35.1, 39.3, 62.7, 105.6, 110.3, 141.2, 154.4, 171.7. m/z 240.1594
([M + H+] C13H21NO3 requires 240.1594).


4-(tert-Butyldimethylsilyloxymethyl)cyclohex-1-ene, 2


A solution of imidazole (2.43 g, 35.7 mmol, 2.0 eq) in DMF
(anhydrous, 8 ml) was cooled to 0 ◦C in an ice bath. tert-
Butyldimethylsilyl chloride (3.23 g, 21.4 mmol, 1.2 eq) was added
and the mixture was stirred at 0 ◦C for 20 min. 3-Cyclohexene-
1-methanol (2.00 g, 17.8 mmol, 1 eq) was added at 0 ◦C and the
mixture was stirred at room temperature for 1 h. Water was added
to quench the reaction. The mixture was extracted with diethyl
ether (3 ¥ 100 ml). The combined organic layers were washed with
water (50 ml) and sat. NaCl (50 ml), and then dried over Na2SO4.
The solvent was removed under reduced pressure to afford the
alkene 2 as a clear liquid (3.80 g, 94%) without further purification.
dH (400 MHz, CDCl3) 0.05 (6H, s, Si(CH3)2), 0.91 (9H, s, C(CH3)3),
1.22–1.28 (1H, m, cyclohexenyl), 1.74–1.82 (3H, m, cyclohexenyl),
2.04–2.11 (3H, m, cyclohexenyl), 3.48 (1H, d, J 3.7, CH2O), 3.49
(1H, d, J 3.6, CH2O), 5.64–5.75 (2H, m, CH=CH). dC (400 MHz;
CDCl3) -5.2, 18.6, 25.6, 25.9, 26.2, 28.4, 36.5, 68.1, 126.4, 127.2.


trans-1,2-Dibromo-3-(tert-butyldimethylsilyloxymethyl)-
cyclohexane, 3


A solution of crude alkene 2 (3.80 g, 16.8 mmol, 1.0 eq) in DCM
(30 ml) was placed in a flask filled with nitrogen, and cooled
to 0 ◦C. Bromine (2.68 g, 16.8mmol, 1.0 eq) in DCM (2 ml) was
added slowly. The mixture was stirred at room temperature for 1 h.
DCM (40 ml) was added to the resulting red-brown mixture. The
mixture was washed with Na2S2O3 (10% (m/v), 50 ml) and water
(50 ml). The organic layer was dried over Na2SO4. The solvent
was removed under reduced pressure to afford the dibromide 3
as a brown liquid (5.22 g, 81%) without further purification. dH


(400 MHz; CDCl3) 0.05 (6H, s, Si(CH3)2), 0.89 (9H, s, C(CH3)3),
1.93–1.99 (5H, m, cyclohexyl), 2.40–2.50 (2H, m, cyclohexyl), 3.48
(2H, d, J 5.8, CH2O), 4.66–4.72 (2H, m, 2 ¥ CHBr). dC (400 MHz;
CDCl3) -5.4, 18.3, 23.4, 25.8, 28.2, 31.5, 34.4, 53.4, 53.6, 67.4.
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5-(tert-Butyldimethylsilyloxymethyl)cyclohexa-1,3-diene, 4


To a solution of crude dibromide 3 (5.22 g, 13.5 mmol) in THF
(anhydrous, 40 ml) was added Aliquat 336 R© (109 mg, 0.27 mmol,
0.02 eq). The mixture was cooled to 0 ◦C and potassium tert-
butoxide (3.34 g, 29.7 mmol, 2.2 eq) was added, all at once.
Immediately a yellow precipitate formed. The mixture was stirred
at 0 ◦C for 5 min, then at room temperature for 1 h. Petroleum
ether (bp 30–40 ◦C, 150 ml) was added. The mixture was washed
with sat NH4Cl (2 ¥ 50 ml) and water (2 ¥ 50 ml). The organic layer
was dried over Na2SO4. The solvent was removed under reduced
pressure to afford the diene 4 as a brown liquid (3.25 g, 45%)
without further purification. dH (400 MHz; CDCl3) 0.05 (6H, s,
Si(CH3)2), 0.90 (9H, s, C(CH3)3), 2.10–2.30 (2H, m, CH2CH),
2.37–2.48 (1H, m, CH2CH), 3.54 (2H, d, J 5.8, CH2O), 5.85–
5.95 (4H, m, 2 ¥ CH=CH). dC (400 MHz; CDCl3) -5.1, 18.6, 26.2,
28.4, 36.2, 65.2, 124.1, 124.9, 125.9, 128.0.


(Cyclohexa-2,4-dien-1-yl)methanol, 5


To a solution of crude diene 4 (3.25 g, 14.3 mmol, 1 eq) in methanol
(anhydrous, 25 ml) was added a catalytic amount of acetyl chloride
(153 ml, 2.15 mmol, 0.15 eq). The mixture was stirred at room
temperature for 10 min. DCM (40 ml) was added to quench the
reaction. The solvents were removed under reduced pressure. The
product was purified by wet flash column chromatography, eluting
with petroleum ether (bp 30–40 ◦C)–EtOAc (9 : 1) to afford the
diene 5 as a pale yellow liquid (291 mg, 18%). dH (400 MHz; d6-
acetone) 2.04–2.26 (2H, m, CH2CH), 2.40–2.44 (1H, m, CH2CH),
3.47 (2H, d, J 8.9, CH2O), 5.71–5.92 (4H, m, 2 ¥ CH=CH). dC


(400 MHz; CDCl3) 25.4, 35.9, 65.5, 124.0, 125.7, 124.9, 127.0.


(Cyclohexa-2,4-dien-1-yl)methyl(6-hydroxyhexyl)carbamate, 6


To a solution of diene 5 (274 mg, 2.5 mmol, 1.0 eq) in acetonitrile
(anhydrous, 8 ml) was added CDI (484 mg, 3.0 mmol, 1.2 eq) in
the dark. The mixture was stirred at room temperature for 1 h.
6-Amino-1-hexanol (350 mg, 3.0 mmol, 1.2 eq) was added and the
mixture was stirred at room temperature overnight. The solvent
was removed under reduced pressure. The product was dissolved
in DCM (30 ml) and washed with water (2 ¥ 15 ml) and sat. NaCl
(15 ml). The organic layer was dried over Na2SO4. Purification was
by trituration of the product, dissolved in the minimum amount of
DCM, with petroleum ether (bp 60–80 ◦C) to afford the carbamate
6 as a pale pink powder (311 mg, 49%). dH (400 MHz; d6-acetone)
1.31–1.55 (8H, m, 4 ¥ CH2), 2.21–2.25 (2H, m, CH2CH), 2.56–
2.57 (1H, m, CH2CH), 3.10 (2H, t, J 6.4, CH2NH), 3.52 (2H, dd,
J 11.7, 6.4 CH2OH), 3.91 (2H, d, J 7.9, CH2O), 5.64–5.70 (2H, m,
CH=CH), 5.87–5.98 (2H, m, CH=CH). dC (400 MHz; d6-acetone)
25.6, 26.2, 27.2, 31.1, 33.5, 33.8, 41.3, 62.1, 66.0, 124.6, 125.8,
126.0, 127.5, 157.5. m/z 254.1752 ([M + H+] C14H23NO3 requires
254.1756).


2-Cyanoethyl 6-[(3-E/Z)-3,5-hexadienoylamino]hexyl
diisopropylamidophosphite, 7a


Amide 1a (150 mg, 0.71 mmol, 1.0 eq) was dried overnight
over P2O5, under vacuum. To a suspension of 1a in
MeCN (anhydrous, 10 ml) was added (2-cyanoethoxy)bis(N,N-
diisopropylamino)phosphine (321 mg, 1.1 mmol, 1.5 eq). 5-


Benzylthio-1H-tetrazole (0.3 M in MeCN, 3.5 ml, 1.1 mmol,
1.5 eq) was added slowly. The mixture was stirred at room temper-
ature for 1 h. The solvent was removed under reduced pressure.
The product was purified by wet flash column chromatography,
eluting with EtOAc over a column pre-equilibrated with Et3N. The
product was co evaporated with MeCN (anhydrous, ¥ 3) to
afford the phosphoramidite 7a as a yellow oil (184 mg, 63%).
dP (400 MHz; d8-THF) 145.50.


2-Cyanoethyl 6-{[3-(2-furyl)propanoyl]amino}hexyl
diisopropylamidophosphite, 7b


Amide 1b (150 mg, 0.6 mmol, 1.0 eq) was dried overnight
over P2O5, under vacuum. To a solution of 1b in
MeCN (4 ml, anhydrous) was added (2-cyanoethoxy)bis(N,N-
diisopropylamino)phosphine (189 mg, 0.6 mmol, 1.0 eq). 5-
Benzylthio-1H-tetrazole (0.3 M in MeCN, 2.5 ml, 0.75 mmol,
1.2 eq) was added slowly and the mixture was stirred at room
temperature for 2 h 30 min. The solvent was removed under
reduced pressure. The product was purified by wet flash column
chromatography, eluting with EtOAc over silica pre-equilibrated
with Et3N. The product was co evaporated with MeCN (anhy-
drous, ¥ 3) to afford the phosphoramidite 7b as a yellow oil
(204 mg, 74%). dP (400 MHz; d8-THF) 146.20.


(2,4-Cyclohexadienyl-1-yl)methyl-6-{[(2-cyanoethoxy)-
(diisopropylamino)phosphino]oxy}hexylcarbamate, 7c


Carbamate 6 (150 mg, 0.6 mmol, 1.0 eq) was dried
overnight over P2O5, under vacuum. To a solution of 6 in
MeCN (anhydrous, 10 ml) was added (2-cyanoethoxy)bis(N,N-
diisopropylamino)phosphine (276 mg, 0.9 mmol, 1.5 eq). 5-
Benzylthio-1H-tetrazole (0.3 M in MeCN, 2.9 ml, 0.9 mmol,
1.5 eq) was added slowly. The mixture was stirred at room tempera-
ture for 1 h. The solvent was removed under reduced pressure. The
product was purified by wet flash column chromatography, eluting
with EtOAc over silica pre-equilibrated with Et3N. The product
was co evaporated with MeCN (anhydrous, ¥ 3) to afford the
phosphoramidite 7c as a yellow oil (172 mg, 64%). dP (400 MHz;
d8-THF) 147.19.


Solid phase synthesis of dienyl-modified oligonucleotides


Phosphoramidites 7a, 7b and 7c were made up to a concentration
of 0.1 M in MeCN (anhydrous) and used in the final cycle of
oligodeoxyribonucleotide synthesis. The modified oligonucleotide
was cleaved from the solid support by treatment with conc.
NH4OH at room temperature for 1 h. Deprotection of the oligonu-
cleotide was achieved by incubation in conc. NH4OH at 40 ◦C
overnight. NH4OH was removed under reduced pressure and the
oligonucleotide was re-dissolved in H2O (distilled, 1 ml) then
purified by ion-exchange HPLC using a DNA-Pac 100 column
[1 ml min-1, Buffer A: 0.25 M Tris-HCl (pH 8), Buffer B: 0.375 M
NaClO4], gradient 10% Buffer A; 5–85% Buffer B over 20 min.
The purified oligonucleotide was concentrated under reduced
pressure, re-dissolved in H2O (distilled, 1 ml) then desalted using a
HiTrap (5 ml) size exclusion column [3 ml min-1, water (distilled)].
MALDI-TOF mass spectrometry was performed using a matrix
of 50 mg ml-1 3-hydroxypicolinic acid in MeCN–H2O (1 : 1 v/v),
50 mg ml-1 picolinic acid in MeCN–H2O (1 : 1 v/v) and 50 mg ml-1
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dihydrogen ammonium citrate in MeCN–H2O (1 : 1 v/v), mixed
50 : 1 : 1 respectively. ZipTipTM purification was performed prior
to MALDI-TOF analysis.


Synthesis of oligonucleotide-TAT peptide conjugates


Stock solutions of unpurified dienyl-modified oligodeoxyribonu-
cleotides were made up to concentrations of 1 mM in water
(distilled). To 20 ml oligonucleotide stock solution in an Ep-
pendorf tube was added NaOAc buffer (50 ml, 0.1 M, pH 4.8),
Cu(NO3)2 (25 ml, 0.01 M), formamide (60 ml) and maleimido-
YGRKKRRQRRR, (purchased from CSS-Albachem, 5 ml,
40 mM in DMF). The reaction was mixture was heated at 40 ◦C
overnight. Purification of the oligonucleotide-TAT conjugates
was by ion-exchange HPLC using a 1 ml Resource Q column
[1 ml min-1, Buffer A: 20 mM Tris-HCl (pH 6.8), formamide (1 :
1 v/v), Buffer B: 20 mM Tris-HCl (pH 6.8), 400 mM NaClO4,
formamide (1 : 1 v/v)], gradient 0–100% Buffer B over 22 min.
The conjugate product was collected and dialyzed. MALDI-TOF
mass spectrometry was performed using a matrix of 40 mg ml-1


dihydroxyacetophenone in MeOH and 80 mg ml-1 dihydrogen
ammonium citrate in water (1 : 1 v/v). ZipTipTM purification was
performed prior to MALDI-TOF analysis.


Results


The aim of this study was to synthesise oligonucleotide-TAT
peptide conjugates, for cell-penetration of oligonucleotides, using
the Diels–Alder cycloaddition reaction. This was achieved by
reaction of a series of 5¢-dienyl-modified oligodeoxyribonucleotide
sequences with an N-terminus maleimido-modified TAT peptide
derivative (47–57, YGRKKRRQRRR). The dienyl moiety was
incorporated into the oligonucleotide due to the relative stability
of 1,3-dienes towards solid phase synthesis conditions.36 To date,
maleimide is the dominating dienophile reported for use in
bioconjugation reactions using Diels–Alder cycloaddition, mainly
as a result of the copious number and variety of commercially
available compounds containing the maleimido moiety.


Synthesis of dienyl-modified oligonucleotides


A series of three different dienyl-modified oligodeoxyribonu-
cleotide sequences were produced using dienyl-modified phospho-
ramidites to modify at the 5¢-terminus. The dienyl moieties chosen
for this purpose were 1,3-butadiene, furan and cyclohexadiene.
For all three dienyl modifications the same 12mer oligodeoxyri-
bonucleotide sequence was generated. In order to synthesise a
phosphoramidite for 5¢-modification, an alcohol is required and,
in the cases of the 1,3-butadienyl and the furanyl modifications,
this was achieved by amide formation, using CDI (Scheme 1).


Scheme 1 (i) CDI, rt, MeCN, 1a 70%, 1b 30%.


In the case of the cyclohexadienyl modification, synthesis of
an alcohol for phosphitylation was more complex. Preparation
of alcohol 6 was achieved using a previously described method
(Scheme 2).28 The hydroxyl functionality of 3-cyclohexene-1-
methanol was first protected by silylation. Treatment of 2 with
molecular bromine formed a diastereomeric mixture of dibro-
mides, 3. A double elimination reaction, using potassium tert-
butoxide, was then performed, generating cyclic 1,3-diene 4.
Deprotection of 4, using a catalytic amount of acetyl chloride
in anhydrous methanol,37 afforded the cyclic 1,3-dienyl alcohol 5.
Addition of a C-6 linker to form alcohol 6 for phosphitylation
was achieved by carbamate synthesis, using 6-amino-1-hexanol
and CDI, as described previously for the butadienyl and furanyl
modifications.


Scheme 2 (i) TBDMSCl, imidazole, DMF, 0 ◦C, 94%, (ii) Br2, DCM,
0 ◦C, 81%, (iii) KtBuO, Aliquat 336, THF, 0 ◦C, 45%, (iv) AcCl, MeOH,
rt, 81%, (v) CDI, MeCN, r.t, 49%.


Phosphitylation of alcohols 1a, 1b and 6 was achieved by reac-
tion of each of the alcohols with tetraisopropyl phosphitylating
agent in the presence of a tetrazole catalyst (Scheme 3).


Scheme 3 (i) [(iPr)2N]2CN(CH2)2OP, 5-benzylthio-1H-tetrazole, MeCN,
rt, 7a 63%, 7b 74%, 7c 64%.


Oligodeoxyribonucleotides 5¢-X CGC ATT CAG GAT, where
X is the butadienyl, furanyl or cyclohexadienyl modification,
were synthesised using standard phosphoramidite methodology.38


Deprotection of the modified oligonucleotides was achieved using
conc. aq. ammonia at 40 ◦C, overnight. Ion-exchange HPLC
analysis and purification was followed by characterisation of the
modified oligonucleotides by MALDI-TOF mass spectrometry
analysis (Table 1).
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Table 1 Mass spectroscopic characterisation data of dienyl-modified
oligonucleotides, 5¢-X CGC ATT CAG GAT


5¢-Modification (X) Calcd M MALDI-TOF MS Found [M - H]-


3918.6 3917.9


3946.6 3946.7


3960.6 3959.8


Diels–Alder cycloadditions


Diels–Alder cycloadditions for the conjugation of the dienyl-
modified oligodeoxyribonucleotides to a maleimido-modified
TAT peptide derivative (47–57, YGRKKRRQRRR) were carried
out according to a method described previously,39 but with the
addition of copper(II) nitrate and formamide to the reaction
mixture. Copper(II) nitrate was shown in work by Grondin et al.40


to improve the yields of Diels–Alder cycloadditions involving
benzotriazole maleimide.


This was tested using crude 5¢-furanyl-modified oligonucleotide
and fluorescein maleimide. It was found that the yield of
oligonucleotide fluorescein conjugate was greatly improved when
the cycloaddition was performed in the presence of copper(II)
nitrate (see ESI), with complete conversion to the conjugate being
observed. Turner et al. recommend the use of formamide as a
denaturing agent in conjugations of oligonucleotides to highly
cationic peptides.41 It was found that formamide was a necessary
component in the cycloadditions involving TAT peptide; in the
absence of the denaturing agent the reaction did not proceed at all.
Solutions of crude 5¢-dienyl-modified oligodeoxyribonucleotides
were used; purification was performed after conjugation to the
TAT peptide derivative. Optimal conditions for the cycloadditions
were found to be heating at 40 ◦C overnight, and the use of
10 equivalents of the maleimido-modified TAT peptide deriva-
tive. HPLC analysis and purification for characterisation was
performed using ion-exchange chromatography (Resource Q col-
umn), and under highly denaturing conditions (50% formamide),41


followed by dialysis. Characterisation of the oligonucleotide
TAT peptide conjugates was achieved by MALDI-TOF mass
spectrometry analysis (Table 2). It was found that solutions of
the conjugates for analysis by MALDI-TOF MS had first to be
purified using ZipTipTMC18 purification pipette tips and that the
best conditions for analysis were in positive mode.


Table 2 Mass spectroscopic characterisation data of maleimido TAT
oligonucleotide peptide conjugates, TAT 5¢-X CGC ATT CAG GAT


5¢-Modification (X) Calcd M MALDI-TOF MS Found [M + H]+


5676.9 5676.0


5704.9 5706.5


5718.9 5719.9


Diels–Alder cycloaddition for the conjugation of sequence 5¢-X
CGC ATT CAG GAT to the maleimido-modified TAT peptide
derivative was first performed was using the 1,3-butadienyl mod-
ification. HPLC analysis (Fig. 1(B)) of the conjugation mixture,
after heating at 40 ◦C overnight, showed a new peak with shorter
retention time than that of the unconjugated oligonucleotide
(Fig. 1(A)), indicating formation of the oligonucleotide TAT
peptide conjugate; conjugation of the cationic peptide to the
oligonucleotide should neutralise some of the anionic charges
carried on the phosphate backbone, thereby reducing the overall
charge of the conjugate when compared to the free oligonucleotide.
However, the yield of the cycloaddition was low, with only 23%
(based on the ratio of peak areas) conversion to the conjugate
produced. Formation of the oligonucleotide TAT conjugate was
confirmed by MALDI mass spectrometry analysis (Table 2).


Fig. 1 Ion-exchange HPLC traces of 5¢-butadienyl-modified oligonu-
cleotide and oligonucleotide TAT peptide conjugate at 260 nm. (A)
Starting material; (i) 5¢-X CGC ATT CAG GAT, (B) Diels–Alder reaction
mixture; (i) starting material 5¢-X CGC ATT CAG GAT, (ii) TAT 5¢-X
CGC ATT CAG GAT conjugate, (iii) failure sequences.


On repeating the conjugation reaction under identical con-
ditions, but using the furanyl modification, by HPLC analysis
(Fig. 2(B)), the yield of the cycloaddition was visibly improved,
with conversion to the conjugate increasing to 33% (based on the
ratio of peak areas). It was thought that a contributory factor in the
increased yield of oligonucleotide TAT conjugate using furanyl-
modified oligonucleotide could be the fixed cis-conformation of
the heterocyclic diene.


Conjugation of sequence 5¢-X CGC ATT CAG GAT to the
maleimido-modified TAT peptide derivative was repeated once
more, using the cyclohexadienyl modification. The cyclic nature
of this third modification led again to a fixed cis-conformation
of the diene, but this time the modification was not in possession
of any aromatic character. Once more, the cycloaddition reaction
was performed with heating at 40 ◦C overnight. The following
HPLC analysis (Fig. 3(B)) of the conjugation mixture showed a
significant increase in yield of the oligonucleotide TAT conjugate,
when compared with the butadienyl and furanyl oligonucleotide
modifications, with 72% (based on the ratio of peak areas)
conversion of the oligonucleotide to the conjugate being achieved.
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Fig. 2 Ion-exchange HPLC traces of 5¢-furanyl-modified oligonucleotide
and oligonucleotide TAT peptide conjugate at 260 nm. (A) Starting
material; (i) 5¢-X CGC ATT CAG GAT, (B) Diels–Alder reaction mixture;
(i) starting material 5¢-X CGC ATT CAG GAT, (ii) TAT 5¢-X CGC ATT
CAG GAT conjugate.


Fig. 3 Ion-exchange HPLC traces of 5¢-cyclohexadienyl-modified
oligonucleotide and oligonucleotide TAT peptide conjugate at 260 nm.
(A) Starting material; (i) 5¢-X CGC ATT CAG GAT, (ii) failure sequences,
(B) Diels–Alder reaction mixture; (i) starting material 5¢-X CGC ATT
CAG GAT, (ii) failure sequences, (iii) TAT 5¢-X CGC ATT CAG GAT
conjugate.


A sample of TAT 5¢-X CGC ATT CAG GAT, where X =
cyclohexadiene, was heated over a period of 5 hours at 37 ◦C
and monitored by HPLC to see if it was possible that a
retro-Diels–Alder reaction could occur, resulting in cleavage of
the oligonucleotide from the peptide. No evidence of this was
observed.


Conclusions


A series of 5¢-dienyl-modified oligonucleotides have been gener-
ated by synthesis of different dienyl-modified phosphoramidites.
The data shows that the best results for conjugation of these
oligonucleotides to a maleimido-modified TAT peptide derivative,
using the Diels–Alder reaction, were achieved when using 5¢-
cyclohexadienyl-modified oligonucleotide. This result has impor-
tant implications for the synthesis of oligonucleotide peptide
conjugates; the Diels–Alder reaction is fast, chemoselective and is
effective in aqueous conditions, suitable to the biological natures
of both oligonucleotides and peptides; it is also a significant devel-
opment in the use of the Diels–Alder reaction for conjugation of
oligonucleotides to meaningful peptides, such as cell-penetrating
peptides.
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Lipid components from 12 nonpathogenic Mycobacterium species were analysed. A novel cyclic
C35-terpene, named heptaprenylcycline 1, was obtained from 3 species, while octahydroheptaprenol 2,
which has 3 Z-double bonds, was obtained from 6 species. The amounts of 1 and 2 in the cultured cells
increased after the 4- to 6-d stationary phase. The yield of 1 was considerably greater at a higher
temperature of 37 ◦C than at an optimal temperature of 28 ◦C, while that of 2 remained unchanged at
all temperatures. A feeding experiment with D-[1-13C]glucose revealed that 1 was produced via
isopentenyl diphosphate, which is a metabolite of glycolysis and the methylerythritol phosphate
pathway. The conversion of octahydroheptaprenyl diphosphate 2-PP to 1 was successful by using the
cell-free extracts of M. chlorophenolicum, demonstrating that 2-PP is the biosynthetic intermediate of 1.
This is the first example of the biosynthesis of a natural terpene via the cyclisation of a linear
C35-isoprenoid. The substrate 2-PP for C35-terpene cyclase has Z-type prenyl moieties; however, terpene
cyclases usually employ E-type isoprenoids. The gene encoding the terpene cyclase that cyclises prenyl
diphosphate containing Z-double bonds as the natural substrate has not yet been detected. Despite a
careful search using the FASTA3 program, we could not detect any gene that is homologous to the
known diphosphate-triggered type of mono-, sesqui- and diterpene cyclases in the genome of M.
vanbaalenii, the DNA sequence of which has recently been elucidated. This suggests that a novel type of
terpene cyclase might exist in the nonpathogenic Mycobacterium species.


Introduction


The genus Mycobacterium includes more than 90 species.1 Several
pathogens causing diseases such as tuberculosis and leprosy
have been extensively studied due to their medical importance.2


On the other hand, a few nonpathogens are likely to be used
for bioremediation because of their ability to degrade a wide
range of environmentally toxic chemicals such as polycyclic
aromatic hydrocarbons (PAHs) and pentachlorophenols (PCPs).3


The genomes of 10 pathogenic strains (M. tuberculosis H37Rv,
M. tuberculosis CDC1551, M. tuberculosis F11, M. tuberculosis
H37Ra, M. bovis AF2122/97, M. bovis BCG Pasteur 1173P2, M.
leprae TN, M. avium 104, M. avium subsp. paratuberculosis K-
10 and M. ulcerans Agy99) have been analysed. In addition, the
genomes of 6 nonpathogens (M. vanbaalenii PYR-1, M. gilvum
PYR-GCK, Mycobacterium sp. JLS, Mycobacterium sp. KMS,
Mycobacterium sp. MCS and M. smegmatis MC2) have also been
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terpenes in the M. chlorophenolicum cells cultured under different durations
and temperatures, comparison of 13C NMR spectrum of 13C-labelled 1
with natural compound 1 and structure of C35-terpenes found in nature,
search for the terpene cyclase gene from the M. vanbaalenii genome,
sesquiterpene cyclase utilising farnesyl diphosphate with Z-double bonds
as the natural substrate, NMR spectra of 1 and NMR spectra of 2. See
DOI: 10.1039/b808513g


elucidated.4 Recently, we have demonstrated that the Rv3377c
gene in the M. tuberculosis H37Rv genome encodes a novel
diterpene cyclase that plays a role in the production of the halimane
skeleton of tuberculosinyl diphosphate (Fig. 1).5 The Rv3377c


Fig. 1 Structure of tuberculosinyl diphosphate, tuberculosinol, hep-
taprenylcycline (1) and octahydroheptaprenol (2).
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Table 1 Nonpathogenic Mycobacterium species analysed in this study
and their type, which was determined on the basis of their yields of
compounds 1 and 2


Species 1 2 Type


M. chlorophenolicum � � I
M. thermoresistibile � �


M. vanbaalenii � �


M. aichiense – � II
M. smegmatis – �


M. parafortuitum – �


M. agri – – III
M. aurum – –
M. diernhoferi – –
M. moriokaense – –
M. nonchromogenicum – –
M. pulveris – –


�: detected and –: not detected.


homologous genes are limited to other Mycobacterium species
causing tuberculosis (M. tuberculosis CDC1551, M. tuberculosis
F11, M. tuberculosis H37Ra and M. bovis) and are not found in the
other species. On the basis of the findings of transposon-insertion
experiments, Pethe et al. reported that Rv3377c was indispensable
for survival in macrophages.6 Therefore, we have proposed that
the Rv3377c gene may be responsible for the pathogenicity of
tuberculosis.5


In order to confirm this hypothesis, lipid constituents from 12
nonpathogenic Mycobacterium species (Table 1) were analysed.
We detected a novel monocyclic C35-terpene 1 from 3 species
and octahydroheptaprenol 2 from 6 species (Fig. 1). Herein, we
demonstrate that 1 is biosynthesised by the cyclisation of a linear
octahydroheptaprenyl diphosphate containing Z-double bonds;
the cyclisation of this molecule has never been reported hitherto.


Results and discussion


Lipid analyses of nonpathogenic Mycobacterium spp


According to the method described in the experimental section,
the hexane extract of the nonsaponifiable lipids from the cells
and the ethyl acetate (EtOAc) extract from the broth filtrate were
obtained from the 12 mycobacteria cultures; both the extracts
were subjected to gas chromatography-mass spectrometry (GC-
MS). Tuberculosinol was not detected (Fig. 2); this may support
the theory that tuberculosinol is produced only by pathogenic
species and that the Rv3377c enzyme encoding diterpene cyclase
may be involved in the pathogenicity of these bacteria. In contrast,
compounds 1 and/or 2 were detected in the nonsaponifiable
fraction obtained from the cells of several species (Fig. 2 and
Table 1). The 12 species were categorised on the basis of the
production of 1 and 2 as shown in Table 1: (type I) both 1 and 2
were produced by M. chlorophenolicum, M. thermoresistibile and
M. vanbaalenii; (type II) only 2 was produced by M. aichiense,
M. smegmatis and M. parafortuitum and (type III) both 1 and
2 were not produced by M. agri, M. aurum, M. diernhoferi, M.
moriokaense, M. nonchromogenicum and M. pulveris.


Isolation and structural determination of 1 and 2


Among the mycobacteria examined, M. chlorophenolicum pro-
duced the largest amounts of 1 and 2. Thus, we employed M.


Fig. 2 GC-MS chromatogram displaying the total ions in nonsaponifiable
lipids. The data of M. chlorophenolicum are shown as a representative
example. The retention time of tuberculosinol was 11.2 min under the
same conditions.


chlorophenolicum cells for the isolation of 1 and 2. After a 50 L
cultivation of M. chlorophenolicum, the cells were saponified with
15% KOH–MeOH at 80 ◦C for 30 min and were then extracted
with n-hexane. The nonsaponifiable lipids were subjected to silica
gel column chromatography, followed by reverse-phase high-
performance liquid chromatography (HPLC); this process yielded
5.5 mg and 5.1 mg of pure 1 and 2, respectively. The structure of
1 was determined by detailed nuclear magnetic resonance (NMR)
data analysis (DEPT, COSY, HOHAHA, NOESY, HMQC and
HMBC) and electron impact mass spectrometry (EIMS). The
complete NMR assignments are shown in Table 2. The molecular
formula of 1 was assigned to be C35H64 on the basis of high
resolution (HR)-EIMS. As shown in Fig. 3, a partial structure
(right side) of compound 1 (C-1–C-14 and C-28–C-30) was mainly
assigned according to the data obtained from HMBC and COSY
spectra. A clear NOE was observed between H-10 (d H 5.41, t, J
6.8) and Me-30 (dH 1.87, s), indicating that H-10 and Me-30 were
arranged in the Z-configuration. The comparison of a chemical
shift of C-12 (32.42 ppm) with that of C-12 in ficaprenol7 (Z:
ca. 32.0 ppm, E: ca. 40.0 ppm), which was previously reported,
further supported the Z-geometry. The structure of the isobutyl
moiety on the left side of compound 1 (C-26, C-27, C-34 and C-35)
was determined by HMBC and COSY (Fig. 3) spectral analyses.
The carbon signals, which were yet to be assigned, demonstrated
3 methyl groups at dC 24.94–25.26 (blank square), 3 methylene
groups at dC 24.94–25.26 (blank circle), 2 methylene groups at
dC 37.71–37.91 (filled circle) and 3 methyne groups at dC 33.12–
33.24 (filled square) (Fig. 3). HMBC data demonstrated that the
3 isopentyl moieties represented by dotted squares in Fig. 3 were
linked to each other. The complete structure of compound 1 could
be elucidated by connecting the 3 partial structures obtained from
the HMBC cross peaks between H-12 (dH 2.21, m) and C-14
(dC 37.28) and between H-26 (dH 1.64, m) and C-25 (dC 25.26).
The stereochemistries at C-6, C-15, C-19 and C-23 remain to
be elucidated. Compound 1 is novel and its proposed name is
heptaprenylcycline.


The molecular formula of 2 was assigned to be C35H66O on the
basis of HR-EIMS data. The detailed 2D-NMR analysis revealed
that 2 was octahydroheptaprenol, as shown in Fig. 1. Compounds
3 and 4 were isolated from M. smegmatis8 (Fig. 4), and compound
2 was obtained by acid hydrolysis of 3 and 4. The NMR assignment
of 2 (Table 3), however, has not been reported. NOE correlation
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Table 2 NMR assignments of 1 in C6D6 and abundance of 13C-labeled 1


No. dH (mult., J in Hz) dC (mult.) 13C Enrichmentb


1 2.11 (m); 2.29 (m) 31.83 (t) 4.5
2 5.56 (1H, br t) 121.26 (d) 1.1
3 — 133.43 (s) 1.1
4 1.97 (2H, m) 30.96 (t) 1.0
5 1.63 (m) 28.68 (t) 3.1
6 2.23 (2H, m) 40.15 (d) 1.6
7 — 154.06 (s) 1.5
8 2.26 (2H, m) 35.63 (t) 1.0
9 2.41 (2H, m) 27.18 (t) 4.0


10 5.41 (1H, t, 6.8) 125.37 (d) 1.4
11 — 135.59 (s) 1.7
12 2.21 (2H, m) 32.42 (t) 1.0
13 1.57 (m); 1.62 (m) 25.84 (t) 2.8
14 1.29 (m); 1.51 (m) 37.28 (t) 1.1
15 1.61 (m) 33.12 (d)a 1.0
16 1.29 (m); 1.51 (m) 37.71 (t)a 1.0
17 1.42 (m); 1.54 (m) 24.95 (t)a 4.1
18 1.29 (m); 1.51 (m) 37.84 (t)a 1.6
19 1.61 (m) 33.22 (d)a 1.5
20 1.29 (m); 1.51 (m) 37.85 (t)a 1.6
21 1.42 (m); 1.54 (m) 24.97 (t)a 4.1
22 1.29 (m); 1.51 (m) 37.90 (t)a 1.6
23 1.61 (m) 33.24 (d)a 1.1
24 1.29 (m); 1.51 (m) 37.91 (t)a 1.7
25 1.42 (m); 1.54 (m) 25.26 (t)a 4.5
26 1.64 (m) 28.32 (t) 1.7
27 1.31 (m) 39.73 (d) 1.2
28 1.75 (3H, s) 23.62 (q)a 4.5
29 5.03 (1H, s); 5.05 (1H, s) 107.80 (t) 3.0
30 1.87 (3H, s) 23.62 (q)a 2.9
31 1.06 (3H, d, 6.8) 19.91 (q)a 3.0
32 1.07 (3H, d, 6.8) 19.98 (q)a 3.1
33 1.08 (3H, d, 6.7) 20.03 (q)a 3.4
34 1.04 (3H, d, 6.6) 22.789 (q)a 2.6
35 1.04 (3H, d, 6.6) 22.89 (q)a 1.0


a The assignments may be exchangeable. b The values for enrichments
were determined by comparison of the relative peak intensities of the
corresponding carbons in labelled and unlabelled spectra. The bold type
shows the 13C-enriched position (>2.5-fold).


and the chemical shifts of C-4, C-8 and C-12 (32.42, 32.50 and
32.57 ppm)7 suggested that all the 3 prenyl residues in 2 have
Z-configurations. The stereochemistries at C-15, C-19 and C-23
could not be determined. Compound 2 was not detected in the
nonsaponified (no alkaline-treatment) samples obtained from all
the 12 Mycobacterium species. The octahydroheptaprenyl moieties
of compounds 3 and 4 are stable under alkaline conditions,8


strongly indicating that an unknown compound possessing 2 as
the moiety exists in type I and II species.


Yields of 1 and 2 under different culture conditions


Species that produce 1 are categorised as type I species. These
exhibited special abilities that were not found in type II and


III species. M. chlorophenolicum and M. vanbaalenii can degrade
PCPs and PAHs, respectively.3 M. thermoresistibile can survive and
propagate at elevated temperatures of up to 55 ◦C.9 It is interesting
to elucidate the functions of compound 1 in Mycobacterium cells.
As the first step towards the functional analysis of 1, we determined
the amounts of 1 and 2 produced in M. chlorophenolicum cells
under varied culture conditions—time and temperature. The
yields of 1 and 2 increased after the 4- to 6-d stationary phase.
Similar results have been observed for many secondary metabolites
produced by micro-organisms. Moreover, the yield of compound
1 was considerably greater at a higher temperature of 37 ◦C than
at an optimal growth temperature (28 ◦C), while the amount of 2
remained unchanged at all temperatures. A similar phenomenon
has been noted during the analysis of mycolic acid: in several
Mycobacterium species, the amount and composition of mycolic
acid varied at higher temperatures.9,10 The adaptive changes in
mycolic acids in response to temperature changes are assumed to
play a role in the maintenance of suitable membrane function.9,10


It was proposed that 3 may be involved in the transport of
mycolic acids through the plasma membrane in order to constitute
the cell-wall component of a covalently linked peptidoglycan–
arabinogalactan–mycolate framework.8 Since both 1 and 3 may be
biosynthesised via a common intermediate octahydroheptaprenyl
diphosphate 2-PP (Fig. 4), the function of 1 may be closely related
to that of mycolic acid. However, further experiments are required
to establish the functions of 1.


Biosynthesis of 1


As shown in Fig. 4, we propose that the pathway for the biosyn-
thesis of 1 is as follows. The carbon framework of 1 is produced
by the head-to-tail condensations of 7 isopentenyl diphosphate
(IPP) units, followed by hydrogenation reactions that occur at 4
double bonds to give rise to 2-PP and a diphosphate-triggered type
of cyclisation to form the complete structure of compound 1. The
detection of 2 strongly supports the existence of the intermediate
2-PP, because 2 is produced by the dephosphorylation of 2-
PP. It has been reported that mannosyl-b-1-phosphoisoprenoid 5
bearing a C32 polyprenyl-like moiety with a structure analogous
to those of 3 and 4, is found in M. tuberculosis, and that the C32


moiety may be produced by polyketide synthase.11 The proposed
elongation reaction is primed by a fatty acyl group and proceeds
by alternate condensations of methylmalonate and malonate in
repeated cycles to yield a carboxylic acid product.11 In order to
identify the biosynthetic pathway involved in the production of
1, we carried out a feeding experiment using D-[1-13C]glucose. M.
chlorophenolicum was cultured in a 10 L medium with 10% isotopic
abundance of D-[1-13C]glucose, and 0.2 mg of 13C-labelled 1 was
isolated. 13C NMR analysis revealed that the isotopic abundant
signals (Table 2) of 1 were in agreement with the position of the
filled circles shown in Fig. 4; this unambiguously demonstrated


Fig. 3 Significant correlations in the NMR spectra of compound 1.
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Fig. 4 The proposed pathway for the biosynthesis of C35-terpenes from Mycobacteium species. The filled circle indicates the 13C-enriched positions at
which compound 1 could be produced via IPP by glycolysis of D-[1-13C]glucose and the MEP pathway. The blank square of 1 indicates the 13C-enriched
positions at which 1 could be produced using methylmalonate and malonate by polyketide synthase. The blank triangle of IPP indicates the 13C-enriched
positions at which IPP could be produced by glycolysis of D-[1-13C]glucose and the mevalonate pathway.11 Compounds 3 and 4 were obtained from M.
smegmatis.4 It has been proposed that compound 5 may be biosynthesised by polyketide synthase in M. tuberculosis.8


Table 3 NMR assignments of 2 in C6D6


No. dH (mult., J in Hz) dC (mult.)


1 4.14 (2H, br dd) 59.03 (t)
2 5.53 (1H, t, 6.8) 125.97 (d)
3 — 139.14 (s)
4 2.17 (2H, m) 32.42 (t)a


5 2.24 (m) 26.79 (t)a


6 5.29 (1H, t, 6.8) 125.23 (d)
7 — 135.77 (s)
8 2.24 (m) 32.50 (t)a


9 2.32 (2H, m) 26.86 (t)a


10 5.39 (1H, t, 6.8) 125.23 (d)
11 — 135.77 (s)
12 2.24 (m) 32.57 (t)a


13 1.57 (m) 25.94 (t)
14 1.31 (m); 1.48 (m) 37.36 (t)a


15 1.60 (m) 33.25 (d)a


16 1.31 (m); 1.48 (m) 37.71 (t)a


17 1.41 (m); 1.54 (m) 24.96 (t)a


18 1.31 (m); 1.48 (m) 37.85 (t)a


19 1.60 (m) 33.21 (d)a


20 1.31 (m); 1.48 (m) 37.85 (t)a


21 1.41 (m); 1.54 (m) 24.96 (t)a


22 1.31 (m); 1.48 (m) 37.85 (t)a


23 1.60 (m) 33.25 (d)a


24 1.31 (m); 1.48 (m) 37.90 (t)a


25 1.41 (m); 1.54 (m) 25.25 (t)a


26 1.35 (m) 39.73 (t)
27 1.65 (m) 28.32 (d)
28 1.77 (3H, s) 23.48 (q)
29 1.85 (3H, s) 23.55 (q)
30 1.87 (3H, s) 23.62 (q)
31 1.07 (3H, d, 6.6) 19.93 (q)a


32 1.07 (3H, d, 6.6) 19.97 (q)a


33 1.09 (3H, d, 6.7) 20.02 (q)a


34 1.04 (3H, d, 6.6) 22.78 (q)a


35 1.04 (3H, d, 6.6) 22.88 (q)a


a The assignments may be exchangeable.


that compound 1 was produced from IPP, which is produced by
glycolysis and the methylerythritol phosphate (MEP) pathway.12


If 1 was biosynthesised by polyketide synthase or the mevalonate
pathway, a different incorporation pattern should be observed as
shown in Fig. 4.


The bioconversion of 2-PP to compound 1 is anticipated.
Compound 2 was diphosphorylated using the method described
by Davisson et al.13 The product 2-PP was then incubated
with the cell-free extracts of M. chlorophenolicum. As shown
in Fig. 5, the amount of 1 significantly increased by the ad-
dition of 2-PP (>7-fold) compared with that of the control
(heat denaturation of the cell-free extracts or no addition of
2-PP); thus, 2-PP would be the biosynthetic intermediate of
1, as illustrated in Fig. 4. To the best of our knowledge, the
known C35-terpenes include 8 cyclic members: plagiospirolides


Fig. 5 The amount of 1 produced by the incubation of 2-PP with the
cell-free extracts of M. chlorophenolicum. The relative amount of 1 was
estimated by the abundance of the molecular ion m/z 484. A: 1 mg of 2-PP
was incubated with the cell-free extracts. B: 1 mg of 2-PP was incubated
with heat-denatured cell-free extracts. C: no substrate was incubated with
the cell-free extracts.
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A–D,14 ferrugicadinol,15 ferrugieudesmol,15 tetraprenylated-a-
curcumene16 and tetraprenylated-b-curcumene16 and 5 acyclic
members.8,17–19 Since the known cyclic C35-terpenes are hybrids
of sesquiterpene and diterpene,14–16 compound 1 would be the first
example of a terpene that can be biosynthesised via the cyclisation
of a linear C35-isoprenoid such as 2-PP.20


The reaction of head-to-tail condensation, hydrogenation,
and cyclisation in the biosynthesis of 1 (Fig. 4) would be
catalysed by Z-prenyltransferase, prenylreductase and terpene
cyclase, respectively. Since a complete genome sequence of M.
vanbaalenii, which has been categorised as a type I species
in this paper, was released on the website http://genome.jgi-
psf.org by the Joint Genome Institute in 2006, we attempted
to search a candidate gene for the biosynthesis of compound
1 in the M. vanbaalenii genome using the FASTA3 program
of Genome Information Broker (http://gib.genes.nig.ac.jp/). The
homologs of Z-prenyltransferase and prenylreductase having a
very low E value were detected (e.g. Mvan_3822 vs. undecaprenyl
diphosphate synthase from Micrococcus luteus [E = 2.1 ¥ 10-39]
and Mvan_2055 vs. geranylgeranyl reductase from Synechocystis
sp. PCC6803 [E = 3.6 ¥ 10-9]), while any enzyme homologous
to the known diphosphate-triggered type of mono-, sesqui- and
diterpene cyclases could not be detected (E value > 0.01).21 This
result suggested that a novel type of terpene cyclase might exist
in type I nonpathogenic Mycobacterium species. The C35-terpene
cyclases utilise 2-PP, which contains Z-type prenyl moieties, while
the standard cyclases utilise E-polyprenyl diphosphate. To the
best of our knowledge, there is only one report on the use of
Z-prenyl diphosphate as a natural substrate by terpene cyclases:
Nabeta et al. reported that sesquiterpene cyclases producing
(-)-g-cadinene and germacrene D from Heteroscyphus planus
utilised (2Z,6E)-farnesyl diphosphate.22 However, the gene coding
for Z-terpene cyclase has not yet been detected. It has been
reported that not only the primary but also the tertiary structure
of Z-prenyltransferase is considerably different from that of the
E- prenyltransferase.23 Therefore, the C35-terpene cyclase that is
situated downstream of the Z-prenyltransferase in the biosynthetic
pathway might differ structurally from the known E-terpene
cyclase.


Conclusion


The known cyclic C35-terpenes can be regarded as the derivatives
of sesqui- and diterpenes. In contrast, compound 1 cannot belong
to the well-known terpene family including mono-, sesqui-, di-,
sester-, tri- and tetraterpenes because it is biosynthesised from the
linear C35-isoprenoid. The function of the rare C35-terpene 1 in
the Mycobacterium cell may be interesting, because mycobacteria
adjust the amount of compound 1 produced according to their
growth phase or surrounding temperature. In addition, the
diterpene of (-)-axinyssene is known to be a terpene hydrocarbon
having a cyclic skeleton similar to that of compound 1, which
shows mild toxicity against acute promyelocytic leukemia HL-60
cell line.24 Thus, the bioactivity of 1 in other organisms might
also be interesting. Furthermore, the genome analysis of M.
vanbaalenii revealed that the C35-terpene cyclase producing 1 may
be novel. Recently, unusual enzymes and pathways for terpene
biosynthesis have been discovered. These are represented by a new
class of prenyltransferases having no similarity with the known


prenyltransferases,25 a chimera diterpene synthase having both
prenyltransferases and terpene cyclase activity,26 MEP pathway12


and a new biosynthetic pathway for menaquinone production.27


Therefore, a careful analysis of both terpene metabolites and
genome sequences may be useful in detecting a new biosynthetic
enzyme.


Experimental


Analytical method


NMR spectra were recorded on a Bruker DMX 600 spectrometer
at 600 MHz for proton and at 125 MHz for carbon. GC was
performed on a Shimadzu GC-8A instrument equipped with a
flame-ionisation detector and a DB-1 capillary column (30 m ¥
0.25 mm; J & W Scientific. Inc.). GC-MS was performed on an
SX 102 spectrometer (JEOL) by electronic impact at 70 eV with a
DB-1 capillary column or a JMS-Q1000 GC K9 (JEOL) by
electronic impact at 70 eV with a ZB-5 ms capillary column (30 m ¥
0.25 mm; Zebron). HRMS was performed using a spectrometer
equipped with a direct inlet system. The specific rotation was
measured at 25 ◦C by using a Horiba SEPA-300 polarimeter.


Standard culture conditions


The following 12 nonpathogenic Mycobacterium species were em-
ployed in the study: M. agri JCM 6377, M. aichiense JCM 6376, M.
aurum JCM 6366, M. chlorophenolicum JCM 7439, M. diernhoferi
JCM 6371, M. moriokaense JCM 6375, M. nonchromogenicum
JCM 6364, M. parafortuitum JCM 6367, M. pulveris JCM 6370,
M. smegmatis JCM 6386, M. thermoresistibile JCM 6362 and
M. vanbaalenii JCM 13017. All species were reciprocally shake-
cultured at an optimal temperature (28 ◦C for M. chlorophenolicum
and M. vanbaalenii and 37 ◦C for the others) until the stationary
growth phase was achieved (M. chlorophenolicum, 4 d; remaining
species, 3–14 d); they were shake-cultured in 3000 mL Sakaguchi
flasks, each containing 1000 mL of medium containing 1%
polypeptone (Nihon Seiyaku Co.), 0.5% yeast extract (Oxoid
Co.), 0.5% malt extract (Difco Co.), 0.5% casamino acids (Nihon
Seiyaku Co.), 0.2% glycerol (Wako Co.), 0.005% Tween 80 (Wako
Co.) and 0.1% MgSO4·7H2O (Kanto Chemical Co.).


Preparation and GC-MS analysis of the lipid fraction obtained
from the cells and of the broth filtrate


The cells and broth filtrate of each Mycobacterium sp. obtained
from the 1 L culture medium were separated by centrifugation
(6000 ¥ g at 4 ◦C for 10 min). After lyophilisation, the cells
were saponified with 15% methanolic KOH (600 mL) at 80 ◦C
for 30 min. The nonsaponifiable lipids were extracted with n-
hexane (600 mL ¥ 3); the broth filtrate was extracted with EtOAc
(1 L ¥ 3). GC-MS (JEOL SX 102) was performed under the
following conditions: an injection temperature of 290 ◦C and an
oven temperature of 180–270 ◦C at an increment of 3 ◦C min-1.


Isolation of compounds 1 and 2


M. chlorophenolicum was cultured in a 50 L medium at 28 ◦C for
4 d. The nonsaponifiable lipids from lyophilised cells (dry weight,
195 g) were extracted as described above and concentrated by
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vacuum drying to obtain 5.1 g of the residue. The n-hexane extract
was partially purified by silica gel (500 g) column chromatography
with n-hexane and EtOAc. The fraction eluted with n-hexane
(144 mg) was separated by subjecting it to silica gel (40 g) column
chromatography with n-hexane in order to obtain 5.5 mg of pure
compound 1. The fraction eluted with EtOAc (4.5 g) was subjected
to silica gel (300 g) column chromatography via gradient elution
using a mixed solvent comprising n-hexane and EtOAc (100 : 1
→ 100 : 5). The complete purification of compound 2 (5.1 mg)
was achieved by reverse-phase HPLC (Shiseido, CAPCELL PAK
C18) with MeOH–H2O (100 : 5).


Instrumental data of compound 1


Colourless oil; [a]25
D +80.5 (c 0.35, CHCl3); NMR assignment is


shown in Table 2. EIMS: m/z 484 (66), 387 (59), 189 (31), 161 (86),
135 (39), 121 (29), 119 (55), 107 (28), 94 (82), 81 (64), 71 (65), 67
(74) and 57 (100). HR-EIMS: m/z 484.5014 [M]+ (calculated for
C35H64, 484.5008).


Instrumental data of compound 2


Colourless oil; [a]25
D +134.09 (c 0.022, CHCl3); NMR assignment


is shown in Table 3. EIMS: m/z 502 (14), 484 (28), 416 (15), 189
(23), 161 (36), 135 (29), 122 (47), 109 (52), 95 (75), 81 (100), 71 (76),
69 (80) and 57 (94). HR-EIMS: m/z 502.5122 [M]+ (calculated for
C35H66O, 502.5114).


Analysis of the yield of C35-terpenes produced
under different culture conditions


M. chlorophenolicum was cultured in a 1 L medium under varied
culture conditions—duration (1–8 d at 28 ◦C) or temperature
(20 ◦C, 28 ◦C or 37 ◦C for 8 d). The abundance of m/z 484 was
measured by GC-MS for estimating the yield of products 1 and 2.


Feeding experiment with D-[1-13C]glucose


D-[1-13C]Glucose (99% isotopic abundance) was purchased from
Cambridge Isotope Laboratories, Inc. (USA). M. chloropheno-
licum was grown at 28 ◦C for 3 d. A medium containing 0.5% yeast
extract (Oxoid Co.), 0.5% malt extract (Difco Co.), 1% CaCO3


(Wako Co.), 0.9% D-glucose (Wako Co.) and 0.1% D-[1-13C]glucose
was used. 13C-labelled 1 was isolated using a similar method as that
employed for natural compound 1 as described above, yielding
0.2 mg of pure compound 1. The 13C NMR spectra of 13C-labelled
1 and natural compound 1 were compared as shown in the ESI.†


Preparation of cell-free extracts and incubation
with the 2-PP substrate


M. chlorophenolicum was cultured at 28 ◦C for 60 h in a 6 L
medium and centrifuged at 6000 ¥ g at 4 ◦C for 20 min. After
washing the cells with 50 mM of methyl-3-aminopropanesulfonic
acid (MOPS; pH 7.9), the washed cells (wet weight, 41.4 g) were
suspended in 100 mL of 50 mM MOPS (pH 7.9) containing
5 mM dithiothreitol, 0.3% Triton X-100, 10 mM KF and 0.25 M
sucrose, followed by sonication at 4 ◦C for 30 min to prepare the
cell-free extract; the supernatant thus obtained was used as the
enzyme source. The prepared cell-free homogenate (5 mL) was


added to the solution (0.3 mL) containing 1 mg substrate (2-PP),
10 mM MgCl2 and 10 mM MnCl2. 2-PP was synthesised from
the isolated compound 2 according to the method described by
Davisson et al.13 After incubation at 28 ◦C for 12 h, the reaction
was quenched by adding 5 mL of MeOH. The reaction mixture
was extracted with n-hexane (10 mL ¥ 3) and analysed by GC-MS
(JMS-Q1000 GC K9) under the following conditions: an injection
temperature of 290 ◦C and an oven temperature of 180–270 ◦C
at an increment of 3 ◦C min-1. The abundance of the molecular
ion m/z 484 was measured for estimating the relative amount of
product 1. These incubation experiments were carried out twice
and similar results were obtained on both occasions.
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The structure of the monomer (R)-1-O-[4-(1-pyrenylethynyl)phenylmethyl]glycerol (1) in twisted
intercalating nucleic acids (TINA) was optimized for stabilizing interactions between the intercalator
and surrounding nucleobases when used as a triplex forming oligonucleotide (TFO). Enhancement of
p–p interactions with nucleobases of the TFO was achieved by increasing the aromatic surface using the
(R)-1-O-[4-(1-pyrenylethynyl)naphthylmethyl]glycerol monomer (2). Bulge insertion of 2 in the middle
of a Hoogsteen-type triplex increased the triplex thermal stability, DTm = +2.0 ◦C compared with 1 at
pH 7.2. Syntheses and thermal denaturation studies of triplexes and duplexes are described for three
novel TINA monomers. The influence of p–p interactions, link length and the positioning of the ether
in the linker in the TINA derivatives are described.


Introduction


Triplex forming oligonucleotides (TFOs) are cable of targeting
DNA duplexes through sequence specific recognition, making the
antigene technology a potential tool for human gene therapy and
diagnostics applications.1,2 Triplex formation results from purines’
ability to form additional hydrogen bonds to a third oligonu-
cleotide positioned in the major groove of the DNA duplex.3


These so called Hoogsteen hydrogen bonds are specifically formed
between G·G ¥ C and A·A ¥ T or T·A ¥ T and C+·G ¥ C. In
the former case, the triplex is known as a reverse-Hoogsteen
triplex or as an antiparallel triplex, with an antiparallel binding
motif. The latter case is known as a Hoogsteen triplex or as
a parallel triplex, with a parallel binding motif. In both cases,
the triplex formation is limited by the need of a duplex target
containing a homopurine tract of ideally 15–30 nucleobases.4


In addition, the parallel triplex is limited by the requirement
of N3 protonation of cytosine in order to form the C+·G ¥ C
triplet, rendering the parallel triplex unstable at physiological
pH.5 Several modified nucleotides have in recent years successfully
been applied to the triplex technology, in order to overcome
low thermal stability and to improve targeting, such as locked
nucleic acids (LNA),6 5¢–5¢-linked intercalating alternate strand
TFOs7,8 and modified nucleotides with the ability to recognize
all four base pairs.9 Insertion of conjugated intercalators in the
TFO have been shown to be an effective way to stabilize triplexes.
The twisted intercalating nucleic acids (TINA) inserted as a bulge
in a triple-helix forming oligonucleotide (TFO), stabilize parallel
Hoogsteen triplexes considerably, with DTm = +19.0 ◦C for the in-
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sertion of one (R)-1-O-[4-(1-pyrenylethynyl)phenylmethyl]glycerol
monomer (1) in a 14-mer TFO.10 High thermal stability was
not achieved at the expense of low mismatch discrimination
as a single base pair mismatch in the dsDNA resulted in a
minimum DTm of -11.5 ◦C. Moreover, the Watson–Crick duplex
was destabilized, demonstrating discrimination between parallel
duplex/triplex and antiparallel duplex. In addition, Paramav-
isam et al.11 have recently shown that incorporation of TINA
monomers in G-rich oligonucleotides interferes with quadruplex
formation at physiologic potassium concentrations releasing the
oligonucleotide for antiparallel triplex formation. These properties
make the TINA monomer a suitable tool for dsDNA targeting in
silencing and in diagnostic applications.


In our ongoing research, optimization of the thermal triplex
stability by intercalation has mainly been focused on modify-
ing the 1-pyrenylethynyl moiety. Replacing this moiety with 9-
aminoacridin-2-ylethynyl,12 naphthalen-1-ylethynyl, biphenyl-4-
ethynyl, phenyl-1-ethynyl13 or 4-(1-(pyren-1-yl)-1H-1,2,3-triazol-
4-yl)14 all resulted in lower thermal stability indicating that
the 4-(1-pyrenylethynyl) moiety has an appropriate size and
configuration for optimal intercalation. It is worth mentioning
that we have recently shown that by substituting pyrene with a
naphthalimide comprising an N,N-dimethylaminoethyl group, the
triplex stability can be increased as a result of an ionic interaction
between the protonated dimethylamino group and the negatively
charged phosphate backbone of the duplex.15


Herein we report a thermal stability optimization of TINA
(1) based on a molecular modelling examination of its in-
tercalating properties, leading to a DTm(pH7.2) = +2.0 ◦C for
(R)-1-O-[4-(1-pyrenylethynyl)naphthylmethyl]glycerol (2) where
the benzene ring has been substituted by naphthalene
(Fig. 1). Length dependence of the glycerol for the opti-
mized TINA was investigated using the analogues (S)-[4-
(1-pyrenylethynyl)naphthylmethoxy]butane-1,2-diol (3). Further-
more was the importance of the ether position in the linker with
respect to thermal stability investigated by the synthesis of a
third novel TINA, (S)-4-(4-(pyren-1-ylethynyl)phenoxy)butane-
1,2-diol (4).
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Fig. 1 Twisted intercalating nucleic acids.


Fig. 2 Representative low-energy structures of the truncated triplexes obtained by molecular modelling. The monomer TINA 1 (Fig. 2a and 2b) and 2
(Fig. 2c and 2d) are shown in colour. The side view is shown on Fig. 2a and 2c. The top view is shown on Fig. 2b and 2d.


Results and discussion


Molecular modelling


In order to optimize the intercalating properties of the TINA
(1), we decided to examine it via molecular modelling studies.
An AMBER* force field was used to generate representative
low-energy structures of a truncated 8mer triplex with the bulge
insertion of the monomer (Fig. 2).


As can be seen from Fig. 2a and 2b, the pyrene is positioned in
the Watson–Crick duplex where it forms p–p interactions to the
adjacent nucleobases. The C–C triple bond is believed to enhance
intercalating properties,16 which is supported by this study, where
it is positioned within 3.5 Å to neighbouring nucleobases, allowing
it to form stabilizing p–p interactions. In addition, the ability of
twisting the aromatic moieties around the triple bond allows them
to adjust to the local secondary structure of the triplex. The pyrene
ring is positioned in the duplex whereas the benzene ring interacts
with the two adjacent nucleobases of the TFO by p–p interactions,
adding to the triplex stability. In addition, it ensures the same
degree of enforced unwinding of the TFO as for the duplex and
consequently ensures accurate T·A ¥ T and C+·G ¥ C triplets
neighbouring the bulge insertion. Previous optimization studies
have, as mentioned earlier, failed to enhance triplex stability at
physiological pH by substituting the pyrene moiety with different
aromatic systems as well as substituting the acetylene bond with
a 1,2,3-triazole. Until now, the importance of the benzene ring


has not been investigated. Our modelling study showed that the
benzene ring could be substituted with naphthalene as shown in
Fig. 2c and 2d. As a consequence of the larger aromatic surface,
the naphthalene moiety will be able to obtain more favourable p–p
interactions with the nucleobases of the TFO and thereby enhance
triplex stability at elevated temperatures. The second conformation
of the unsymmetrical intercalator where the naphthalene is twisted
180◦ around the triple bond results in equal interacting properties
and no optimal conformation could be assigned.


Synthesis of TINA phosphoramidites


In addition to the planned synthesis of 2, we wanted to investigate
the effect of increasing the linkage length by synthesizing a second
TINA analogue 3 with an extra carbon atom in the linkage between
the TFO backbone and the intercalator comprising naphthalene
and pyrene. 2 and 3 were synthesized from the enantiomeric
pure starting compounds 5 and 6 (Scheme 1), respectively, which
were reacted with 1-bromo-4-(bromomethyl)naphthalene7 under
Dean–Stark conditions (toluene, KOH), followed by the depro-
tection of the isopropylidene groups in 80% aq. AcOH to afford 7
and 8 without using chromatography in satisfactory purity for the
subsequent step. The Sonogashira coupling with 1-ethynylpyrene
was done with Pd(PPh3)2Cl2, CuI, PPh3, NEt3, reflux under Ar
resulting in compounds 9 and 10 in 47% and 80% yield, respec-
tively. The primary hydroxy groups were protected with DMT-Cl
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Scheme 1 Reagents and conditions: (a) 1-bromo-4-(bromomethyl)naphthalene,7 KOH, toluene, reflux; (b) 80% aq. AcOH, room tempera-
ture; (c) 1-ethynylpyrene, Pd(PPh3)2Cl2, CuI, PPh3, NEt3, reflux, Ar; (d) DMTCl, pyridine, room temperature; (e) 2-cyanoethyl-N,N,N¢,N¢-
tetraisopropylphosphordiamidite, diisopropylammonium tetrazolide, CH2Cl2, 0 ◦C → room temperature.


Scheme 2 Reagents and conditions: (a) 4-iodophenol, DEAD, PPh3, THF, 0 ◦C → room temperature; (b) 80% aq. AcOH, room temperature;
(c) 1-ethynylpyrene, Pd(PPh3)2Cl2, CuI, NEt3, room temperature, Ar; (d) DMTCl, pyridine, room temperature; (e) 2-cyanoethyl-N,N,N¢,N¢-
tetraisopropylphosphordiamidite, diisopropylammonium tetrazolide, CH2Cl2, 0 ◦C → room temperature.


in dry pyridine to give 11 and 12, before they were converted to
the respective phosphoramidites, 13 and 14, by treatment with 2-
cyanoethyl-N,N,N¢,N¢-tetraisopropylphosphordiamidite and di-
isopropylammonium tetrazolide in dry CH2Cl2, which were used
in standard DNA synthesis.


To find the best TINA derivative, a third novel TINA derivative
4 was synthesized. Here the purpose was to investigate the
importance of the ether position in the linkage with respect to
thermal stability of the corresponding DNA triplexes. Compound
4 was synthesized from compound 6 (Scheme 2), which was reacted
with 4-iodophenol under Mitsunobu conditions, followed by the
deprotection of the isopropylidene groups in 80% aq. AcOH,
affording 15 in satisfactory yield. The subsequent Sonogashira


coupling with 1-ethynylpyrene, Pd(PPh3)2Cl2, CuI, NEt3 under Ar
afforded 16 in 73% yield. After protection of the primary hydroxy
group with DMT-Cl in dry pyridine to give 17, the corresponding
phosphoramidite 18 could be isolated after treatment with 2-
cyanoethyl-N,N,N¢,N¢-tetraisopropylphosphordiamidite and di-
isopropylammonium tetrazolide in dry CH2Cl2 and it could
subsequently be used for standard DNA synthesis.


Thermal stability studies


The phosphoramidites, 13, 14 and 18, were used in standard DNA
synthesis to obtain modified oligonucleotides possessing TINAs,
which were used in pH dependent thermal stability studies of
the Hoogsteen-type triplex as well as parallel and antiparallel
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Table 1 Tm [◦C] data for DNA triplex, parallel and antiparallel duplex melting, taken from UV melting curves (l = 260 nm)


Triplexa Parallel duplexb Antiparallel duplexb


3¢-CTGCCCCTTTCTTTTTT
5¢-GACGGGGAAAGAAAAAA
(duplex D1)


5¢-GACGGGGAAAGAAAAAA
(ssDNA ON17)


3¢-GGGGAAAGAAAAAA
(ssDNA ON18)


Entry Sequence pH 6.0 Tm/◦C pH 7.2 Tm/◦C pH 6.0 Tm/◦C pH 6.0 Tm/◦C pH 7.2 Tm/◦C


ON1c 5¢-CCCCTTTCTTTTTT 27.0c(26.5)d <5.0c 19.0c 48.0c 47.0c


ON2c 5¢-CCCCTT1TCTTTTTT 45.5(44.0)d 28.0c 33.5c 46.5c 45.5c


ON3 5¢-CCCCTT2TCTTTTTT 48.0e(46.5)d 30.0 36.0 46.0 47.0
ON4 5¢-CCCCTT3TCTTTTTT 42.5(40.5)d 24.5 29.5 48.0 48.0
ON5 5¢-CCCCTT4TCTTTTTT 45.5(42.5)d 27.0 31.0 47.5 48.0
ON6c 5¢-CCCCTT1TCT1TTTTT 56.5c(51.0)d 40.0c 38.0c 45.0c 42.0c


ON7 5¢-CCCCTT2TCT2TTTTT 58.5f(59.5)d n.t.g 41.5 42.5 39.5
ON8 5¢-CCCCTT3TCT3TTTTT 50.5e(49.5)d n.t.g 33.0 38.5 40.0
ON9 5¢-CCCCTT4TCT4TTTTT 57.0f(54.0)d 42.0 39.0 44.0 43.0
ON10 5¢-CCCCT2TTCTT2TTTT 58.5f(62.5)d ,e ,h 46.5e ,h 41.5 45.0 43.5


a C = 1.5 mM of ON1–ON10 and 1.0 mM of each strand of dsDNA in 20 mM sodium cacodylate, 100 mM NaCl, 10 mM MgCl2, pH 6.0 and
7.2; duplex Tm = 57.5 ◦C and 58.0 ◦C at pH 6.0 and pH 7.2 respectively. b C = 1.0 mM of each strand in 20 mM sodium cacodylate, 100 mM
NaCl, 10 mM MgCl2, pH 6.0 and pH 7.2. c Oligonucleotides and Tm data are from ref. 10. d Tm was determined with the extended duplex D2: 3¢-
CCGGCTGCCCCTTTCTTTTTTCGCG/5¢-GGCCGACG
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GCGC, the target being underlined, duplex Tm = 74.0 ◦C. e Third
strand and duplex melting overlapped. f Third strand and duplex melting overlaid. g n.t. = no transition observed. h Transition determined at 373 nm.


Table 2 Tm [◦C] data for mismatched triplex melting, taken from UV melting curves (l = 260 nm)


Triplexa


3¢-CTGCCCCTTXCTTTTTT
5¢-GACGGGGAAYGAAAAAA


Duplex D1 Duplex D3 Duplex D4 Duplex D5


Entry Sequence X·Y = T·A X·Y = A·T X·Y = C·G X·Y = G·C


ON1b 5¢-CCCCTTTCTTTTTT 27.0 < 5.0 < 5.0 < 5.0
ON2b 5¢-CCCCTT1TCTTTTTT 45.5 27.0 34.5 28.5
ON3 5¢-CCCCTT2TCTTTTTT 48.0c 28.5 35.5 28.0
ON4 5¢-CCCCTT3TCTTTTTT 42.5 26.5 28.0 25.0
ON5 5¢-CCCCTT4TCTTTTTT 45.5 32.5 40.0 31.5


a C = 1.5 mM of ON1–ON5 and 1.0 mM of each strand of dsDNA in 20 mM sodium cacodylate, 100 mM NaCl, 10 mM MgCl2, pH 6.0. b Oligonucleotides
and Tm data are from ref. 10. c See Table 1.


duplexes. For comparison, the modified oligonucleotides and
their complementary strands used in this study are equal to
those described earlier for other TINA analogues.10,12–15 Thermal
stability of triplexes and duplexes were assessed by thermal
denaturation experiments, and the melting temperatures (Tm,
◦C) were determined from melting curves via the first derivation
method (Tables 1, 2 and ESI†).17 Due to high triplex stability for
ON3/D1 with the bulge insertion of 2 in the middle of the TFO,
an overlap of triplex and duplex melting curves was observed,
precluding an accurate Tm determination. Similar overlaps were
observed for the bulge insertion of two TINA-analogues, therefore,
in order to assess accurate and comparable Tm’s at pH 6.0 for
triplexes formed by ON2–ON10, an extended target duplex D2
was used. Thermal melting measurements using an extended
target duplex resulted in higher Tm of the duplex, allowing a
non-overlapping transition of the triplex, thereby ensuring an
accurate Tm-determination. But in the case of ON10, even the
triplex transition overlapped with the duplex D2, for which the
absorbance for the monomer 2 (373 nm) was used to determine the
transition. From these measurements, it was possible to determine


Tm for all triplexes (ON1–ON10/D2) at pH 6.0 and compare
stabilizing properties of the novel TINA analogues.


The highest thermal stability at pH 6.0 was observed for
ON3/D2 (DTm = +2.5 ◦C compared to ON2/D2) with a Tm =
46.5 ◦C and a DTm/mod = +20.0 ◦C. In addition, the length of
the glycerol linkage was shown to be optimal for obtaining high
thermal stability, since a DTm = -5.5 ◦C at pH 6.0 was observed
for ON4/D2 when compared to ON3/D2. The position of the
ether in TINA was shown only to influence the triplex stability
mildly, since ON5/D2 showed similar Tm as ON2/D2 at both pH
values. At pH 7.2, an overall decrease in thermal stability was
observed due to the lack of cytosine protonation, but triplexes
formed by ON3–ON5 showed a similar distribution in thermal
stability as observed at pH 6.0 with a maximum thermal stability
for ON3/D1, Tm = 30.0 ◦C. This enhanced triplex stability at
both pH values proves that the larger aromatic surface of the
naphthalene moiety of TINA 2 improves, pH-independently, p–
p interactions with neighbouring nucleobases of the TFO as
compared to the smaller aromatic surface of the benzene ring of
TINA 1.
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Upon bulge insertion of two TINA monomers in the TFO, the
triplex stability at pH 6.0 was further enhanced (ON6–ON9/D2)
with a DTm/mod = +16.5 ◦C for the ON7/D2 triplex compared
to DTm/mod = +12.3 ◦C for the ON6/D2. Surprisingly, no
triplex formation was detected for ON7–ON8/D1 at pH 7.2.
This observation could be the result of deprotonation of the
cytosine residues, making it more difficult to accommodate two
large inserted intercalators in a stringent triplex structure. The size
of the intercalator in the case of ON7–8 is larger than for ON6
and ON9 because of the naphthalene moiety, explaining why this
behaviour was only observed for these TFOs.


In order to investigate whether the promising analogue 2 at
pH 7.2 could achieve a sufficiently relaxed triplex structure, the
oligonucleotide ON10 was synthesized with increased distance
between the bulge insertions. As can be seen from Table 1, ON10
resulted in a small increase in thermal stability at pH 6.0 (DTm =
+3.5 ◦C) when compared to ON7/D2, but more importantly,
triplex formation was observed at pH 7.2 with a thermal stability
of 46.5 ◦C allowing the use of multiple insertion of the optimized
TINA analogue 2 at physiological pH.


An important property of TINAs is their ability to favour
Hoogsteen hybridization over Watson–Crick. This is also the
case for the bulge insertion of the analogues 2, 3 and 4 in the
parallel duplex (ON17), which results in stabilization, whereas
the antiparallel duplex (ON18), is only mildly stabilized or
destabilized.


High sensitivity to mismatches is essential for the use of selective
TFOs in the triplex technology. Therefore the thermal stability of
ON3–ON5 towards a single neighbouring mismatch in the purine
strand was investigated, Table 2. In all cases the triplex were desta-
bilized with DTm in the range of -14.0 to -21.5 ◦C. Surprisingly
ON4 showed less significant mismatch sensitivity compared to
ON2, even though they gave similar thermal stability of matched
triplexes and duplexes. ON3 mismatch sensitivity was not affected
even though an increased triplex stability was observed for the
matched triplex.


Conclusions


It was found possible to improve the lead structure (R)-1-
O-[4-(1-pyrenyl-ethynyl)phenylmethyl]glycerol monomer (1) by
optimizing the stabilizing interactions between the intercalator
and the surrounding nucleobases in a DNA triplex. The molecular
modelling study showed that increasing the aromatic surface of
the intercalator moiety between TFO nucleobases could enhance
p–p interactions thereby increasing the thermal stability of the
triplex. In addition to the synthesis of the novel TINA analogue 2
based on the molecular modelling study, importance of the linkage
length and ether position in the linkage was investigated by the
synthesis of the two novel TINA analogues 3 and 4. Bulge inser-
tion of the (R)-1-O-[4-(1-pyrenylethynyl)naphthylmethyl]glycerol
monomer (2) gave the best results and it increased the triplex
thermal stability, DTm = +2.0 ◦C at pH 7.2, when compared
with 1, thereby showing the correlation of p–p interactions of
an intercalator and thermal stability. The novel TINA analogues
3 and 4 showed that the glycerol linkage has an optimal length
and that no significant importance of the ether position could
be observed. Insertion of two monomers (2), three nucleobases
apart, ON7, led to further increase of thermal stability at pH 6.0


compared with 1, whereas no triplex formation was observed at
pH 7.2. However, when the distance between the insertions of 2
was increased to five nucleobases (ON10), the triplex formation
was observed at physiological pH 7.2.


Experimental section


General


NMR spectra were recorded on a Varian Gemini 2000 spectrom-
eter; 1H at 300 MHz, 13C at 75 MHz and 31P at 121.5 MHz.
The internal standard used in 1H NMR was TMS (d = 0.00)
for CDCl3 and DMSO-d6; in 13C NMR was CDCl3 (d = 77.16)
and DMSO-d6 (d = 39.52); in 31P NMR was H3PO4 (d = 0.00)
used as external standard. Accurate ion mass determinations were
performed using the 4.7 Tesla Ultima Fourier Transform (FT)
mass spectrometer (Ion Spec, Irvine, CA). The [M]+ ions were
peak matched using ions derived from the 2,5-dihydroxybenzoic
acid matrix. EI-MS was performed on Finnigan SSQ 710. Melting
points were detected with a Büchi melting point apparatus. Thin
layer chromatography (TLC) analyses were carried out with use
of TLC plates 60 F254 purchased from Merck and visualized
under an UV light (254 nm). The silica gel (0.040–0.063 mm)
used for column chromatography was purchased from Merck.
Solvents used for column chromatography and reagents were used
as purchased without further purification.


Molecular modelling


Molecular modelling was performed with a MacroModel v9.1
from Schrödinger. All calculations were conducted with an
AMBER* force field and the GB/SA water model. The dy-
namic simulations were preformed with stochastic dynamics, a
SHAKE algorithm to constrain bonds to hydrogen, time step
of 1.5 fs and simulation temperature of 300 K. Simulation
for 0.5 ns with an equilibration time of 150 ps generated 250
structures, which all were minimized using the PRCG method
with a convergence threshold of 0.05 kJ mol-1. The minimized
structures were examined with Xcluster from Schrödinger, and
representative low-energy structures were selected. The starting
structures were generated with Insight II v97.2 from MSI, followed
by incorporation of the modified nucleotide.


Synthesis


(R)-3-((4-Bromonaphthalen-1-yl)methoxy)propane-1,2-diol 7.
(S)-(+)-2,2-Dimethyl-1,3-dioxolane-4-methanol (5; 2.33 g,
17.63 mmol) and 1-bromo-4-(bromomethyl)naphthalene7 (5.00 g,
16.67 mmol) were refluxed under Dean–Stark conditions in
toluene (150 mL) in the presence of KOH (17.11 g, 304.9 mmol)
for 21 h. The reaction mixture was allowed to cool, and
H2O (60 mL) was added. After separation of the phases, the
water layer was washed with toluene (2 ¥ 30 mL). Combined
organic layers were washed with H2O (30 mL) and concentrated
under reduced pressure to afford (S)-4-(((4-bromonaphthalen-
1-yl)methoxy)methyl)-2,2-dimethyl-1,3-dioxolane as a reddish
brown oil, which was used in the next step without further
purification. Yield 4.40 g (88%). 1H NMR (CDCl3) d 1.35, 1.41
(2 ¥ s, 6H, 2 ¥ C(CH3)2), 3.56 (m, 2H, ArCH2OCH2), 3.70 (m, 1H,
CHCH2O), 4.01 (m, 1H, CHCH2O), 4.28 (quintet, J = 6.0 Hz, 1H,
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CH2CHCH2), 4.93, 5.02 (2 ¥ d, J = 12.6 Hz, 2H, ArCH2O), 7.33,
7.73 (2 ¥ d, J = 7.8 Hz, 2H, Ar), 7.57–7.61 (m, 2H, Ar), 8.09–8.12
(m, 1H, Ar), 8.27–8.30 (m, 1H, Ar). 13C NMR (CDCl3) d 25.5, 26.9
(2 ¥ C(CH3)2), 66.9 (CHCH2O), 71.2 (OCH2CH), 71.8 (ArCH2O),
74.8 (CH2CHCH2), 109.6 (C(CH3)2), 123.6, 124.6, 127.0, 127,2,
127.4, 127.9, 129.4, 132.2, 132.9, 133.6 (Ar). HR-MALDI-MS
calcd for C17H19BrO3Na [M + Na]+ m/z 373.0410; found m/z
373.0397. (S)-4-(((4-Bromonaphthalen-1-yl)methoxy)methyl)-
2,2-dimethyl-1,3-dioxolane (4.40 g, 12.53 mmol) was treated
with 80% aq. AcOH (40 mL) for 48 h at room temperature. The
solvent was removed under reduced pressure and the residue
was coevaporated with toluene–EtOH (2 ¥ 60 mL, 5 : 1, v/v).
The residue was dried under reduced pressure to afford 7 as
brown oil, which was used in the next step without further
purification. Yield 3.52 g (80%). 1H NMR (CDCl3) d 3.56–3.69
(m, 5H, OCH2CHCH2OH), 4.21 (br. s, 2H, 2 ¥ OH), 4.94 (s,
2H, ArCH2O), 7.30, 7.73 (2 ¥ d, J = 7.8 Hz, 2H, Ar), 7.58–7.62
(m, 2H, Ar), 8.05–8.08 (m, 1H, Ar), 8.27–8.31 (m, 1H, Ar).
13C NMR (CDCl3) d 64.0 (CHCH2OH), 70.8 (CHCH2OH),
71.8 (CH2CHCH2, ArCH2O), 123.8, 124.3, 127.2, 127.3, 127.5,
128.0, 129.4, 132.3, 133.0, 133.3 (Ar). HR-MALDI-MS calcd for
C14H15BrO3Na [M + Na]+ m/z 333.0097; found m/z 333.0085.


(S)-4-((4-Bromonaphthalen-1-yl)methoxy)butane-1,2-diol 8.
(S)-4-(2-((4-Bromonaphthalen-1-yl)methoxy)ethyl)-2,2-dimethyl-
1,3-dioxolane was synthesized from (S)-(+)-4-(2-hydroxyethyl)-
2,2-dimethyl-1,3-dioxolane (6) according to the procedure
described under 7. Yield 75% reddish brown oil. 1H NMR
(CDCl3) d 1.33, 1.39 (s, 6H, 2 ¥ C(CH3)2), 1.84–1.91 (m, 2H,
OCH2CH2), 3.53 (m, 1H, CHCH2O), 3.65 (m, 2H, OCH2CH2),
4.00 (m, 1H, CHCH2O), 4.19 (m, 1H, CH2CHCH2), 4.85–
4.94 (m, 2H, ArCH2), 7.32, 7.73 (2 ¥ d, J = 7.8 Hz, 2H,
Ar), 7.56–7.63 (m, 2H, Ar), 8.06–8.09 (m, 1H, Ar), 8.27–8.30
(m, 1H, Ar). 13C NMR (CDCl3) d 25.9, 27.1 (2 ¥ C(CH3)2),
34.0 (OCH2CH2), 67.4 (CHCH2O), 69.7 (OCH2CH2), 71.4
(ArCH2O), 73.9 (CH2CHCH2), 108.7 (C(CH3)2), 123.4, 124.5,
127.0, 127,1, 127.3, 127.9, 129.4, 132.2, 133.0, 134.0 (Ar).
HR-MALDI-MS calcd for C18H21BrO3Na [M + Na]+ m/z
387.0566; found m/z 387.0577. Compound 8 was synthesized
from (S)-4-(2-((4-bromonaphthalen-1-yl)methoxy)ethyl)-2,2-
dimethyl-1,3-dioxolane according to the procedure described for
7. Yield 100% brown oil. 1H NMR (CDCl3) d 1.72–1.77 (m, 2H,
OCH2CH2), 3.40–3.46 (m, 1H, CHCH2O), 3.55–3.60 (m, 1H,
CHCH2O), 3.68–3.73 (m, 2H, OCH2CH2), 3.85–4.01 (m, 1H,
CH2CHCH2), 4.01 (s, 2H, 2 ¥ OH), 4.86–4.94 (m, 2H, ArCH2),
7.30, 7.72 (2 ¥ d, J = 7.50 Hz, 2H, Ar), 7.57–7.61 (m, 2H, Ar),
8.03–8.06 (m, 1H, Ar), 8.26–8.29 (m, 1H, Ar). 13C NMR (CDCl3)
d 32.9 (OCH2CH2), 66.7 (OCH2CH2), 68.3 (CHCH2OH), 71.1
(CHCH2OH), 71.5 (ArCH2O), 123.6, 124.3, 126.9, 127.1, 127.3,
128.0, 129.2, 132.2, 132.9, 133.5 (Ar). HR-MALDI-MS calcd for
C15H17BrO3Na [M + Na]+ m/z 347.0253; found m/z 347.0267.


(R)-3-((4-(Pyren-1-ylethynyl)naphthalen-1-yl)methoxy)propane-
1,2-diol 9. (R)-3-((4-Bromo-naphthalen-1-yl)methoxy)propane-
1,2-diol (7; 1.01 g, 3.25 mmol), Pd(PPh3)2Cl2 (158 mg, 0.23 mmol),
CuI (73 mg, 0.38 mmol) and powdered PPh3 (169 mg, 0.64 mmol)
were dissolved in dry NEt3 (40 mL). The reaction mixture was
flushed with Ar before 1-ethynylpyrene (1.09 g, 4.82 mmol) was
added. The reaction mixture was stirred under reflux conditions
and Ar for 24 hours. The solvent was removed under reduced


pressure and the residue was dissolved in CH2Cl2 (100 mL), which
was washed with 0.3 M aq. EDTA (2 ¥ 100 mL). After back
extraction with CH2Cl2 (100 mL), the combined organic phase
was washed with brine (100 mL), dried (MgSO4), filtered and
concentrated under reduced pressure. The residue was purified by
column chromatography (silica gel; CH2Cl2–MeOH 5%, v/v) to
afford compound 9 as an ochreous yellow solid. Yield 685 mg
(47%). Mp 93–100 ◦C. 1H NMR (DMSO-d6) d 3.52–3.75 (m,
5H, OCH2CHCH2OH), 4.62 (t, J = 5.55 Hz, 1H, CH2OH), 4.82
(d, J = 5.10, 1H, CHOH), 5.04 (s, 2H, ArCH2O), 7.69–7.84 (m,
3H, Ar), 8.04–8.46 (m, 10H, Ar), 8.65–8.75 (m, 2H, Ar). 13C
NMR (DMSO-d6) d 63.2 (CHCH2OH), 70.6, 70.7 (CHCH2OH,
OCH2CH), 72.4 (ArCH2O), 93.36, 93.40 (C∫C), 116.8, 120.0,
123.5, 123.8, 124.8, 124.9, 125.1, 125.6, 126.1, 126.2, 126.9, 127.0,
127.3, 127.4, 128.5, 129.1, 130.0, 130.4, 130.6, 130.8, 131.1, 131.2,
132.6, 136.0 (Ar). HR-MALDI-MS calcd for C32H24O3Na [M +
Na]+ m/z 479.1618; found m/z 479.1626.


(S)-4-((4-(Pyren-1-ylethynyl)naphthalen-1-yl)methoxy)butane-
1,2-diol 10. Compound 10 was synthesized from 8 according
to the procedure described for 9. Yield (80%) bronze coloured
foam. 1H NMR (CDCl3) d 1.72–1.79 (m, 2H, OCH2CH2), 2.30,
3.01 (s, 2H, 2 ¥ OH), 3.44–3.50 (m, 1H, CHCH2O), 3.59–3.64
(m, 1H, CHCH2O), 3.74–3.79 (m, 2H, OCH2CH2), 3.89–3.92 (m,
1H, CH2CHCH2), 4.97, 5.02 (2 ¥ d, J = 12.6 Hz, 2H, ArCH2O),
7.43–7.71 (m, 3H, Ar), 8.88–8.30 (m, 10H, Ar), 8.69–8.76 (m, 2H,
Ar). 13C NMR (CDCl3) d 33.0 (OCH2CH2), 66.8 (OCH2CH2),
68.5 (CHCH2OH), 71.3 (CHCH2OH), 71.8 (ArCH2O), 93.3, 94.1
(C∫C), 117.9, 122.1, 124.3, 124.7, 125.7, 125.8, 125.8, 126.1, 126.4,
127.0, 127.1, 127.2, 127.4, 128.4, 128.6, 129.9, 130.1, 131.2, 131.4,
131.5, 131.6, 132.0, 132.2, 132.3, 133.6, 134.4 (Ar). HR-MALDI-
MS calcd for C33H26O3Na [M + Na]+ m/z 493.1774; found m/z
493.1782.


(S)-1-(Bis(4-methoxyphenyl)(phenyl)methoxy)-3-((4-(pyren-1-
ylethynyl)naphthalen-1-yl)-methoxy)propan-2-ol 11. (R)-3-((4-
(Pyren-1-ylethynyl)naphthalen-1-yl)methoxy)propane-1,2-diol
(9; 600 mg, 1.314 mmol) was dissolved in dry pyridine (20 mL)
and flushed with Ar, before 4,4¢-dimethoxytrityl chloride (534mg,
1.577 mmol) dissolved in dry pyridine (10 mL) was added
dropwise. The reaction was stirred at room temperature under Ar
for 24 h before it was quenched with MeOH (2 mL). The reaction
mixture was diluted with CH2Cl2–NEt3 (50 mL, 99.5%/0.5%, v/v)
before washed with H2O (3 ¥ 100 mL). After back extraction with
CH2Cl2–NEt3 (50 mL, 99.5%/0.5%, v/v) the combined organic
phase was washed with brine (100 mL), dried (MgSO4), filtrated
and concentrated under reduced pressure before the residue was
purified by column chromatography (silica gel; 0.5% Et3N v/v,
0–50% EtOAc in cyclohexane) to afford 11 as yellow foam. Yield
895 mg (90%). 1H NMR (CDCl3) d 3.20–3.23, 3.66–3.76 (2 ¥
m, 5H, OCH2CH, CHCH2O, CHCH2ODMT), 3.76 (s, 6H, 2 ¥
OMe), 3.99 (br. s, 1H, CHOH), 5.02 (s, 2H, ArCH2O), 6.80 (d,
J = 6.9 Hz, 4H, DMT), 7.20–7.68 (m, 12H, Ar), 7.88–8.32 (m,
10H, Ar), 8.69–8.76 (m, 2H, Ar). 13C NMR (CDCl3) d 55.3 (2 ¥
OMe), 64.6 (CHCH2ODMT), 70.2 (CHCH2ODMT, OCH2CH),
71.8 (ArCH2O), 86.3 (CPh3), 93.4, 94.0 (C∫C), 113.3, 127.0,
127.4, 128.0, 128.3, 130.2, 136.1, 145.0, 158.6 (DMT), 118.0,
121.8, 124.4, 124.5, 124.7, 124.7, 125.7, 125.8, 126.0, 126.4, 126.9,
127.0, 127.2, 128.4, 128.7, 129.9, 130.1, 131.2, 131.4, 131.5, 131.6,
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133.6, 134.7 (Ar). HR-MALDI-MS calcd for C53H42O5Na [M +
Na]+ m/z 781.2925; found m/z 781.2934.


(S)-1-(Bis(4-methoxyphenyl)(phenyl)methoxy)-4-((4-(pyren-1-
ylethynyl)naphthalen-1-yl)methoxy)butan-2-ol 12. Compound
12 was synthesized from 10 according to the procedure described
for 11. Yield (58%) bronze coloured foam. 1H NMR (CDCl3)
d 1.82 (m, 2H, OCH2CH2), 3.10–3.14, 3.67–3.76 (2 ¥ m, 5H,
OCH2CH2, CHCH2O, CHCH2ODMT), 3.76 (s, 6H, 2 ¥ OMe),
4.00 (br. s, 1H, CHOH), 4.95 (s, 2H, ArCH2O), 6.80 (d, J = 8.7 Hz,
4H, DMT), 7.20–7.68 (m, 12H, Ar), 7.87–8.32 (m, 10H, Ar),
8.67–8.78 (m, 2H, Ar). 13C NMR (CDCl3) d 33.7 (OCH2CH2),
55.3 (2 ¥ OMe), 67.4 (OCH2CH2), 68.2 (CHCH2ODMT), 69.6
(CHCH2ODMT), 71.6 (ArCH2O), 86.1 (CPh3), 93.5, 93.9 (C∫C),
113.2, 127.0, 127.4, 128.0, 128.3, 130.2, 136.2, 145.1, 158.6
(DMT), 118.0, 121.8, 124.4, 124.5, 124.7, 125.7, 125.8, 126.4,
127.2, 128.2, 128.4, 128.7, 129.9, 130.1, 131.2, 131.4, 131.5, 131.6,
132.1, 133.6, 134.9 (Ar). HR-MALDI-MS calcd for C54H44O5Na
[M + Na]+ m/z 795.3081; found m/z 795.3100.


(S)-1-(Bis(4-methoxyphenyl)(phenyl)methoxy)-3-((4-(pyren-1-
ylethynyl)naphthalen-1-yl)methoxy)propan-2-yl 2-cyanoethyl diiso-
propylphosphoramidite 13. (S)-1-(Bis(4-methoxyphenyl)(phenyl)-
methoxy)-3-((4-(pyren-1-ylethynyl)naphthalen-1-yl)methoxy)-
propan-2-ol (11; 877 mg, 1.156 mmol) and diisopropyl ammo-
nium tetrazolide (295 mg, 1.723 mmol) were dissolved under
Ar in dry CH2Cl2 (40 mL), followed by dropwise addition
of 2-cyanoethyl N,N,N¢,N¢-tetraisopropylphosphordiamidite
(1.097 mg, 3.639 mmol) via a syringe at 0 ◦C. The reaction mixture
was stirred under Ar at room temperature overnight before the
reaction was quenched with H2O (50 mL) and the organic phase
was washed with H2O (2 ¥ 50 mL). After back extraction with
CH2Cl2 (50 mL), the combined organic phase was dried (MgSO4),
filtrated and concentrated under reduced pressure. The residue
was purified by dry column vacuum chromatography (silica gel;
Et3N 0.5% v/v, 0–50% EtOAc in cyclohexane) to afford 13 as a
yellow foam. Yield 996 mg (90%). 1H NMR (CDCl3) d 1.15 (m,
12H, 2 ¥ CH(CH3)2), 2.40–2.54 (m, 2H, CH2CN), 3.21–3.31 (m,
2H, 2 ¥ CH(CH3)2), 3.55–3.65, 3.67–3.76 (2 ¥ m, 7H, OCH2CH,
CHCH2O, CHCH2ODMT, CH2CH2CN), 3.76 (s, 6H, 2 ¥ OMe),
5.00–5.06 (m, 2H, ArCH2O), 6.78 (d, J = 8.7 Hz, 4H, DMT),
7.20–7.67 (m, 12H, Ar), 7.86–8.34 (m, 10H, Ar), 8.69–8.80 (m, 2H,
Ar). 13C NMR (CDCl3) d 20.3, 20.4 (CH2CN), 24.6, 24.7, 24.8,
24.9 (2 ¥ CH(CH3)2), 43.2, 43.4 (2 ¥ CH(CH3)2), 55.3 (2 ¥ OMe),
58.4, 58.7 (OCH2CH2CN), 64.4 (CHOP), 71.6 (CHCH2ODMT),
72.7 (OCH2CH), 72.9 (ArCH2O), 86.2 (CPh3), 93.5, 93.9 (C∫C),
113.2, 127.0, 127.4, 127.9, 128.3, 130.2, 136.2, 145.2, 158.6 (DMT),
118.1, 121.6, 124.5, 124.8, 125.7, 125.8, 126.4, 126.9, 126.9, 128.4,
128.7, 129.9, 130.1, 130.3, 131.2, 131.4, 131.5, 132.1, 133.5, 135.0,
135.2, 136.3, 136.3 (Ar). 31P NMR (CDCl3): d 150.3, 150.4. HR-
MALDI-MS calcd for C62H59N2O6PNa [M + Na]+ m/z 981.4004;
found m/z 981.3995.


(S)-1-(Bis(4-methoxyphenyl)(phenyl)methoxy)-4-((4-(pyren-1-
ylethynyl)naphthalen-1-yl)methoxy)butan-2-yl 2-cyanoethyl diiso-
propylphosphoramidite 14. Compound 14 was synthesized from
12 according to the procedure described for 13. Yield (81%) yellow
foam. 1H NMR (CDCl3) d 1.16 (m, 12H, 2 ¥ CH(CH3)2), 1.92–
2.04 (m, 2H, OCH2CH2), 2.49–2.56 (m, 2H, CH2CN), 3.48–
3.73 (m, 2H, 2 ¥ CH(CH3)2), 3.55–3.76 (m, 7H, OCH2CH2,


CHCH2O, CHCH2ODMT, CH2CH2CN), 3.76 (s, 6H, 2 ¥ OMe),
4.93, 4.97 (m, 2H, ArCH2O), 6.76–6.81 (m, 4H, DMT), 7.17–7.71
(m, 12H, Ar), 7.86–8.33 (m, 10H, Ar), 8.69–8.80 (m, 2H, Ar).
13C NMR (CDCl3) d 20.3 (CH2CN), 24.5, 24.6, 24.7, 24.8 (2 ¥
CH(CH3)2), 34.1 (OCH2CH2), 43.1, 43.2 (2 ¥ CH(CH3)2), 55.3 (2 ¥
OMe), 58.2 (OCH2CH2CN), 66.4 (CHOP), 67.1 (OCH2CH2), 71.3
(CHCH2ODMT), 71.3 (ArCH2O), 86.0 (CPh3), 93.5, 93.9 (C∫C),
113.1, 127.1, 127.4, 127.9, 128.4, 130.3, 136.4, 145.2, 158.5 (DMT),
118.1, 124.5, 124.6, 124.8, 125.7, 125.8, 126.4, 126.8, 126.8, 126.9,
128.4, 128.7, 129.9, 130.2, 131.3, 131.4, 131.5, 131.7, 133.6, 135.3,
135.4, 136.5 (Ar). 31P NMR (CDCl3): d 149.6, 150.0. HR-MALDI-
MS calcd for C63H61N2O6PNa [M + Na]+ m/z 995.4160; found m/z
995.4145.


(S)-4-(4-Iodophenoxy)butane-1,2-diol 15. An ice-cooled solu-
tion of diethyl azodicarboxylate (DEAD, 2.42 ml, 15.6 mmol)
in THF (150 ml) was treated with 2-(2,2-dimethyl-1,3-dioxolan-4-
yl)ethanol (6, 1.84 ml, 12.95 mmol) for 25 min before 4-iodophenol
(3.70 g, 16.8 mmol), and PPh3 (4.08 g, 15.6 mmol) were added.
After 45 min at 0 ◦C, the reaction mixture was allowed to reach
room temperature overnight. The reaction was quenched with
saturated aq. NH4OH (100 ml) and the mixture was extracted with
EtOAc. The organic layer was washed with water, dried (MgSO4),
and concentrated under reduced pressure. The residue was purified
by column chromatography (silica gel; petroleum ether (60–
80 ◦C)–Et2O, 1 : 1, v/v) to afford (S)-4-(2-(4-iodophenoxy)ethyl-
2,2-dimethyl-1,3-dioxolane as an oil. Yield 2.87 g (72%). 1H NMR
(CDCl3) d 1.36, 1.42 (2 s, 6H, C(CH3)2), 2.04 (q, J = 6.3 Hz,
2H, OCH2CH2), 3.63 (t, J = 7.8 Hz, 1H, OCHHCH), 4.02–4.13
(m, 3H, OCHHCH2, OCH2CHCH2), 4.28 (quintet, J = 6.3 Hz,
1H, OCH2CHCH2), 6.69 (d, J = 9.0 Hz, 2H, Ar), 7.54 (d, J =
9.0 Hz, 2H, Ar). 13C NMR (CDCl3) d 25.7, 26.9 (2 ¥ C(CH3)2),
33.4 (OCH2CH2), 64.8 (OCH2CH2), 69.5 (CH2CHCH2), 73.3
(CH2CHCH2), 82.8 (Ph), 108.9 (C(CH3)2), 116.9, 138.2 (Ph), 158.6
(Ph). HR-MALDI-MS calcd for C13H17IO3Na [M + Na]+ m/z
371.0115; found m/z 371.0112. (S)-4-(2-(4-Iodophenoxy)ethyl)-
2,2-dimethyl-1,3-dioxolane (1.2 g, 5.75 mmol) was treated with
80% aq. AcOH (25 ml) for 24 h at room temperature. The
solvent was removed under reduced pressure and the residue
was coevaporated with toluene–EtOH (2 ¥ 30 ml, 5 : 1, v/v).
The residue was dried under reduced pressure to afford 15 as an
oil, which was used in the next step without further purification.
Yield 1.73 g (98%). 1H NMR (DMSO-d6) d 1.58–1.67 (m, 1H,
OCH2CHH), 1.87–1.96 (m, 1H, OCH2CHH), 3.26–3.67 (m, 2H,
CHCH2OH), 3.60–3.64 (m, 1H, CHCH2OH), 4.05 (t, J = 6.8 Hz,
2H, OCH2CH2), 4.54 (t, J = 5.6 Hz, 1H, CHCH2OH), 4.60 (d, J =
5.4 Hz, 1H, CH2CHOH), 6.78 (d, J = 9.0 Hz, 2H, Ph), 7.57 (d, J =
9.0 Hz, 2H, Ph). 13C NMR (DMSO-d6) d 32.9 (OCH2CH2), 64.7
(OCH2CH2), 65.9 (CH2CHOH), 67.9 (CH2OH), 82.7 (Ph), 117.2,
137.8 (Ph), 158.5 (Ph). HR-MALDI-MS calcd for C10H13IO3 [M +
Na]+ m/z 330.9802; found m/z 330.9793.


(S)-4-(4-(Pyren-1-ylethynyl)phenoxy)butane-1,2-diol 16. (S)-
4-(4-Iodophenoxy)butane-1,2-diol (15; 1.00 g, 3.24 mmol),
Pd(PPh3)2Cl2 (161 mg, 0.23 mmol) and CuI (72 mg, 0.38 mmol)
were dissolved in dry NEt3 (40 ml). The mixture was flushed with
Ar for 10 minutes before 1-ethynylpyrene (1.086 g, 4.80 mmol)
was added. The reaction mixture was stirred for 24 hours. The
solvent was removed under reduced pressure and the residue was
dissolved in CH2Cl2 (100 ml), which was washed with 0.3 M aq.
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EDTA (2 ¥ 100 ml). After back extraction with CH2Cl2 (100 ml),
the combined organic phase was washed with brine (100 ml), dried
(MgSO4), filtered and concentrated under reduced pressure. The
residue was purified by column chromatography (silica gel; 5%
MeOH in CH2Cl2, v/v) to afford compound 16 as yellow solid.
Yield 1.17 g (74%). Mp 171–173 ◦C. 1H NMR (DMSO-d6) d 1.65–
1.76 (m, 1H, OCH2CHH), 1.94–2.05 (m, 1H, OCH2CHH), 3.37–
3.45 (m, 2H, CHCH2OH), 3.67–3.73 (m, 1H, CHCH2OH), 4.18 (t,
J = 6.7 Hz, 2H, OCH2CH2), 4.61 (t, J = 5.7 Hz, 1H, CHCH2OH),
4.68 (d, J = 5.41 Hz, 1H, CH2CHOH), 7.07 (d, J = 9.0 Hz, 2H,
Ar), 7.70 (d, J = 9.0 Hz, 2H, Ar), 8.11–8.39 (m, 8H, Ar), 8.63 (d,
J = 9.0 Hz, 1H, Ar). 13C NMR (DMSO-d6) d 33.0 (OCH2CH2),
64.8 (OCH2CH2), 65.9 (CH2CHOH), 67.9 (CH2OH), 86.8, 95.5
(C∫C), 114.1, 114.9, 117.2, 123.4, 123.6, 124.8, 125.8, 125.8, 126.6,
127.2, 128.1, 128.6, 129.3, 130.5, 130.6, 130.7, 130.8, 133.1, 159.2
(Ar). HR-MALDI-MS calcd for C28H22O3 [M]+ m/z 406.1564;
found m/z 406.1560


(S)-1-(Bis(4-methoxyphenyl)(phenyl)methoxy)-4-(4-(pyren-1-
ylethynyl)phenoxy)butane-2-ol 17. (S)-4-(4-(Pyren-1-ylethynyl)-
phenoxy)butane-1,2-diol (16; 0.745 g, 1.83 mmol) was dissolved in
dry pyridine (20 ml) before 4,4¢-dimethoxytrityl chloride (0.743 g,
2.20 mmol) was added under N2. The reaction was stirred at room
temperature overnight before it was quenched with MeOH (2 ml).
The reaction mixture was diluted with EtOAc (150 ml) before
washing with saturated aq. NaHCO3 (2 ¥ 40 ml). After back
extraction with EtOAc (2 ¥ 20 ml), the combined organic phase was
dried (Na2SO4), filtered, and concentrated under reduced pressure.
The residue was coevaporated with toluene–EtOH (2 ¥ 25 ml, 1 :
1, v/v) before it was purified by column chromatography (silica
gel; 0.5% Et3N v/v, 20–50% EtOAc in cyclohexane) to afford 17
as a yellow foam. Yield 1.27 g (98%). 1H NMR (DMSO-d6) d
1.60–1.71 (m, 1H, OCH2CHH), 1.90–1.97 (m, 1H, OCH2CHH),
2.48 (br. s, 1H, (CHOH), 3.13–3.29 (m, 2H, CH2ODMT), 3.79
(s, 6H, 2 ¥ OCH3), 4.02–4.15 (m, 3H, OCH2CH2, CH2CHCH2),
6.83 (d, J = 9.0 Hz, 4H, DMT), 6.89 (d, J = 8.7 Hz, 2H, Ar),
7.20–7.34 (m, 7H, Ar), 7.44 (d, J = 8.1 Hz, 2H, Ar) 7.62 (d, J =
9.0 Hz, 2H, Ar), 7.98–8.22 (m, 8H, Ar), 8.65 (d, J = 9.3 Hz, 1H,
Ar). 13C NMR (CDCl3) d 33.0 (OCH2CH2), 55.2 (2 ¥ OCH3), 64.9
(OCH2CH2), 67.4 (CH2CHOH), 68.4 (CH2ODMT), 86.2 (CPh3),
87.3, 95.2 (C∫C), 113.6, 114.7, 115.6, 118.2, 124.4, 124.5, 125.5,
125.5, 125.6, 126.2, 126.9, 127.3, 127.8, 127.9, 127.9, 128.1, 128.2,
129.4, 130.1, 131.0, 133.1, 131.3, 131.7, 133.1, 135.9, 158.5, 159.0
(Ar). HR-ESI-MS calcd for C49H40O5Na [M + Na]+ m/z 731.2768;
found m/z 731.2751.


(S)-1-(Bis(4-methoxyphenyl(phenyl)methoxy)-4-(4-(pyren-1-yl-
ethynyl)phenoxy)butan-2-yl) 2-cyanoethyl diisopropylphospho-
ramidite 18. Compound 18 was synthesized from 17 according
to the procedure described for 13. Yield (85%) yellow foam.
31P NMR (CDCl3) d 149.7, 150.1. HR-ESI-MS calcd for
C58H57N2NaO6P+ [M + Na]+ m/z 931.3848; found m/z 931.3870.


Synthesis and purification of modified oligonucleotides


Modified oligonucleotides were synthesized on a 0.2 mmol scale
on 500 Å CPG supports using an Expedite Nucleic Acid Synthesis
System Model 8909 (Applied Biosystems). Standard procedures
were used for the coupling of commercial phosphoramidites
whereas modified phosphoramidites were coupled with 1H-


Table 3 Calculated and found masses of synthesized oligonucleotides


m/z (Da)


Entry Sequence Calcd. Founda


ON3 5¢-CCCCTT2TCTTTTTT 4640.3 4642.1
ON4 5¢-CCCCTT3TCTTTTTT 4654.3 4651.1
ON5 5¢-CCCCTT4TCTTTTTT 4589.2 4586.4
ON7 5¢-CCCCTT2TCT2TTTTT 5158.8 5158.4
ON8 5¢-CCCCTT3TCT3TTTTT 5186.8 5185.6
ON9 5¢-CCCCTT4TCT4TTTTT 5056.6 5053.3
ON10 5¢-CCCCT2TTCTT2TTTT 5158.8 5153.2


a Measured by MALDI-TOF MS.


tetrazole as an activator with an extended coupling time (10 min).
DMT-on ONs were cleaved from the CPG-support with 32%
aqueous ammonia (1.2 mL) and were deprotected at 55 ◦C
overnight. Purification of ONs was carried out on reverse-phase
semipreparative HPLC on a Waters Xterra MS C18 column (10 mm,
7.8 mm ¥ 150 mm). DMT deprotection was done with 80% aq.
AcOH (100 mL) for 20 minutes, followed by addition of H2O
(100 mL) and 3 M aq. NaOAc (50 mL). The ONs were precipitated
from 99.9% EtOH (550 mL) at -18 ◦C. The purity of the obtained
ONs was checked by ion-exchange chromatography on a LaChrom
system (Merck Hitachi) using a GenPak-Fax column (Waters),
see ESI.† Verification was done by MALDI-TOF analysis on
a Voyager Elite Bio spectrometry Research Station (Perspective
Biosystems), Table 3.


Melting temperature measurements


Tm measurements were performed on a PerkinElmer Lambda
35 UV/VIS spectrometer with a PTP 6 thermostat and
PerkinElmer Templab 2.00 software. Triplexes were formed by
mixing 1.0 mM of each ssDNA and 1.5 mM of the TFO in
the corresponding buffer solution and duplexes were formed by
mixing 1.0 mM of each ONs. The solutions were heated to 80 ◦C for
5 min and afterward cooled to 4 ◦C and kept at this temperature for
30 minutes. The absorbance of triplexes/duplexes was measured
at 260 nm or 373 nm from 5 ◦C to 80 ◦C with a heating rate of
1.0 ◦C min-1. The melting temperatures (Tm, ◦C) were determined
as the maximum of the first derivative plots of the melting curves.
All melting temperatures are within the uncertainty ±0.5 ◦C.
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A series of novel indene derivatives designed by a scaffold selection gave access to several examples of
(Z)-arylmethylideneindenes and indenylsulfonamides that acted as serotonin 5-HT6 receptor ligands.
Different synthetic multistep routes could be applied to these target compounds, each with their own
complexity and limitations. A reasonable route involved the (3-indenyl)acetic acids as the key
intermediates, and two alternatives were also examined. The first protocol used was a two-step sequence
employing a modified Horner–Wadsworth–Emmons reaction, but better results were obtained with a
procedure based on the condensation of indanones with the lithium salt of ethyl acetate, followed
immediately by dehydration with acid and hydrolysis/isomerization under basic catalysis.
(3-Indenyl)acetic acids were transformed to the corresponding acetamides, which were effectively
reduced to indenylsulfonamides 13–17 using an optimized procedure with AlH3–NMe2Et. The
binding at the 5-HT6 receptor was with moderate affinity (K i = 216.5 nM) for the
(Z)-benzylideneindenylsulfonamide 12 and enhanced affinity for the simple indenylsulfonamide
counterpart 13 (K i = 50.6 nM). Selected indenylsulfonamides 14–17 were then tested, showing K i


values as low as 20.2 nM.


Introduction


A survey of biologically active (Z)-stilbenes shows that (Z)-
aryl(heteroaryl)methylideneindenes 1 form an ensemble of com-
pounds with a variety of pharmacological profiles.1 Relevant
examples are the nonsteroidal anti-inflammatory drug (NSAID)
sulindac 2 together with sulindac sulfone 3 and sulindac-derived
compounds 4 (Fig. 1).2 Exisulind 3 is a new class of targeted
and pro-apoptopic drug, being the lead compound in a series
of selective apoptotic antineoplasic drugs. A library of sulindac
analogs 4 have led to new inhibitors of the tumor-relevant Ras
signal transduction pathway, underlining the advantage of using
biologically prevalidated compound classes in chemical biology
research.3,4 In an interesting study carried out concurrently with
our own, Glennon and co-workers have examined the binding
of several isotriptamines and indenes at the h5-HT6 serotonin
receptor, such as (E)-benzylideneindene 5 (K i = 57 nM), (ben-
zylindenyl)ethanamine 6 (K i = 3 nM) and isotryptamine analog
7 (K i = 32 nM), revealing that the indolic nitrogen atom is not
essential for binding.5


As part of a project aimed at the study of (Z)-stilbenes
with potential biological effects on the central nervous system
(CNS), we focused our attention on an indene core of general
type 1, since indenes constitute a source of pharmacologically
active molecules, and their synthesis and pharmacology have
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Terapèutica, Facultat de Farmàcia, Universitat de Barcelona, Av. Joan XXIII
s/n, E-08028, Barcelona, Spain. E-mail: ealcalde@ub.edu
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Fig. 1


not yet been extensively explored. We thus hoped to max-
imise the likelihood of discovering compounds with biological
properties. On the basis of these premises, the first series of
indene compounds was based on the cis-indene structure 1 in
which the (Z)-stilbene moiety was embedded and the traditional
N,N-dimethylaminoethyl CNS functionality was incorporated at
the 3-position. (Z)-Aryl(heteroaryl)methylideneindenes 8–11 were
synthesized and compounds 10 and 11 were profiled against a
panel of 64 radioligand binding assays along with the 5-HT6
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serotonin receptor, but none of them showed significant binding
affinities (Scheme 1).


The subsequent design step was namely the incorporation of
a sulfonamide group at the 5-position of the indene ring, since
studies of 5-HT6 serotonin receptor ligands have highlighted the
importance of the sulfonyl moiety (e.g. sulfonamides, sulfones)
for binding,6 such as the series of indole-based sulfonamides
developed by Esteve Laboratories, e.g. the indolylsulfonamide E-
6837.7–9 Accordingly, (Z)-benzylideneindenylsulfonamide 12 and
the simple indenylsulfonamide counterpart 13 were prepared, and
the binding was with moderate affinity (K i = 216.5 nM) for 12
and significant affinity for 13 (K i = 50.6 nM). Selected reduced
indenylsulfonamides 14–17 were then synthesized and exhibited
binding affinity with K i values ≥20.2 nM.


A relevant parameter playing a crucial role in a scaffold
selection process concerns the scaffold synthetic accessibility and
the ease with which its derivatives can be prepared. Despite
the utility of indenes in drug discovery and development, along
with metallocene-based catalysis, e.g. olefin polymerization, their
complexity means that synthetic approaches have been far less
investigated than in the case of heteroaromatic compounds such
as indoles.10 Reasonable retrosynthetic routes to target indene
models 8–17 are shown in Scheme 1, proceeding from either 2-
methylindan-1-one or indan-1-one sulfonamides. The presence of


a methyl group at the 2-position of the core ring should favor
the formation of both the (Z)-diastereoisomers of 8–12 and the
desired endo-olefin of the key indenylacetic acids in the preparation
of indenylsulfonamides 13–14 and 16–17.


Results and discussion


Chemistry


According to the retrosynthetic analysis of Scheme 1, the two
types of target indene derivatives, (Z)-aryl(heteroaryl)methyl-
ideneindenes 8–12 and indenylsulfonamides 13–17, could be
prepared using multistep routes starting from substituted in-
danones. Thus, methylindanone was transformed to both in-
denylethanamine or indenylpyridine intermediates and a sub-
sequent reaction with an aromatic/heteroaromatic aldehyde,
using a Knoevenagel condensation, afforded the (Z)-arylmethyl-
ideneindenes 8–11, whereas multistep routes were required for
indenylsulfonamides 12–17. Two alternatives were examined for
the synthesis of the key (3-indenyl)acetic acids: the first protocol
was a two-step sequence involving the Horner–Wadsworth–
Emmons reaction (HWE) but better results were obtained with
an efficient procedure based on the condensation of indanones
with the lithium salt of ethyl acetate.


Scheme 1 Retrosynthetic pathways to the target (Z)-aryl(heteroaryl)methylideneindenes 8–12 and indenylsulfonamides 13–17.
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Preparation of substituted indan-1-ones started with a malonic-
ester acid synthesis that gave the propanoic acid 18, which was
converted to the corresponding acid chloride and cyclized to 2-
methylindan-1-one 19 under Friedel–Crafts reaction conditions
(see ESI†). Nitration of 19 gave a mixture of nitroindan-1-one
isomers 20 and 21 in 46% and 8% yield, respectively (Scheme 2).
Catalytic hydrogenation of nitroindanones 20 and 21 gave the
corresponding aminoindanones 22 and 23 in 72% and 40% yield,
but when the reduction was scaled up to 35 mmol the yield
decreased. After trying different reducing agents and reaction
conditions, the best result for the reduction of 20 was achieved by
treatment with iron in aqueous acetic acid. The amino derivative
22 was afforded in good yield (85%), and could be scaled up to
40 mmol (see ESI).


Scheme 2 Synthesis of aminoindan-1-ones. Reagents and conditions: (i)
(a) Na, EtOH, rt, (b) PhCH2Br, reflux, (c) KOH, H2O, reflux, (d) 170 ◦C;
(ii) (a) SOCl2, reflux, (b) AlCl3, toluene, reflux; (iii) KNO3, H2SO4, -5 ◦C;
(iv) Fe, AcOH–H2O, 90 ◦C; (v) H2, 10% Pd/C, EtOH, rt.


Compounds 8–10 were prepared from indanone 19 following
the three-step sequence shown in Scheme 3. The crucial step was
the conversion of indene 24 into (3-indenyl)ethanamine 25, which
was transformed to the (Z)-indenes 8–10 using a Knoevenagel
condensation with various aromatic/heteroaromatic aldehydes,
overall average yield being 12% (see ESI). A similar procedure was
then applied to the synthesis of indene 11, which began with the
addition of 2-lithiopyridine to 19, followed by dehydration with
sulfuric acid to give indenylpyridine 26. This was condensed with
2-thiophenecarboxaldehyde in the presence of NaOMe to afford
(Z)-thienylmethylideneindene hydrochloride 11·HCl in 1% overall
yield. The purity of (Z)-aryl(heteroaryl)methylideneindenes 8–11
was variable due to their troublesome isolation and purification,
chromatographic separations being necessary in all cases.


Although different multi-step synthetic routes could be applied
to the target indenylsulfonamides 12–17, a reasonable pathway ap-
peared to involve (3-indenyl)acetic acids as the key intermediates
(Scheme 1). Accordingly, preparation of the acetic acid derivatives
started with the reaction of aminoindanones 22, 27 and 23 with
the corresponding aryl(heteroaryl)sulfonyl chlorides, giving the
corresponding indanone sulfonamides 28–31 (Scheme 4).


Scheme 3 Synthesis of (Z)-aryl(heteroaryl)methylideneindenes. Reagents
and conditions: (i) (a) NaBH4, THF–MeOH, rt, (b) TsOH·H2O, toluene,
reflux, (ii) (a) n-BuLi, THF, -5 ◦C, (b) Me2N(CH2)2Cl·HCl, rt; (iii) (a)
NaOMe, MeOH, 0 ◦C, (b) HetCHO, MeOH, reflux; (iv) HCl, Et2O; (v)
(a) 2-bromopyridine, n-BuLi, Et2O, -60 ◦C, (b) 95–97% H2SO4, 0 ◦C.


As a starting point, the Horner–Wadsworth–Emmons reaction
was used to transform 28 into ethyl (Z)-indanylacetate 32, and
after examining various conditions, the reaction was improved by
increasing the amounts of sodium hydride to 11.5 equivalents and
triethyl phosphonoacetate to 10 equivalents, which led to olefin
32 in 73% yield (Scheme 4). Hydrolysis and isomerization of 32
under basic catalysis afforded the key (3-indenyl)acetic acid 33 in
94% yield. The optimized Horner–Wadsworth–Emmons protocol
was then employed to indanone sulfonamide 29 to give a mixture
of ethyl acetates 34a and 34b in very low yield (19%), showing that
the HWE reaction was clearly less efficient. Changing the basic
conditions,11a,b the isomeric acetates 34a and 34b were not formed
and the N-ethyl-N-indan-1-one sulfonamide 35 was produced
instead, probably due to the presence of LiBr and LiOH·H2O,11c


respectively (Scheme 4).
In consequence, an alternative method appeared to be the


addition of organometallic compounds to indanones. We first tried
the Reformatsky reaction between indanone sulfonamide 29 and
an ester-stabilized organozinc reagent (BrZnCH2CO2Et) but this
proved to be ineffective (see ESI). We then examined an aldol-type
condensation with indanone sulfonamide 29 using the lithium
salt of ethyl acetate, immediately followed by dehydration with
trifluoroacetic acid and hydrolysis/isomerization with NaOMe
in methanol, (3-indenyl)acetic acid 36 being obtained in an
acceptable yield of 56% (see Scheme 4 and ESI). Applying the
same experimental procedure, indanone sulfonamides 30 and 31
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Scheme 4 Synthesis of (3-indenyl)acetic acids 33, 36, 37 and 38. Reagents and conditions: (i) RSO2Cl, pyridine, CH2Cl2, rt; (ii) 10 equiv
(EtO)2P(O)CH2CO2Et, 11.5 equiv NaH, THF or DME, 0 ◦C → reflux; (iii) NaOMe, MeOH, reflux; (iv) 10 equiv (EtO)2P(O)CH2CO2Et, 12 equiv
LiBr, 11.5 equiv Et3N, DME, reflux; (v) 10 equiv (EtO)2P(O)CH2CO2Et, 4 Å MS, 11.5 equiv LiOH·H2O, THF, reflux; (vi) (a) EtOAc, LHMDS, THF,
-78 ◦C, (b) TFA, CH2Cl2, -5 ◦C, (c) NaOMe, MeOH, reflux.


were transformed to the corresponding (3-indenyl)acetic acids 37
and 38 in good yields.


Knoevenagel condensation between (3-indenyl)acetic acid
33 and benzaldehyde in the presence of NaH yielded (Z)-
benzylideneindene acetic acid 39 along with by-products from the
Cannizzaro reaction (see ESI). Compound 39 was transformed
to the corresponding indenylacetamide 40 and the amide group
was reduced with LiAlH4 in THF to give the target (Z)-
benzylideneindenylsulfonamide 12 in a very low overall yield of 7%
(Scheme 5). In a similar manner, the simpler indenylsulfonamide
counterpart 13 was prepared starting from indenylacetic acid 33,
which was transformed to indenylacetamide 41. After changing
the reducing agent to AlH3–NMe2Et in THF, acetamide 41 was
transformed to 13 in acceptable 33% overall yield.


Following a similar stepwise synthetic route, indenylsulfon-
amides 14–17 were obtained from the corresponding (3-indenyl)-
acetic acids 33 and 36–38 as shown in Scheme 6. Thus, compounds
33 and 36–38 were transformed to the corresponding amides 42–
45, which were effectively reduced to the target indenes 14–17 with
AlH3–NMe2Et, overall yields ranging from 13% to 40%.


Depending on the difficulties encountered in the isolation and
purification, the purity of the indenylsulfonamides 13–17 was
variable but sufficient for the preliminary testing of their affinity
for the 5-HT6 serotonin receptor. Among them, compound 16,
which had a good affinity for the 5-HT6 receptor, showed a purity
of 99.6% by HPLC.


Finally, incorporation of a sulfonamide moiety into the above-
mentioned (benzylindenyl)ethanamine 6, with a high affinity
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Scheme 5 Reagents and conditions: (i) (a) NaH, THF, rt, (b) PhCHO, reflux; (ii) (a) 1,1¢-carbonyldiimidazole, THF, rt, (b) Me2NH, THF, rt; (iii) LiAlH4,
THF, rt → reflux; (iv) AlH3–NMe2Et, THF, 0 ◦C.


Scheme 6 Reagents and conditions: (i) (a) 1,1¢-carbonyldiimidazole, THF, rt, (b) pyrrolidine, THF, rt; (ii) AlH3–NMe2Et, THF, 0 ◦C or rt; (iii) (a) SOCl2,
CH2Cl2, reflux, (b) C4H8NH, CH2Cl2, rt.


to the 5-HT6 receptor,5 led to (benzylindenyl)sulfonamide 46,
a structurally similar model that could allow us to examine
the contribution of a sulfonamide moiety. Attempts were made
to prepare sulfonamide 46 either from (Z)-benzylideneindene
acetic acid 39 or from indanone sulfonamide 28, but the results
were unsuccessful (Scheme 7). Catalytic hydrogenation of (Z)-
benzylideneindene 39 gave products of decomposition, and treat-
ment of indanone sulfonamide 28 in a manner similar to that
reported by Trost and Latimer11d did not provide 3-benzylindan-
1-one 48, but benzylindanones 49 and 50, and these were not
further investigated.


The structures of the new compounds were confirmed by
spectroscopic methods (see Experimental and ESI). The (Z)-
configurations of the target indenylidenes 8–12 was confirmed


by NOE studies. For example, irradiation of the methyl protons
of the indene core and the methyl protons of the imidazole ring
in compound 10 gave an NOE for the olefinic proton, confirming
the (Z)-configuration (Fig. 2).


Biological results


(Z)-Aryl(heteroaryl)methylideneindenes 10 and 11·HCl were pro-
filed against a panel of 64 radioligand binding assays, at a
compound concentration of 10 mM,12 and the binding affinities
were found not to meet criteria significant for the context of the
present study. At a micromolar level, the human 5-HT6 serotonin
binding affinity of (Z)-aryl(heteroaryl)methylideneindenes 8–11
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Scheme 7 Reagents and conditions: (i) H2, 10% Pd/C, EtOH; (ii) (a) LDA, THF, -78 ◦C → rt, (b) BnBr, THF, rt.


Fig. 2


was below 22% whereas (Z)-benzylideneindenylsulfonamide 12
showed an inhibition of 91.8% (see Table S1†).


The subsequent design step was an indole–indene scaffold
switch based on the highly potent agonist E-6837.7–9 Thus,
indenylsulfonamides 13–17 were only tested on the 5-HT6 receptor.
Accordingly, incorporation of the sulfonamide moiety at the
indene 5-position gave rise to an enhanced affinity for the 5-
HT6 serotonin receptor, as shown by the compound pairs 12
(K i = 216.5 nM) and the more simple indenylsulfonamide 13
(K i = 50.6 nM). Changing the dimethylamino group in 13 for
a pyrrolidine, compound pairs 14 (K i = 62.9 nM) and 15 (K i =
46.3 nM) showed similar binding affinities (Fig. 3). Comparing
the affinities of the isomer pairs inden-5-ylsulfonamide 14 (K i =
62.9 nM) and inden-7-ylsulfonamide 17 (K i = 157.5 nM) permitted
us to rule out additional studies with compounds containing a
sulfonamide moiety in the 7-position of the indene core. Yet when
the sulfonamide substitution of a 2-naphthyl group in 14 was
replaced by an heteroaryl group in 16, the K i decreased to 20.2 nM
(see Table S1†), a remarkable directing effect modulated by the
nature of the aryl(heteroaryl) ring in the sulfonamide moiety.


An array of highly potent and selective 5-HT6 ligands has
been reported in the last few years, but the majority have been
identified as antagonists. A major drawback to exploring agonists
is their moderate selectivity, especially against different subtypes of


Fig. 3 Indole–indene core change: an approach toward high affinity and
selective serotonin 5-HT6 receptor ligands.


5-HT serotonin receptors.9 When indenylsulfonamides 12 and 13
were tested in the cAMP assay, their functionality was found to
be that of 5-HT6 receptor agonists. Notably, indenylsulfonamide
13 proved to be a full agonist, and this series presents good
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potential for further development due to the utility of 5-HT6


receptor agonists in the investigation of the functional role of
5-HT6 receptors.


Conclusions


A scaffold selection from several (Z)-arylmethylideneindenes 8–12
involving an indole–indene core change led to the identification
of simple indenylsulfonamides 13–17 with good affinities at
the serotonin 5-HT6 receptors, showing K i values as low as
20.2 nM. We determined a convenient synthetic pathway to the
target indenylsulfonamides using (3-indenyl)acetic acids as the
key intermediates, and several routes were then examined. The
best option to prepare the advanced intermediates was based
on an aldol-type condensation between indanone sulfonamides
and the lithium salt of ethyl acetate, immediately followed by de-
hydration with trifluoroacetic acid and hydrolysis/isomerization
with NaOMe in methanol. The structural changes responsible
for enhancing the 5-HT6 receptor binding profile are governed
by the chemical tractability of the indene-based scaffolds, and
additional studies are needed for general synthetic approaches
to the designed indene-based scaffold ligands. On the whole,
indenylsulfonamides 13–17 appeared to be interesting for further
development due to the utility of 5-HT6 receptor agonists in the
investigation of the functional role of 5-HT6 receptors. Efforts
are currently being directed towards the design and synthesis
of structural analogues both closely and distantly related to the
reported indenylsulfonamides in the quest for potent and selective
indene-based sulfonamide ligands for 5-HT6 serotonin receptors.


Experimental


General methods


Melting point: Gallenkamp Melting Point Apparatus MPD350.
BM2.5 with digital thermometer; uncorrected. IR (KBr disks or
thin film): Nicolet 205 FT or Perkin Elmer 1430 spectrophotome-
ters. 1H NMR: Varian Gemini 200 (200 MHz), Varian Gemini
300 (300 MHz) and Mercury 400 (400 MHz) spectrometers at
298 K. Chemical shifts referenced and expressed in ppm (d)
relative to the central peak of DMSO-d6 (2.49 ppm) and TMS
for chloroform-d. 13C NMR: Varian Gemini 200 (50.3 MHz),
Varian Gemini 300 (75.4 MHz) and Mercury 400 (100.6 MHz)
spectrometers at 298 K. Chemical shifts were referenced and
expressed in ppm (d) relative to the central peak of DMSO-d6


(39.7 ppm) and chloroform-d (77.0 ppm). (Z)-Configurations were
determined by NOE difference experiments (see Fig. 2 and ESI†).
MS: Hewlett-Packard spectrometer (HP-5989A model) using
EI at 70 eV. ESI-HRMS: Agilent LC/MSD-TOF spectrometer.
Microanalysis: Carlo Erba 1106 analyzer. TLC: Merck precoated
silica gel 60 F254 plates using UV light (254 nm) as a visualizing
agent or 3% aq. H2PtCl2 –10% aq. KI (1 : 1) or KMnO4 ethanolic
solution. Column chromatography: silica gel 60 ACC 35–70 mm
Chromagel (SDS) or neutral alumina 90 activity II-III (Merck).


For the target compounds, the chemical purity was determined
by HPLC using the following conditions. Waters Alliance 2690
and 2695 (software Millenium 3.20) and Agilent 1100 (software
Chemstation A.06.03) equipment with XBridge C18 (3.5 m,
0.46 ¥ 10 cm column). Mobile phase: acetonitrile (ACN)/10 mM


ammonium bicarbonate. Gradient conditions: 0–12 min: 5%
ACN to 95% ACN; 12–17 min: isocratic 95% ACN. Flow rate:
1 mL min-1. T = 35 ◦C; l = 210 nm; tR = 5.4 min.


Materials


2-Methyl-3-phenylpropanoic acid 18 and 2-methylindan-1-one
19 are currently commercially available. 2-Methyl-1H-indene
2413 and 6-aminoindan-1-one 2714 were prepared as previously
described and are currently commercially available. Diethyl
methylmalonate, (2-chloroethyl)dimethylamine hydrochloride, 2-
bromopyridine, 2-furaldehyde, 2-thiophenecarboxaldehyde, 3-
fluorobenzaldehyde, 2-naphthalenesulfonyl chloride and 5-chloro-
3-methyl-1-benzothiophene-2-sulfonyl chloride are commercial.
1-Methyl-1H-imidazole-2-carbaldehyde15 was prepared as previ-
ously described.


2-Methylindan-1-one 19


To 2.6 g (11.30 mmol) of sodium in 50 mL of dry ethanol was added
diethyl methylmalonate (20.0 g, 11.50 mmol) followed by addition
of benzyl bromide (20.2 g, 11.80 mmol) under argon atmosphere.
The resulting suspension was refluxed for 4 h. Water (60 mL)
and potassium hydroxide (16.8 g, 29.0 mmol) were added and the
mixture was refluxed for 4 h. After cooling to room temperature,
the solvents were removed in vacuum and the residue was dissolved
in 60 mL of water and acidified with concentrated HCl to pH = 1.
The precipitate was filtered and dried to give the diacid, which was
heated for decarboxylation for 2 h at 170 ◦C to yield 2-methyl-3-
phenylpropanoic acid 18 (16.5 g, 88%) as a colorless oil. IR (thin
film): n(COO–H) 3028, n(C=O) 1708 cm-1. 1H NMR (300 MHz,
CDCl3): d 1.39 (d, J = 7.2 Hz, 3H), 2.85–3.04 (m, 2H), 3.33
(dd, J = 6.0, 12.0 Hz, 1H), 7.39–7.53 (m, 5H), 11.84 (br s, 1H)
ppm. 13C NMR (CDCl3, 75.4 Hz): d 16.9 (CH3), 39.7 (CH2), 41.7
(CH), 126.8 (CH), 128.8 (CH), 129.4 (CH), 139.4 (C), 183.2 (C=O)
ppm. EI-MS m/z: 164 (M+, 10%), 91 (100). Propanoic acid 18
(4.0 g, 24.51 mmol) was reacted at 100 ◦C for 1.5 h with thionyl
chloride (5.35 mL, 73.53 mmol). The excess of thionyl chloride was
removed in vacuum. The acid chloride was dissolved in dry toluene
(15 mL) and added to a suspension of AlCl3 (9.58 g, 73.53 mmol)
in dry toluene (40 mL). The mixture was heated at reflux for
1.5 h and then cooled and poured into ice. After acidification
with concentrated HCl to pH = 1, the mixture was extracted with
CH2Cl2 (2 ¥ 50 mL). The combined organic layers were dried
over anhydrous Na2SO4, filtered and evaporated to dryness. The
resulting residue was distilled at 80–85 ◦C at 0.5 mmHg to give
2-methylindan-1-one 19 (2.64 g, 74%) as a yellow oil (lit.,16 an oil).


IR (thin film): n(C=O) 1710 cm-1. 1H NMR (200 MHz, CDCl3):
d 1.32 (d, J = 7.4 Hz, 3H), 2.68–2.80 (m, 2H), 3.38–3.49 (m, 1H),
7.36–7.47 (m, 2H), 7.57–7.63 (m, 1H), 7.76 (d, J = 7.4 Hz, 1H)
ppm. 13C NMR (CDCl3, 50.3 Hz): d 16.3 (CH3), 35.0 (CH2), 42.0
(CH), 123.9 (CH), 126.5 (CH), 127.3 (CH), 134.6 (CH), 136.3 (C),
153.4 (C), 209.4 (C=O) ppm. EI-MS m/z: 146 (M+, 70%), 131
(100).


2-Methyl-6-nitroindan-1-one 20 and 2-methyl-4-nitroindan-1-one
21


2-Methylindan-1-one 19 (20 g, 0.14 mol) was added in one portion
to 95–97% H2SO4 (40 mL) at 0 ◦C. A solution of KNO3 (15.2 g,
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0.15 mol) in 95–97% H2SO4 (120 mL) was added dropwise. The
mixture was stirred for 1 h at -5 ◦C and then poured over 2 L
of ice. The mixture was stirred at room temperature for 18 h and
extracted with CH2Cl2 (3 ¥ 400 mL). The combined organic layers
were washed with saturated Na2CO3 aqueous solution (400 mL)
and water (2 ¥ 400 mL), dried over anhydrous Na2SO4, filtered
and evaporated to dryness. The resulting residue was purified by
column chromatography on silica gel (hexanes–EtOAc mixtures
of increasing polarity as eluent) to afford 2-methyl-6-nitroindan-
1-one 20 (12 g, 46%), and 2-methyl-4-nitroindan-1-one 21 (2 g,
8%) as yellow solids.


20. Mp 70–72 ◦C. IR (thin film): n(C=O) 1717; n(NO2) 1529,
1348 cm-1. 1H NMR (400 MHz, CDCl3): d 1.37 (d, J = 7.2 Hz,
3H), 2.84–2.88 (m, 2H), 3.51 (d, J = 8.8 Hz, 1H), 3.55 (d, J =
8.8 Hz, 1H), 7.64 (d, J = 8.0 Hz, 1H), 8.45 (dd, J = 2.4, 8.4 Hz,
1H), 8.56 (d, J = 2.0 Hz, 1H) ppm. 13C NMR (CDCl3, 50.3 Hz): d
16.1 (CH3), 35.1 (CH2), 42.8 (CH), 119.3 (CH), 127.5 (CH), 128.8
(CH), 137.3, 147.8, 159.1, 206.9 (C=O) ppm. EI-MS m/z: 191 (M+,
18%), 176 (36), 151 (100). Found: C 62.00, H 4.71, N 7.34. Calcd
for C10H9NO3·0.1H2O: C 62.24, H 4.80, N 7.26%.


21. Mp 74–76 ◦C. IR (KBr): n(C=O) 1720; n(NO2) 1523,
1353 cm-1. 1H NMR (400 MHz, CDCl3): d 1.38 (d, J = 7.2 Hz,
3H); 2.78–2.86 (m, 1H); 3.21(dd, J = 4.4, 20.0 Hz, 1H); 3.93 (dd,
J = 8.0, 16.0 Hz, 1H); 7.62 (dd, J = 7.2, 8.0 Hz, 1H); 8.09 (d, J =
7.2 Hz, 1H); 8.47 (dd, J = 0.8, 8.0 Hz, 1H) ppm. 13C NMR (CDCl3,
50.3 Hz): d 16.1 (CH3), 35.7 (CH2), 41.6 (CH), 128.7 (CH), 129.8
(CH), 129.9 (CH), 134.0, 139.3, 148.1, 207.0 (C=O) ppm. EI-MS
m/z: 191 (M+, 98%), 151 (100). Found: C 61.07, H 4.84, N 7.15.
Calcd for C10H9NO3·0.33H2O: C 60.93, H 4.94, N 7.11%.


6-Amino-2-methylindan-1-one 22


To a stirred solution of 2-methyl-6-nitroindan-1-one 20 (3.5 g,
18.31 mmol) in a 1 : 1 glacial acetic acid–water solution (70 mL) at
90 ◦C was added iron (8.2 g, 0.15 mol) in portions. The resulting
suspension was stirred at the same temperature for 45 min. The
reaction mixture was filtered through Celite R© and evaporated.
The resultant residue was dissolved in CH2Cl2 and washed with
saturated NaHCO3 aqueous solution (3 ¥ 100 mL). The organic
layer was dried over anhydrous Na2SO4, filtered and evaporated
to dryness to afford 6-amino-2-methylindan-1-one 22 (2.5 g, 85%)
as a yellow solid. The product was used directly in the next step
without further purification.


Mp 144–146 ◦C. IR (KBr): n(NH2) 3461, 3358; n(C=O)
1688 cm-1. 1H NMR (200 MHz, DMSO-d6): d 1.14 (d, J =
7.4 Hz, 3H), 2.40–2.60 (m, 2H), 3.10–3.25 (m, 1H), 5.28 (br s,
2H), 6.75 (d, J = 1.8 Hz, 1H), 6.91 (dd, J = 2.6, 10.0 Hz, 1H),
7.18 (d, J = 8.0 Hz, 1H) ppm. 13C NMR (CDCl3, 50.3 Hz): d
16.3 (CH3), 33.7 (CH2), 42.0 (CH), 105.7 (CH), 122.4 (CH), 126.8
(CH), 136.7, 141.1, 148.4, 208.8 (C=O) ppm. EI-MS m/z: 161 (M+,
99%), 146 (100), 132 (51). Found: C 67.68, H 6.71, N 7.90. Calcd
for C10H11NO·0.25CH2Cl2: C 67.48, H 6.35, N 7.68%.


4-Amino-2-methylindan-1-one 23


10% Pd/C (0.3 g) was added to a solution of 2-methyl-4-
nitroindan-1-one 21 (3.0 g, 15.7 mmol) in absolute ethanol
(250 mL) and the mixture was hydrogenated under atmospheric
pressure. After 18 h, the catalyst was filtered and the filtrate was


concentrated in vacuum. The residue was taken up in 1 N HCl
(50 mL) and washed with EtOAc (3 ¥ 50 mL). The aqueous
phase was basified with 10% NaOH aqueous solution (80 mL).
The resulting solid was filtered and dried to give 4-amino-2-
methylindan-1-one 23 (1.01 g, 40%) as a yellow oil.


IR (thin film): n(NH2) 3367; n(C=O) 1694 cm-1. 1H NMR
(200 MHz, CDCl3): d 1.33 (d, J = 7.4 Hz, 3H), 2.47 (dd, J =
3.6, 16.6 Hz, 1H), 2.67–2.80 (m, 1H), 3.17 (dd, J = 7.6, 16.5 Hz,
1H), 3.78 (br s, 2H), 6.86–6.90 (m, 1H), 7.20–7.26 (m, 2H) ppm. 13C
NMR (CDCl3, 100.6 Hz): d 16.5 (CH3), 31.6 (CH2), 41.8 (CH),
113.8 (CH), 119.1 (CH), 128.7 (CH), 137.1, 138.5, 143.7, 209.6
(C=O) ppm. ESI-HRMS calcd for C10H12NO [M + H]+ 162.0919;
found 162.0913.


N ,N-Dimethyl-2-(2-methyl-1H-inden-3-yl)ethanamine 25


To a stirred solution of 2-methyl-1H-indene 24 (0.75 g, 5.77 mmol)
in dry THF (15 mL) cooled to -5 ◦C was added n-BuLi (1.6 M
in hexanes, 3.6 mL, 5.77 mmol) under argon atmosphere. After
stirring for 3 h at room temperature, (2-chloroethyl)dimethylamine
hydrochloride (0.42 g, 2.88 mmol) was added as a solid. The solu-
tion was allowed to stir overnight and was hydrolyzed with water
(25 mL). The layers were separated and the aqueous layer was
extracted with EtOAc (2 ¥ 10 mL). The combined organic layers
were dried over anhydrous Na2SO4 and concentrated to dryness.
The resulting residue was purified by column chromatography
on alumina (hexanes–EtOAc mixtures of increasing polarity as
eluent) to afford the amine derivative 25 (0.36 mg, 60%) as an oil
(lit.,17 colorless oil).


1H NMR (200 MHz, CDCl3): d 2.08 (s, 3H), 2.36 (s, 6H), 2.40–
2.50 (m, 2H), 2.63–2.80 (m, 2H), 3.27 (s, 2H), 7.01–7.40 (m, 4H)
ppm. 13C NMR (CDCl3, 50.3 Hz): d 14.0 (CH3), 23.8 (CH2), 42.6
(CH2), 45.3 (CH3), 58.3 (CH2), 117.9 (CH), 123.2 (CH), 123.6
(CH), 126.0 (CH), 134.6, 139.4, 142.5, 146.3 ppm. EI-MS m/z:
201 (M+, 2%), 58 (100).


2-(2-Methyl-1H-inden-3-yl)pyridine 26


To a stirred solution of 2-bromopyridine (1.3 mL, 13.68 mmol)
in dry diethyl ether (10 mL) cooled to -60 ◦C was added n-BuLi
(1.6 M in hexanes, 9.0 mL, 13.68 mmol) under argon atmosphere.
The resulting mixture reaction was stirred for 20 min at this
temperature. Thereafter, a solution of 2-methylindan-2-one 19
(2.0 g, 13.68 mmol) in dry ethyl ether (12 mL) was added. After
a reaction time of 2 h at -50 ◦C, the reaction was hydrolyzed
with saturated aqueous NH4Cl solution (20 mL). The layers were
separated, and the aqueous layer was extracted with EtOAc (2 ¥
10 mL). The combined organic layers were dried over anhydrous
Na2SO4 and concentrated to dryness to afford a brown oil. The
obtained compound was treated at 0 ◦C with 96% H2SO4. The
solution was stirred for 2 h at this temperature and then poured
into ice (200 g). The resulting reaction mixture was neutralized
with solid NaOH and extracted with EtOAc (3 ¥ 100 mL). The
combined organic layers were dried over anhydrous Na2SO4 and
concentrated to dryness. The resulting residue was purified by
column chromatography on silica (hexanes–EtOAc mixtures of
increasing polarity as eluent) to give the pyridine derivative 26 as
a yellow oil, yield 10%.


1H NMR (200 MHz, CDCl3): d 2.25 (s, 3H), 3.50 (s, 2H), 7.10–
7.28 (m, 4H), 7.42–7.46 (m, 2H), 7.74–7.82 (m, 1H), 8.74–8.76
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(m, 1H) ppm. 13C NMR (CDCl3, 50.3 Hz): d 15.2 (CH3), 43.6
(CH2), 119.7 (CH), 121.6 (CH), 123.2 (CH), 124.0 (CH), 124.1
(CH), 126.1 (CH), 132.2, 136.1 (CH), 142.1, 143.8, 145.2, 149.6
(CH), 154.8 ppm.


Synthesis of (Z)-heteroarylmethylideneindenes 8–11:
General procedure


To a stirred solution of amine 25 or 26 (1 equiv) in dry MeOH at
-5 ◦C was added sodium (2.5 equiv) in dry MeOH under argon
atmosphere. The mixture was warmed to room temperature and
stirred for 20 min. To this mixture was added the corresponding
aldehyde (1.05 equiv) and the reaction mixture was heated at reflux
for 12 h. After dilution with EtOH, the solvent was removed in
vacuum. The indene derivatives 8–11 were isolated from the crude
reaction mixture by column chromatography on alumina using
hexanes–EtOAc mixtures of increasing polarity as the eluent.


2-[(1Z)-1-(3-Furylmethylidene)-2-methyl-1H-inden-3-yl]-N ,N-
dimethylethanamine hydrochloride 8·HCl


The above procedure was followed using amine 25 (170 mg,
0.84 mmol) in dry MeOH (5 mL), sodium (50 mg, 2.1 mmol)
in dry MeOH (5 mL) and 2-furaldehyde (0.08 mL, 0.88 mmol).
To a solution of the resultant crude product in dry acetone (1 mL)
was added HCl (2.0 M in diethyl ether, 1 mL). The yellow solid
obtained was filtered and dried to afford the hydrochloride 8·HCl,
yield 30%.


Mp 170–171 ◦C. 1H NMR (200 MHz, CDCl3): d 2.20 (s, 3H),
2.90 (s, 6H), 3.12–3.19 (m, 4H), 6.67 (s, 1H), 6.92 (s, 1H), 7.00–
7.08 (m, 1H), 7.20–7.32 (m, 2H), 7.52 (s, 1H), 7.68 (s, 1H), 7.81 (d,
J = 8.0 Hz, 1H) ppm. 13C NMR (CDCl3, 50.3 Hz): d 10.5 (CH3),
21.1 (CH2), 42.9 (CH3), 56.3 (CH2), 111.5 (CH), 117.5 (CH), 120.5
(CH), 121.4, 122.9 (CH), 124.9 (CH), 128.0 (CH), 132.1, 134.1,
136.1, 141.0, 142.8 (CH), 143.3 (CH) ppm. ESI-HRMS calcd for
C19H22NO [M + H]+ 280.1696; found 280.1692.


N ,N-Dimethyl-2-[(1Z)-2-methyl-1-(2-thienylmethylidene)-1H-
inden-3-yl]ethanamine 9


The above procedure was followed using amine 25 (368 mg,
1.83 mmol) in dry MeOH (10 mL), sodium (105 mg, 4.58 mmol)
in dry MeOH (10 mL) and 2-thiophenecarboxaldehyde (0.18 mL,
1.92 mmol). Compound 9 was obtained as an orange oil, yield
28%.


1H NMR (200 MHz, CDCl3): d 2.13 (s, 3H), 2.34 (s, 6H), 2.42–
2.52 (m, 2H), 2.72–2.82 (m, 2H), 6.89–7.01 (m, 1H), 7.05 (s, 1H),
7.06–7.12 (m, 1H), 7.17–7.20 (m, 2H), 7.34–7.43 (m, 2H), 7.87 (d,
J = 8 Hz, 1H) ppm. 13C NMR (CDCl3, 50.3 Hz): d 10.3 (CH3),
24.1 (CH2), 45.3 (CH3), 58.1 (CH2), 117.7 (CH), 120.7 (CH), 122.7
(CH), 124.4 (CH), 127.2 (CH), 127.4 (CH), 127.9 (CH), 129.2
(CH), 134.0, 134.1, 137.4, 139.2, 141.8, 144.2 ppm. ESI-HRMS
calcd for C19H22NS [M + H]+ 296.1468; found 296.1467.


N ,N-Dimethyl-2-{(1Z)-2-methyl-1-[(1-methyl-1H-imidazol-2-
yl)methylidene]-1H-inden-3-yl}ethanamine 10


The above procedure was followed using amine 25 (430 mg,
2.14 mmol) in dry MeOH (12 mL), sodium (123 mg, 5.35 mmol) in
dry MeOH (12 mL) and 1-methyl-1H-imidazole-2-carbaldehyde


(247 mg, 2.25 mmol). Compound 10 was obtained as an orange
oil, yield 29%.


1H NMR (200 MHz, CDCl3): d 2.12 (s, 3H), 2.33 (s, 6H), 2.40–
2.52 (m, 2H), 2.68–2.80 (m, 2H), 3.66 (s, 3H), 6.65 (s, 1H), 6.94 (s,
1H), 7.01–7.19 (m, 3H), 7.25 (s, 1H), 8.51 (d, J = 8 Hz, 1H) ppm.


13C NMR (CDCl3, 50.3 Hz): d 10.2 (CH3), 24.3 (CH2), 33.4
(CH3), 45.4 (CH3), 58.1 (CH2), 112.2 (CH), 117.4 (CH), 121.8
(CH), 125.0 (CH), 125.3 (CH), 128.2 (CH), 129.2 (CH), 133.4,
134.1, 138.9, 144.2 ppm. ESI-HRMS calcd for C19H24N3 [M + H]+


294.1965; found 294.1960.


2-[(1Z)-2-Methyl-1-(2-thienylmethylidene)-1H-inden-3-yl]pyridine
11·HCl


The above procedure was followed using amine 26 (270 mg,
1.30 mmol) in dry MeOH (10 mL), sodium (75 mg, 3.25 mmol)
in dry MeOH (10 mL) and 2-thiophenecarboxaldehyde (0.13 mL,
1.37 mmol). To a solution of the resultant crude product in dry
MeOH (2 mL) was added HCl (2.0 M in diethyl ether, 5 mL) and
CH2Cl2 (2 mL). The red solid obtained was filtered and dried to
afford the hydrochloride 11·HCl (45 mg, 10%).


Mp 203–205 ◦C. 1H NMR (200 MHz, CDCl3): d 2.54 (s, 3H),
7.13–7.22 (m, 3H), 7.55–7.60 (m, 3H), 7.86 (dd, J = 6.2 and 6.4 Hz,
1H), 8.00 (d, J = 8 Hz, 1H), 8.23 (d, J = 7.8 Hz, 1H), 8.46 (dd,
J = 7.6 and 7.5 Hz, 1H), 9.08 (d, J = 8 Hz, 1H) ppm. 13C NMR
(CDCl3, 50.3 Hz): d 14.5 (CH3), 123.3 (CH), 125.9 (CH), 127.7
(CH), 128.0 (CH), 128.7 (CH), 129.6 (CH), 131.8 (CH), 133.5
(CH), 138.2, 139.6, 141.1, 143.6, 144.9, 147.3, 149.9 ppm. ESI-
HRMS calcd for C20H16NS [M + H]+ 302.1000; found 302.0995.


Synthesis of indanones sulfonamides 28–31: General procedure


To a stirred solution of aminoindanones 22, 23 or 27 (1 equiv)
and pyridine in dry CH2Cl2 was added a solution of a convenient
substituted aromatic sulfonyl chloride (1.3 equiv) in dry CH2Cl2


under argon atmosphere. After stirring at room temperature for
18 h, the reaction mixture was washed with 2.5 N HCl, dried over
anhydrous Na2SO4, filtered and evaporated to dryness.


N-(2-Methyl-3-oxo-2,3-dihydro-1H-inden-5-yl)naphthalene-2-
sulfonamide 28


The above procedure was followed using aminoindanone 22 (2.5 g,
15.51 mmol), dry pyridine (3 mL) in dry CH2Cl2 (65 mL) and 2-
naphthalenesulfonyl chloride (3.5 g, 20.16 mmol) in dry CH2Cl2


(20 mL). Indanone sulfonamide 28 (3.7 g, 68%) was obtained as
an off-white solid. The product was used directly in the next step
without further purification.


Mp 174–176 ◦C. IR (KBr): n(NH) 3177; n(C=O) 1693; n(SO2)
1341, 1158 cm-1. 1H NMR (200 MHz, CDCl3): d 1.24 (d, J =
7.2 Hz, 3H), 2.50–2.80 (m, 2H), 3.20–3.39 (m, 1H), 7.31 (d, J =
10.0 Hz, 1H), 7.43–7.44 (m, 1H), 7.49–7.62 (m, 4H), 7.79–7.90 (m,
4H), 8.39 (s, 1H) ppm. 13C NMR (CDCl3, 50.3 Hz): d 16.1 (CH3),
34.4 (CH2), 42.5 (CH), 116.0 (CH), 122.0 (CH), 127.4 (CH), 127.5
(CH), 127.8 (CH), 128.3 (CH), 128.8 (CH), 128.9 (CH), 129.2
(CH), 129.5 (CH), 131.9, 134.8, 135.6, 136.2, 137.2, 150.2, 208.7
(C=O) ppm. EI-MS m/z: 351 (M+, 40%), 127 (100). Found: C
67.58, H 5.12, N 3.95. Calcd for C20H17NO3S·0.33EtOH: C 67.68,
H 5.22, N 3.82%.
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N-(3-Oxo-2,3-dihydro-1H-inden-5-yl)naphthalene-2-sulfonamide
29


The above procedure was followed using aminoindanone 27 (3.0 g,
20.40 mmol), dry pyridine (4 mL) in dry CH2Cl2 (100 mL)
and 2-naphthalenesulfonyl chloride (6.0 g, 26.49 mmol) in dry
CH2Cl2 (25 mL). The resulting residue was purified by column
chromatography on silica (CH2Cl2–MeOH mixtures of increasing
polarity as eluent) to give indanone sulfonamide 29 (3.55 g, 53%)
as an off-white solid.


Mp 211–212 ◦C. IR (KBr): n(NH) 3200; n(C=O) 1693; n(SO2)
1334, 1154 cm-1. 1H NMR (200 MHz, CDCl3): d 2.60–2.67 (m,
2H), 3.01–3.05 (m, 2H), 6.93 (s, 1H), 7.35–7.39 (m, 2H), 7.45–7.78
(m, 4H), 7.82–7.92 (m, 4H), 8.39 (s, 1H) ppm. 13C NMR (CDCl3,
50.3 Hz): d 25.5 (CH2), 36.8 (CH2), 116.1 (CH), 122.1 (CH), 127.8
(CH), 128.0 (CH), 128.6 (CH), 129.1 (CH), 129.2 (CH), 129.4
(CH), 129.7 (CH), 132.1, 135.1, 135.7, 136.1, 138.1, 152.2, 206.1
(C=O) ppm. EI-MS m/z: 337 (M+, 26%), 146 (100). Found: C
65.09, H 4.47, N 4.02. Calcd for C19H15NO3S·0.7H2O: C 65.20, H
4.72, N 4.00%.


5-Chloro-3-methyl-N-(2-methyl-3-oxo-2,3-dihydro-1H-inden-5-
yl)-1-benzothiophene-2-sulfonamide 30


The above procedure was followed using aminoindanone 22 (1.0 g,
6.20 mmol) in dry pyiridine (40 mL) and 5-chloro-3-methyl-1-
benzothiophene-2-sulfonyl chloride (1.83 g, 6.51 mmol) in dry
pyridine (9 mL). The resulting residue was purified by column
chromatography on silica (CH2Cl2–MeOH mixtures of increasing
polarity as eluent) to give indanone sulfonamide 30 (1.2 g, 48%)
as a salmon-pink solid.


Mp 245–246 ◦C. IR (KBr): n(NH) 3120; n(C=O) 1691; n(SO2)
1342, 1158 cm-1. 1H NMR (300 MHz, DMSO-d6): d 1.28 (d, J =
7.2 Hz, 3H), 2.62–2.90 (m, 6H), 3.36–3.52 (m, 4H), 7.54 (s, 1H),
7.59 (s, 2H), 7.72 (d, J = 8.0 Hz, 1H), 8.18 (s, 1H), 8.39 (s, J =
8.0 Hz, 1H) ppm. 13C NMR (CDCl3, 75.4 Hz): d 12.5 (CH3), 16.1
(CH3), 34.3 (CH2), 42.4 (CH), 114.2 (CH), 124.0 (CH), 125.2 (CH),
127.7 (CH), 128.2 (CH), 128.3 (CH), 131.1, 136.9, 137.0, 137.1,
137.6, 140.9, 150.1, 208.5 (C=O) ppm. EI-MS m/z: 405 (M+, 9%),
146 (91), 181 (100). Found: C 55.13, H 3.90, N 3.53, S 14.95. Calcd
for C20H17NO3S·0.15CH2Cl2: C 54.94, H 3.92, N 3.35, S 15.32%.


N-(2-Methyl-3-oxo-2,3-dihydro-1H-inden-7-yl)naphthalene-2-
sulfonamide 31


The above procedure was followed using aminoindanone 23
(0.72 g, 4.47 mmol), dry pyridine (1.5 mL) in dry CH2Cl2 (30 mL)
and 2-naphthalenesulfonyl chloride (1.3 g, 5.81 mmol) in dry
CH2Cl2 (10 mL). Indanone sulfonamide 31 (1.35 g, 83%) was
obtained as an off-white foamy solid. The product was used
directly in the next step without further purification.


Mp 85–86 ◦C. IR (KBr): n(NH) 3241; n(C=O) 1697; n(SO2)
1338, 1159 cm-1. 1H NMR (200 MHz, CDCl3): d 1.06 (d, J =
7.2 Hz, 3H), 2.19–2.29 (m, 1H), 2.42–2.62 (m, 1H), 3.00–3.13 (m,
1H), 6.78 (s, 1H), 7.29 (m, 1H), 7.54–7.95 (m, 8H), 8.33 (d, J =
1.8 Hz, 1H) ppm. 13C NMR (CDCl3, 50.3 Hz): d 16.1 (CH3),
32.0 (CH2), 41.7 (CH), 121.4 (CH), 121.9 (CH), 127.8 (CH), 127.9
(CH), 128.4 (CH), 128.7 (CH), 128.8 (CH), 128.9 (CH), 129.2
(CH), 129.6 (CH), 131.8, 134.1, 134.9, 135.9, 137.5, 146.2, 208.4


(C=O) ppm. ESI-HRMS calcd for [M + H]+ 352.1001; found
352.0997.


Ethyl (2Z)-{2-methyl-6-[(2-naphthylsulfonyl)amino]-2,3-dihydro-
1H-inden-1-ylidene}acetate 32


To a stirred suspension of 55–65% NaH (0.95 g, 39.04 mmol)
in dry THF (200 mL) cooled to 0 ◦C was added dropwise triethyl
phosphonoacetate (6.9 mL, 34.10 mmol) under argon atmosphere.
After stirring for 1 h at the same temperature, a solution of
indanone sulfonamide 28 (1.2 g, 3.41 mmol) in dry THF (35 mL)
was slowly added. The resultant yellow solution was stirred at
room temperature for 1.5 h and at reflux for 24 h. The reaction
mixture was quenched by addition of water (150 mL) and extracted
with EtOAc (3 ¥ 200 mL). The combined organic layers were dried
over anhydrous Na2SO4, filtered and evaporated to dryness. The
resulting residue was purified by column chromatography on silica
gel (hexanes–EtOAc mixtures of increasing polarity as eluent) to
afford the ethyl (Z)-indanylacetate 32 (1.06 g, 73%) as a yellow
solid.


Mp 118–120 ◦C. IR (KBr): n(NH) 3183; n(C=O) 1682; n(C=C)
1628; n(SO2) 1332, 1160 cm-1. 1H NMR (200 MHz, CDCl3): d
1.17–1.30 (m, 9H), 2.45–2.55 (m, 1H), 2.98–3.15 (m, 2H), 4.11
(q, J = 6.8 Hz, 2H), 5.78 (d, J = 1.4 Hz, 1H), 6.61 (s, 1H), 7.16
(d, J = 8.6 Hz, 1H), 7.26–7.34 (m, 1H), 7.54–7.62 (m, 2H), 7.74–
7.96 (m, 4H), 8.40 (d, J = 2.2 Hz, 1H), 8.45 (d, J = 1.8 Hz,
1H) ppm. 13C NMR (CDCl3, 50.3 Hz): d 14.3 (CH3), 20.9 (CH3),
38.0 (CH2), 41.8 (CH), 60.0 (CH2), 111.7 (CH), 121.5 (CH), 122.4
(CH), 124.1 (CH), 125.5 (CH), 127.2 (CH), 127.7 (CH), 128.6
(CH), 129.0 (CH), 129.2 (CH), 129.3 (CH), 131.8, 135.2, 136.0,
137.8, 145.7, 163.8, 166.2 (C=O) ppm. EI-MS m/z: 421 (M+, 64%),
375 (94), 184 (100). Found: C 64.70, H 5.59, N 3.18. Calcd for
C24H23NO4S·0.4CH2Cl2: C 64.34, H 5.27, N 3.08%.


{2-Methyl-5-[(2-naphthylsulfonyl)amino]-1H-inden-3-yl}acetic
acid 33


To a stirred suspension of ester derivative 32 (2.15 g, 5.10 mmol)
in dry MeOH (25 mL) at room temperature was slowly added
sodium (0.47 g, 20.40 mmol) in dry MeOH (25 mL) under argon
atmosphere. The resulting solution was refluxed for 18 h. The
reaction mixture was quenched by addition of water (150 mL) and
acidified with 5 N HCl. The resultant solid was filtered to give
acetic acid derivative 33 (1.89 g, 94%) as a light orange solid.


Mp 176–178 ◦C. IR (KBr): n(COO–H, NH) 3242; n(C=O) 1705;
n(SO2) 1329, 1155 cm-1. 1H NMR (200 MHz, CDCl3): d 2.07 (s,
3H), 3.20 (s, 2H), 3.48 (s, 2H), 6.85–6.95 (m, 1H), 7.08–7.18 (m,
2H), 7.40–7.95 (m, 7H), 8.31 (s, 1H) ppm. 13C NMR (CDCl3,
50.3 Hz): d 14.2 (CH3), 31.2 (CH2), 42.2 (CH2), 112.4 (CH),
117.3 (CH), 122.2 (CH), 123.5 (CH), 127.2 (CH), 127.7 (CH),
128.6 (CH), 128.8 (CH), 129.1 (CH), 131.8, 134.7, 134.9, 135.8,
139.0, 144.2, 146.7, 175.3 (C=O) ppm. EI-MS m/z: 393 (M+, 36%),
202 (100). Found: C 66.03, H 5.10, N 3.39, S 7.04. Calcd for
C22H19NO4S·0.5EtOAc: C 65.89, H 5.30, N 3.20, S 7.33%.


Synthesis of ethyl acetates 34a and 34b


To a stirred suspension of 55–65% NaH (0.82 g, 34.19 mmol)
in dry DME (75 mL) cooled to 0 ◦C was added dropwise triethyl
phosphonoacetate (5.9 mL, 29.60 mmol) under argon atmosphere.
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After stirring for 1 h at the same temperature, a solution of
indanone 29 (1.0 g, 2.96 mmol) in dry DME (25 mL) was slowly
added. The resultant solution was stirred at reflux for 24 h.
The reaction mixture was quenched by addition of water and
extracted with EtOAc. The combined organic layers were dried
over anhydrous Na2SO4, filtered and evaporated to dryness. The
resulting residue was purified by column chromatography on silica
gel (hexanes–EtOAc mixtures of increasing polarity as eluent). The
mixture of isomeric esters 34a and 34b (230 mg, 19%) was obtained
as a yellow solid.


EI-MS m/z (%): 407 (M+, 60), 361 (56), 216 (54), 188 (60), 170
(85), 127 (100), 115 (90).


N-Ethyl-N-(3-oxo-2,3-dihydro-1H-inden-5-yl)naphthalene-2-
sulfonamide 35


Experiment 1. To a solution of anhydrous LiBr (6.18 g,
71.16 mmol) in dry DME was added triethyl phosphonoacetate
(11.9 mL, 59.30 mmol) and the mixture was stirred 5 min under
argon atmosphere. Dry triethylamine (9.5 mL, 68.49 mmol) was
added and the white suspension stirred for an additional 10 min.
A solution of indanone 29 (2.0 g, 5.93 mmol) in dry DME
(60 mL) was then added dropwise, and the reaction mixture was
stirred at reflux for 24 h. After being quenched with 1 N HCl,
the reaction mixture was extracted with CH2Cl2 (3 ¥ 50 mL).
The combined organic layers were dried over anhydrous Na2SO4,
filtered and evaporated to dryness. The resulting residue was
purified by column chromatography on silica gel (hexanes–EtOAc
mixtures of increasing polarity as eluent). N-Ethyl-N-indan-1-one
sulfonamide 35 (680 mg, 31%) was obtained as an off-white solid.


Experiment 2. To a solution of indanone sulfonamide 29
(1.0 g, 2.96 mmol) in dry THF (100 mL) was added triethyl
phosphonoacetate (5.9 mL, 29.60 mmol) and activated 4 Å
molecular sieves (5 g) under argon atmosphere, and the mixture
heated at reflux. LiOH·H2O (1.43 g, 34.19 mmol) previously
submitted to heating at 120 ◦C for 2 h was added, in three
portions, during the course of the reaction (24 h). After being
quenched with 1 N HCl, the reaction mixture was extracted with
EtOAc (3 ¥ 100 mL). The combined organic layers were dried
over anhydrous Na2SO4, filtered and evaporated to dryness. The
resulting residue was purified by column chromatography on silica
gel (hexanes–EtOAc mixtures of increasing polarity as eluent). N-
Ethyl-N-indan-1-one sulfonamide 35 (100 mg, 9%) was obtained
as an off-white solid.


Mp 111–112 ◦C. IR (KBr): n(C=O) 1700; n(SO2) 1342,
1162 cm-1. 1H NMR (300 MHz, CDCl3): d 1.07 (t, J = 7.2 Hz, 3H),
2.70–2.74 (m, 2H), 3.14–3.18 (m, 2H), 3.66 (q, J = 7.2 Hz, 2H),
7.30 (s, 1H), 7.49–7.68 (m, 5H), 7.87–7.91 (m, 3H), 8.22 (s, 1H)
ppm. 13C NMR (CDCl3, 75.4 Hz): d 13.9 (CH3), 25.6 (CH2), 36.6
(CH2), 45.6 (CH2), 122.6 (CH), 122.7 (CH), 127.3 (CH), 127.4
(CH), 127.5 (CH), 127.9 (CH), 128.8 (CH), 129.1 (CH), 129.2
(CH), 132.0, 134.8, 135.0, 136.3 (CH), 137.8, 138.4, 154.6, 205.9
(C=O) ppm. EI-MS m/z: 393 (M+, 16%), 127 (100).


Synthesis of (3-indenyl)acetic acids 36–38: General procedure


Dry ethyl acetate (1.05 equiv) was added dropwise to a stirred
solution of lithium bis(trimethylsilyl)amide (1.0 M in THF,
2.1 equiv) at -78 ◦C. After 15 min, a solution of indanone


sulfonamides 29, 30 or 31 (1 equiv) in dry THF was added dropwise
and the mixture was stirred for 1 h at the same temperature. The
reaction mixture was quenched by addition of 1 N HCl and was
warmed to ambient temperature. The aqueous layer was separated
and extracted with EtOAc. The combined organic layers were
evaporated to dryness. Trifluoroacetic acid (7 equiv) was added
dropwise to a stirred solution of the resulting residue in dry CH2Cl2


at -5 ◦C. After 35 min, the mixture was concentrated in vacuum.
To a stirred solution of the resultant foamy solid in dry MeOH
at room temperature was added sodium (4 equiv) in dry MeOH
under argon atmosphere. The resulting mixture was refluxed for
24 h. To cooled reaction mixture EtOH was added dropwise, and
the mixture then evaporated. To the residue was added 5% aqueous
Na2CO3solution and washed with EtOAc. The aqueous layer was
acidified with 5 N HCl and extracted with EtOAc. The combined
organic layers were dried over anhydrous Na2SO4, filtered and
evaporated to dryness.


{5-[(2-Naphthylsulfonyl)amino]-1H-inden-3-yl}acetic acid 36


The above procedure was followed using dry EtOAc (0.47 mL,
4.67 mmol), LHMDS (1.0 M in THF, 9.3 mL, 9.3 mmol), indanone
sulfonamide 29 (1.5 g, 4.45 mmol) in dry THF (35 mL); TFA
(2.1 mL, 27.66 mmol) in dry CH2Cl2 (20 mL) and sodium (0.4 g,
17.28 mmol) in dry MeOH (40 mL). (3-Indenyl)acetic acid 36
(0.95 g, 56%) was obtained as a foamy yellow solid.


Mp 135–136 ◦C. IR (KBr): n(COO–H, NH) 3276; n(C=O) 1702;
n(SO2) 1325, 1156 cm-1. 1H NMR (200 MHz, CDCl3): d 3.15 (s,
2H), 3.49 (s, 2H), 6.37 (s, 1H), 6.90–7.96 (m, 10H), 8.32 (s, 1H)
ppm. 13C NMR (CDCl3, 50.3 Hz): d 33.7 (CH2), 37.5 (CH2), 113.3
(CH), 118.6 (CH), 122.2 (CH), 124.1 (CH), 127.2 (CH), 127.6
(CH), 128.6 (CH), 128.8 (CH), 129.1 (CH), 129.2 (CH), 131.8,
133.8 (CH), 134.7, 134.9, 135.7, 141.0, 145.3, 175.8 (C=O) ppm.
EI-MS m/z: 379 (M+, 11%), 127 (100).


(5-{[(5-Chloro-3-methyl-1-benzothiophen-2-yl)sulfonyl]amino}-2-
methyl-1H-inden-3-yl)acetic acid 37


The above procedure was followed using dry EtOAc (0.23 mL,
2.33 mmol), LHMDS (1.0 M in THF, 4.7 mL, 4.7 mmol), indanone
sulfonamide 30 (0.9 g, 2.22 mmol) in dry THF (22 mL); TFA
(1.1 mL, 14.41 mmol) in dry CH2Cl2 (15 mL) and sodium (0.22 g,
9.61 mmol) in dry MeOH (25 mL). (3-Indenyl)acetic acid 37
(0.58 g, 54%) was obtained as a foamy white solid.


Mp 197–198 ◦C. IR (KBr): n(COO–H, NH) 3266; n(C=O) 1710;
n(SO2) 1342, 1155 cm-1. 1H NMR (200 MHz, CDCl3): d 2.10 (s,
2H), 2.32 (s, 3H), 3.28 (s, 2H), 3.48 (s, 2H), 6.86–6.95 (m, 1H),
7.02–7.06 (m, 2H), 7.19–7.33 (m, 2H), 7.58–7.61 (m, 2H) ppm. 13C
NMR (CDCl3, 50.3 Hz): d 12.6 (CH3), 14.6 (CH3), 31.8 (CH2),
42.1 (CH2), 112.2 (CH), 117.2 (CH), 124.0 (CH), 125.2 (CH), 128.0
(CH), 130.2, 131.2, 135.8, 137.2, 137.8, 138.1, 139.0, 140.8, 144.0,
147.8, 172.3 (C=O) ppm. EI-MS m/z: 447 (M+, 13%), 202 (89),
156 (100).


{2-Methyl-7-[(2-naphthylsulfonyl)amino]-1H-inden-3-yl}acetic
acid 38


The above procedure was followed using dry EtOAc (0.17 mL,
1.79 mmol), LHMDS (1.0 M in THF, 3.6 mL, 3.6 mmol), indanone
sulfonamide 31 (0.6 g, 1.71 mmol) in dry THF (12 mL); TFA
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(0.7 mL, 8.76 mmol) in dry CH2Cl2 (9 mL) and sodium (0.11 g,
4.74 mmol) in dry MeOH (11 mL). (3-Indenyl)acetic acid 38
(0.46 g, 68%) was obtained as a foamy light brown solid.


Mp 91–92 ◦C. IR (KBr): n(COO–H, NH) 3251; n(C=O) 1703;
n(SO2) 1328, 1158 cm-1. 1H NMR (200 MHz, CDCl3): d 2.04
(s, 3H), 3.15 (s, 2H), 3.45 (s, 2H), 6.82–7.80 (m, 10H), 8.31 (s,
1H) ppm. 13C NMR (CDCl3, 50.3 Hz): d 14.2 (CH3), 31.5 (CH2),
42.1 (CH2), 112.4 (CH), 117.5 (CH), 122.2 (CH), 123.5 (CH),
127.2 (CH), 127.6 (CH), 128.5 (CH), 128.8 (CH), 129.1 (CH),
129.2 (CH), 131.8, 134.6, 134.9, 135.8, 139.0, 144.2, 147.4, 176.0
(C=O) ppm. EI-MS m/z: 393 (M+, 21%), 202 (59), 156 (100),
127 (91). Found: C 65.51, H 5.21, N 3.40, S 7.06. Calcd for
C22H19NO4S·0.5EtOAc: C 65.89, H 5.30, N 3.20, S 7.33%.


{(1Z)-1-Benzylidene-2-methyl-5-[(2-naphthylsulfonyl)amino]-1H-
inden-3-yl}acetic acid 39


To a stirred suspension of 55–65% NaH (0.55 g, 22.86 mmol)
in dry THF (75 mL) cooled to 0 ◦C was added dropwise a
solution of (3-indenyl)acetic acid 33 (1.5 g, 3.81 mmol) in dry THF
(40 mL). After stirring at room temperature for 1 h, a solution
of benzaldehyde (2 mL, 19.05 mmol) in dry THF (10 mL) was
slowly added. The resulting mixture was heated to reflux for 5 h.
The reaction mixture was quenched with ethanol (50 mL) and
evaporated. The resultant residue was dissolved in brine (200 mL)
and washed with CH2Cl2 (2 ¥ 150 mL). The aqueous layer was
acidified with 5 N HCl and extracted with CH2Cl2 (3 ¥ 100 mL).
The combined organic layers were dried over anhydrous Na2SO4,
filtered and evaporated to dryness. The resulting residue was
purified by column chromatography on silica gel (hexanes–EtOAc
mixtures of increasing polarity as eluent) to afford the acetic acid
derivative (Z)-39 (0.7 g, 38%) as a yellow solid.


Mp 110–112 ◦C. IR (KBr): n(COO–H, NH) 3245; n(C=O)
1705; n(C=C) 1607; n(SO2) 1330, 1154 cm-1. 1H NMR (200 MHz,
CDCl3): d 2.18 (s, 3H), 3.58 (s, 2H), 7.00 (s, 1H), 7.14–7.17 (m,
2H), 7.33–7.80 (m, 12H), 8.32 (s, 1H) ppm. 13C NMR (CDCl3,
50.3 Hz): d 10.5 (CH3), 30.9 (CH2), 111.2 (CH), 116.2 (CH), 122.1
(CH), 123.2 (CH), 126.6 (CH), 128.0 (CH), 128.3 (CH), 128.6
(CH), 128.8 (CH), 129.1 (CH), 129.2 (CH), 130.7, 131.8, 135.4,
135.8, 136.3, 136.4, 138.0, 140.3, 145.2, 175.4 (C=O) ppm. EI-MS
m/z: 481 (M+, 2%), 202 (100).


N ,N-Dimethyl-2-{(1Z)-1-benzylidene-2-methyl-5-[(2-
naphthylsulfonyl)amino]-1H-inden-3-yl}acetamide 40


To a stirred solution of the acetic acid derivative 39 (0.2 g,
0.42 mmol) in dry THF (30 mL) was added in portions 1,1¢-
carbonyldiimidazole (140 mg, 0.84 mmol) under an argon atmo-
sphere. The resulting mixture was stirred at room temperature for
2 h., and then dimethylamine (2 M in THF, 0.42 mL, 0.84 mmol)
was added. After stirring for 18 h, the reaction mixture was
evaporated, dissolved in EtOAc (100 mL) and washed with water
(3 ¥ 50 mL). The organic layer was dried with anhydrous Na2SO4,
filtered and evaporated to dryness to give the acetamide derivative
40 (0.16 g, 75%) as a yellow oil. The product was used directly in
the next step without further purification.


IR (thin film): n(NH) 3247; n(C=O) 1606; n(SO2) 1334,
1159 cm-1. 1H NMR (200 MHz, CDCl3): d 2.14–2.18 (m, 3H),
2.85–2.98 (m, 6H), 3.49–3.57 (m, 2H), 6.61–6.73 (m, 1H), 7.04–


7.83 (m, 14H), 8.32–8.36 (m, 1H) ppm. EI-MS m/z: 508 (M+,
17%), 72 (100).


N-{(1Z)-1-Benzylidene-3-[2-(dimethylamino)ethyl]-2-methyl-1H-
inden-5-yl}naphthalene-2-sulfonamide 12


To a stirred suspension of LiAlH4 (35 mg, 0.88 mmol) in dry THF
(20 mL) was added dropwise a solution of acetamide derivative
40 (110 mg, 0.22 mmol) in dry THF (10 mL). The resulting
mixture was heated at reflux for 2 h. The reaction mixture was
quenched by addition of water (20 mL) and 10% H2SO4 aqueous
solution (20 mL), stirred for 30 min and extracted with CH2Cl2 (3 ¥
25 mL). The combined organic layers were dried over anhydrous
Na2SO4, filtered and evaporated to dryness. The resulting residue
was purified by column chromatography on silica gel (CH2Cl2–
MeOH–NH4OH mixtures of increasing polarity as eluent) to
afford the indene derivative (Z)-12 (10 mg, 9%) as a yellow foamy
solid. Chemical purity by HPLC: 83.1%.


1H NMR (200 MHz, CDCl3): d 2.10 (s, 3H), 2.28 (s, 6H), 2.28–
2.40 (m, 2H), 2.60–2.72 (m, 2H), 6.58–6.64 (m, 1H), 6.88–6.92 (m,
1H), 7.09–7.17 (m, 2H), 7.32–7.86 (m, 13H), 8.38 (s, 1H) ppm.


N ,N-Dimethyl-2-{2-methyl-5-[(2-naphthylsulfonyl)amino]-1H-
inden-3-yl}acetamide 41


To a stirred solution of the (3-indenyl)acetic acid 33 (0.4 g,
1.02 mmol) in dry THF (50 mL) was added in portions 1,1¢-
carbonyldiimidazole (140 mg, 0.84 mmol) under argon atmo-
sphere. The resulting mixture was stirred at room temperature for
2 h and then dimethylamine (2M in THF, 1.02 mL, 2.04 mmol) was
added. After stirring for 18 h, the reaction mixture was evaporated,
dissolved in EtOAc (100 mL) and washed with water (3 ¥ 50 mL).
The organic layer was dried with anhydrous Na2SO4, filtered and
evaporated to dryness to give the acetamide derivative 41 (0.3 g,
71%) as a yellow solid. The product was used directly in the next
step without further purification.


Mp 114–116 ◦C. IR (thin film): n(NH) 3250; n(C=O) 1610;
n(SO2) 1333, 1159 cm-1. 1H NMR (200 MHz, CDCl3): d 2.05 (s,
3H), 2.86 (s, 3H), 2.96 (s, 3H), 3.23 (s, 2H), 3.45 (s, 2H), 6.78–7.18
(m, 4H), 7.54–7.94 (m, 5H), 8.38 (s, 1H) ppm. 13C NMR (CDCl3,
50.3 Hz): d 14.3 (CH3), 31.6 (CH2), 35.8 (CH3), 37.5 (CH3), 42.3
(CH2), 113.0 (CH), 117.8 (CH), 122.5 (CH), 123.3 (CH), 127.1
(CH), 127.7 (CH), 128.5 (CH), 128.6 (CH), 129.0 (CH), 129.2
(CH), 131.9, 134.6, 134.9, 136.2, 139.2, 142.5, 147.0, 170.4 (C=O)
ppm. EI-MS m/z: 420 (M+, 15%), 72 (100).


N-{3-[2-(Dimethylamino)ethyl]-2-methyl-1H-inden-5-
yl}naphthalene-2-sulfonamide 13


To a stirred solution of AlH3–NMe2Et (0.5 M in toluene, 1.4 mL,
0.68 mmol) in dry THF (10 mL) cooled to 0 ◦C was added
via a hypodermic syringe a solution of acetamide derivative 41
(70 mg, 0.17 mmol) in dry THF (10 mL) previously cooled to
0 ◦C, under argon atmosphere. After stirring at 0 ◦C for 30 min,
the reaction mixture was hydrolyzed with water (5 mL) and 10%
H2SO4 aqueous solution (5 mL), stirred at room temperature
and basified with 20% aqueous ammonia. The layers were
separated and the aqueous layer was extracted with EtOAc (2 ¥
10 mL). The combined organic layers were dried over anhydrous
Na2SO4, filtered and evaporated to dryness. The resulting residue
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was purified by column chromatography on silica gel (CH2Cl2–
MeOH–NH3 mixtures of increasing polarity as eluent) to afford
the indene derivative 13 (32 mg, 46%) as a yellow oil.


IR (thin film): n(NH) 3252; n(SO2) 1329, 1158 cm-1. 1H NMR
(200 MHz, CDCl3): d 1.99 (s, 3H), 2.23 (s, 6H), 2.23–2.30 (m,
2H), 2.48–2.59 (m, 2H), 3.15 (s, 2H), 6.90–6.93 (m, 2H), 7.14–
7.18 (m, 1H), 7.48–7.60 (m, 2H), 7.76–7.86 (m, 4H), 8.35 (s, 1H)
ppm. 13C NMR (CDCl3, 50.3 Hz): d 14.0 (CH3), 23.4 (CH2), 42.1
(CH2), 45.1 (CH3), 57.8 (CH2), 112.8 (CH), 118.3 (CH), 122.5
(CH), 123.5 (CH), 127.2 (CH), 127.7 (CH), 128.6 (CH), 128.7
(CH), 129.0 (CH), 129.2 (CH), 132.0, 134.0, 134.8, 135.0, 136.1,
139.8, 141.4, 147.6 ppm. Found: C 60.12, H 5.32, N 5.26. Calcd
for C24H26N2O2S·1.1CH2Cl2: C 60.30, H 5.68, N 5.60%.


Synthesis of amide derivatives 42–44: General procedure


To a stirred solution of (3-indenyl)acetic acids 33, 36 or 37 (1
equiv) in dry THF was added in portions 1,1¢-carbonyldiimidazole
(2 equiv) under argon atmosphere. The resulting mixture was
stirred at room temperature for 2 h and then a solution of pyrro-
lidine (2 equiv) in dry THF was added. After stirring for 18 h,
the reaction mixture was evaporated, dissolved in EtOAc and
washed with 1 N HCl. The organic layer was dried with anhydrous
Na2SO4, filtered and evaporated to dryness. The resulting residue
was purified by column chromatography on silica gel (CH2Cl2–
MeOH mixtures of increasing polarity as eluent).


N-[2-Methyl-3-(2-oxo-2-pyrrolidin-1-ylethyl)1H-inden-5-
yl]naphthalene-2-sulfonamide 42


The above procedure was followed using the acetic acid deriva-
tive 33 (0.5 g, 1.27 mmol), 1,1¢-carbonyldiimidazole (0.42 g,
2.54 mmol) and pyrrolidine (0.21 mL, 2.54 mmol) in dry THF
(60 mL). The amide derivative 42 (0.2 g, 35%) was obtained as a
yellow oil.


IR (thin film): n(NH) 3063; n(C=O) 1613; n(SO2) 1323,
1156 cm-1. 1H NMR (200 MHz, CDCl3): d 1.65–1.84 (m, 4H),
2.02 (s, 3H), 3.12 (s, 2H), 3.32–3.43 (m, 6H), 6.84–6.89 (m, 1H),
7.01–7.05 (m, 1H), 7.13 (s, 1H), 7.39–7.52 (m, 3H), 7.68–7.79 (m,
4H), 8.33 (s, 1H) ppm. 13C NMR (CDCl3, 50.3 Hz): d 14.4 (CH3),
24.2 (CH2), 26.2 (CH2), 32.7 (CH2), 42.2 (CH2), 46.1 (CH2), 46.8
(CH2), 112.8 (CH), 117.6 (CH), 122.6 (CH), 123.2 (CH), 127.0
(CH), 127.6 (CH), 128.3 (CH), 128.5 (CH), 128.9 (CH), 129.2
(CH), 129.9, 131.9, 134.6, 135.2, 136.4, 138.9, 142.8, 147.1, 169.0
(C=O) ppm EI-MS m/z: 446 (M+, 22%), 70 (100).


N-[3-(2-Oxo-2-pyrrolidin-1-ylethyl)-1H-inden-5-yl]naphthalene-2-
sulfonamide 43


The above procedure was followed using the acetic acid deriva-
tive 36 (0.46 g, 1.21 mmol), 1,1¢-carbonyldiimidazole (0.40 g,
2.42 mmol) and pyrrolidine (0.19 mL, 2.42 mmol) in dry THF
(60 mL). The amide derivative 43 (0.37 g, 71%) was obtained as a
yellow foamy solid.


Mp 126–127 ◦C. IR (thin film): n(NH) 3245; n(C=O) 1615;
n(SO2) 1326, 1156 cm-1. 1H NMR (200 MHz, CDCl3): d 1.80–2.00
(m, 4H), 3.18 (s, 2H), 3.30–3.50 (m, 4H), 6.30 (s, 1H), 6.95–6.99
(m, 1H), 7.05–7.09 (m, 2H), 7.40–7.58 (m, 2H), 7.64–7.86 (m,
4H), 8.38 (s, 1H) ppm. 13C NMR (CDCl3, 50.3 Hz): d 24.4 (CH2),
26.1 (CH2), 35.0 (CH2), 37.4 (CH2), 46.0 (CH2), 47.0 (CH2), 113.6


(CH), 118.9 (CH), 122.5 (CH), 123.9 (CH), 127.1 (CH), 127.7
(CH), 128.5 (CH), 128.6 (CH), 129.0 (CH), 129.2 (CH), 132.2
(CH), 132.1, 134.4, 135.0, 136.0, 137.0, 141.4, 143.8, 168.8 (C=O)
ppm. EI-MS m/z: 432 (M+, 29%), 98 (100).


5-Chloro-3-methyl-N-[2-methyl-3-(2-oxo-2-pyrrolidin-1-ylethyl)-
1H-inden-5-yl]-1-benzothiophene-2-sulfonamide 44


The above procedure was followed using the acetic acid deriva-
tive 37 (0.22 g, 0.49 mmol), 1,1¢-carbonyldiimidazole (0.16 g,
0.98 mmol) and pyrrolidine (0.08 mL, 0.98 mmol) in dry THF
(24 mL). The amide derivative 44 (0.1 g, 41%) was obtained as a
brown oil.


IR (thin film): n(NH) 3079; n(C=O) 1613; n(SO2) 1335,
1157 cm-1. 1H NMR (200 MHz, CDCl3): d 1.78–1.98 (m, 4H),
2.07 (s, 3H), 2.36 (s, 3H), 3.22 (s, 2H), 3.36–3.44 (m, 6H), 6.82–
6.88 (m, 1H), 7.08–7.14 (m, 2H), 7.32–7.38 (m, 1H), 7.60–7.64 (m,
2H), 7.82 (s, 1H) ppm. 13C NMR (CDCl3, 50.3 Hz): d 12.2 (CH3),
14.4 (CH3), 24.2 (CH2), 26.1 (CH2), 32.4 (CH2), 42.3 (CH2), 46.4
(CH2), 47.0 (CH2), 113.3 (CH), 118.1 (CH), 123.1 (CH), 123.2
(CH), 123.5 (CH), 127.3 (CH), 129.6, 131.0, 134.5, 136.4, 136.6,
137.6, 139.4, 140.5, 143.0, 147.0, 169.2 (C=O) ppm. EI-MS m/z:
501 (M+, 7%), 70 (100).


N-[2-Methyl-3-(2-oxo-2-pyrrolidin-1-ylethyl)-1H-inden-7-
yl]naphthalene-2-sulfonamide 45


A mixture of SOCl2 (2 mL) and the acetic acid derivative 38 (0.15 g,
0.38 mmol) in dry CH2Cl2 (2 mL) was stirred at reflux for 2 h. The
reaction mixture was concentrated under reduced pressure. The
resulting brown solid was dissolved in dry CH2Cl2 (2.5 mL) and
a solution of pyrrolidine (0.11 mL, 1.33 mmol) in dry CH2Cl2


(24 mL) was added. After stirring for 18 h, the reaction mixture
was acidified with 1 N HCl and extracted with EtOAc (3 ¥ 25 mL).
The combined organic layers were dried with anhydrous Na2SO4,
filtered and evaporated to dryness to afford the amide derivative
45 (80 mg, 47%) as a yellow oil. The product was used directly in
the next step without further purification.


IR (thin film): n(NH) 3107; n(C=O) 1620; n(SO2) 1336,
1162 cm-1. 1H NMR (200 MHz, CDCl3): d 1.82–1.98 (m, 7H),
2.97 (s, 2H), 3.40–3.60 (m, 6H), 6.58 (s, 1H), 7.54–7.62 (m, 4H),
7.85–7.98 (m, 4H), 8.32 (s, 1H) ppm. EI-MS m/z: 446 (M+, 3%),
127 (42), 70 (100).


Synthesis of amines derivatives 14–17: General procedure


To a stirred solution of AlH3–NMe2Et (0.5 M in toluene, 2–
4 equiv) in dry THF cooled to 0 ◦C was added via a hypodermic
syringe a solution amide derivatives 42, 43, 44 or 45 (1 equiv) in dry
THF previously cooled to 0 ◦C, under argon atmosphere. After
stirring at 0 ◦C or room temperature for 30 min, the reaction
mixture was hydrolyzed with water and 10% H2SO4 aqueous
solution, stirred at room temperature and basified with 20%
aqueous ammonia. The layers were separated and the aqueous
layer was extracted with EtOAc. The combined organic layers were
dried over anhydrous Na2SO4, filtered and evaporated to dryness.
The resulting residue was purified by column chromatography on
silica gel (CH2Cl2–MeOH–NH3 mixtures of increasing polarity as
eluent).
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N-[2-Methyl-3-(2-pyrrolidin-1-ylethyl)-1H-inden-5-
yl]naphthalene-2-sulfonamide 14


The above procedure was followed using the amide derivative 42
(200 mg, 0.45 mmol) in dry THF (12 mL) and AlH3–NMe2Et
(0.5 M in toluene, 3.6 mL, 1.8 mmol) in dry THF (10 mL). The
indene derivative 14 (70 mg, 36%) was obtained as a brown oil.


IR (thin film): n(NH) 3250; n(SO2) 1330, 1158 cm-1. 1H
NMR (200 MHz, CDCl3): d 1.70–1.80 (m, 4H), 1.98 (s, 3H),
2.35–2.64 (m, 8H), 3.13 (s, 2H), 6.92–6.97 (m, 2H), 7.13–7.17
(m, 1H), 7.49–7.59 (m, 2H), 7.78–7.85 (m, 4H), 8.36 (s, 1H)
ppm. 13C NMR (CDCl3, 50.3 Hz): d 14.0 (CH3), 23.4 (CH2),
24.8 (CH2), 42.1 (CH2), 54.0 (CH2), 54.7 (CH2), 112.8 (CH),
118.3 (CH), 122.6 (CH), 123.5 (CH), 127.2 (CH), 127.7 (CH),
128.5 (CH), 128.6 (CH), 129.0 (CH), 129 (CH), 131.9, 134.2,
134.6, 135.0, 136.4, 139.7, 141.0, 147.4 ppm. EI-MS m/z: 432
(M+, 2%), 84 (100). Found: C 64.98, H 6.32, N 6.00, S 6.31.
Calcd for C26H28N2O2S·0.75CH2Cl2: C 64.74, H 5.99, N 5.64,
S 6.46%.


N-[3-(2-Pyrrolidin-1-ylethyl)-1H-inden-5-yl]naphthalene-2-
sulfonamide 15


The above procedure was followed using the amide derivative 43
(180 mg, 0.42 mmol) in dry THF (7 mL) and AlH3–NMe2Et
(0.5 M in toluene, 1.7 mL, 0.85mmol) in dry THF (7 mL). The
indene derivative 15 (100 mg, 57%) was obtained as a yellow
solid.


Mp 119–120 ◦C. IR (thin film): n(NH) 3056; n(SO2) 1327,
1157 cm-1. 1H NMR (200 MHz, CDCl3): d 1.70–1.80 (m, 4H),
2.46–2.76 (m, 8H), 3.16 (s, 2H), 6.15 (s, 1H), 7.00–7.06 (m, 2H),
7.20–7.52 (m, 3H), 7.69–7.78 (m, 5H), 8.35 (s, 1H) ppm. 13C NMR
(CDCl3, 50.3 Hz): d 23.4 (CH2), 27.1 (CH2), 37.8 (CH2), 54.0
(CH2), 54.6 (CH2), 113.8 (CH), 119.6 (CH), 122.5 (CH), 124.0
(CH), 127.1 (CH), 127.7 (CH), 128.4 (CH), 128.5 (CH), 129.0
(CH), 129.1 (CH), 129.6 (CH), 131.9, 134.2, 135.4, 136.6, 141.2,
141.8, 146.2 ppm. EI-MS m/z: 418 (M+, 1%), 84 (100). Found:
C 66.36, H 6.29, N 6.49, S 7.23. Calcd for C25H26N2O2S·2H2O: C
66.06, H 6.65, N 6.16, S 7.05%.


5-Chloro-3-methyl-N-[2-methyl-3-(2-pyrrolidin-1-ylethyl)-1H-
inden-5-yl]-1-benzothiophene-2-sulfonamide 16


The above procedure was followed using the amide derivative 44
(160 mg, 0.32 mmol) in dry THF (5 mL) and AlH3–NMe2Et
(0.5 M in toluene, 1.6 mL, 0.8 mmol) in dry THF (5 mL). The
indene derivative 16 (82 mg, 53%) was obtained as a brown solid.
Chemical purity by HPLC: 99.6%


Mp 187–188 ◦C. IR (thin film): n(SO2) 1333, 1157 cm-1. 1H
NMR (200 MHz, CDCl3): d 1.80–1.86 (m, 4H), 2.02 (s, 3H), 2.38
(s, 3H), 2.39–2.62 (m, 6H), 3.18 (s, 2H), 6.86 (s, 1H), 7.02–7.10
(m, 1H), 7.15–7.12 (m, 1H), 7.20–7.38 (m, 2H), 7.63–7.67 (m,
2H) ppm. 13C NMR (CDCl3, 50.3 Hz): d 12.0 (CH3), 13.9 (CH3),
23.2 (CH2), 24.4 (CH2), 42.1 (CH2), 53.8 (CH2), 54.4 (CH2), 112.1
(CH), 117.9 (CH), 123.1 (CH), 123.5 (CH), 127.3 (CH), 131.2,
133.8, 134.6, 136.0, 137.0, 137.8, 139.5, 140.5, 141.1, 147.7 ppm.
ESI-HRMS calcd for C25H28N2O2S2Cl [M + H]+: 487.1275; found:
487.1274.


N-[2-Methyl-3-(2-pyrrolidin-1-ylethyl)-1H-inden-7-
yl]naphthalene-2-sulfonamide 17


The above procedure was followed using the amide derivative 45
(130 mg, 0.29 mmol) in dry THF (5 mL) and AlH3–NMe2Et (0.5 M
in toluene, 1.16 mL, 0.58 mmol) in dry THF (5 mL). The indene
derivative 17 (7 mg, 6%) was obtained as a yellow oil. Chemical
purity by HPLC: 89.0%


IR (thin film): n(NH) 3261; n(SO2) 1335, 1160 cm-1. 1H NMR
(400 MHz, CDCl3): d 1.90 (m, 4H), 1.99 (s, 3H), 2.64–2.76 (m,
8H), 3.08 (s, 2H), 6.97- 6.99 (m, 1H), 7.05–7.16 (m, 2H), 7.55–
7.65 (m, 2H), 7.77–7.80 (m, 1H), 7.85–7.90 (m, 3H), 8.35 (d, J =
1.6 Hz, 1H) ppm. 13C NMR (CDCl3, 100.6 Hz): d 14.1 (CH3),
23.7 (CH2), 40.5 (CH2), 54.2 (CH2), 54.9 (CH2), 116.4 (CH), 118.8
(CH), 122.5 (CH), 127.7 (CH), 128.0 (CH), 128.1 (CH), 129.0
(CH), 129.1 (CH), 129.5 (CH), 129.6 (CH), 131.6, 132.2, 135.1,
135.5, 136.7 ppm.


Attempted preparation of sulfonamide 46


Experiment 1. Pd/C (10 wt.%, 25 mg) was added to a solution
of acetic acid derivative 39 (220 mg, 0.46 mmol) in absolute
EtOH (15 mL). The resulting suspension was hydrogenated at
atmospheric pressure and room temperature for 4 h. The reaction
mixture was filtered trough Celite R© and evaporated to dryness to
obtain decomposition products.


Experiment 2: N-(2-benzyl-2-methyl-3-oxo-2,3-dihydro-1H-
inden-5-yl)naphthalene-2-sulfonamide 49 and N-benzyl-N-(2-methyl-
3-oxo-2,3-dihydro-1H-inden-5-yl)naphthalene-2-sulfonamide 50.
To a stirred solution of indanone sulfonamide 28 (1.0 g,
2.85 mmol) in dry THF (15 mL) cooled to -78 ◦C was added via a
hypodermic syringe LDA mono-THF complex solution (1.5 M in
cyclohexane, 6.7 mL, 9.98 mmol) under argon atmosphere. After
stirring at -78 ◦C for 1 h, the slurry was allowed to warm to room
temperature for 4 h. The resulting dark red solution was cooled
to -40 ◦C and a solution of benzyl bromide (0.85 mL, 7.13 mmol)
in dry THF (10 mL) was added. The resultant mixture was
stirred at room temperature for 18 h. The reaction mixture was
quenched by addition of brine (20 mL) and 2.5 N HCl (20 mL).
The layers were separated and the aqueous layer was extracted
with CH2Cl2 (3 ¥ 50 mL). The combined organic layers were
dried over anhydrous Na2SO4, filtered and evaporated to dryness.
The resulting residue was purified by column chromatography
on silica gel (hexanes–EtOAc mixtures of increasing polarity as
eluent) to afford the benzylindanone derivatives 49 (660 mg, 52%)
and 50 (160 mg, 11%) as off-white solids.


49: Mp 145–146 ◦C. IR (KBr): n(NH) 3243; n(C=O) 1709;
n(SO2) 1334, 1157 cm-1. 1H NMR (300 MHz, CDCl3): d 1.17
(s, 3H), 2.63 (d, J = 17.1 Hz, 1H), 2.73 (d, J = 13.5, 1H), 2.94 (d,
J = 13.5 Hz), 3.12 (d, J = 17.4 Hz, 1H), 7.02–7.11 (m, 5H), 7.18–
7.22 (m, 2H), 7.37–7.44 (m, 2H), 7.54–7.65 (m, 2H), 7.72–7.76 (m,
1H), 7.85–7.89 (m, 3H), 8. 37 (d, J = 1.8 Hz, 1H) ppm. 13C NMR
(CDCl3, 75.4 Hz): d 24.8 (CH3), 38.8 (CH2), 43.7 (CH2), 51.3, 116.7
(CH), 122.4 (CH), 126.7 (CH), 127.8 (CH), 127.9 (CH), 128.2
(CH), 128.3 (CH), 128.9 (CH), 129.3 (CH), 129.4 (CH), 129.7
(CH), 129.9 (CH), 130.4 (CH), 132.3, 135.3, 136.0, 136.4, 137.1,
137.8, 149.7, 210.4 (C=O) ppm. ESI-HRMS calcd for C27H24NO3S
[M + H]+ 442.1471; found 442.1479.
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50: Mp 119–120 ◦C. IR (KBr): n(NH) 3031; n(C=O) 1707;
n(SO2) 1352, 1164 cm-1. 1H NMR (300 MHz, CDCl3): d 1.19
(s, 3H), 2.67 (d, J = 17.4 Hz, 1H), 2.73 (d, J = 13.5 Hz, 1H),
2.95 (d, J = 13.5 Hz, 1H), 3.15 (d, J = 17.7 Hz, 1H), 4.76 (s,
2H), 7.03–7.06 (m, 3H), 7.12–7.20 (m, 5H), 7.23–7.29 (m, 3H),
7.53–7.70 (m 4H), 7.87–7.95 (m, 4H), 8.24 (d, J = 1.8 Hz, 1H)
ppm. 13C NMR (CDCl3, 75.4 Hz): d 24.7 (CH3), 39.1 (CH2), 44.0
(CH2), 51.3, 55.1 (CH2), 123.1 (CH), 123.4 (CH), 126.8 (CH),
127.3 (CH), 128.0 (CH), 128.1 (CH), 128.4 (CH), 128.8 (CH),
129.3 (CH), 129.6 (CH), 129.7 (CH), 130.4 (CH), 132.5, 135.3,
135.6, 135.7, 136.8, 136.9, 137.7 (CH), 138.9, 152.3, 210.1 (C=O)
ppm. ESI-HRMS calcd for C34H30NO3S [M + H]+ 532.1940; found
532.1949.


5-HT6 binding assay


Membranes of HEK-293 cells expressing the 5HT6 human
recombinant receptor were supplied by Receptor Biology. In
these membranes the receptor concentration was 2.18 pmol mg-1


protein and the protein concentration was 9.17 mg mL-1. The
experimental protocol followed the method of B. L. Roth et al.
with slight modifications.18 The commercial membrane was diluted
(dilution 1 : 40) with the binding buffer: 50 mM Tris-HCl,
10 mM MgCl2, 0.5 mM EDTA (pH 7.4). The radioligand
used was [3H]-LSD at a concentration of 2.7 nM with a final
volume of 200 ml. Incubation was initiated by adding 100 ml
of the membrane suspension (ª22.9 mg membrane protein), and
continued for 60 min at a temperature of 37 ◦C. Incubation
was terminated by fast filtration through glass fibre filters in a
Harvester Brandel Cell manufactured by Schleicher & Schuell
GF 3362 pre-treated with a 0.5% polyethylenimine solution. The
filters were washed three times with 3 mL of Tris-HCl 50 mM
pH 7.4 buffer. The filters were transferred to phials and to each
phial 5 mL of liquid scintillation cocktail Ecoscint H was added.
The phials were allowed to reach equilibrium for several hours
before being counted in a Wallac Winspectral 1414 scintillation
counter. Non-specific binding was determined in the presence
of 100 mM serotonin. The tests of preferred compounds were
performed in triplicate. The inhibition constants (K i, nM) were
calculated by non-linear regression analysis using the program
EBDA/LIGAND.19 A linear regression line of data points was
plotted, from which the concentration of competing ligand which
displaces 50% of the specific binding of the radioligand (IC50


value) was determined, and the K i value was determined based
upon the Cheng–Prusof equation: K i = IC50/(1 + L/KD) were
L is the concentration of free radioligand used in the assay
and KD is the dissociation constant of the radioligand for the
receptor.


Adenylyl cyclase activity assay


Functional effects of the compounds were evaluated by cAMP
measurements on HEK-293F cells stably expressing the human
5-HT6 receptor using a HTRF assay format.20


Acknowledgements


This research was supported by ESTEVE, Barcelona, Spain,
through projects FBG-301362, FBG-302131 and FBG-302663
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8 (a) J. Holenz, R. Mercè, J. L. Dı́az, X. Guitart, X. Codony, A.
Dordal, G. Romero, A. Torrens, J. Mas, B. Andaluz, S. Hernández,
X. Monroy, E. Sánchez, E. Hernández, R. Pérez, R. Cubı́, O. Sanfeliu
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Treatment of 3-aminocyclohex-1-enes with mCPBA in the presence of trichloroacetic acid gives the
corresponding 1,2-anti-2,3-syn-1-trichloroacetoxy-2-hydroxy-3-aminocyclohexane with high levels of
diastereoselectivity (90% de). This is consistent with a mechanism of oxidation involving
hydrogen-bonded delivery of the oxidant by the allylic ammonium ion formed in situ, followed by
highly regioselective ring-opening of the intermediate epoxide by trichloroacetic acid. The effect of
conformational constraints upon the oxidation reaction is also examined.


Introduction


The epoxidation of allylic alcohols is a widely studied synthetic
transformation in organic chemistry,1 with high levels of stereo-
control having been observed in substrate-directed epoxidation of
both cyclic2 and acyclic3 allylic alcohols. The related epoxidation
of allylic amines has been much less widely studied, presumably
due to facile N-oxidation upon treatment with oxidising agents,4


although examples employing carbamate, amide and sulfonamide
protecting groups have been reported.5 The chemoselective olefinic
oxidation of allylic amines6 has been achieved upon treatment of
the requisite amine with F3CCO2H followed by trifluoroperacetic
acid.7,8 More recently, Asensio et al. have shown that 1 undergoes
syn-directed oxidation upon treatment with mCPBA to give 2 in
>98% de.9 Aggarwal et al. have also demonstrated that oxidation
of the ammonium p-toluenesulfonate salt 3 with Oxone proceeds
with high levels of syn-selectivity (>90% de) to generate epoxide
4 in 73% yield.10 Additionally, Harrity et al. have demonstrated
that spiropiperidine ammonium trifluoroacetate salt 5 undergoes
diastereoselective epoxidation upon treatment with mCPBA11 to
give 6 (Fig. 1).


We have previously communicated a method to effect the
dihydroxylation of 3-(N,N-dibenzylamino)cyclohex-1-ene upon
treatment with Cl3CCO2H followed by mCPBA.12 However, the
method described was not found to be robust or generally
applicable. We therefore describe herein our full investigations
into the development of a reliable experimental protocol appli-
cable to the dihydroxylation of primary, secondary and tertiary
amines.
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bDepartment of Pharmacology, University of Oxford, Mansfield Road,
Oxford, OX1 3QT, UK
† Dedicated to Professor Gordon H. Whitham, to honour his 80th year.
‡ Electronic supplementary information (ESI) available: Additional ex-
perimental information. CCDC reference number 679350. For ESI
and crystallographic data in CIF or other electronic format see DOI:
10.1039/b808811j


Fig. 1 Ammonium-directed oxidations of allylic amines [Ar = p-ClC6H4].


Results and discussion


Development of an ammonium-directed oxidation protocol


In order to probe the oxidation protocol, 3-(N,N-
dibenzylamino)cyclohex-1-ene 9 was chosen as model system for
reaction optimisation. Tertiary allylic amine 9 was synthesised
from cyclohexene via Wohl–Ziegler allylic bromination13 and
subsequent bromide displacement with dibenzylamine, giving 9
in 41% yield after chromatographic purification. However, a more
experimentally facile (and scalable) preparation of 9 involved
benzylation of secondary allylic amine 8 (prepared from 7 and
benzylamine) with benzyl bromide, with subsequent acid/base
extraction giving 9 in 70% yield on a >80 g scale (Scheme 1).


The formation of ammonium species 10 from tertiary allylic
amine 9 in the presence of Cl3CCO2H was examined. Amine 9
was added in 0.1 eq aliquots to a solution of Cl3CCO2H (1 eq)
in CDCl3, and the distribution of products was monitored by
1H NMR spectroscopy. A pronounced difference in dH of the
vinylic protons was observed (for 9, C(1)H and C(2)H appear
as a multiplet at dH 5.65–5.85 ppm), indicating the time-averaged


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 3751–3761 | 3751







Scheme 1 Reagents and conditions: (i) NBS, AIBN, CCl4, 80 ◦C, 1.5 h;
(ii) benzylamine, K2CO3, THF, 50 ◦C, 3 days; (iii) BnBr, Hünig’s base,
DMAP, DCM, rt, 24 h; (iv) dibenzylamine, K2CO3, THF, 50 ◦C, 3 days.


signal and fast exchange between amine 9 and ammonium 10.
The difference in chemical shift (Dd) between the values of dH


for C(1)H and C(2)H increased with increasing equivalents of
Cl3CCO2H, although a plateau was noted at approximately 4–5
equivalents, suggesting that the equilibrium lies predominately to
the right and the ammonium 10 predominates in solution under
these conditions. This result suggests that 5 eq of Cl3CCO2H may
be sufficient to effect efficient N-protonation (Fig. 2).


The effect of number of equivalents of Cl3CCO2H on the
product distribution of the oxidation reaction was assessed. Initial
treatment of 9 in DCM (0.07 M) with 1.2 eq of mCPBA,14 followed


by aqueous work-up after 21 h, returned a mixture of products.
Similarly, when 9 was treated with either 1 eq or 2 eq of Cl3CCO2H
for 5 min, followed by the addition of mCPBA, a mixture of
products was observed. However, when 4 eq of Cl3CCO2H was
utilised, a 33 : 67 mixture of 9 and trichloroacetate 11 (90% de)15,16


was generated, although other minor unidentifiable by-products
were also noted in the 1H NMR spectrum of the crude reaction
mixture. Under the same conditions 5 eq of Cl3CCO2H gave a
crude reaction mixture whose 1H NMR spectrum indicated only
the presence of 9 and trichloroacetate 11 (90% de) in a 31 : 69 ratio.
Reaction optimisation showed that quantitative conversion to 11
was achieved when 9 in DCM (0.36 M) was treated with 5 eq of
Cl3CCO2H followed by 1.6 eq mCPBA (Scheme 2). The relative
1,2-anti-2,3-syn-configuration of 11 was initially assigned by a
combination of 1H NMR 3J coupling constant and NOE analyses
(assuming a chair conformation is adopted in which the N,N-
dibenzylamino moiety lies in an equatorial site), and subsequently
unambiguously proven via single crystal X-ray analysis‡ of the
trichloroacetate salt 12 (Fig. 3).


A range of carboxylic acids, ranging in acid strength from acetic
acid to trifluoroacetic acid, was next screened for their efficacy in
promoting chemoselective olefinic oxidation. Here, 9 was treated
with an excess (5 eq) of the requisite carboxylic acid followed
by mCPBA (1.6 eq) over 21 h, followed by basification, and the
product distribution was analysed by 1H NMR spectroscopy.16


These results demonstrated that AcOH (pKa = 4.76)17 and
ClCH2CO2H (pKa = 2.86)17 were ineffective at promoting olefinic
oxidation, giving rise to complex mixtures of products. In the


Fig. 2 Difference in chemical shift (Dd) between C(1)H and C(2)H upon addition of Cl3CCO2H to 9.
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Scheme 2 Reagents and conditions: (i) Cl3CCO2H, mCPBA, DCM, 21 h,
rt then NaHCO3 (0.1 M, aq).


Fig. 3 Chem 3D representation of the X-ray crystal structure of 12 (some
H atoms and the Cl3CCO2


- counterion omitted for clarity).


case of Cl2CHCO2H (pKa = 1.29),17 however, the corresponding
dichloroacetate ester 13 was observed as the major product, in 87%
de. Oxidation in the presence of F3CCO2H (pKa = -0.25)17 gave a
53 : 47 mixture of trifluoroacetate 14 (90% de) and diol 16 (90%
de), presumably a result of the lability of the trifluoroacetate group
under the basic aqueous work-up conditions. The effectiveness of
N-protection with a sulfonic acid in this reaction was also assessed
via the application of TsOH (pKa = -6.5),17 giving 15 in 90% de
after aqueous work-up. In accordance with the increased acidity
of TsOH over Cl3CCO2H, optimisation studies revealed that only
3 eq of TsOH were necessary to effect efficient N-protonation
in this reaction protocol. The utility of mineral acids was also
examined, although treatment of 9 with aq HCl (pKa = -7)17 in
1,4-dioxane followed by mCPBA returned starting material, and
addition of aq H2SO4 (pKa1 = -9)17 gave a 9 : 61 : 30 mixture of
9, 1,2-anti-2,3-syn diol 16 (90% de) and syn-epoxide 17 (90% de)
respectively, along with other unidentifiable products (Scheme 3).


The relative configurations within the major diastereoisomers
13, 14 and 15 were assigned by analogy to that unambiguously
proven for 11. Additionally, 1H NMR 3J coupling constant and
NOE analyses were supportive of the relative 1,2-anti-2,3-syn-
configuration within 15, and transesterification of 11, 13 and 14
(as a 53 : 47 mixture of 14:16) upon treatment with K2CO3 in


Scheme 3 Reagents and conditions: (i) 9 (1 eq) in DCM (0.36 M), Brønsted
acid (5 eq), then mCPBA (1.6 eq), rt, 21 h, then NaHCO3 (0.1 M, aq);
(ii) 9 (1 eq) in DCM (0.36 M), TsOH (3 eq), then mCPBA (1.6 eq), rt, 21 h,
then NaHCO3 (0.1 M, aq); (iii) 9 (1 eq) in 1,4-dioxane (0.36 M), H2SO4 (5
eq), then mCPBA (1.6 eq), 0 ◦C to rt, 21 h, then NaHCO3 (0.1 M, aq) [a


Determined from analysis of the 1H NMR spectrum of the crude reaction
product. b First ionisation].


MeOH, gave the common 1,2-anti-2,3-syn-N-protected amino diol
16 in 90% de in each case. 1H NMR 3J coupling constant and
NOE analyses were supportive of the assigned 1,2-anti-2,3-syn-
configuration within 16 (Scheme 4).


Scheme 4 Reagents and conditions: (i) K2CO3, MeOH, rt, 16 h.


In order to probe the intermediacy of syn-epoxide 17 in this
oxidation reaction, it was envisaged that 17 could be prepared
through base-promoted elimination of TsOH from 15. Treatment
of 15 (90% de) with DBU gave a 95 : 5 mixture of syn-epoxide
17 (>98% de) and 1,2-anti-2,3-anti-tosylate 18 (>98% de)16


respectively, with chromatographic purification giving syn-epoxide
17 in 95% yield and >98% de. The observation that base-mediated
epoxide formation from 1,2-anti-2,3-syn-tosylate 15 is faster than
that from 1,2-anti-2,3-anti-tosylate 18 is consistent with the former
proceeding via a favourable chair-like transition state that places
the N,N-dibenzylamino group equatorial, whilst the latter would
presumably have to proceed via an unfavourable twist-boat-like
transition state (Scheme 5).


Treatment of 17 (>98% de) with TsOH (5 eq) proceeded with
complete regio- and diastereocontrol to give, after basification, 15
in >98% de and 86% yield. Epoxide opening of 17 with Cl3CCO2H
(5 eq) and basification furnished 11 in >98% de and quantitative
yield. An authentic sample of 14 was also prepared upon ring-
opening of 17 with F3CCO2H. Transesterification of either 11 or 14
with K2CO3/MeOH gave a sample of 16 in >98% de. Attempted
direct formation of 16 upon ring-opening of 17 with H2SO4 in
aqueous dioxane gave 72% conversion to 16 in >98% de, and
was accompanied by the formation of unidentified by-products.
It was also noted that treatment of 17 with meta-chlorobenzoic
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Scheme 5 Reagents and conditions: (i) DBU, DCM, rt, 24 h.


acid returned only starting material, whilst addition of a 1.6 : 5
mixture of meta-chlorobenzoic acid/Cl3CCO2H gave, after basic
work-up, 11 only, indicating that no competitive ring-opening of
17 by meta-chlorobenzoic acid was occurring under the oxidation
reaction conditions (Scheme 6).


Scheme 6 Reagents and conditions: (i) TsOH, DCM, rt, 16 h, then
NaHCO3 (0.1 M, aq); (ii) X3CCO2H, DCM, rt, 16 h, then NaHCO3 (0.1 M,
aq); (iii) K2CO3, MeOH, rt, 16 h.


The 1,2-anti-2,3-syn-arrangement within the major di-
astereoisomeric N,N-dibenzylamino diol 16 resulting from this
oxidation protocol is consistent with a mechanism involving initial
protonation of the amine 9 to give the corresponding ammonium
10. Subsequent oxidation with mCPBA directs epoxidation to the


syn-face of the allylic C=C, via a hydrogen-bonded transition
state 19 analogous to the Bartlett18 and Henbest19 studies on
the corresponding allylic alcohol, to give syn-epoxide 17 as the
corresponding ammonium trichloroacetate salt 20. This presum-
ably resides in the more stable conformation 20A, where the
N,N-dibenzylammonium moiety lies equatorial. This conformer
favours nucleophilic attack by the conjugate base of the Brønsted
acid protecting agent at the C(1)-oxirane carbon, giving a chair-
like transition state leading to the trans-diaxial product 11, in
accordance with the Fürst–Plattner rule.20 This is also consistent
with the acid-catalysed ring-opening of epoxides proceeding via a
late transition state,21 thus promoting attack at the C(1)-oxirane
carbon where the electron-withdrawing inductive effect of the
N,N-dibenzylammonium moiety is lower (Fig. 4).


Conformational effects upon reaction diastereoselectivity and rate


In order to probe the effect of conformation upon the reaction
diastereoselectivity, the oxidations of the diastereoisomers of 3-
(N,N-dibenzylamino)-5-tert-butylcyclohex-1-ene syn-21 and anti-
22 (both prepared from 4-tert-butylcyclohexanol)22 were investi-
gated. Treatment of syn-21 with 5 eq of Cl3CCO2H and mCPBA
followed by basic aqueous work-up and transesterification with
K2CO3 in MeOH gave 1,2-anti-2,3-syn-23 as a single diastereoiso-
mer in quantitative yield. The relative stereochemistry within 23
was assigned by 1H NMR 3J coupling constant analysis, assuming
that 23 preferentially adopts a chair ground-state conformation
in solution which places both the bulky tert-butyl and N,N-
dibenzylamino groups in equatorial sites. Analogous treatment
of anti-22 gave a 22 : 78 mixture of epoxide 24 and its ring-
opened product 1,2-anti-2,3-syn-25 as single diastereoisomers in
each case, and in quantitative yield. The stereochemistry within
25 was assigned on the basis of 1H NMR 3J coupling constant
analysis, assuming that 25 preferentially adopts a distorted chair
conformation in solution which places the tert-butyl group in an
equatorial site, and the N,N-dibenzylamino group midway be-
tween an axial and equatorial site.23 These results suggest that both
positions for the N,N-dibenzylamino group (an equatorial site in
syn-21 and midway between an axial and equatorial site in anti-
22) are equally effective in promoting a highly diastereoselective
syn-oxidation reaction (Scheme 7).


Fig. 4 Postulated mechanism for the oxidation of 9 with Cl3CCO2H and mCPBA [Ar = m-ClC6H4].
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Scheme 7 Reagents and conditions: (i) Cl3CCO2H, mCPBA, DCM, rt,
21 h, then K2CO3, MeOH, rt, 16 h.


The effect of conformational constraints on the rate of the
oxidation reaction was next determined. Initially, the progress of
the oxidation of 3-(N,N-dibenzylamino)cyclohexene 9 was studied
by 1H NMR spectroscopy. Treatment of 9 with 5 eq of Cl3CCO2H
gave ammonium 10. Upon subsequent addition of mCPBA, the
consumption of ammonium 10 was monitored by calculating an
average integration of the peaks due to C(1)H (dH 6.27–6.36 ppm)
and C(2)H (dH 5.87–5.94 ppm), whilst the consumption of peracid
was monitored by calculating an average integration of the peaks at
dH 7.86–7.89 and 7.93–7.96 ppm. The generation of ammonium 12
was monitored by calculating an average integration of the peaks
due to C(1)H (dH 5.10–5.17 ppm), C(3)H (dH 3.65–3.72 ppm), and
N(CHAHBPh)2 (dH 5.31–5.41 ppm). The integral values obtained
from the 1H NMR spectra were converted to concentration values
using the known initial concentrations of 10 (0.36 M), 12 (0 M),


and mCPBA (0.58 M). These data were used to determine the rate
coefficient (k) by application of the integrated form of the rate law
for a second-order reaction,24 giving k = 3.5 ¥ 10-4 (± 0.2 ¥ 10-4)
mol-1 dm3 s-1 (Fig. 5).


The oxidation of syn-21 was next monitored by 1H NMR
spectroscopy. Addition of 5 eq of Cl3CCO2H to syn-21 gave
ammonium 26. Upon addition of mCPBA the consumption
of ammonium 26 was monitored by calculating an average
integration of the peaks due to C(1)H (dH 6.24–6.32 ppm) and
C(2)H (dH 5.84–5.93 ppm), and the consumption of peracid was
monitored in an analogous fashion to that previously described.
The generation of ammonium 27 was monitored by calculating
an average integration of the peaks due to C(1)H (dH 5.20–5.24
ppm), C(3)H (dH 3.64–3.72 ppm), and N(CHAHBPh)2 (dH 5.33–
5.41 ppm). Analogous treatment of the data to that described for
oxidation of 9 gave k = 3.3 ¥ 10-4 (± 0.2 ¥ 10-4) mol-1 dm3 s-1 (Fig. 6).


Similarly, the oxidation of anti-22 was monitored by 1H NMR
spectroscopy. Addition of 5 eq of Cl3CCO2H to anti-22 gave
ammonium 28. Upon addition of mCPBA the consumption
of ammonium 28 was monitored by calculating an average
integration of the peaks due to C(1)H (dH 6.51–6.60 ppm) and
C(2)H (dH at 5.95–6.05 ppm), and the consumption of peracid was
monitored in an analogous fashion to that previously described.
The generation of ammonium 30 was monitored by integration of
the peaks due to N(CHAHBPh)2 (dH 5.25–5.32 ppm). The growth
and decay of a signal at dH 3.68–3.73 ppm was attributed as
arising from C(3)H within the intermediate epoxide ammonium
29, consistent with 29 being an intermediate en route to 30. In this
case the rate coefficient was calculated as k = 5.9 ¥ 10-4 (± 0.2 ¥
10-4) mol-1 dm3 s-1 (Fig. 7).


Fig. 5 Real-time 1H NMR measurements for Cl3CCO2H- and mCPBA-promoted dihydroxylation of 9 [R = COCCl3; for brevity, for 10 and 12, the
Cl3CCO2


- counterions are not shown].
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Fig. 6 Real-time 1H NMR measurements for Cl3CCO2H- and mCPBA-promoted dihydroxylation of syn-21 [R = COCCl3; for brevity, for 26 and 27,
the Cl3CCO2


- counterions are not shown].


Fig. 7 Real-time 1H NMR measurements for Cl3CCO2H- and mCPBA-promoted dihydroxylation of anti-22 [R = COCCl3; for brevity, for 28–30, the
Cl3CCO2


- counterions are not shown].
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Whitham and co-workers investigated the preferred geometry
of the transition state proposed by Henbest for the epoxidation
of cyclohex-2-enol 31 by performing the oxidation of the di-
astereoisomers of 5-tert-butylcyclohex-2-enol syn-32 (having the
hydroxyl group locked in an pseudoequatorial site of a half-chair
conformation) and anti-33 (having the hydroxyl group locked in a
pseudoaxial site of a half-chair conformation).25 Very high levels
of syn-diastereoselectivity were achieved for epoxidation of 31
and syn-32 (>95% de) but were lower for anti-33 (66% de). Fur-
thermore, the relative rates of oxidation of 31:syn-32:anti-33 were
determined to be 5 : 7 : 1. These rate data suggest that the pseudoe-
quatorial hydroxyl group in syn-32 is efficient at promoting a rapid,
highly diastereoselective oxidation reaction, whilst the pseudoax-
ial hydroxyl group within anti-33 is much less effective, presumably
due to the conformational restriction preventing adoption of
the optimal reactive geometry in the transition state.26 The
intermediate rate of oxidation of 31 is consistent with this species
existing as a mixture of the two possible half-chair conformations
in solution. In the ammonium-directed oxidation of 9, syn-21
and anti-22, very high levels of syn-diastereoselectivity (≥90% de)
were observed in each case, and the relative rates of oxidation of
9:syn-21:anti-22 were determined to be 1 : 1 : 2. The similarity in
the rates of oxidation of 9 and syn-21 in this system presumably
reflects the similarity in the preferred half-chair conformations of
each species, with the bulky N,N-dibenzylamino group showing a
pronounced preference to adopt a pseudoequatorial site within a
half-chair conformation for 9, and both the tert-butyl and N,N-
dibenzylamino substituents adopting pseudoequatorial sites in a
half-chair conformation for syn-21. The faster rate of oxidation
for anti-22 is in contrast to the results obtained by Whitham on
the analogous allylic alcohol system, but is consistent with the
preferred conformation of anti-22 (and therefore ammonium 28)
being a distorted half-chair which places the ammonium in a more
optimal reactive geometry within the hydrogen-bonded transition
state originally proposed by Henbest (Fig. 8).


Fig. 8 Relative rates of oxidation of allylic alcohols 31–33, and allylic
amines 9, 21 and 22.


In order to investigate this hypothesis, MacroModel molec-
ular modelling27 was carried out on ammonium syn-26, for
which a half-chair conformation was predicted with the N,N-
dibenzylammonium substituent occupying a pseudoequatorial
site. For anti-28 a distorted half-chair conformation was predicted,
with the N,N-dibenzylammonium substituent midway between a
pseudoaxial and pseudoequatorial site28 (Fig. 9).


The conformations of epoxide ammoniums 34 (derived from
syn-21) and 29 (derived from anti-22) were modelled, and found
at minima of -42.2 and -37.5 kJ mol-1 respectively. From analysis
of these minimised energy conformations the ring-opening of
34 at C(1) would traverse a chair-like transition state, while
the ring-opening of 29 at C(1) would traverse a twist-boat-
like transition state. This is consistent with the observation
by 1H NMR spectroscopy of an epoxide intermediate in the
oxidation of anti-22, presumably due to a longer lifetime of this
intermediate arising from a slower rate of ring-opening in situ
(Fig. 10).


Fig. 9 Chem 3D representation of the MacroModel global energy predictions of for ammoniums 26 and 28 (some H atoms omitted for clarity).
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Fig. 10 Chem 3D representation of the MacroModel global energy predictions of for epoxide ammoniums 34 and 29 (some H atoms omitted for clarity).


“One-pot” dihydroxylation: Application to tertiary, secondary and
primary amines


The viability of a “one-pot” dihydroxylation procedure was next
examined. After treatment of allylic amine 9 with Cl3CCO2H and
mCPBA for 21 h, sat aq Na2SO3, followed by MeOH and then
K2CO3, were added to the crude reaction mixture, affording N,N-
dibenzylamino diol 16 directly, in quantitative yield and 90% de,
on a >10 g scale. Subsequent hydrogenolytic N-debenzylation gave
3-aminocyclohexane-1,2-diol 35 in 78% overall yield and 90% de
(Scheme 8).


Scheme 8 Reagents and conditions: (i) Cl3CCO2H (5 eq), mCPBA, DCM,
rt, 24 h, then Na2SO3 (sat aq), then K2CO3, MeOH, rt, 24 h; (ii) H2


(1 atm), Pd(OH)2/C, MeOH.


The applicability of this oxidation protocol to secondary and
primary amines was next investigated. Thus, 3-(N-benzylamino)-
cyclohex-1-ene 8 was treated under the optimum oxidation and
transesterification conditions, followed by column chromatogra-
phy on neutral alumina to give 1,2-anti-2,3-syn-36 in 90% de
and 94% yield. The relative configuration within 36 was assigned
by analogy to the tertiary amine case, and subsequently proven
through hydrogenolysis to furnish amino diol 35 in 90% de and
84% yield (Scheme 9).


In order to access the corresponding primary amine, N-
deprotection of 37 with Cl3CCO2H (5 eq) generated trichloroac-
etate salt 38 in situ. To this mixture was added mCPBA giving,
after transesterification and column chromatography on neutral
alumina, amino diol 35 in 90% de and 34% yield, which was


Scheme 9 Reagents and conditions: (i) Cl3CCO2H (5 eq), mCPBA, DCM,
rt, 21 h, then Na2SO3 (sat aq), then K2CO3, MeOH, rt, 16 h; (ii) H2


(1 atm), Pd(OH)2/C, MeOH, rt, 24 h.


spectroscopically identical to those samples prepared from tertiary
amine 9 and secondary amine 8 (Scheme 10).


Scheme 10 Reagents and conditions: (i) Cl3CCO2H (5 eq), rt; (ii) mCPBA
(1.6 eq), rt, 21 h, then K2CO3, MeOH, rt, 16 h.


Conclusion


In conclusion, primary, secondary and tertiary 3-aminocyclohex-
1-enes are susceptible to highly chemo- and diastereoselective
olefinic dihydroxylation upon treatment with either Cl3CCO2H
or TsOH and mCPBA. The high levels of stereoselectivity
observed are consistent with the formation of an ammonium
ion in situ that directs epoxidation with mCPBA to the syn-
face, with subsequent regio- and stereoselective trans-diaxial
epoxide opening and hydrolysis generating the corresponding 1,2-
anti-2,3-syn-3-aminocyclohexane-1,2-diol. The application of this
protocol to facilitate the synthesis of all the diastereoisomers of
3-aminocyclohexane-1-2-diol is reported in the following paper.
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Experimental


General experimental


Water was purified by an Elix R© UV-10 system. mCPBA was sup-
plied as a 70–77% slurry in water (Aldrich) and titrated according
to the procedure of Swern14 immediately before use. All other
solvents were used as supplied (analytical or HPLC grade) without
prior purification. Organic layers were dried over MgSO4. Thin
layer chromatography was performed on aluminium plates coated
with 60 F254 silica. Plates were visualised using UV light (254 nm),
iodine, 1% aq KMnO4, or 10% ethanolic phosphomolybdic acid.
Flash column chromatography was performed either on Kieselgel
60 silica on a glass column, or on a Biotage SP4 automated flash
column chromatography platform.


Melting points were recorded on a Gallenkamp Hot Stage
apparatus and are uncorrected. IR spectra were recorded on a
Bruker Tensor 27 FT-IR spectrometer as either a thin film on NaCl
plates (film) or a KBr disc (KBr), as stated. Selected characteristic
peaks are reported in cm-1. NMR spectra were recorded on
Bruker Avance spectrometers in the deuterated solvent stated.
The field was locked by external referencing to the relevant
deuteron resonance. Low-resolution mass spectra were recorded
on either a VG MassLab 20-250 or a Micromass Platform 1
spectrometer. Accurate mass measurements were run on either
a Bruker MicroTOF internally calibrated with polyalanine, or
a Micromass GCT instrument fitted with a Scientific Glass
Instruments BPX5 column (15 m ¥ 0.25 mm) using amyl acetate
as a lock mass.


General procedure for ammonium-directed dihydroxylation


The requisite acid was added to a stirred solution of the requisite
allylic amine in DCM, and the resultant solution was stirred
at rt for 5 min. Freshly titrated mCPBA was then added and
the solution was stirred at rt for 21 h. The mixture was then
diluted with DCM and washed with sat. aq. Na2SO3 until starch–
iodide paper indicated that no mCPBA was present. The organic
layer was washed four times with 0.1 M aq. NaHCO3, dried and
concentrated in vacuo.


(1RS,2RS,3RS)-1-Trichloroacetoxy-2-hydroxy-3-(N ,N-
dibenzylamino)cyclohexane 11


Following the general procedure, Cl3CCO2H (294 mg, 1.81 mmol),
9 (100 mg, 0.36 mmol) in DCM (1 mL), and mCPBA (81%, 122 mg,
0.58 mmol) gave 11 as a colourless oil (165 mg, quant, 90% de); nmax


(film) 3424 (O–H), 2941 (C–H), 1762 (C=O); dH (400 MHz, CDCl3)
1.50–1.97 (6 H, m, C(4)H2, C(5)H2, C(6)H2), 2.91 (1 H, br s, OH),
2.99–3.08 (1 H, m, C(3)H), 3.74 (1 H, d, J 14.4, N(CHAHBPh)2),
3.94 (1 H, d, J 14.4, N(CHAHBPh)2), 4.14–4.19 (1 H, m, C(2)H),
5.14–5.20 (1 H, m, C(1)H), 7.22–7.38 (10 H, m, Ph); dC (100 MHz,
CDCl3) 19.8, 22.6, 24.2 (C(4), C(5), C(6)), 54.9 (N(CH2Ph)2), 57.5
(C(3)), 67.8 (C(2)), 77.9 (C(1)), 89.9 (CCl3), 127.0 (p-Ph), 128.5,
128.6 (o-, m-Ph), 139.8 (i-Ph), 161.0 (C=O); m/z (ESI+) 456 ([M +


H]+, 100%); HRMS (ESI+) C22H25
35Cl3NO3


+ ([M + H]+) requires
456.0895; found 456.0891.


Rate studies of the ammonium-directed dihydroxylation reaction


A solution of 9 (15 mg, 0.054 mmol) in CDCl3 (0.15 mL) was
prepared in a 3 mm NMR tube. Cl3CCO2H (44 mg, 0.27 mmol)
was added and the tube was shaken for 5 min. mCPBA (87% by
wt, 17 mg, 0.087 mmol) was then added, and the progress of the
reaction was monitored by 1H NMR spectroscopic analysis.


X-Ray crystal structure determination for 12


Data were collected using an Enraf-Nonius k-CCD diffractometer
with graphite-monochromated Mo-Ka radiation using standard
procedures at 150 K. The structure was solved by direct methods
(SIR92); all non-hydrogen atoms were refined with anisotropic
thermal parameters. Hydrogen atoms were added at idealised
positions. The structure was refined using CRYSTALS.29


12: C17.5H18Cl6.67N0.67O4.67, M = 548.69, monoclinic, space group
C2/c, a = 24.5125(2) Å, b = 9.82110(10) Å, c = 30.9595(4) Å, b
= 106.7096(5)◦, V = 7138.47(13) Å3, Z = 12, m = 0.823 mm-1,
colourless plate, crystal dimensions = 0.2 ¥ 0.2 ¥ 0.3 mm3. A total
of 7984 unique reflections were measured for 5 < q < 27 and 5826
reflections were used in the refinement. The final parameters were
wR2 = 0.095 and R1 = 0.092 [I>3s(I)]. CCDC 679350.‡


(1RS,2RS,3RS)-1-p-Toluenesulfonyloxy-2-hydroxy-3-(N ,N-
dibenzylamino)cyclohexane 15


Following the general procedure, TsOH (206 mg, 1.08 mmol), 9
(100 mg, 0.36 mmol) in DCM (1 mL), and mCPBA (87%, 117 mg,
0.58 mmol) gave 15 as a green oil (167 mg, quant, 90% de); nmax


(film) 3050 (O–H), 2946 (C–H); dH (400 MHz, CDCl3) 1.43–1.85
(6H, m, C(4)H2, C(5)H2, C(6)H2), 2.44 (3H, s, ArCH3), 2.92–3.13
(2H, br m, C(3)H, OH), 3.77 (4H, AB system, N(CH2Ph)2), 4.03–
4.09 (1H, m, C(2)H), 4.75–4.79 (1H, m, C(1)H), 7.23–7.37 (12H,
m, Ar, Ph), 7.75–7.81 (2H, d, J 7.8, Ar); dC (100 MHz, CDCl3) 19.2
(CH2), 21.7 (ArCH3) 23.4, 25.1 (CH2), 54.6 (N(CH2Ph)2), 58.4
(C(3)), 67.4 (C(2)), 80.1 (C(1)), 127.0, 127.8, 128.5, 128.6, 129.9,
133.9, 139.8, 144.8 (Ar, Ph); m/z (ESI+) 466 ([M + H]+, 100%);
HRMS (ESI+) C27H32NO4S+ ([M + H]+) requires 466.2047; found
466.2045.


(1RS,2RS,3RS)-3-(N ,N-Dibenzylamino)cyclohexane-1,2-diol 16


K2CO3 (500 mg) was added to a stirred solution of 11 (164 mg,
0.36 mmol) in MeOH (5 mL), and the resultant suspension was
stirred at rt for 16 h then concentrated in vacuo. H2O (10 mL) was
added and the mixture was extracted with DCM (4 ¥ 10 mL). The
combined organic extracts were then washed with brine (50 mL),
dried and concentrated in vacuo. Purification via flash column
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chromatography (gradient elution, eluent 0%→100% EtOAc in
40–60 ◦C petrol) gave 16 as a viscous, pale yellow oil (112 mg,
quant, 90% de); nmax (film) 3407 (O–H), 3027, 2937 (C–H); dH


(400 MHz, CDCl3) 1.43–1.89 (6H, m, C(4)H2, C(5)H2, C(6)H2),
2.14 (1H, br s, OH), 3.10–3.20 (1H, m, C(3)H), 3.69–3.78 (2H,
d, J 14.4, N(CHAPh)2), 3.81–3.91 (3H, m, C(2)H, N(CHBPh)2),
3.99–4.06 (1H, m, C(1)H), 7.22–7.38 (10H, m, Ph); dC (100 MHz,
CDCl3) 19.9, 23.8, 28.1 (C(4), C(5), C(6)), 55.0 (N(CH2Ph)2), 58.3
(C(3)), 70.5 (C(1)), 71.1 (C(2)), 127.0 (p-Ph), 128.5, 128.7 (o-, m-
Ph), 139.8 (i-Ph); m/z (ESI+) 312 ([M + H]+, 100%); HRMS (ESI+)
C20H26NO2


+ ([M + H]+) requires 312.1958; found 312.1952.


“One-pot” dihydroxylation protocol


Cl3CCO2H (29.5 g, 0.18 mol) was added to a stirred solution of
9 (10 g, 36 mmol) in DCM (100 mL) and the resultant solution
was stirred at rt for 5 min. Freshly titrated mCPBA (87%, 11.5 g,
58 mmol) was then added and the solution was stirred at rt for
21 h. Sat. aq. Na2SO3 was then added until starch–iodide paper
indicated that no mCPBA was present. MeOH (500 mL) and
K2CO3 (10 g) were then added and the resultant suspension was
stirred at rt for 16 h before being concentrated in vacuo. H2O
(500 mL) was then added and the mixture was extracted with
DCM (4 ¥ 500 mL). The combined organic extracts were washed
with brine (1 L), dried and concentrated in vacuo to give 16 as a
viscous, pale yellow oil (11.4 g, quant, 90% de).


(1RS,2SR,3SR)-1,2-Epoxy-3-(N ,N-dibenzylamino)-
cyclohexane 17


DBU (7.94 mL, 52.8 mmol) was added to a stirred solution of 15
(22.3 g, 49 mmol, 90% de) in DCM (100 mL) at rt and the reaction
mixture was stirred for 24 h. 10% aq. CuSO4 (500 mL) was added
and the mixture was extracted with DCM (3 ¥ 500 mL). The
combined organic extracts were washed with H2O (3 ¥ 500 mL),
dried and concentrated in vacuo. Purification via flash column
chromatography (gradient elution, eluent 0%→100% Et2O in 40–
60◦C petrol) gave 17 as a colourless oil (13.6 g, 95%, >98% de); nmax


(film) 3061, 2938 (C–H); dH (400 MHz, CDCl3) 1.11–1.39 (1H, m,
C(5)HA), 1.55–1.96 (5H, m, C(4)H2, C(5)HB, C(6)H2), 3.00–3.10
(1H, m, C(3)H), 3.11–3.17 (1H, m, C(1)H), 3.37 (1H, app d, J 4.0,
C(2)H), 3.75 (2H, d, J 14.1, N(CHAHBPh)2), 3.96 (2H, d, J 14.1,
N(CHAHBPh)2), 7.24–7.53 (10H, m, Ph); dC (100 MHz, CDCl3)
19.3, 21.6, 23.1 (C(4), C(5), C(6)), 51.7 (C(1)), 54.7 (N(CH2Ph)2),
55.0 (C(2)), 55.7 (C(3)), 126.7 (p-Ph), 128.2, 128.6 (o-, m-Ph),
140.7 (i-Ph); m/z (ESI+) 294 ([M + H]+, 100%); HRMS (ESI+)
C20H24NO+ ([M + H]+) requires 294.1852; found 294.1853.


(1RS,2RS,3RS,5SR)-3(-N ,N-Dibenzylamino)-5-tert-
butylcyclohexane-1,2-diol 23


Cl3CCO2H (44 mg, 0.27 mmol) was added to a solution of syn-
21 (13 mg, 0.039 mmol) in CDCl3 (0.15 mL) in a 3 mm NMR
tube. After 5 min, mCPBA (87% by wt, 17 mg, 0.086 mmol)
was added and the progress of the reaction monitored by 1H
NMR spectroscopy. After completion the reaction mixture was
transferred to a round-bottom flask and sat. aq. Na2SO3 was added
until starch–iodide paper indicated that no mCPBA remained.
MeOH (1 mL) and K2CO3 (50 mg) were added and the suspension
stirred for 24 h before being concentrated in vacuo. H2O (2 mL) was
added and the mixture was extracted with DCM (4 ¥ 2 mL). The
combined organic extracts were washed with brine (10 mL), dried,
and concentrated in vacuo to give 23 as a colourless oil (14 mg,
quant, >95% de); nmax (film) 3376 (O–H), 3085, 3063, 3028, 2950,
2689 (C–H); dH (400 MHz, CDCl3) 0.81 (9H, s, CMe3), 1.06–
1.17 (1H, app q, J 12.1, C(4)Hax), 1.40 (1H, br tt, J 12.3, 2.8,
C(5)H), 1.50 (1H, td, J 13.0, 2.8, C(6)Hax), 1.59–1.66 (1H, m,
C(6)Heq), 1.72–1.80 (1H, m, C(4)Heq), 3.06 (1H, br dt, J 12.1, 3.0,
C(3)H), 3.77 (2H, d, J 16.0, N(CHAHBPh)2), 3.87 (2H, d, J 16.0
N(CHAHBPh)2), 4.01 (1H, app br t, J 2.5, C(2)H), 4.15 (1H, app q,
J 3.0, C(1)H), 7.19–7.40 (10H, m, Ph); dC (100 MHz, CDCl3) 25.7
(C(4)), 27.4 (CMe3), 28.4 (C(6)), 32.2 (CMe3), 40.2 (C(5)), 54.9
(N(CH2Ph)2), 59.9 (C(3)), 69.3 (C(2)), 70.2 (C(1)), 126.9 (p-Ph),
128.4, 128.5 (o-, m-Ph), 139.2 (i-Ph); m/z (ESI+) 368 ([M + H]+,
100%); HRMS (ESI+) C24H34NO2


+ ([M + H]+) requires 368.2584;
found 368.2584.


(1RS,2RS,3RS,5RS)-3-(N ,N-Dibenzylamino)-5-tert-
butylcyclohexane-1,2-diol 25


Cl3CCO2H (44 mg, 0.27 mmol) was added to a solution of anti-
22 (18 mg, 0.054 mmol) in CDCl3 (0.15 mL) in a 3 mm NMR
tube. After 5 min, mCPBA (87% by wt, 17 mg, 0.086 mmol)
was added and the progress of the reaction monitored by 1H
NMR spectroscopy. After completion the reaction mixture was
transferred to a round-bottom flask and sat. aq. Na2SO3 was added
until starch–iodide paper indicated that no mCPBA remained.
MeOH (1 mL) and K2CO3 (50 mg) were added and the suspension
stirred for 24 h before being concentrated in vacuo. H2O (2 mL)
was added and the mixture was extracted with DCM (4 ¥ 2 mL).
The combined organic extracts were washed with brine (10 mL),
dried, and concentrated in vacuo to give a 22 : 78 mixture of 24:25
as a colourless oil (20 mg); nmax (film) 3354 (O–H), 3068, 3032,
2956, 2871 (C–H); m/z (ESI+) 368 ([M + H]+, 25, 100%), 350
([M + H]+, 24, 74%); HRMS (ESI+) C24H34NO2


+ ([M + H]+, 25)
requires 368.2584; found 368.2582.


Data for 24: dH (400 MHz, CDCl3) [selected peaks] 0.84 (9H, s,
CMe3), 3.67 (2H, d, J 12.0, N(CHAHBPh)2), 3.97 (2H, d, J 12.0,
N(CHAHBPh)2).


Data for 25: dH (400 MHz, CDCl3) 0.93 (9H, s, CMe3), 1.03
(1H, app q, J 12.5, C(6)Hax), 1.17–1.37 (1H, m, C(4)Hax), 1.57
(1H, br tt, J 12.9, 3.4, C(5)H), 2.05 (1H, br ddd, J 12.4, 6.8,
3.0, C(6)Heq), 2.15–2.23 (1H, m, C(4)Heq), 3.21 (1H, dd, J 9.6,
7.3, C(2)H), 3.33 (1H, app t, J 6.6, C(3)H), 3.43 (2H, d, J 13.1,
N(CHAHBPh)2), 3.85 (1H, ddd, J 11.4, 9.6, 4.3, C(1)H), 3.95 (2H,
d, J 13.1, N(CHAHBPh)2), 7.20–7.45 (10H, m, Ph); dC (100 MHz,
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CDCl3) 23.5 (C(4)), 27.3 (CMe3), 32.3 (C(6)), 32.8 (CMe3), 43.0
(C(5)), 56.1 (C(3)), 56.4 (N(CH2Ph)2), 73.4 (C(1)), 75.0 (C(2)),
127.5 (p-Ph), 128.6, 129.0 (o-, m-Ph), 138.8 (i-Ph).


(1RS,2RS,3RS)-3-Aminocyclohexane-1,2-diol 35


Pd(OH)2/C (50 mg) was added to a vigorously stirred suspension
of 16 (100 mg, 0.32 mmol) in degassed MeOH (1 mL) and the
resultant suspension was stirred at rt under H2 (1 atm) for 24 h.
The suspension was then filtered through a pad of Celite (eluent
MeOH) and the filtrate was concentrated in vacuo to give 35 as
a pale yellow solid (33 mg, 78%, 90% de); mp 115–116 ◦C; nmax


(KBr) 3355 (O–H), 2936, 2867 (C–H); dH (400 MHz, d4-MeOH)
1.34–1.46 (1H, m, C(6)HA), 1.47–1.66 (4H, m, C(4)H2, C(5)H2),
1.74–1.87 (1H, m, C(6)HB), 3.02–3.12 (1H, m, C(3)H), 3.52 (1H,
dd, J 5.3, 3.3, C(2)H), 3.74–3.82 (1H, m, C(1)H); dC (100 MHz,
d4-MeOH) 18.6, 29.2 (C(4), C(5), C(6)), 49.9 (C(3)), 70.0 (C(1)),
74.2 (C(2)); m/z (ESI+) 132 ([M + H]+, 100%); HRMS (ESI+)
C6H14NO2


+ ([M + H]+) requires 132.1019; found 132.1022.
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The ammonium-directed, metal-free oxidation of 3-(N,N-dibenzylamino)cyclohex-1-ene with mCPBA
in the presence of either trichloroacetic acid or tosic acid has been used as the key step to facilitate the
synthesis of all the diastereoisomers of 3-aminocyclohexane-1,2-diol, in >98% de in each case.


Introduction


The vicinal amino diol motif is ubiquitous throughout organic
chemistry due to the prevalence of this moiety in natural prod-
ucts and a variety of other biologically and pharmaceutically
important compounds.1 As such, a range of methodologies
for the synthesis of this unit in both racemic and homochiral
forms has been developed, with arguably the most common
methods being based upon dihydroxylation or epoxidation of
an allylic amine2 (or equivalent),3 or aminohydroxylation4 or
epoxidation5 of an allylic alcohol. In the preceding manuscript,
we reported the development of an ammonium-directed,
metal-free dihydroxylation protocol.6 Treatment of 3-(N,N-
dibenzylamino)cyclohex-1-ene 1 with trichloroacetic acid fol-
lowed by mCPBA furnished 1,2-anti-2,3-syn-1-trichloroacetoxy-
2-hydroxy-3-(N,N-dibenzylamino)cyclohexane 2 in 90% de, con-
sistent with initial ammonium-directed (hydrogen-bonded) epox-
idation occurring on the face of the olefin syn to the 3-N,N-
dibenzylamino group, with subsequent epoxide opening occurring
exclusively at the C(1)-position. In order to corroborate this
mechanistic proposal, treatment of 1 with tosic acid (TsOH)
followed by mCPBA gave 1,2-anti-2,3-syn-1-p-toluenesulfonyloxy-
2-hydroxy-3-(N,N-dibenzylamino)cyclohexane 3 in 90% de, which
underwent base-catalysed elimination of TsOH to give syn-epoxide
4, isolated in >98% de. Subsequent ring-opening of 4 with
Cl3CCO2H furnished 2 with complete regio- and stereocontrol.
Transesterification of 2 (90% de) upon treatment with methanolic
K2CO3 gave 5 in 90% de. Hydrogenolytic deprotection afforded
the corresponding primary amino diol 6 in 78% yield and 90% de
(Scheme 1).


It was anticipated that this transformation could be applied as
the key step to facilitate the synthesis of all the diastereoisomers of
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bDepartment of Pharmacology, University of Oxford, Mansfield Road,
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† Electronic supplementary information (ESI) available: Additional ex-
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and crystallographic data in CIF or other electronic format see DOI:
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Scheme 1 Reagents and conditions: (i) Cl3CCO2H (5 eq), mCPBA, DCM
rt, 21 h, then NaHCO3 (0.1 M, aq); (ii) TsOH (3 eq), mCPBA, DCM, rt,
21 h, then NaHCO3 (0.1 M, aq); (iii) DBU, DCM, rt, 24 h; (iv) Cl3CCO2H,
DCM, rt, 16 h, then NaHCO3 (0.1 M, aq); (v) K2CO3, MeOH, rt, 16 h;
(vi) Pd(OH)2/C, H2 (1 atm), MeOH, rt, 24 h.


3-aminocyclohexane-1,2-diol 6–9 (Fig. 1), utilising 3 and 4 as the
key intermediates. We have previously communicated a method
to effect some of these transformations,7 although the methods
described were not found to be the most robust, reproducible
or generally applicable and we therefore describe herein our full
investigations into the development and application of a reliable
experimental protocol.


Fig. 1 The diastereoisomers of 3-amino-cyclohexane-1,2-diol 6–9.
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Results and discussion


Preparation of 1,2-syn-2,3-syn-3-(N ,N-
dibenzylamino)cyclohexane-1,2-diol


Initial studies focused on the synthesis of 1,2-syn-2,3-syn-11 from
1,2-anti-2,3-syn-3, via C(2)-acetylation and subsequent inversion
of configuration at C(1), employing a neighbouring group par-
ticipation reaction first described by Winstein et al.,8 to give the
corresponding 1,2-syn-2,3-syn relationship (Fig. 2).


Fig. 2 Proposed strategy for the synthesis of 11.


Acetylation of 3 (90% de, generated from TsOH promoted,
ammonium-directed oxidation of 1 with mCPBA) gave 10 in 90%
de and quantitative yield. Alternatively, treatment of syn-epoxide
4 (>98% de) with TsOH followed by Ac2O gave 10 in quantitative
yield and >98% de (Scheme 2).


Scheme 2 Reagents and conditions: (i) TsOH (3 eq), mCPBA (1.6 eq),
DCM, rt, 21 h, then NaHCO3 (0.1 M, aq); (ii) TsOH, DCM, rt, 16 h, then
NaHCO3 (0.1 M, aq); (iii) Ac2O, DMAP, DCM–pyridine (1 : 1), rt, 24 h,
then NaHCO3 (0.1 M, aq).


In order to effect a Winstein reaction, 10 (90% de) was subjected
to reflux in EtOH–H2O (6 : 1), and gave a complex mixture of
products which, after transesterification with MeOH/K2CO3 and
column chromatography, gave a 97 : 3 mixture of 11:5 (94% de) in
13% yield. Modification of the experimental procedure by addition
of CaCO3 also gave a complex mixture of products, although
transesterification followed by column chromatography allowed
access to 11 in >98% de and an improved 60% yield, along with the
diastereoisomers 5 in >98% de and 13% yield, and 14 in >98% de
and 4% yield (Scheme 3). The observation of the diastereoisomeric
diol 5 in this reaction protocol is indicative of a competing reaction
pathway: plausibly 5 arises from acetate hydrolysis of 10 under the
basic reaction conditions and subsequent syn-epoxide formation
followed by trans-diaxial ring-opening with hydroxide. 1,2-syn-2,3-
anti-14 can be envisaged as originating from a Winstein reaction on


Scheme 3 Reagents and conditions: (i) EtOH–H2O (6 : 1), reflux, 48 h,
then K2CO3, MeOH, rt, 16 h; (ii) EtOH–H2O (6 : 1), CaCO3, reflux, 48 h,
then K2CO3, MeOH, rt, 16 h.


the minor 1,2-anti-2,3-anti-diastereoisomer present in the starting
material (vide infra).


An alternative procedure reported by Winstein et al.8 was there-
fore investigated. Treatment of 10 (>98% de) in EtOH–H2O (6 : 1)
with KOAc (1.5 eq) at reflux gave a mixture of products, containing
the regioisomeric monoacetates 12 and 13. Transesterification
of this mixture upon treatment with K2CO3 in MeOH gave a
4:7:89 mixture of 4:5:11. After column chromatography the major
product 11 was isolated in >98% de and 74% yield, along with syn-
epoxide 4 in >98% de and 4% yield, and 5 in >98% de and 7% yield.
The stereochemistry within 11 was assigned by a combination
of 1H NMR NOE and 3J coupling constant analyses, assuming
that in solution 11 resides preferentially in a chair conformation
with the N,N-dibenzylamino group occupying an equatorial site9


(Scheme 4).


Scheme 4 Reagents and conditions: (i) EtOH–H2O (6 : 1), KOAc, reflux,
48 h, then K2CO3, MeOH, rt, 16 h.


Preparation of 1,2-anti-2,3-anti-3-(N ,N-
dibenzylamino)cyclohexane-1,2-diol


With the 2,3-syn-stereoisomeric combinations of 3-(N,N-
dibenzylamino)cyclohexane-1,2-diol 5 and 11 in hand, the prepa-
ration of the corresponding 2,3-anti-stereoisomers was pursued.
It was proposed that the ring-opening of syn-epoxide 4 with acetic
acid would give 15. Subsequent activation of the C(2)-hydroxyl as


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 3762–3770 | 3763







a leaving group, followed by base-promoted acetate hydrolysis, was
then anticipated to facilitate the preparation of anti-epoxide 17.
Subsequent acid-promoted epoxide opening was then predicted to
give 18 (Fig. 3).


Fig. 3 Proposed strategy for the synthesis of 18.


Although treatment of 4 with 10% AcOH (aq) in DCM at rt
returned predominantly starting material, with only a trace of
the desired ring-opened product (<2%), upon exposure to neat
AcOH (5 eq) at 50 ◦C followed by 0.1 M aq NaHCO3, 15 was
furnished in >98% de and quantitative yield. The regiochemistry
of epoxide opening, and hence the relative stereochemistry within
15, was assigned by analogy to that observed during the ring-
opening of 4 with Cl3CCO2H and TsOH;6 1H NMR NOE data
obtained on 15 supported this assignment. With 15 in hand,
studies focused on the conversion of the C(2)-hydroxyl group to
a leaving group. Initial attempts to synthesise the corresponding
tosylate via treatment with TsCl at either rt or 50 ◦C, or Ts2O at
50 ◦C, were all unsuccessful and returned starting material in each
case. Presumably, steric hindrance from the 3-N,N-dibenzylamino
substituent has a pronounced effect in these reactions. While
attempted mesylation of 15 at rt generated an intractable mixture
of products, mesylation at -78 ◦C gave 34% conversion to the
desired product 16 and at -42 ◦C, 84% conversion was obtained.
Consequently mesylation at -10 ◦C was attempted, giving 16
in >98% de and quantitative yield. Transesterification of 16
promoted concomitant ring closure, giving anti-epoxide 17 in
>98% de, which was isolated in >98% de and 46% yield after
column chromatography (Scheme 5).


The regioselectivity of ring-opening of anti-epoxide 17 upon
treatment with a range of Brønsted acids was next investigated
as it was predicted that this would facilitate the preparation of
the desired 1,2-anti-2,3-anti relative stereochemistry. It was also
anticipated that this would unambiguously establish the nature of
the minor diastereoisomeric products observed in studies into the
ammonium-directed oxidation protocol, reported in the preceding
paper.6 Thus, in order to access 18 directly, 17 was treated with
H2SO4 (pKa1 = -9)10 in 1,4-dioxane, with ring-opening proceeding
with complete regio- and diastereocontrol to give 18 in >98% de
and 44% yield after basification and column chromatography. 1H
NMR NOE and 3J coupling constant analyses were supportive of
the assigned configuration of 18 (Scheme 6).


Subsequent investigations into the ring-opening of 17 with a
range of acids revealed that the regioselectivity [ring-opening
at C(1) versus C(2)] is highly dependent on the strength of the


Scheme 5 Reagents and conditions: (i) AcOH, 50 ◦C, 24 h, then NaHCO3


(0.1 M, aq); (ii) MsCl, DMAP, Et3N, DCM, -10 ◦C, 48 h; (iii) K2CO3,
MeOH, rt, 16 h.


Scheme 6 Reagents and conditions: (i) H2SO4, 1,4-dioxane, rt, 16 h, then
NaHCO3 (0.1 M, aq).


Brønsted acid employed, with the complete C(1)-regioselectivity
(as observed with H2SO4) being eroded with decreasing strength
of the acid. Upon treatment of 17 (>98% de) with TsOH (pKa =
-6.5)10 complete regio- and diastereocontrol was observed giving,
after basification, 19 in >98% de and quantitative yield. The
relative stereochemistry within 19 was assigned by a combination
of 1H NMR NOE and 3J coupling constant analyses11 (Scheme 7).


Scheme 7 Reagents and conditions: (i) TsOH, DCM, rt, 16 h, then 0.1 M
NaHCO3 (aq).


Treatment of 17 (>98% de) with Cl3CCO2H (pKa 0.65)10


followed by basification gave an 80 : 20 mixture of 20 and
21 in quantitative combined yield. The minor product 21 was
assigned as arising from regioisomeric ring-opening of 17 at C(2)
based on 1H NMR analysis, which indicated the presence of
a multiplet corresponding to C(2)H at dH 5.36–5.42 ppm: this
high dH value is not consistent with the presence of the hydroxyl
substituent but rather indicates the more electron withdrawing
trichloroacetoxy substituent at C(2). Ring-opening of 17 (>98%
de) with Cl2CHCO2H (pKa 1.29),10 gave a 75:25 mixture of 22
and 23 after basification. The minor product 23 exhibited a
complex multiplet at dH 5.46-5.51 ppm for C(2)H, indicating
the presence of the dichloroacetoxy substituent at C(2). In both
cases the identity of the major 1,2-anti-2,3-anti-diastereoisomers
20 and 22 was established on the basis of 1H NMR NOE and 3J
coupling constant analyses.12 The isomeric composition of 20:21
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and 22:23 was supported by transesterification of the mixtures,
which generated 80 : 20 and 75 : 25 diastereoisomeric mixtures of
18:5, respectively (Scheme 8).


Scheme 8 Reagents and conditions: (i) Cl3CCO2H, DCM, rt, 16 h, then
NaHCO3 (0.1 M, aq); (ii) Cl2CHCO2H, DCM, rt, 16 h, then NaHCO3


(0.1 M, aq); (iii) K2CO3, MeOH, rt, 16 h.


The ring-opening of anti-epoxide 17 with F3CCO2H (pKa =
-0.25)10 was next investigated and gave, after basification, a 22 :
4 : 55 : 17 : 2 mixture of 24:25:18:26:5, respectively (Scheme 9).


1H NMR analysis was used to elucidate the identities of the
components of this mixture. 24 was spectroscopically identical to
the minor diastereoisomeric product observed upon F3CCO2H-
promoted ammonium-directed oxidation of tertiary allylic amine
1.6 25 exhibited a complex multiplet at dH 5.07–5.14 ppm for C(2)H


and plausibly originates from an acyl-transfer reaction of 24,
due to the lability of the trifluoroacetyl group under the reaction
conditions. 26 was identical by 1H NMR spectroscopic analysis to
the major diastereoisomeric product observed upon F3CCO2H-
promoted ammonium-directed oxidation of 1, and presumably
originates from an acyl-transfer reaction of isomer 27, where 27
is generated from ring-opening of 17 at C(2). The absence of 27
and the presence of 26 in this mixture may reflect an equilibrium
distribution of these species. The observation of diols 18 and 5 is
presumably the result of partial trifluoroacetate ester hydrolysis of
24, 25 and 26 upon aqueous work-up (Fig. 4).


The isomeric composition of this mixture was supported by
transesterification, giving an 81 : 19 (i.e. [24+25+18]:[26+5] = 81 :
19) mixture of diastereoisomeric diols 18:5 (Scheme 10).


Finally, ring-opening of 17 with AcOH (pKa 4.76)10 was investi-
gated, and gave a 44 : 36 : 11 : 9 mixture of 28:29:30:31 respectively
(Scheme 11). The stereochemical assignment of 1,2-anti-2,3-anti-
28 was made by chemical correlation to the corresponding diol
18, whilst 30 and 31 were identical to the products of a Winstein
reaction on mesylate 16 (vide infra). 1,2-anti-2,3-syn-29 exhibited
a complex multiplet at dH 3.09–3.16 ppm for C(1)H and a complex
multiplet at dH 5.17–5.22 ppm for C(2)H. Thus, the regioselectivity
of the ring-opening process is reflected in the ratio of 28 and 29 (i.e.
the ratio of products resulting from opening at C(1) versus C(2) is
approximately 1.25 : 1). The observation of the minor 1,2-syn-2,3-
anti products 30 and 31 in this case could support a competing
pathway which traverses an aziridinium intermediate 33, giving
rise to monoacetate 31 which may be able to undergo acyl-transfer
to give a mixture of 30 and 31 (Fig. 5).13 This is consistent with
observations reported in the preceding manuscript that attempted
AcOH-promoted ammonium-directed oxidation of tertiary allylic
amine 1 does not result in efficient protonation of the nitrogen
atom.6


Scheme 9 Reagents and conditions: (i) F3CCO2H, DCM, rt, 16 h, then NaHCO3 (0.1 M, aq).


Fig. 4 Ring-opening of 17 upon treatment with F3CCO2H.
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Scheme 10 Reagents and conditions: (i) K2CO3, MeOH, rt, 16 h.


Scheme 11 Reagents and conditions: (i) AcOH, DCM, 50 ◦C, 24 h, then NaHCO3 (0.1 M, aq).


Fig. 5 Postulated mechanism for the formation of 30 and 31 upon
ring-opening of 17 with AcOH.


The isomeric composition of the mixture was confirmed by
subsequent transesterification of the mixture of 28:29:30:31 to
give a 44 : 36 : 20 mixture of 18:5:14 (Scheme 12).


These results are in contrast to ring-openings of syn-epoxide
4, which proceed exclusively at C(1) regardless of the strength
of the Brønsted acid employed, as rationalised in the preceding
manuscript.6 The regioselectivity observed upon ring-opening of
17 in the case of strong acids such as H2SO4 or TsOH, however,
is consistent with attack at C(1) being favoured electronically.
The ring-opening of epoxides in Brønsted acidic conditions is
known to proceed via a late transition state:14 the oxirane car-
bon atom undergoing nucleophilic attack possesses considerable
carbocationic character, which presumably favours nucleophilic
attack at C(1) where the effects of the electron-withdrawing N,N-
dibenzylammonium moiety are minimised. C(1) attack on epoxide
ammonium 32 presumably occurs in the favoured conformation
32A, resulting in a twist-boat-like transition state. The alternative
attack on C(1), with the epoxide ammonium in conformation 32B,


Scheme 12 Reagents and conditions: (i) K2CO3, MeOH, rt, 16 h.


is presumably disfavoured on steric grounds due to the requirement
of the large N,N-dibenzylammonium group to occupy a pseudo-
axial position. However, with decreasing acid strength, attack at
C(2) with the epoxide in the favoured conformation 32A competes,
with ring-opening proceeding via a chair-like transition state to
give the trans-diaxial product, in accordance with the Fürst–
Plattner rule15 (Fig. 6).


With the highly diastereoselective synthesis of 1,2-anti-2,3-anti-
18 achieved, the concluding 1,2-syn-2,3-anti arrangement was
tackled.


Preparation of 1,2-syn-2,3-anti-3-(N ,N-
dibenzylamino)cyclohexane-1,2-diol


It was envisaged that inversion of the configuration at C(2) of
1,2-anti-2,3-syn-16 via a Winstein protocol would give access to
the 1,2-syn-2,3-anti relationship. Thus, application of the Winstein
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Fig. 6 Ring-opening of 17 in the presence of acid [R = conjugate base of
the Brønsted acid].


protocol to 16 gave a mixture containing regioisomeric monoac-
etates 30 and 31. Subsequent transesterification gave 14 in >98%
de and 43% yield (Scheme 13). 1H NMR NOE and 3J coupling
constant analyses of 14 facilitated initial assignment of the relative
stereochemistry, and this was subsequently unambiguously proven
by single-crystal X-ray analysis† (Fig. 7).


Scheme 13 Reagents and conditions: (i) EtOH–H2O (6 : 1), KOAc, reflux,
48 h, then K2CO3, MeOH, rt, 16 h.


Fig. 7 Chem 3D representation of the X-ray crystal structure of 14 (some
H atoms omitted for clarity).


In an alternative preparation of 14 it was predicted that, under
Winstein conditions, 19 (prepared from ring-opening of 17 with
TsOH) could be used to access the 1,2-syn-2,3-anti relationship,
which would also serve to further corroborate the assigned relative
stereochemistry. In accordance with this hypothesis, acetylation of
19 liberated 34 in >98% de and 72% yield. Treatment of 34 with
KOAc in EtOH–H2O generated a mixture containing the regioiso-
meric monoacetates 30 and 31. Transesterification of this mixture
with K2CO3 in MeOH provided 14 as a single diastereoisomer in
57% yield, with identical spectroscopic properties to that prepared
from mesylate 16 (Scheme 14).


Scheme 14 Reagents and conditions: (i) Ac2O, DMAP, DCM–pyridine
(1 : 1), rt, 24 h, then NaHCO3 (0.1 M, aq); (ii) EtOH–H2O (6 : 1), KOAc,
reflux, 72 h; (iii) K2CO3, MeOH, rt, 16 h.


N-Deprotection: Synthesis of the diastereoisomers of
3-aminocyclohexane-1,2-diol


With samples of 3-(N,N-dibenzylamino)cyclohexane-1,2-diols 11,
14 and 18 in hand, hydrogenolytic deprotection to the parent
amino diols was investigated. By analogy to the hydrogenolysis of
5 (90% de) to 6 reported in the preceding paper, treatment of 5, 11,
14 or 18 (>98% de in each case) with Pd(OH)2/C under 1 atm of H2


gave the corresponding diastereoisomer of 3-aminocyclohexane-
1,2-diol 6–9 in >98% de and good to excellent yield (Scheme 15).


Conclusion


In conclusion, in this manuscript we have demonstrated that
the highly diastereoselective, ammonium-directed oxidation of 3-
(N,N-dibenzylamino)cyclohex-1-ene facilitates the stereoselective
synthesis of the four diastereoisomers of 3-aminocyclohexane-1,2-
diol, in >98% de in each case (Scheme 16). A full evaluation
of the scope and limitations of this metal-free dihydroxylation
protocol, the development of an enantioselective variant, and
the application of this methodology toward amino carbohydrate
synthesis are currently under investigation within our laboratory.


Experimental


General experimental


Reactions involving moisture-sensitive reagents were carried out
under a nitrogen or argon atmosphere using standard vacuum
line techniques and glassware that was flame-dried and cooled
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Scheme 15 Reagents and conditions: (i) Pd(OH)2/C, H2 (1 atm), MeOH,
rt, 24 h.


under nitrogen before use. Solvents were dried according to
the procedure outlined by Grubbs and co-workers.16 Water was
purified by an Elix R© UV-10 system. All other solvents were used
as supplied (analytical or HPLC grade) without prior purification.
Organic layers were dried over MgSO4. Thin layer chromatography


was performed on aluminium plates coated with 60 F254 silica.
Plates were visualised using UV light (254 nm), iodine, 1% aq
KMnO4, or 10% ethanolic phosphomolybdic acid. Flash column
chromatography was performed either on Kieselgel 60 silica on
a glass column, or on a Biotage SP4 automated flash column
chromatography platform.


Melting points were recorded on a Gallenkamp Hot Stage
apparatus and are uncorrected. IR spectra were recorded on a
Bruker Tensor 27 FT-IR spectrometer as either a thin film on NaCl
plates (film) or a KBr disc (KBr), as stated. Selected characteristic
peaks are reported in cm-1. NMR spectra were recorded on
Bruker Avance spectrometers in the deuterated solvent stated.
The field was locked by external referencing to the relevant
deuteron resonance. Low-resolution mass spectra were recorded
on either a VG MassLab 20-250 or a Micromass Platform 1
spectrometer. Accurate mass measurements were run on either
a Bruker MicroTOF internally calibrated with polyalanine, or
a Micromass GCT instrument fitted with a Scientific Glass
Instruments BPX5 column (15 m ¥ 0.25 mm) using amyl acetate
as a lock mass.


(1RS,2RS,3RS)-3-Aminocyclohexane-1,2-diol 6


Pd(OH)2/C (78 mg) was added to a vigorously stirred solution
of 5 (157 mg, 0.50 mmol) in degassed MeOH (2 mL) and the
resultant suspension was stirred at rt under H2 (1 atm) for 24 h.


Scheme 16 Reagents and conditions: (i) TsOH (3 eq), mCPBA, DCM rt, 21 h, then NaHCO3 (0.1 M, aq); (ii) DBU, DCM, rt, 24 h; (iii) TsOH, DCM, rt,
16 h, then NaHCO3 (0.1 M, aq); (iv) Cl3CCO2H, DCM, rt, 16 h, then NaHCO3 (0.1 M, aq); (v) K2CO3, MeOH, rt, 16 h; (vi) Cl3CCO2H (5 eq), mCPBA,
DCM, rt, 21 h, then K2CO3, MeOH, rt, 16 h; (vii) Ac2O, DMAP, DCM–pyridine (1 : 1), rt, 24 h, then NaHCO3 (0.1 M, aq); (viii) EtOH–H2O (6 : 1),
KOAc, reflux, 48 h, then K2CO3, MeOH, rt, 16 h; (ix) AcOH, 50 ◦C, 24 h, then NaHCO3 (0.1 M, aq); (x) MsCl, DMAP, Et3N, DCM, -10 ◦C, 48 h; (xi)
H2SO4, 1,4-dioxane, rt, 16 h, then NaHCO3 (0.1 M, aq); (xii) Pd(OH)2/C, H2 (1 atm), MeOH, rt, 24 h.
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The suspension was then filtered through a pad of Celite (eluent
MeOH) and the filtrate was concentrated in vacuo to give 6 as a
pale yellow solid (53 mg, 80%, >98% de); mp 115–116 ◦C; nmax


(KBr) 3355 (O–H), 2936, 2867 (C–H); dH (400 MHz, d4-MeOH)
1.34–1.46 (1H, m, C(6)HA), 1.47–1.66 (4H, m, C(4)H2, C(5)H2),
1.74–1.87 (1H, m, C(6)HB), 3.02–3.12 (1H, m, C(3)H), 3.52 (1H,
dd, J 5.3, 3.3, C(2)H), 3.74–3.82 (1H, m, C(1)H); dC (100 MHz,
d4-MeOH) 18.6, 29.2 (C(4), C(5)), 47.4 (C(6)), 49.9 (C(3)), 70.0
(C(1)), 74.2 (C(2)); m/z (ESI+) 132 ([M + H]+, 100%); HRMS
(ESI+) C6H14NO2


+ ([M + H]+) requires 132.1019; found 132.1022.


(1RS,2SR,3SR)-3-Aminocyclohexane-1,2-diol 7


Pd(OH)2/C (121 mg) was added to a vigorously stirred solution
of 11 (243 mg, 0.78 mmol) in degassed MeOH (2 mL) and the
resultant suspension was stirred at rt under H2 (1 atm) for 24 h.
The suspension was then filtered through a pad of Celite (eluent
MeOH) and the filtrate was concentrated in vacuo to give 7 as
a colourless oil (103 mg, quant, >98% de); nmax (film) 3385 (O–
H), 2941, 2867 (C–H); dH (400 MHz, d4-MeOH) 1.11–1.76 (6H,
m, C(4)H2, C(5)H2, C(6)H2), 2.59–2.74 (1H, m, C(3)H), 3.46–
3.59 (1H, m, C(1)H), 3.75–3.81 (1H, m, C(2)H); dC (100 MHz,
d4-MeOH) 21.0, 27.6, 28.2 (C(4), C(5), C(6)), 52.2 (C(3)), 71.8
(C(1)), 73.2 (C(2)); m/z (ESI+) 132 ([M + H]+, 100%); HRMS
(ESI+) C6H14NO2


+ ([M + H]+) requires 132.1019; found 132.1020.


(1RS,2SR,3RS)-3-Aminocyclohexane-1,2-diol 8


Pd(OH)2/C (25 mg) was added to a vigorously stirred solution
of 14 (54 mg, 0.17 mmol) in degassed MeOH (2 mL) and the
resultant suspension was stirred at rt under H2 (1 atm) for 24 h.
The suspension was then filtered through a pad of Celite (eluent
MeOH) and the filtrate was concentrated in vacuo to give 8 as a
white solid (14 mg, 64%, >98%); mp 134–135 ◦C; nmax (KBr) 3384
(O–H), 2940, 2871 (C–H); dH (400 MHz, d4-MeOH) 1.14–1.27
(1H, m, C(4)HA), 1.44–1.57 (2H, m, C(5)HA, C(6)HA), 1.63–1.78
(1H, m, C(5)HB), 1.79–1.97 (2H, m, C(4)HB, C(6)HB), 2.92–3.03
(1H, m, C(3)H), 3.21 (1H, dd, J 9.6, 3.1, C(2)H), 4.00 (1H, app q,
J 3.0, C(1)H); dC (100 MHz, d4-MeOH) 18.7 (C(5)) 31.4 (C(6)),
32.2 (C(4)), 50.4 (C(3)), 67.0 (C(1)), 77.3 (C(2)); m/z (ESI+) 132
([M + H]+, 55%); HRMS (ESI+) C6H14NO2


+ ([M + H]+) requires
132.1019; found 132.1022.


(1RS,2RS,3SR)-3-Aminocyclohexane-1,2-diol 9


Pd(OH)2/C (55 mg) was added to a vigorously stirred solution
of 18 (110 mg, 0.35 mmol) in degassed MeOH (2 mL) and the


resultant suspension was stirred at rt under H2 (1 atm) for 24 h.
The suspension was then filtered through a pad of Celite (eluent
MeOH) and the filtrate was concentrated in vacuo to give 9 as a
white solid (47 mg, quant, >98% de); mp 45–46 ◦C; nmax (KBr) 3356
(O–H), 2934, 2868 (C–H); dH (400 MHz, d4-MeOH) 1.25–1.46
(3H, m, C(4)HA, C(5)HA, C(6)HA), 1.71–1.81 (1H, m, C(5)HB),
1.88–2.02 (2H, m, C(4)HB, C(6)HB), 2.75 (1H, app td, J 10.3, 3.7,
C(3)H), 3.12 (1H, app t, J 9,2, C(2)H), 3.30–3.43 (1H, m, C(1)H);
dC (100 MHz, d4-MeOH) 21.3 (C(5)), 30.5, 32.9 (C(4), C(6)), 54.6
(C(3)), 73.6 (C(1)), 78.6 (C(2)); m/z (ESI+) 132 ([M + H]+, 100%);
HRMS (ESI+) C6H14NO2


+ ([M + H]+) requires 132.1019; found
132.1022.
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Fractionation of a cytotoxic extract obtained from a southern Australian marine sponge, Phorbas sp.,
yielded the known diterpenes phorbasins B–F (1–5) together with five new members of the phorbasin
family, phorbasins G–K (6–10). Structures were assigned to the new phorbasins based on detailed
spectroscopic analysis. A preliminary structure activity relationship (SAR) evaluation based on the
co-metabolites phorbasins B–K (1–10) revealed aspects of the phorbasin pharmacophore.


Introduction


During an earlier chemical investigation of a cytotoxic extract
obtained from a Phorbas sp., collected during scientific trawling
operations in the Great Australian Bight, Capon and Zhang
reported the re-isolation and structure revision of two known
diterpenes, phorbasins B–C (1–2), along with the discovery and
structure elucidation of a selection of unprecedented diterpenyl
taurines, phorbasins D–F (3–5).1 In an extension to that earlier
study we have continued and completed investigations into this
Phorbas sp., and report a further five new members of the phor-
basin structure class, phorbasins G–K (6–10), of which phorbasins
I and J (8–9) are likely solvolysis artifacts. We also report a
comparative assessment of phorbasin cytotoxicity, employing all
available members of the phorbasin structure class.


Results and discussion


An earlier chemical investigation of the EtOH extract of a Great
Australian Bight Phorbas sp. yielded five Phorbas diterpenes,
identified as the known phorbasins B–C (1–2) and the new
unprecedented terpenyl-taurines phorbasins D–F (3–5).1 Also
detected during those earlier studies were a selection of minor,
more cytotoxic phorbasin co-metabolites. This report describes
the isolation and identification of the principle cytotoxic agents in
the Phorbas extract as the new phorbasin analogues, phorbasins
G–K (6–10). Phorbasins G–K (6–10) were isolated by the use of
solvent partitioning, reverse phase SPE (solid phase extraction)
and HPLC and their structures assigned by detailed spectroscopic
analysis as detailed below.


High resolution ESI(+)MS analysis of phorbasin G (6) revealed
a pseudo molecular ion (M + Na) consistent with a molecu-
lar formula (C20H30O3, Dmmu -0.2) incorporating six double
bond equivalents (DBE) and suggestive of a deoxy analogue
of phorbasin B (1). Analysis of the NMR (CDCl3) data for 6
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Queensland, 4072, Australia. E-mail: r.capon@imb.uq.edu.au; Fax: 617
3346 2090; Tel: 617 3346 2979
† Electronic supplementary information (ESI) available: Bioassay data
for crude extracts, together with tabulated 1D and 2D NMR data and
1H NMR spectra for new compounds, and cytotoxicity curves for all
compounds. See DOI: 10.1039/b808866g


(Tables 1 and 2) confirmed this hypothesis, with diagnostic
resonances for the 17-oxymethylene in 1 (dH 4.23 (br d, 15.0 Hz),
4.28 (br d, 15.0 Hz); dC 59.7)1 replaced in 6 by an allylic
methyl (dH 1.89 (s); dC 15.7). Excellent comparisons between the
remaining NMR data for 1 and 6 supported the assignment of
common structural features between these co-metabolites. As with
1, analysis of the NMR (CDCl3) data for 6 revealed measurements
for J9,10 (15.1 Hz) and J12,13 (15.4 Hz), and a shielded C-18 (dC


17.1), consistent with E configurations about D9,10, D12,13 and D7,8


respectively, while measurements for J1,6 (3.2 Hz) and J5,6 (12.2 Hz)
defined the relative configuration about the cyclohexenone moiety
as shown. Thus 6 was identified as the 17-deoxy analogue of the co-
metabolite 1, and on biogenetic grounds was assigned a common
absolute stereochemistry.


High resolution ESI(+)MS analysis of phorbasin H (7) revealed
a pseudo molecular ion (M + Na) consistent with a molecular
formula (C22H32O4, Dmmu 0.9) incorporating seven DBE and
suggestive of an acetoxy analogue of phorbasin G (6). Analysis
of the NMR (C6D6) data for 7 (Tables 1 and 2) confirmed this
hypothesis, with diagnostic resonances for an acetoxy moiety (dH


1.59 (s); dC 169.6, 20.6) together with characteristic deshielding of
the H-1 oxymethine (dH 5.29) compared to 6 (dH 4.34). Excellent
comparisons between the NMR data for 7 and 6, including key
H–H coupling constants, were supportive of common structural
features between these co-metabolites, including configurations
about all chiral centres and double bonds. Thus 7 was identified as
the C-1 acetate of the co-metabolite 6, and on biogenetic grounds
was assigned a common absolute stereochemistry.


High resolution ESI(+)MS analysis of phorbasin I (8) revealed
a pseudo molecular ion (M + Na) consistent with a molecular
formula (C24H36O5, Dmmu 1.1) incorporating seven DBE and
suggestive of an ethoxy analogue of phorbasin H (7). Analysis
of the NMR (C6D6) data for 8 (Tables 1 and 2) confirmed
this hypothesis, with diagnostic resonances for an ethoxy moiety
(dH 1.03 (t, 7.0 Hz), 3.23 (q, 7.0 Hz); dC 15.6, 67.1) whose
regiochemistry was determined by HMBC correlations from
OCH2CH3 to C-17. Excellent comparisons between the NMR
(C6D6) data for 8 and 7 were supportive of common configurations
about all chiral centres and double bonds. Thus 8 was identified as
a C-17 ethoxy analogue of the co-metabolite 7, and on biogenetic
grounds was assigned a common absolute stereochemistry. The
appearance of an ethoxy moiety in 8 was strongly suggestive of
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Table 1 1H NMR (600 MHz) data for phorbasins G–K (6–10)


No 6a 7b 8b 9b 10c


1 4.34 (dd, 5.7, 3.2) 5.29 (dd, 5.7, 3.7)) 5.46 (dd, 5.7, 3.7) 5.50 (dd 3.6, 2.9) 4.14 (m)
2 6.76 (dd, 5.7, 1.3) 6.22 (dd, 5.7, 1.4) 6.92 (d, 5.7) 4.11 (dd, 3.6, 3.6) 5.82 (m)
3 2.94 (m)
4 3.98 (br d, 7.8)
5 4.65 (d, 12.2) 4.51 (d, 12.2) 4.56 (d, 12.2) 4.33 (d, 11.7) 3.93 (dd, 11.8, 7.8)
6 2.62 (dd, 12.2, 3.2) 2.41 (dd, 12.2, 3.7) 2.44 (dd, 12.2, 3.7) 2.95 (m) 2.25 (dd, 11.8, 3.9)
8 6.15 (br d, 10.7) 6.10 (br d, 10.7) 6.09 (br d, 10.7) 6.20 (br d, 10.7) 5.95 (br d, 10.8)
9 6.30 (dd, 15.1, 10.7) 6.44 (dd, 15.1, 10.7) 6.43 (dd, 15.1, 10.7) 6.44 (dd, 15.1, 10.7) 6.35 (ddd, 15.1, 10.8, 1.2)
10 5.71 (dd, 15.1, 6.9) 5.70 (dd, 15.1, 6.9) 5.69 (dd, 15.1, 6.9) 5.67 (dd, 15.1, 6.9) 5.56 (dd, 15.1, 6.9)
11 2.90 (m) 2.90 (m) 2.89 (m) 2.88 (m) 2.88 (m)
12 5.33 (dd, 15.4, 6.5) 5.43 (m) 5.42 (m) 5.40 (m) 5.36 (dd, 15.3, 6.0
13 5.38 (dt, 15.4, 6.8) 5.43 (m) 5.42 (m) 5.42 (m) 5.39 (dt, 15.3, 6.1)
14 1.87 (dd, 6.8, 6.8) 1.90 (dd, 6.2, 6.2) 1.89 (dd, 6.2, 6.2) 1.89 (dd, 6.1, 6.1) 1.89 (dd, 6.1, 6.1)
15 1.58 (m) 1.55 (m) 1.54 (m) 1.55 (m) 1.59 (m)
16/20 0.86 (d, 6.6) 0.88 (d, 6.7) 0.88 (d, 6.7) 0.88 (d, 6.7) 0.89 (d, 6.7)
17 1.89 (s) 1.61 (s) 4.13 (br d, 14.6) 3.92 (dd, 9.3, 4.9) 4.21 (br d, 14.1)


4.05 (dd, 14.6, 1.6) 3.82 (dd, 9.3, 9.3) 4.16 (br d, 14.1)
18 1.90 (s) 1.88 (s) 1.87 (s) 1.87 (s) 1.91 (s)
19 1.09 (d, 6.9) 1.11 (d, 6.9) 1.10 (d, 6.9) 1.10 (d, 6.9) 1.09 (d, 6.9)
CH3CO 1.59 (s) 1.55 (s) 1.56 (s)
5-OH 3.62 (br s) 3.55 (br s)
C-2 OCH2CH3 3.41 (m)


3.27 (m)
C-2 OCH2CH3 0.93 (t, 7.0)
C-17 OCH2CH3 3.23 (q, 7.0) 3.34 (m)


3.27 (m)
C-17 OCH2CH3 1.03 (t, 7.0) 1.04 (t, 7.0)


a In CDCl3. b In C6D6. c In CD3OD.


solvolysis during prolonged storage of the Phorbas specimen in
EtOH. A plausible mechanism for formation of 8 could involve
the nucleophilic displacement by EtOH of a suitable C-17 leaving


Table 2 13C NMR data for phorbasins G–K (6–10)


No 6*a 7#b 8#b 9*b 10*c


1 65.4 69.3 68.8 71.7 70.2
2 142.5 139.5 139.1 78.4 125.2
3 135.3 136.5 137.6 49.2 143.2
4 201.2 201.0 200.2 209.1 76.2
5 69.9 71.0 71.0 73.3 71.6
6 55.1 53.9 53.8 53.7 55.4
7 131.5 132.8 132.6 132.6 136.4
8 129.6 130.0 130.0 129.2 129.9
9 124.1 125.4 125.4 125.6 126.4
10 140.6 139.4 139.5 139.1 138.5
11 40.1 40.6 40.6 40.6 41.2
12 135.2 136.1 136.1 136.2 137.1
13 128.5 128.7 128.6 128.7 129.0
14 42.2 42.7 42.7 42.7 43.3
15 28.6 29.1 29.1 29.1 29.8
16/20 22.5 22.8 22.8 22.8 22.8
17 15.7 15.7 66.9 65.5 63.2
18 17.1 16.4 16.5 16.7 16.6
19 20.8 21.2 21.2 21.2 21.3
CH3CO 20.6 20.6 20.7
CH3CO 169.6 169.5 169.5
C-2 OCH2CH3 66.9
C-2 OCH2CH3 15.8
C-17 OCH2CH3 67.1 67.1
C-17 OCH2CH3 15.6 15.7


*Recorded at 600 MHz, #measured at 400 MHz.a In CDCl3. b In C6D6. c In
CD3OD. All assignments supported by gHSQC and HMBC analysis.


group in a co-metabolite precursor, such as the taurine residue in
phorbasin D (3).


High resolution ESI(+)MS analysis of phorbasin J (9) revealed
a pseudo molecular ion (M + Na) consistent with a molecular
formula (C26H42O6, Dmmu -0.2) incorporating six DBE and
suggestive of an EtOH addition adduct to phorbasin I (8).
Supportive of this hypothesis, the NMR (C6D6) data for 9 (Tables 1
and 2) revealed resonances consistent with reduction of D2,3 to
yield (a) diastereotopic H2-17 methylene resonances (dH 3.92 and
3.82) with coupling to H-3 (dH 2.94) (J3,17a 4.9 Hz, J3,17b 9.3 Hz),
(b) an ethoxy methylene (OCH2CH3, dH 3.34 and 3.27) with
HMBC correlations to C-17 (dC 65.5), (c) replacement of the
H-2 olefinic methine resonance common to phorbasins B–I (1–
8) with an oxymethine resonance (dH 4.11 (dd, 3.6, 3.6 Hz); dC


78.4) displaying COSY correlations to H-1 (dH 5.50) and H-3,
and (d) a second diastereotopic ethoxy methylene (OCH2CH3,
dH 3.41 and 3.27) with HMBC correlations to C-2. These
observations were consistent with addition of EtOH across D2,3 as
indicated. Excellent comparisons between the NMR (C6D6) data
for the C-6 side chain in 9 and 8 supported common structural
features including configurations about all double bonds. Relative
configuration about the cyclohexanone moiety in 9 was assigned
by consideration of 1H NMR (C6D6) coupling constants and
ROESY correlations. The magnitude of J5,6 (11.7 Hz) required an
H-5 to H-6 pseudo diaxial relationship, while a ROESY correlation
between H-5 and H-3 dictated a pseudo diaxial relationship.
Similarly, values for J2,3 (3.6 Hz) and J1,6 (2.9 Hz) required that
H-2 and H-1 adopt pseudo equatorial configurations. Thus 9 can
be assigned the structure as shown, and on biogenetic grounds can
be assigned an absolute stereochemistry common with all other
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phorbasins. As with 8, the appearance of ethoxy residues in 9
was strongly suggestive of solvolysis during long term storage in
EtOH. We propose that 9 is likely formed by Michael addition
of EtOH to C-2 on the co-metabolite/solvolysis artifact 8, with
a facial stereocontrol resulting from the steric influence of the
C-1 acetoxy functionality. Quenching of the resulting enolate
could proceed by b facial protonation at C-3, thereby establishing
the relative stereochemistry about the cyclohexanone moiety as
shown.


High resolution ESI(+)MS analysis of phorbasin K (10) re-
vealed a pseudo molecular ion (M + Na) consistent with a molec-
ular formula (C20H32O4, Dmmu 1.0) incorporating five DBE and
suggestive of a dihydro analogue of phorbasin B (1). Supportive
of this hypothesis the NMR (CD3OD) data for 10 (Tables 1 and
2) revealed an absence of the ketone carbonyl resonance (dC ~
201) characteristic of phorbasins B–I (1–8), and the appearance
of an H-4 oxymethine (dH 3.98) coupled to H-5 (J4,5 7.8 Hz).
Excellent comparisons between the NMR data for the C-6 side
chain in 10 and 1 supported common structural features including
configurations about all double bonds. Likewise, consideration
of J1,6 (3.9 Hz) and J5,6 (11.8 Hz) permitted assignment of a
relative configuration about C-1, C-5 and C-6 common with that
previously assigned to 1, while the magnitude of J4,5 (7.8 Hz) was
suggestive of a pseudo equatorial C-4 hydroxy moiety. Paucity of
material precluded a 2D NMR ROESY approach to assignment
of relative configuration. Thus 10 can be assigned the structure
as shown, and on biogenetic grounds can be assigned an absolute
stereochemistry common with all other phorbasins.


While we have attributed absolute stereochemistry to phor-
basins G–K (6–10) on biogenetic grounds,1 consideration of
the CD data provides an independent means to validate this
assignment for phorbasins G–I (6–8). Phorbasins G–I (6–8)
possess a common cyclohexenone moiety and display comparable


n–p* Cotton effects (330 (+0.7), 330 (+0.9) and 337 (+0.7) nm
respectively) to phorbasins B–F (1–5),1 indicative of a common
1S,5R,6S absolute configuration. The stereochemistry about C-
11 in all the phorbasins remains undetermined.


The in vitro cytotoxicity data for phorbasins B–K (1–10)
against both normal (NFF) and human cancer (A549, HT29 and
MM96L) cell lines are shown in Table 3. Analysis of this data
revealed a prevailing structure activity relationship correlating
with the presence of an a,b-unsaturated ketone functionality. For
example, whereas modest GI50 potency (~1–8 mM) and selectivity
for cancer versus NFF cell lines (~1 to 9 fold) were apparent for
phorbasins B–I (1–8), LC50 measurements highlight phorbasins B
(1), C (2), G (6), H (7) and I (8) as retaining substantial potency
and selectivity. Of note, all these latter compounds possess a
common unhindered cyclohex-2-enone functionality. By contrast,
phorbasins J (9) and K (10), both of which lack a cyclohex-2-enone
functionality, are the least selectively cytotoxic of the phorbasins
investigated. This preliminary structure activity relationship data,
based on the cytotoxic properties of co-metabolites, is suggestive
of a Michael acceptor mechanism-of-action. Indicative of the
potential of some phorbasins to engage in Michael additions are
the solvolysis analogues phorbasins I (8) and J (9), and the dimers
phorbasins E (4) and F (5).


To test the hypothesis that the phorbasin pharmacophore
is merely a Michael acceptor embedded within a new carbon
skeleton, we screened the commercially available monoterpene S-
(+)-carvone (11). The natural product 11 incorporates a cyclohex-
2-enone moiety very similar to that found in the phorbasins, and
is well known to be chemically reactive as a Michael acceptor.
That said, when tested across 0.2 to 70 mM in 10-fold incre-
ments, 11 failed to produce any significant cytotoxicity on A549,
HT29, MM96L and NFF cell lines in three separate experiments
(Table 3), indicating that the potential for Michael addition alone is
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Table 3 Cell cytotoxicity data (mM) for phorbasins B–K (1–10)a


# NFF A549 HT29 MM96L


1 GI50 6.0 3.0 3.0 3.0
TGI50 13.5 4.5 4.5 4.5
LC50 26.9 6.0 6.0 6.0


2 GI50 5.3 2.7 2.7 2.7
TGI50 12.0 4.0 4.0 4.0
LC50 23.9 6.6 6.6 6.6


3 GI50 15.9 3.4 7.9 4.5
TGI50 >22.7 9.6 >22.7 10.2
LC50 >22.7 ~22.7 >22.7 15.9


4 GI50 7.4 2.7 4.7 2.0
TGI50 ~13.5 5.4 6.7 4.7
LC50 >13.5 9.4 9.4 8.1


5 GI50 6.4 4.5 4.5 2.2
TGI50 10.9 6.4 6.4 5.1
LC50 >12.8 10.2 10.2 8.0


6 GI50 9.4 4.7 3.1 3.1
TGI50 22.0 12.6 4.7 4.7
LC50 ~ 31.4 18.9 7.9 7.1


7 GI50 7.6 2.8 2.8 0.8
TGI50 15.3 9.7 4.2 5.6
LC50 ~ 27.8 16.7 5.6 13.9


8 GI50 6.2 2.5 2.5 1.7
TGI50 13.6 3.7 3.7 3.7
LC50 ~ 24.8 5.6 5.6 5.6


9 GI50 8.9 3.9 6.1 2.2
TGI50 22.2 8.9 10.0 8.9
LC50 >22.2 15.6 16.7 15.6


10 GI50 >29.8 11.9 >29.8 6.0
TGI50 >29.8 >29.8 >29.8 >29.8
LC50 >29.8 >29.8 >29.8 >29.8


11 GI50 >70 >70 >70 >70
TGI50 >70 >70 >70 >70
LC50 >70 >70 >70 >70


a NFF—neonatal foreskin fibroblast; A549-carcinoma (lung); HT29-
colorectal adenocarcinoma (colon); MM96L—malignant melanoma
(skin). GI50, concentration required for 50% inhibition of growth; TGI,
concentration required for total inhibition of growth; and LC50, concen-
tration required to kill 50% of cells available at commencement of the
assay. Averaged values within ±10% for all cancer cell lines or within ±20%
for the NFF cell line.


insufficient to explain the phorbasin cytotoxicity data. In the case
of the phorbasins we speculate that added structural complexity
in the form of hydroxylation and an extended lipophilic side chain
influence polarity (H-donors/acceptors) and solubility (cLogP)
and very likely play a significant role in defining the cytotoxic
pharmacophore. Such hypotheses are best assessed by future
synthetic investigations.


Experimental section


General experimental procedures


As previously reported.1


Animal material


As previously reported.1


Extraction and isolation


The extraction, partition and SPE fractionation of the crude
extracts, along with the isolation procedures of phorbasins B–F
(1–5) are as previously reported.1


HPLC analysis revealed similar chemical compositions for the
first and second C18 SPE fractions, which were combined and
further separated by C8 HPLC (4.0 mL min-1 15 min gradient
elution from 60% to 30% H2O–MeCN followed by a 3 min hold)
to yield in order of elution phorbasin K (10) (0.5 mg, 0.09%) and
phorbasin G (6) (2.2 mg, 0.62%). The third C18 SPE fraction was
purified by C8 HPLC (4.0 mL min-1 15 min gradient elution from
35% to 20% H2O–MeCN followed by a 3 min hold) to yield in
order of elution phorbasin G (6) (1.4 mg, 0.62%), phorbasin H (7)
(2.0 mg, 0.34%), phorbasin I (8) (1.4 mg, 0.24%) and phorbasin J
(9) (1.5 mg, 0.26%). All yields are calculated as a weight to weight
estimate against total yield from the crude 1.17 g extract.


Bioassay


Cell culture and reagents


A549 (human lung carcinoma; ATCC CCL-185); HT29 (human
colorectal adenocarcinoma; ATCC HTB-38); SkMel28 (human
melanoma; ATCC HTB-72); DU145 (human prostate carcinoma;
ATCC HTB-81) were obtained from the American Type Culture
Collection. The human melanoma cell line MM96L,2 and the
human ovarian cancer cell lines CI80_13s and JAM3 have been
described previously. Normal dermal fibroblasts were isolated
from neonatal foreskins. All cells were cultured in RPMI 1640
(Gibco, Invitrogen, Carlsbad, CA) supplemented with 10% FBS
(Gibco, Invitrogen, Carlsbad, CA) at 37 ◦C, 5% CO2 and 99%
humidity. Routine mycoplasma tests were performed and were
negative throughout these studies.


In vitro cytotoxicity assay


Cells were seeded (5 000 per well) into individual 96-well tissue
culture plates (NUNC, Rochester, NY) and grown for 24 h
before treatment. Test compounds or mixtures were dissolved
in 100% MeOH and diluted in complete medium. The MeOH
concentration in the medium was kept to <1%. Controls (1%
MeOH treatment) and test treatments were performed in triplicate,
and each experiment in duplicate. Three days after treatment
initiation, cells were washed with phosphate-buffered saline (PBS),
fixed with methylated spirits, and total protein was determined
using sulforhodamine B (SRB)4 as described previously. Briefly,
at the end of the required treatment time, medium was removed
from the plates, and cells were washed twice with PBS. Cells were
then fixed with methylated spirits for a minimum of 15 min. After
this time the cells were washed with water twice and stained with
50 mL per well of sulforhodamine B (SRB) solution (0.4% SRB
(w/v) in 1% (v/v) acetic acid) for at least 30 min. The SRB solution
was removed from the wells and plates rapidly washed twice with
1% (v/v) acetic acid. Protein bound dye was then solubilised by
addition of 100 mL of 10 mM unbuffered Tris and incubated at
room temperature for 15 min. Plates were read at 564 nm on the
EnVision 2102 multilabel reader (PerkinElmer, Wallace, Oy). Data
was presented as a percentage of control cell protein and analysed
using Excel (Microsoft).


Growth inhibition of 50% (GI50) was calculated from [(Ti -
Tz)/(C - Tz)] ¥ 100 = 50, total growth inhibition (TGI) from Ti =
Tz and lethal concentration of 50% (LC50) from [(Ti - Tz)/Tz] ¥
100 = -50, where Ti = test growth, Tz = time zero, and C = control
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growth. When cytotoxicity for any parameter is not reached, the
value is expressed as a greater than the maximum concentration
tested.


Phorbasin G (6). White solid; [a]22
D -86.7 (c 0.18, MeOH); UV


(MeOH) lmax (log e) 238 (4.22) nm; CD (MeOH) l (De) 330 (+0.7),
231 (-4.1) nm; 1H NMR Table 1; 13C NMR Table 2; ESIMS m/z
(positive) 319.1 [M + H]+, 341.2 [M + Na]+, 659.3 [2M + Na]+;
HRESIMS m/z 341.2089 (calculated for C20H30NaO3, 341.2087).


Phorbasin H (7). White solid; [a]22
D -164.0 (c 0.10, MeOH);


UV (MeOH) lmax (log e) 237 (4.38) nm; CD (MeOH) l (De) 330
(+0.9), 237 (-16.6) nm; 1H NMR (CDCl3, 400 MHz) dH 6.71 (br
d, J = 5.9 Hz, H-2), 6.23 (dd, J = 15.1, 10.7 Hz, H-9), 6.01 (br
d, J = 10.7 Hz, H-8), 5.61 (dd, J = 10.7, 6.7 Hz, H-10), 5.47 (dd,
J = 5.9, 3.7 Hz, H-1), 5.34 (m, H-13), 5.33 (m, H-12), 4.66 (d, J =
12.2 Hz, H-5), 3.53 (br s, 5-OH), 2.87 (m, H-11), 2.73 (dd, J =
12.2, 3.7 Hz, H-6), 2.0 (3H, s, MeCO), 1.88 (3H, s, H-18), 1.86
(3H, s, H-17), 1.85 (2H, overlapping, H-14), 1.56 (m, H-15), 1.07
(3H, d, J = 6.9 Hz, H-19), 0.85 (6H, d, J = 6.7 Hz, H-16/20),
and Table 1; 13C NMR Table 2; ESIMS m/z (positive) 383.2 [M +
Na]+, 743.4 [2M + Na]+; HRESIMS m/z 383.2184 (calculated for
C22H32NaO4, 383.2193).


Phorbasin I (8). White solid; [a]22
D -81.3 (c 0.14, MeOH); UV


(MeOH) lmax (log e) 238 (4.26) nm; CD (MeOH) l (De) 337 (+0.7),
237 (-8.4) nm; 1H NMR Table 1; 13C NMR Table 2; ESIMS m/z
(positive) 427.2 [M + Na]+, 831.5 [2M + Na]+; HRESIMS m/z
427.2444 (calculated for C24H36NaO5, 427.2455).


Phorbasin J (9). White solid; [a]22
D -25.4 (c 0.15, MeOH); UV


(MeOH) lmax (log e) 243 (4.16) nm; CD (MeOH) l (De) 285 (+1.7),
246 (-4.1) nm; 1H NMR Table 1; 13C NMR Table 2; ESIMS m/z
(positive) 473.3 [M + Na]+, 923.5 [2M + Na]+; HRESIMS m/z
473.2876 (calculated for C26H42NaO6, 473.2874).


Phorbasin K (10). Colorless gum; [a]22
D -41.9 (c 0.05, MeOH);


UV (MeOH) lmax (log e) 242 (4.16) nm; CD (MeOH) l (De) 242
(-1.7), 212 (+1.3) nm; 1H NMR Table 1; 13C NMR Table 2; ESIMS
m/z (positive) 359.2 [M + Na]+, 695.3 [2M + Na]+, (negative)
381.2 [M + HCO2]-; HRESIMS m/z 359.2183 (calculated for
C20H32NaO4, 359.2193).
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Combination of enantioselective allylation reactions with a tandem hydroformylation–Fischer indole
synthesis sequence as a highly diversity-oriented strategy for the synthesis of tryptamines and
homologues was explored. This modular approach allows the substituents at C3 of the indole core, the
type of the amine moiety, and the distance of the amine moiety to the indole core in the final synthetic
step to be defined. The starting materials required for the hydroformylation step were synthesized via
iridium catalyzed enantioselective allylic substitution reactions in high yields and excellent
enantioselectivities. The Rh catalyzed hydroformylation step in the presence of phenyl hydrazine, allows
the in situ formed aldehyde to be trapped as the hydrazone. Subsequent acid catalyzed indolization
furnishes the desired indole structures in moderate to good yields.


Introduction


The indole framework is one of the most frequently found
structural motifs in natural products and pharmaceutically active
compounds.1 Substituted indoles are referred to as “privileged
structures” owing to their binding ability to many different types
of receptors.2 Due to these important properties new methods
for indole synthesis and functionalization continue to attract
attention.3 Among indole derivatives, those with a tryptamine
scaffold (3-aminoethyl indole) are particularly important com-
pounds and many of these are known as synthetic medicines and
physiologically active substances (serotonin, melatonin, psilocin,
etc.).4 Serotonin (5-hydroxy tryptamine, 5-HT, Fig. 1) receptor
subtypes 5HT1B and 5HT1D have recently attracted considerable
attention as putative targets for novel antimigraine drugs, leading
to the development of selective agonists such as sumatriptan
(GR43175) and more recently naratriptan, zolmitriptan, rizatrip-
tan, avitriptan, and others (Fig. 1).


However, neither sumatriptan nor related compounds in use
significantly distinguish between these two subtypes in their
binding activities. In the past few years, it was found that in
addition to appropriate substituents at C5 of the indole core, more
sophisticated amine moieties have to be attached with varying
distances at C3 in order to achieve a discrimination between the
subtypes of the serotonin receptor family.5 From the synthetic
chemist’s point of view these and additional features such as
the occurrence of branching in the a- and b-positions as well
as stereochemical issues are important. Recently, the first exam-
ples of such branched tryptamines possessing pharmacologically
interesting properties have been developed.6 However, most of the
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Fig. 1 Recently marketed serotonin receptor agonists.


known branched tryptamines are tryptophan derivatives and were
synthesized starting from this essential amino acid.


We have recently reported on the synthesis of various
branched tryptamine and tryptamide analogues via a tandem
hydroformylation–Fischer indole synthesis sequence (Scheme 1).7


Scheme 1 General scheme of the tandem hydroformylation–Fischer
indole synthesis.


This method involves hydroformylation of allylic amines and
amides in the presence of various phenyl hydrazines followed by
Brønsted acid catalyzed indolization. In this convergent method
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highly functionalized building blocks are assembled in the last
synthetic step allowing the introduction of various substituents in
all pharmacologically relevant positions of the indole core.


Herein we report use of this methodology developed in our
laboratory, combined with efficient enantioselective synthesis of
the olefinic starting materials, for the preparation of enantiopure
branched tryptamines and homologues. Thus an approach allow-
ing the introduction of substituents other than those obtainable
from tryptophan is developed, offering a flexible determination of
chain lengths in position C3 of the indole core. Synthetic pathways
(A–C) as envisaged here are shown on Scheme 2.


Scheme 2 Envisaged pathway for the synthesis of various tryptamine
homologues.


Results and discussion


As outlined in Scheme 2 a method was required that allows
enantioselective synthesis of all starting materials, such as allylic
amines, homoallylic amines and their derivatives. Although a vast
number of reactions is available for the enantioselective synthesis
of allylic and homoallylic amines, in the last couple of years
Ir catalyzed allylic substitutions have emerged as one of the
most powerful methods. Ir catalyzed allylic amination was first
introduced in 2001 by Takeuchi et al.8 High regioselectivities in
allylic aminations of allylic carbonates and acetates were achieved
with an Ir–P(OPh)3 catalyst. In 2002 Hartwig et al. performed first
enantioselective allylic aminations9 using phosphoramidite type
ligands,10 and achieved excellent regio- and enantioselectivities.
Applications of these ligands were further explored by several
groups in enantioselective amination, etherification and alkylation
reactions.11


We envisaged use of Ir catalyzed amination and alkylation
reactions of various allylic carbonates for the synthesis of the
starting materials required for the indole syntheses. Primary
and secondary amines were used for the synthesis of branched
allylic amines, while alkylation agents possessing masked or
protected amine functionalities in appropriate positions were used
for the synthesis of homoallylic amine derivatives and further
homologues (Scheme 2).


Synthesis of starting materials


Reactions towards the synthesis of branched allylic amines
(Scheme 2, Pathway A) were run using conditions as previ-
ously described.11c The active catalyst was prepared by stirring
[Ir(cod)Cl]2 and phosphoramidite ligands 1, 2 or 3 (Fig. 2) with
propylamine in dry THF at 50 ◦C for 30 min. After removing the
excess of propylamine and THF the solid residue was redissolved
in THF to give a stock solution of the active catalyst.


Fig. 2 Phosphoramidite ligands used in this study.


Reaction of cinnamyl carbonate 4a and benzyl amine 5a in
the presence of 1 mol% of the preformed catalyst prepared from
[Ir(cod)Cl]2 and ligand 1 gave product 6a in 58% yield with
90% ee (Table 1, Entry 1). The catalyst preformed with ligand
2 gave product 6a in 76% yield with 94% ee (Table 1, Entry
2) while with ligand 3 product 6a was obtained in comparable
yield and enantioselectivity as with ligand 2 but with opposite
configuration at the chiral center (Table 1, Entry 3). Since ligand
2 gave better yields and ee’s of product 6a than ligand 1, reactions
with all other substrates were run with this ligand. Good yields
and excellent enantioselectivities were obtained in all cases, with
allylic carbonates bearing sp3 as well as sp2 substituents using
both, primary and secondary amines (Table 1). In addition to
amines, imides are good nucleophiles for this reaction as well.
Phthalimide 5d in the reaction with cinnamyl carbonate 4a gave
product 6d in 66% yield with 98% ee (Table 1, Entry 6). The
variety of allylic amines thus synthesized (Table 1) demonstrates
the versatility of this approach towards starting materials for the
tandem hydroformylation–Fischer indole sequence. Aryl and alkyl
groups R1 present in the starting carbonates appear as substituents
in the b position of the final tryptamine molecule. As already
mentioned introducing these substituents by other methods in the
final tryptamine molecule is often a difficult and time consuming
process.


Starting materials for the synthesis of branched homotrypto-
phans (Scheme 2, Pathway B), were prepared via Ir catalyzed allylic
alkylation of allylic carbonates with benzophenone glycinate
8. Ir catalyzed allylic substitutions of symmetric nucleophiles
(e.g. sodium dimethylmalonate) and 3-substituted allylic alcohol
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Table 1 Ir catalyzed allylic aminations of various allylic carbonates 4, with amines 5


Entry R1 Amine, 5 L 6 : 7b Yieldc, 6 (%) eed (%)


1 Ph (4a) 5a 1 90 : 10 58 (6a) 90 (R)
2 Ph (4a) 5a 2 92 : 8 76 (6a) 94 (R)
3 Ph (4a) 5a 3 96 : 4 75 (6a) 97 (S)
4 Ph (4a) 5b 2 94 : 6 74 (6b) 97
5 Ph (4a) 5c 2 95 : 5 82 (6c) 94
6 Ph (4a) 5d 2 98 : 2 66 (6d) 98 (R)
7 Ph (4a) 5e 2 95 : 5 73 (6e) 98
8 2-MeOPh (4b) 5f 2 96 : 4 62 (6f) 91
9 4-MeOPh (4c) 5g 2 91 : 9 91 (6g) 94


10 2-Furyl (4d) 5c 2 95 : 5 81 (6h) nde


11 3-Pyridyl (4e) 5g 2 96 : 4 85 (6i) 99
12 Et (4f) 5a 2 91 : 9 62 (6j) 98
13 nPr (4g) 5a 2 89 : 11 60 (6k) 94
14 nPr (4g) 5h 2 95 : 5 77 (6l) 91


a Method: In THF at 25 ◦C, The ratio of 4 : 5 : “active catalyst” = 100 : 150 : 1. b Ratio determined by 1H-NMR of crude reaction mixture. c Yield of
isolated product. d Determined by HPLC on chiral columns. e Not determined.


derivatives are very well established reactions.12 However, the
use of unsymmetric nucleophiles is a far more challenging task.
Since two new stereogenic centers are formed, not only the
regio- and enantio-selectivity have to be controlled, but also
the diastereoselectivity has to be taken into account in order to
obtain single stereoisomers. In 2003 Takemoto et al.13 published
an elegant approach towards b-substituted a-amino acids using Ir
catalyzed allylic alkylation of benzophenone protected glycinates
as the key step. Binaphthol phosphite type ligands with sulfide
linkers were used. It was noted that the diastereoselectivity is
influenced by the type of the base and the counter cation used,
as well as by the bulk of the ester group of the benzhydrylidene
glycinates. Chiral ligands however, showed minor influence on
the diastereoselectivity but showed a significant influence on the
enantioselectivity of this reaction.


The N-benzhydrylidene group is stable under hydroformylation
conditions and hence protects the sensitive amino group during
the hydroformylation step. However, under the conditions of
subsequent indolization which include reflux in diluted acid this
group is cleaved and releases the primary amine in the final
molecule (Scheme 2, Pathway B). In order to optimize yields
and selectivities of this procedure test substrate 4a was reacted
with benzhydrylidene glycinate 8 in the presence of [Ir(cod)Cl]2


and ligand 6 under various reaction conditions (Table 2). Here Ir
catalyzed alkylation reaction in the presence of 20 mol% DABCO
for the catalyst activation resulted in complete conversion of the
starting carbonate after 16 hours and products 9a and 10a were
isolated in 87% overall yield (Table 2, Entry 1). While the anti
isomer 9a was obtained in slight excess of approximately 3 : 2,


both anti and syn isomers showed excellent ee values of 97 and
95% ee respectively. Notably only 2 mol% of catalyst had to be
used to achieve good conversions in reasonable reaction times.


Next, the effect of countercations of the resulting enolate by
reaction of 4a with various bases was explored with results as
shown in Table 2. Noteworthy, the countercations had a more
significant influence on the diastereoselectivity (9a : 10a) than
on the enantioselectivity of 9a. Preforming the enolate of 8 with
LiHMDS at -78 ◦C gave the expected products with a 4 : 1
ratio of 9a : 10a, however with lower ee’s as compared to the
DABCO method. As expected, ligand 2 gave substantially higher
ee values than ligand 1 (Table 2, Entries 2 and 3). Use of KOH
as a base, which would generate the potassium enolate, affected a
diastereoselectivity in favor of isomer 10a as the major product.
This showed that the diastereoselectivity is controlled by the
geometry of the enolate formed (Table 2, Entry 4). Base free
allylic substitutions are also well known for palladium catalyzed
allylic substitutions using carbonates as substrates.14 The general
mechanism involves coordination of the carbonate to the metal
center and subsequent loss of CO2. Dissociation of the metal
bound alkoxide will then normally provide a sufficiently basic
species, which will act as base during the reaction. Interestingly,
when the catalyst was activated with propylamine11c and the excess
of this base was thoroughly evaporated even after several days of
reaction time no conversion could be observed (Table 2, Entry 5).
Use of DABCO in substoichiometric amounts is crucial for the
success of this procedure. Besides its role in activating the catalyst
DABCO is most probably also taking part in deprotonation of
substrate 8 by making it sufficiently nucleophilic for the alkylation
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Table 2 Ir catalyzed allylic substitution of 8 and 4a under various reaction conditions


Yield, %a Ratiob Ee, %c


Entry Ligand, reaction conditions Reaction time 9a + 10a 9a : 10a 9a 10a


1 2, A 16 h 87 62 : 38 97 95
2 1, B 3 h 80 70 : 30 65 62
3 2, B 3 h 84 75 : 25 87 ndd


4 2, C 5 h 65 40 : 60 91 ndd


5 2, D 7 d — — — —


Method A: In THF at 50 ◦C, the ratio of 4a : 8 : [Ir(cod)Cl]2 : 2 : DABCO = 100 : 150 : 2 : 4 : 20; Method B: In THF at -78 ◦C to rt, the ratio of 4a : 8:
[Ir(cod)Cl]2 : 1 or 2 : LiHMDS = 100 : 100 : 2 : 4 : 100; Method C: In THF at rt, the ratio of 4a : 8: [Ir(cod)Cl]2 : 2: KOH = 100 : 100 : 2 : 4 : 100; Method
D: In THF at 25 ◦C, the ratio of 4a : 8 : preformed Ir catalyst was 100 : 100 : 2;a Yield of isolated product after column chromatography. b Determined by
isolation. c Determined by HPLC on chiral columns. d Not determined.


Table 3 Ir-catalyzed allylic substitution of 4b-4f with 8


yield, %a ratiob ee, %c


Entry Substrate 9 + 10 9: 10 9 10


1 2-MeOPh (4b) 82 70 : 30 91 ndd


2 4-MeOPh (4c) 97 56 : 44 94 91
3 2-Furyl (4d) 69 60 : 40 95 94
4 3-Pyridyl (4e) 72 65 : 35 92 ndd


5 n-C2H5 (4f) 65 75 : 25 ndd ndd


a Yield of isolated product after column chromatography. b Determined by
isolation. c Determined by HPLC on chiral column. d Not determined.


reaction. Due to the good yields and excellent enantioselectivities
of both diastereoisomers we adopted the “salt free” conditions
with substoichiometric amounts of DABCO as the standard
protocol for conversions of various other allylic substrates 4b-4f
(Table 3).


With all substrates used, again good yields and excellent
enantioselectivities were achieved. The anti isomer was obtained
in excess in all cases, although with poor diastereoselectivities.
Substrates 4c–4e with R1 = p-MeO-Ph, furyl or pyridyl group
respectively, yielded approximately 60 : 40 ratios of 9 : 10 (Table 3,
Entries 2–4) giving both diastereoisomers in enantioselectivities
higher than 90%. Substrate 4b bearing the o-MeO-Ph group,
however, gave a slightly higher ratio of anti : syn of 70 : 30 (Table 3,
Entry 1) as well as substrate 4f with an Et group yielding in a 75 : 25


ratio of anti : syn diastereoisomers with high enantiomeric excesses
(Table 3, Entry 5). The absolute configuration of the isolated
diastereoisomers 9a and 10a was determined by transforming
them into methyl esters and by comparing the optical rotations
of 9a¢ and 10a¢ with literature data.13 Absolute configuration was
determined to be as shown in Scheme 3, and configurations of the
other substrates were ascribed by analogy.


Scheme 3 Determination of absolute configuration.


In summary, Ir catalyzed asymmetric allylic alkylation of
benzhydrylidene glycinate 8 and various allyl carbonates using
phosphoramidite type ligand 2 yielded excellent ee values of
both diastereoisomers. These highly valuable starting materials
were obtained in high yields although moderate selectivities were
achieved which is due to the sterically undemanding ester group
of benzhydrylidene glycinate 8 applied.


For the synthesis of olefins required for preparation of
longer chain tryptophan analogues, cyanoacetates were used
as nucleophiles in the Ir catalyzed alkylation reaction. The
nitrile group of cyanoacetates was used as a masked amine
functionality (Scheme 2, Pathway C). Since stereodifferentiation
of the enantiotopic faces of the allyl–metal complex coordi-
nated by chiral ligand is highly independent of the nucleophiles
employed,13 we expected to obtain similar enantioselectivities
with the cyanoacetates as were observed with benzhydrylidene
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Table 4 Ir catalyzed allylic substitution of 11 and 4a under various
reaction conditions


Entry Base, conditions Time dra Yield, %b 12a


1 LiHMDS, THF, -78 ◦C to rt 3 h 62 : 38 65
2 Solid KOH, THF, rt 6 h 43 : 57 62
3 Solid NaOH, THF, rt 3 h 45 : 55 60
4 DABCO, THF, 50 ◦C 18 h 57 : 43 76
5 Preformed active catalyst 5 days 52 : 48 42


a Diastereomeric ratio (dr) determined by 1H-NMR of the crude reaction
mixture. b Yield of isolated product after column chromatography.


glycinates. Since there are no precedents for Ir catalyzed allylic
alkylations with cyanoacetates as nucleophiles reported in the
literature, optimization of the reaction conditions was required.
We focussed on allylic alkylations using tert-butyl cyanoacetate as
nucleophile hoping that the sterically more demanding tert-butyl
group of 11 would both increase the diastereoselectivity and ease
the separation of the diastereomers (Table 4). Allylic carbonate 4a
was chosen as test substrate. Salt free conditions involving the use
of 20 mol% of DABCO as well as kinetic and thermodynamic
conditions as in the case of benzhydrylidene glycinate 8 were
tested (Table 4). In all cases good yields were obtained but
diastereoselectivities were rather poor even though a bulky ester
group was used. Only approximately 1 : 1 ratios were obtained in
all cases, since the reaction showed small dependence on the bases
and reaction conditions applied. The poor diastereoselectivities
may be due to epimerization under the reaction conditions
since methylene protons of cyanoacetates are more acidic than
those of benzhydrylidene glycinates. Abstraction of the methylene
proton and subsequent reprotonation would presumably produce
a mixture close to 1 : 1 for both diastereoisomers. This assumption


was supported by the fact that in this case, under base free
conditions using the preactivated catalyst (by using the propyl
amine activation method) the reaction proceeds with moderate
yields, even after prolonged reaction time of 5 days (Table 4, Entry
5). In contrast to the benzhydrylidene glycinates the methoxide
released is obviously sufficiently basic to deprotonate 11 and make
it more susceptible to the alkylation reaction. Unfortunately we
were not able to separate the diastereoisomers in all cases and
consequently the ee values of syn and anti isomers could not be
determined.


Despite these shortcomings some mentionable observations
were made. Thus, the use of an external base dramatically decreases
the reaction time, especially notable in this context were the
reactions employing NaOH and LiHMDS as bases. Here full
conversion was reached within 3 hours. Carbonates were used
as substrates and in no case could hydrolysis of the substrate to
the corresponding alcohol be observed.


Next allylic alkylations of various carbonates 4 applying
cyanoacetates 11 and 13 as nucleophiles and using DABCO as
a base were investigated. Although showing somewhat slower
reaction rates as compared to other bases this protocol gave the
best yields in the test reactions. Several experiments were set up
first utilizing 13 as the nucleophile (Table 5, Entries 1–5). All
reactions gave a ratio of approximately 1 : 1 for the stereoisomers
in moderate to good yields.


Next attention was turned to cyanoacetate 11 bearing the bulky
t-Bu ester group (Table 5, entries 6–9). Here all products were
obtained in moderate to good yields. Disappointingly, regardless
of substrate used only slightly improved diastereoselectivities were
observed as compared to the methyl ester. Reactions with this
nucleophile showed that the benzhydrylidene protecting group
and its steric demand seems to be vital for obtaining significant
diastereomeric inductions. Due to its sp hybridisation the resulting
shape of the nitrile group is especially small and might be
unsuitable for this kind of diastereoselectivity control. In a
reaction with the ortho-methoxy substituted cinnamyl carbonate
4b (Table 5, Entry 7) a slightly enhanced diastereoselectivity of
70 : 30 was observed. To test whether DABCO as the base


Table 5 Ir-catalyzed allylic alkylation of 11 and 13 with allylic carbonates 4


Entry R1 R4 Method Time/h dr ratioa Yieldb (%), 12


1 Ph (4a) Me A 16 50 : 50 65 (12b)
2 4-MeO-Ph (4c) Me A 12 50 : 50 70 (12c)
3 2-Furyl (4d) Me A 3 55 : 45 47 (12d)
4 3-Pyridyl (4e) Me A 45 50 : 50 50 (12e)
5 H (4h) Me A 48 — 27 (12f)
6 H (4h) tBu A 48 — 47 (12g)
7 2-MeO-Ph (4b) tBu A 20 70 : 30 70 (12h)
8 2-MeO-Ph (4b) tBu D 6 days 68 : 32 35 (12h)
9 3-Pyridyl (4e) tBu A 48 52 : 48 60 (12i)


Method A: In THF at 50 ◦C, the ratio of 4a : 8: [Ir(cod)Cl]2 : 2: DABCO = 100 : 150 : 2 : 4 : 20; Method D: In THF at 25 ◦C, the ratio of 4a : 8: preformed
Ir catalyst was 100: 100: 2.a Determined by 1H-NMR of crude reaction mixture. b Yield of isolated product after column chromatography.
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Table 6 Protection of primary amines prior to hydroformylation


Substrate


Entry Label R1 R2 Yield, %a


1 6a Ph Bn 88 (R) (14a)
2 6a Ph Bn 85 (S) (14a)
3 6b Ph Cy 92 (14b)
4 6j Et Bn 75 (14c)
5 6k nPr Bn 78 (14d)
6 6l nPr Ph 76 (14e)


a Yield of isolated product after column chromatography.


is responsible for this result the catalyst preformed without an
external base was used. Here the same diastereoselectivity was
observed; albeit in this case the reaction rate and yield were lower
(Table 5, Entry 8). Obviously DABCO is not solely controlling
the diastereoselectivity. In addition a substrate control of the
diastereoselectivity might be apparent. Most probably due to
the steric compression caused by the methoxy substituent of
the substrate one of the regioisomeric enolates (E or Z) of 13
is reacting faster with 4b. Since diastereoisomers could not be
separated in any case we decided to use the unseparated mixtures
of diastereoisomers for hydroformylation–Fischer indolization
reactions and try to separate both diastereomers in the later stages
of the synthesis.


Syntheses of indoles


Under hydroformylation conditions primary and secondary allylic
amines may undergo intramolecular “hydroaminomethylation”
reaction.15 Hence, use of protected tertiary amines in the tan-
dem hydroformylation–Fischer indolization sequence is required.
Therefore the secondary amines obtained from the Ir catalyzed
allylic amination reaction with primary amines were protected
with the acetyl group. Here in all cases good yields of acetylation
products were obtained (Table 6).


The acetyl group is stable under hydroformylation conditions
and is often desirable in potentially bioactive molecules as it is
increasing lipophilicity of parent molecules. The starting amines
were submitted to the hydroformylation–Fischer indole synthesis
reaction. An optimized stepwise procedure as previously described
involving tandem hydroformylation–hydrazone formation was
used.7 Here 1 mol% of Rh(acac)(CO)2 and 10 mol% of n-directing
ligand XANTPHOS under 10/10 bar CO–H2 pressure in THF at
80 ◦C for 3 days with subsequent indolization in 4 wt% H2SO4


were applied. The results are summarized in Table 7.
While the allylic aminations proceed with high enan-


tiomeric excesses, the stereocenter may epimerize during tandem
hydroformylation–Fischer indolization via reversible double bond
isomerization either caused by the transition metal catalyst or
the acid. The tryptamines obtained from enantiomerically pure
allylic amines, however, reveal complete retention of enantiopurity
(Table 7, Entries 1, 2, 4 and 6). In all cases hydroformylation led


to complete conversion of the olefin to the aldehyde. Subsequent
indolizations in 4 wt% H2SO4 gave moderate to good yields in all
cases except for entry 10 where the protic acid led to a precipitation
of pyridinium salts of the hydrazone formed. As an alternative,
indolization in the presence of 4 eq. of ZnCl2 in refluxing toluene
for 12 h gave 41% yield of the product. Allylic amides in general
gave slightly higher yields of products than tertiary amines. This
is probably due to the lowered basicity of the side chain nitrogen
in the amides, which eases isolation of the product and prevents
tailing and stacking on SiO2 columns (Table 7, Entries 1, 2, 3, 5,
12, 13).


In summary the combination of iridium catalyzed enantiose-
lective allylic amination and tandem hydroformylation–Fischer
indole synthesis reported here, in contrast to other methods, gives
fast access to b-branched tryptamines which cannot easily be
derived from tryptophan and therefore allows access to a new
class of tryptamine derivatives for biological screenings.


For the synthesis of branched homotryptophans (Scheme 2,
Pathway B) via tandem hydroformylation–Fischer indole synthesis
the same conditions were applied as for the synthesis of branched
tryptamines. Since it turned out to be difficult to separate sufficient
amounts of diastereoisomers for indole synthesis, as a proof of
principle a diastereomeric mixture of homoallylic amines 9a and
10a was submitted to the standard stepwise procedure. After
3 days of reaction time, however, the olefin was only partially
hydroformylated as determined by 1H-NMR of the crude reaction
mixture which resulted in only 22% yield of the desired indole 16a.
In order to obtain full conversion of the olefin the reaction time was
prolonged to 5 days leaving other variables the same. This led to full
conversion of the olefin. The ratio of branched : linear aldehydes as
determined by the 1H-NMR of the crude reaction mixture was 95 :
5, and subsequent addition of acid to the reaction mixture led to
indolization of the hydrazones and cleavage of the benzophenone
protecting group yielding in b-branched homotryptophans with
primary amine groups. The product was isolated in 61% yield as a
mixture of diastereoisomers (Scheme 4).


Scheme 4 Synthesis of branched homotryptophans from allyl glycinates
(9+10) a,f.


A diastereomeric mixture of olefins 9f and 10f was submitted to
the same conditions. The ratio of branched and linear aldehydes
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Table 7 Tandem hydroformylation–Fischer indole synthesis of various allylic amines


Entry Substrate Product Yield,a ee%b Entry Substrate Product Yielda


1 14a, R1 = Ph, R2 =
Ac, R3 = Bn


62%, (R) 92%
ee ((+)-15a)


8 6g, R1 = 4-MeO-Ph,
R2 = R3 = piperidine


50%, ((-)-15g)


2 14a, R1 = Ph, R2 =
Ac, R3 = Bn


65%, (S) 97%
ee ((-)-15a)


9 6h, R1 = 2-furyl, R2 =
R3 = morpholine


56% (15h)


3 14b, R1 = Ph, R2 =
Ac, R3 = Cy


45%, ((+)-15b) 10 6i, R1 = 3-pyridyl,
R2 = R3 = piperidine


41% (15i)c


4 6c, R1 = Ph, R2 =
R3 = morpholine


52%, 97% ee
((-)-15c)


11 14c, R1 = Et, R2 = Ac,
R3 = Bn


59% (15j)


5 6d, R1 = Ph, R2 =
R3 = pht


67%, (R)
((+)-15d)


12 14d, R1 = nPr, R2 = Ac,
R3 = Bn


76%, 91% ee
((+)-15k)


6 6e, R1 = Ph, R2 =
R3 = pyrrolidine


47%, 98%ee
((-)-15e)


13 14e, R1 = nPr, R2 = Ac,
R3 = Ph


66%, ((-)-15l)


7 6f, R1 = 2-MeO-Ph,
R2 = R3 = Et


33%, ((-)-15f)


All indolizations are performed in 4 wt% H2SO4 under reflux for 2 h unless otherwise stated.a Isolated yield after column chromatography. b Determined
by the analysis on chiral HPLC columns, ee not determined unless otherwise stated. c Indolization performed with 4 eq. of ZnCl2 in toluene.


was 94 : 6 as determined by 1H-NMR of the crude reaction mixture.
After indolization of the hydrazone, product 16b was isolated
in 46% yield as a mixture of diastereoisomers. An attempted
hydroformylation–Fischer indolization sequence with ZnCl2,16


which should preserve the benzhydrylidene group and yield in
a tertiary tryptophan was unsuccessful. After 24 hours at reflux
temperature with 4 equiv. of ZnCl2 in toluene only the intermediate
hydrazone was quantitatively recovered.


In summary, Ir catalyzed allylic alkylations of benzhydrylidene
glycinate 8 furnishes a valuable building block for the synthesis of
homotryptophans via the hydroformylation–Fischer indolization


sequence. Moderate yields of the desired primary homotrypto-
phans are obtained after indolization which proceeded in parallel
with deprotection of primary amine functionality in the presence
of Brønsted acid.


Hydroformylation of homoallylic nitriles towards synthesis of
homotryptophan homologues (Scheme 2, Pathway C) proved to
be difficult. Initial test reactions using standard conditions for
hydroformylation of homoallylic amines with allylic cyanoacetate
12a did not yield the desired indole. Therefore all individual steps
of the reaction were tested separately. Performing the reaction in
the absence of phenylhydrazine with the same substrate under the
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Table 8 Synthesis of indoles from homoallylnitriles 12


Entry R1 R2 Yield %,a 17


1 Ph tBu 60 (17a)
2 2-MeO-Ph tBu 37 (17b)
3 H tBu 57 (17c)
4 Ph Me 39 (17d)
5 4-MeO-Ph Me 66 (17e)


a Yield of isolated product after column chromatography.


same conditions revealed that only 20% of olefin was converted
under these conditions as determined by 1H-NMR of crude
reaction mixture. Increase of the reaction temperature to 100 ◦C
after 5 days yielded in a complete conversion of the olefin 12a.
Hydrazone formation was then carried out under atmospheric
pressure at room temperature within 2 h reaction time. After
indolization under standard conditions the desired indole 17a
was isolated in 60% yield. Control experiments demonstrated that
conversion of the olefin is the decisive factor for a successful
conversion. After the new conditions were established other
substrates were submitted to these conditions. Table 8 summarizes
for indoles thus synthesized, all being obtained in moderate to
good yields as mixtures of diastereoisomers.


It is noteworthy to mention that hydroformylation conditions
as well as subsequent acidic indolization conditions did not have
any influence on the diastereomeric ratio of the products obtained.
For reduction of the nitrile group different conditions using metal
hydrides (i.e. LiAlH4 and NaBH4) were tested but in all cases
complex mixtures of products were observed.


Catalytic hydrogenation, however, using Raney-Co as a catalyst
in stoichiometric amounts, under 40 bar pressure of H2 furnishes
excellent yields of the desired product possessing primary amino
functionality (Scheme 5).


Scheme 5 Reduction of nitrile functionality in indoles 17c,d.


Conclusions


In summary, combination of enantioselective Ir catalyzed allyla-
tion chemistry and tandem hydroformylation–Fischer indoliza-


tion is an efficient and highly diversity-oriented strategy for the
synthesis of tryptamines and homologues. Stereocenters close to
the olefinic bond are tolerated and do not epimerize, leading to
enantiomerically pure b-branched tryptamines.


The number of required steps is reduced to a minimum, since
simple functional group transformations (e.g., hydrogenations, ho-
mologization, reduction, oxidation, protection) are not required.
This modular approach is remarkable since substituents at C3,
the type of the amine moiety, and the distance from the amine
moiety to the indole core are predefined by the starting material
and assembled in the final synthetic step. Therefore, this approach
can be used as a valuable tool for the synthesis of highly diverse
substance libraries.
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The 2-spirocyclopropanated methyl 5-oxopiperazine-2-carboxylate 3 and the 3-spirocyclopropanated
6-chloro-1,4-diazepane-2,5-dione 4 could both be prepared at choice in 93 and 88% yield, respectively,
from methyl 2-chloro-2-cyclopropylideneacetate (1) in a sequence of Michael addition of
3-benzyloxypropylamine, peptide coupling with N-Boc-glycine, Boc-group removal and cyclization.
Transformation of the benzyloxypropyl side chain, peptide coupling with N-Boc-(S)-asparagine,
deprotection and repeated cyclization led to the octahydro[2H]pyrazino[1,2-a]pyrazinetrione scaffold
10 containing a rigidified mimic of a tripeptide with a DGR motif. The overall yield of 11 after
deprotection of 10 (a total of 13 steps in 8 distinct operations) was 30%.


Introduction


Amongst the various previously reported mimics of the biologi-
cally highly relevant RGD (Arg-Gly-Asp) tripeptide motif2 were
several conformationally restricted ones with oxopiperazine3 and
2,5-dioxopiperazine moieties.4 As has previously been demon-
strated, the multifunctional building block methyl 2-chloro-
2-cyclopropylideneacetate (1),5 for which a second-generation
synthesis has recently been developed,6 provides an easy access
to a large variety of heterocycles7 including spirocyclopropanated
octahydro[2H]pyrazino[1,2-a]pyrazines8 with an incorporated
oxopiperazine as well as a dioxopiperazine moiety. Since the yields
of the oxopiperazinecarboxylates as the precursors to the bicyclic
compounds were only 21–22%, due to a predominant formation
of a seven-membered lactam in the first cyclization step, we set
out to determine conditions for a selective preparation of the
six-membered heterocycle. Here we report on the success of this
project and an application to the synthesis of a bicyclic and
thereby rigidified mimic of a tripeptide containing a retro-RGD
motif.


Results and discussion


As an extremely good Michael acceptor, methyl 2-chloro-2-
cyclopropylideneacetate (1) is known to rapidly undergo addition
of all sorts of nucleophiles including secondary and primary
amines, and the products can further react with nucleophilic
substitution of the chlorine substituent adjacent to the cyclopropyl
group.7 Thus, 3-benzyloxypropylamine, which can be regarded as


aInstitut für Organische und Biomolekulare Chemie, Georg-August-
Universität Göttingen, Tammannstrasse 2, D-37077, Göttingen, Germany.
E-mail: Armin.deMeijere@chemie.uni-goettingen.de; Fax: + 49(0)551/
399475
bBayerCropScience AG, Agricultural Center Monheim, D-51368, Lev-
erkusen, Germany
† Cyclopropyl Building Blocks for Organic Synthesis. Part 149. For Part
148 see: ref. 1a. Part 147: ref. 1b.


a non-functionalized precursor of an arginine analogue, added
smoothly onto 1 (Scheme 1). Subsequent peptide coupling employ-
ing N,N¢-dicyclohexylcarbodiimide (DCC) with Boc-glycine in
THF, without isolation of the unstable Michael adduct, provided
the acyclic dipeptide 2 in 88% yield. The NMR characterization
of this compound was difficult, due to its dynamic behavior on the
NMR timescale at ambient temperature, and the thermal lability
of the tert-butoxycarbonyl group prevented measurements at an
elevated temperature (90 ◦C). After chromatography and acidic
deprotection (trifluoroacetic acid (TFA) or methanolic HCl) of
2, base-induced cyclization gave, according to 1H NMR, a 1 : 1
mixture of the six-membered cyclic a-amino acid ester 3 and
the seven-membered 6-chloro-1,4-diazepane-2,5-dione (4) in 40%
yield. The separation of these two compounds by chromatography
on silica gel was difficult because of their nearly identical retention
factors, however, when the crude mixture was treated with
cold Et2O–MeOH, 4 crystallized and could be filtered off as
a colorless solid. The mother liquor contained the oily methyl
oxopiperazinecarboxylate 3, which was easily purified by filtration
over silica gel.


In view of the low overall yield and the low selectivity for
the formation of either products 3 or 4 as well as the tedious
separation, various conditions were screened to find out the best
ones for selective formation of either one of the products (Table 1).
Deprotection of the dipeptide 2 with trifluoroacetic acid (TFA),
aqueous work-up and subjection to basic conditions in a biphasic
system (K2CO3 in CH2Cl2) predominantly yielded the 6-chloro-
1,4-diazepane-2,5-dione 4 (66 vs. 29% of 3). Cyclization in aqueous
NH3 at elevated temperature after N-deprotection of 2 with
trifluoroacetic acid or with methanolic HCl gave even better yields
of 4 (70 and 81%, respectively), because extractive work-up was not
necessary, and 3 was not formed at all. The best yield of 4 (88%),
however, was achieved by deprotection of 2 with methanolic HCl
followed by cyclization at 60 ◦C in methanolic NH3. On the other
hand, initial basic hydrolysis of the ester function in the dipeptide
2, subsequent N-deprotection and ensuing cyclization under basic
conditions (methanolic NH3) followed by reesterification, gave
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Scheme 1 Assembly of the 4-oxopiperazinecarboxylate 3 and the cyclopropanated 6-chloro-1,4-diazepane-2,5-dione 4 from methyl 2-chloro-2-
cyclopropylideneacetate 1. For details of the second step see Table 1.


the methyl oxopiperazinecarboxylate 3 selectively and in very high
yield (93%). Under these conditions, 4 is not formed at all, because
the carboxylate ion is not prone to undergo attack by a nucleophile,
yet careful monitoring of the reaction by TLC and NMR is
necessary to obtain best yields. Eventually, a similarly good yield of
3 could be achieved by simply stirring the deprotected (methanolic
HCl) dipeptide 2 in THF with an excess of triethylamine. Though
in this case the diazepane-2,5-dione 4 was also formed in 14% yield,
multigram quantities (up to 6 g) of 3 could easily be obtained in
84% yield according to this protocol.


tert-Butoxycarbonylation of the secondary amine 3 gave 5-Bn in
75% yield after chromatographic separation from approximately
14% of 4 remaining from the cyclization step (Scheme 2). Depro-
tection of the benzyloxy group in 5-Bn by catalytic hydrogenation
in methanol and filtration of the crude mixture over Celite R©


gave the primary alcohol 5-H in nearly quantitative yield. The
latter was directly used for the Mitsunobu reaction with 1.5
equivalents of the twofold Z-protected guanidine 69 in the presence
of stoichiometric amounts of triphenylphosphine and diisopropyl
azodicarboxylate (DIAD) at 0 ◦C. The termination of the reaction
was indicated by the disappearance of the intensive orange color
of DIAD, and the fully protected oxopiperazinecarboxylate 7 was
isolated in 87% yield (over two steps and after chromatography).
Removal of the N-Boc group with methanolic HCl and liberation


of the amine with an excess of triethylamine provided 8 in 98%
yield.


Standard peptide coupling of 8 with N-Boc-(S)-Asp-OBn em-
ploying DCC and 2,4,6-collidine as a sterically encumbered base to
prevent racemization yielded the fully protected tripeptide mimic
9 (Scheme 2), which was also difficult to characterize by NMR
spectroscopy because of its dynamic behavior at 20 ◦C. The latter
must be due to several coexisting conformers of this tripeptide,
which only slowly (on the 1H-NMR timescale) convert into each
other. Spectra could not be recorded at elevated temperature
because of its thermal instability.


Removal of the N-Boc group from 9 was achieved by treatment
with an excess of methanolic HCl, and the resulting amino-
terminal dipeptide fragment in the deprotected 9 was cyclized
by heating the compound in toluene at 90 ◦C to furnish the
fully protected octahydro[2H]oxopyrazino[1,2-a]pyrazinedione 10
containing the rigidified retro-RGD motif with a b-amino acid
analogue of arginine. This unseparable 1 : 1 mixture of diastere-
omers was completely deprotected by catalytic hydrogenation in
methanol over palladium on charcoal. The crude mixture was
purified by filtration over Celite R© to prevent any loss of the DGR
tripeptide mimic 11, which is extremely soluble in water. Thus, the
1 : 1 mixture of trans- and cis-11 was obtained as a colorless solid
in 99% yield.


Table 1 Optimization of the deprotection–cyclization of the dipeptide 2 to either yield the 5-oxopiperazine-2-carboxylate 3 or the cyclopropanated
6-chloro-1,4-diazepane-2,5-dione 4 (see Scheme 2)


Entry Conditions Yield 3 (%) Yield 4 (%)


1 (1) TFA, CH2Cl2; (2) NaHCO3, DMF, 20 ◦C 20 20
2 (1) TFA, CH2Cl2; (2) aq. K2CO3, CH2Cl2 29 66
3 (1) TFA, CH2Cl2; (2) aq. NH3, 60 ◦C — 70
4 (1) HCl, MeOH; (2) aq. NH3, 60 ◦C — 81
5 (1) HCl, MeOH; (2) NH3, MeOH, 60 ◦C —


6 (1) TFA, CH2Cl2; (2) Na2CO3, DMF, 25 ◦C 49 < 2
7 (1) NaOH, MeOH, 20 ◦C, 8 h; (2) MeOH, HCl, 0 ◦C, 4 h; (3) MeOH,


NH3, 0 → 20 ◦C, 10 h; (4) MeOH, cat. conc. H2SO4, 8 h
—


8 (1) HCl, MeOH; (2) NEt3, THF 84 14
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Scheme 2 Conversion of the oxopiperazinecarboxylate 3 to the spirocyclopropanated octahydro[2H]oxopyrazino[1,2-a]pyrazinedione 11.


Conclusion


The overall achievement constitutes a 13-step synthesis (8 dis-
tinct operations) of a conformationally rigidified peptidomimetic
with the retro-RGD sequence (DGR) from methyl 2-chloro-
2-cyclopropylideneacetate (1) in 30% overall yield. The three-
membered ring in the intermediate 2 formed by Michael addition
of a primary amine to 1 and subsequent peptide condensation with
N-Boc-glycine, due to its Thorpe–Ingold effect,10 is instrumental
in favoring the cyclization to an oxopiperazinecarboxylate 3.
The seven-membered 6-chloro-1,4-diazepane-2,5-dione 4, which
can alternatively be obtained with high selectivity from 1, 3-
benzyloxypropylamine and N-Boc-protected glycine, also offers
itself as a multifunctional scaffold for various pharmacophores
and as a precursor to other interesting heterocycles.11


Experimental section


General remarks


All reagents were used as purchased from commercial suppliers
without further purification. All reactions in non-aqueous solvents
were carried out using standard Schlenk techniques under an
atmosphere of dry nitrogen. Solvents were purified and dried
according to conventional methods prior to use; diethyl ether
(Et2O) and tetrahydrofuran (THF) were freshly distilled from
sodium–benzophenone. Solvents are abbreviated as follows: Py =
pyridine, EtOAc = ethyl acetate, MeOH = methanol, nBuOH =
n-butanol, TFA = trifluoroacetic acid. 1H- and 13C-NMR spectra
were recorded at ambient temperature on a Bruker AM 250 or
a Varian UNITY-300 instrument. Chemical shifts d are given in
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ppm relative to residual resonances of solvents (1H: 7.26 ppm for
chloroform; 13C: 77.0 ppm for CDCl3), coupling constants J are
given in Hertz. Characterization of the multiplicity of signals: s =
singlet, br s = broad singlet, d = doublet, t = triplet, m = multiplet.
The multiplicities of signals were determined by the DEPT
(Bruker) or the APT (Varian) technique. IR: Bruker IFS 66. MS:
Finnigan MAT 95. Chromatography: Separations were carried out
on Merck Silica 60 (0.063–0.200 mm, 70–230 mesh ASTM). The
dimensions of the columns are given as “diameter ¥ height of the
silica gel column”. TLC: Macherey–Nagel, TLC plates Alugram R©


Sil G/UV254. Detection under UV light at 254 nm, development
with MOPS (10% molybdophosphoric acid, solution in ethanol)
or ninhydrin (100 mL n-BuOH, 3 mL glacial acetic acid, 100 mg
ninhydrin) reagent. Melting points: apparatus according to Dr
Tottoli (Büchi); the values are uncorrected. Elemental analyses:
Mikroanalytisches Laboratorium des Instituts für Organische und
Biomolekulare Chemie der Universität Göttingen.


Methyl {1-[(3-Benzyloxypropyl)-(2-tert-butoxycarbonylamino-
acetyl)amino]cyclopropyl}chloroacetate (2). To a solution of 3-
benzyloxypropylamine12 (13.2 g, 79.9 mmol) in THF (100 mL) was
added dropwise at 0 ◦C a solution of 16 (10.6 g, 72.3 mmol) in THF
(50 mL), and the mixture was stirred at this temperature for 5 h. At
0 ◦C, pyridine (9.64 mL, 119 mmol), N-tert-butoxycarbonylglycine
(20.9 g, 119 mmol) as well as a solution of DCC (24.7 g, 119 mmol)
in THF (70 mL) were added, and the mixture was stirred with
rewarming to 20 ◦C for 18 h. The precipitate was filtered off,
washed with THF (2 ¥ 50 mL), and the solvent was removed under
reduced pressure. The residue was taken up in CH2Cl2 (300 mL),
the mixture extracted with cold (0 ◦C) 1 N HCl (100 mL), water
(100 mL) and sat. NaHCO3 solution (3 ¥ 100 mL), the organic
extracts were dried over Na2SO4, the solvent was removed under
reduced pressure and the residue subjected to chromatography on
800 g of silica gel (10 ¥ 28 cm, pentane–ethyl acetate 6 : 4; Rf =
0.38, ninhydrin) to yield 29.9 g (88%) of 2 as an oil. IR (film): n =
3451 cm-1 (NH), 3288, 3245, 3045, 1770, 1675 (CO), 1410, 1399,
702, 688. 1H NMR (300 MHz, C2D2Cl4, 120 ◦C): d = 0.87–1.42
(m, cPr-H, CH2, 6 H), 1.45 (s, tBu-H, CH2, 11 H), 1.92 (unresolved
quintet, CH2, 2 H), 3.53 (m, CH2, 2 H), 3.81 (s, OCH3, 3 H), 4.02
(br s, CHCl, 1 H), 4.47 (m, NHC=O, 1 H), 7.26–7.45 (m, aryl-H,
5 H). 13C NMR (75.5 MHz, C2D2Cl4, 120 ◦C): d = 20.1 (CH2,
cPr-C), 23.7 (CH2, cPr-C), 28.3 (CH3, tBu-C), 29.2 (CH2), 42.0
(C, cPr-C), 43.2 (CH2), 47.8 (CH2), 52.2 (CH3), 64.8 (CH), 67.6
(CH2), 72.8 (C, tBu-C) 79.5 (CH2), 126.4 (CH, aryl-C), 128.3 (CH,
aryl-C), 138.1 (C, aryl-C), 168.3 (CO), 168.5 (CO), 171.8 (CO). MS
(70 eV, DCI); m/z (%): 486 (75) [M + NH4


+], 469 (35), 452 (30), 435
(10), 163 (65), 123 (100), 106 (90). C23H33ClN2O6 (469.0): calcd. C
58.91, H 7.09, N 5.97, Cl 7.56; found C 58.60, H 6.83, N 5.85, Cl
7.35%.


Methyl 4-(3-benzyloxypropyl)-5-oxo-4,7-diazaspiro[2.5]octane-
8-carboxylate (3).


Method A. To a solution of 2 (5.92 g, 12.6 mmol) in MeOH
(70 mL) was added 1 M aq. NaOH (15 mL), and the emulsion was
stirred at 20 ◦C for 8 h. All volatiles were removed in vacuo, the
aq. phase was extracted with CH2Cl2 (3 ¥ 50 mL), the combined
organic phases were dried over Na2SO4, the solvent was removed
in vacuo, and the residue was stirred in methanolic HCl (20 mL,
92 mmol, 4.60 M) at 0 ◦C for 4 h. All volatiles were removed in
vacuo, and the residue was stirred in methanolic NH3 (25 mL,


50 mmol, 2 M) at 0 ◦C with rewarming to 20 ◦C for 10 h. All
volatiles were removed in vacuo, the residue was dissolved in
MeOH (100 mL), conc. H2SO4 (3 mL) was added, and the mixture
was stirred for 8 h. Removal of the solvent in vacuo, uptake of the
residue in CH2Cl2 (200 mL), extraction with sat. NaHCO3 solution
(3 ¥ 30 mL), drying of the organic phase over Na2SO4, removal of
the solvents in vacuo and chromatographic purification on 200 g of
silica gel (5 ¥ 30 cm, CH2Cl2–MeOH 95 : 5, Rf = 0.33, ninhydrin)
yielded 3.90 g (93%) of 3 as an oil. IR (film): n = 3340 cm-1 (NH),
3040, 2912, 2835, 1750 (CO), 1705 (CO), 1660 (CO), 859, 756. 1H
NMR (250 MHz, CDCl3): d = 0.75–0.96 (m, cPr-H, 1 H), 0.97–
1.05 (m, cPr-H, 1 H), 1.20–1.30 (m, cPr-H, 1 H), 1.34–1.44 (m,
cPr-H, 1 H), 1.57–1.70 (m, 2 CH2, 4 H), 2.10–2.18 (br s, NH, 1 H),
3.18 (s, CH, 1 H), 3.45 (m, CH2, 2 H), 3.58 (s, NCH2C=O, 2 H),
3.68 (s, OCH3, 3 H), 4.49 (s, CH2Bn, 2 H), 7.25–7.33 (s, aryl-H,
5 H). 13C NMR (62.9 MHz, CDCl3): d = 8.8 (CH2, cPr-C), 15.2
(CH2, cPr-C), 28.9 (CH2), 38.8 (CH2), 40.0 (C, cPr-C), 47.9 (CH2),
52.6 (CH3), 62.9 (CH), 67.5 (CH2), 72.8 (CH2, OBn), 127.36 (CH,
aryl-C), 127.40 (CH, aryl-C), 138.1 (C, aryl-C), 172.1 (CO), 172.5
(CO). MS (70 eV, EI); m/z (%): 332 (10) [M+], 273 (10), 241 (25),
209 (10), 167 (20), 91 (100) [C7H7


+]. C18H24N2O4 (332.4): calcd. C
65.04, H 7.28, N 8.43; found C 64.90, H 7.34, N 8.80%.


Method B. To a solution of 2 (3.68 g, 7.85 mmol) in CH2Cl2


(20 mL) was added dropwise at 0 ◦C TFA (6.50 mL, 87.5 mmol),
and the mixture was stirred with rewarming to 20 ◦C for 18 h. It
was then cooled again to 0 ◦C and poured into a vigorously stirred
mixture of DMF (40 mL) and NaHCO3 (6.00 g, 71.4 mmol).
The suspension was stirred at 20 ◦C for 24 h, diluted with CH2Cl2


(200 mL), the organic phase was extracted with water (2 ¥ 100 mL)
and brine (100 mL), the aq. phase was re-extracted with CH2Cl2


(2 ¥ 50 mL), and the combined organic phases were dried over
Na2SO4. Removal of the solvent in vacuo and crystallization of the
residue from MeOH–Et2O at -20 ◦C yielded 527 mg (20%) of 4
as a colorless solid, mp 103–106 ◦C. Concentration of the mother
liquor in vacuo and chromatographic purification of the residue
on 50 g of silica gel (2 ¥ 30 cm, dichloromethane–methanol 95 : 5,
ninhydrin) yielded 521 mg (20%) of 3 as a colorless oil.


Method C. A solution of 2 (9.60 g, 20.5 mmol) was stirred in
methanolic HCl (80 mL, 100 mmol, 1.25 M) at 0 ◦C for 4 h. All
volatiles were removed in vacuo, the residue was dissolved in THF
(200 mL), triethylamine (10.0 mL, 72.1 mmol) was added, and
the suspension was stirred at 20 ◦C for 15 h. The precipitate was
filtered off, washed with THF (2 ¥ 50 mL), and all volatiles were
removed in vacuo. Chromatographic purification of the residue on
100 g of silica gel (4 ¥ 30 cm, CH2Cl2–MeOH 95 : 5, ninhydrin)
yielded 5.72 g (84%) of 3 as a colorless oil, along with ca. 14% of 4.
This mixture was used in the next step without further purification.


4-(3-Benzyloxypropyl)-9-chloro-4,7-diazaspiro[2.6]nonane-5,8-
dione (4). Compound 2 (3.24 g, 6.91 mmol) was dissolved in
methanolic HCl (70 mL, 63.7 mmol, 0.91 M) at 0 ◦C, and the
mixture was stirred with rewarming to 20 ◦C for 11 h. All volatiles
were removed in vacuo, the residue was dissolved in methanolic
NH3 (80 mL, 373 mmol, 4.66 M, pH ~ 10), and the mixture heated
at 60 ◦C for 4.5 h. The solvents were removed in vacuo, and the
residue subjected to chromatography on 70 g of silica gel (23 ¥
3 cm, CH2Cl2–MeOH 95 : 5, ninhydrin, Rf = 0.30) to furnish the
crude product as an oil, which crystallized upon treatment with
MeOH–Et2O at -20 ◦C to yield 2.04 g (88%) of 4 as a colorless
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solid, mp 103–106 ◦C. IR (KBr): n = 3250 cm-1 (NH), 3175, 3056,
2837, 2801, 1652 (CO), 801, 745. 1H NMR (250 MHz, CDCl3): d =
1.11–1.23 (m, cPr-H, 1 H), 1.23–1.31 (m, cPr-H, 1 H), 1.35–1.44
(m, cPr-H, 1 H), 1.60–1.70 (m, cPr-H, 1 H), 1.92 (m, CH2, 2 H),
3.30–3.46 (m, CH2, NCH2, 4 H), 3.68–3.90 (m, NCH2CO, CHCl,
3 H), 4.41 (s, CH2Ph, 2 H), 7.24–7.35 (s, aryl-H, 5 H), 7.67 (s,
NH, 1 H). 13C NMR (62.9 MHz, CDCl3): d = 15.1 (CH2, cPr-C),
19.9 (CH2, cPr-C), 29.3 (CH2), 42.0 (C, cPr-C), 47.5 (CH2), 47.8
(CH2), 64.7 (CH), 67.7 (CH2), 73.0 (CH2), 127.7 (CH, aryl-C),
128.4 (CH, aryl-C), 138.1 (C, aryl-C), 168.1 (CO), 169.9 (CO).
MS (70 eV, DCI); m/z (%): 301 (25) [(M - Cl)+], 195 (30), 91 (100)
[C7H7


+]. C17H21ClN2O3 (336.8): calcd. C 60.62, H 6.28, N 8.32;
found C 60.71, H 6.38, N 8.55%.


Methyl 4-(3-benzyloxypropyl)-7-tert-butoxycarbonyl-5-oxo-4,7-
diazaspiro[2.5]octane-8-carboxylate (5-Bn). To a solution of 3
(5.00 g, 15.0 mmol) in CH2Cl2 (100 mL) were added at 20 ◦C
pyridine (1.34 mL, 16.5 mmol) and Boc2O (3.45 g, 15.8 mmol),
and the mixture was stirred at this temperature for 6 h. Extraction
with cold (0 ◦C) 1 N HCl (30 mL), water (30 mL) and sat. NaHCO3


solution (30 mL), drying of the organic phase over Na2SO4,
removal of all volatiles in vacuo and chromatographic purification
of the residue on 40 g of silica gel (3 ¥ 20 cm, Et2O, Rf = 0.49)
yielded 4.87 g (75%) of 5-Bn as an oil. IR (film): n = 3327 cm-1,
3088, 3063, 2930, 2830, 1750 (CO), 1682 (CO), 894, 741. 1H NMR
(250 MHz, CDCl3): d = 0.70–0.85 (m, cPr-H, 1 H), 0.90–1.00 (m,
cPr-H, 1 H), 1.20–1.35 (m, cPr-H, 2 H), 1.37 (s, tBu, 4.3 H), 1.45 (s,
tBu, 4.7 H), 1.50–1.70 (m, 1 H), 2.75–3.00 (m, 1 H), 3.35–3.40 (m,
2 H), 3.61 (s, CH2N, 2 H), 3.70 (s, CH3O, 3 H), 3.83 (s, 1 H), 3.90–
4.08 (m, 1 H), 4.33–4.55 (m, 1 H), 4.45 (s, 2 H), 7.27–7.38 (m, 5 H).
13C NMR (62.9 MHz, CDCl3): d = 9.6 (CH2, cPr-C), 13.1 (CH2,
cPr-C), 28.1 (CH3, tBu), 28.2 (CH3, tBu), 28.9 (CH2), 39.1 (CH2),
40.1 (C, cPr-C), 47.8 (CH2), 52.3 (CH3), 61.8 (C), 63.3 (CH), 67.5
(CH2), 73.0 (CH2), 127.6 (CH), 128.3 (CH), 138.2 (CH), 163.2 (C),
168.4 (CO), 169.0 (CO), 170.1 (CO), 170.5 (CO). MS (ESI); m/z
(%): 887 (100) [2 M + Na+], 455 (40) [M + Na+]. HRMS (ESI):
calcd. for C23H33N2O6 [M + H+] 433.2339; found 433.2333.


Methyl 4-(3-hydroxypropyl)-7-tert-butoxycarbonyl-5-oxo-4,7-
diazaspiro[2.5]octane-8-carboxylate (5-H). To a prehydro-
genated suspension of Pd/C (500 mg, 10% Pd/C, ~5 mol%) in
MeOH (100 mL) was added a solution of 5-Bn (4.45 g, 10.3 mmol)
in MeOH (100 mL), and the suspension was stirred at 20 ◦C for
12 h. Filtration over Celite R©, washing of the solids with MeOH
(2 ¥ 50 mL), and removal of the volatiles from the filtrate in vacuo
yielded 3.45 g (98%) of 5-H as an oil (diethyl ether, Rf = 0.10,
ninhydrin). IR (KBr): n = 3433 cm-1, 3095, 2952, 2933, 1749
(CO), 1697 (CO), 1394, 1205, 1168, 1008, 951, 745. 1H NMR
(300 MHz, 125 ◦C, C2D2Cl4): d = 0.60–0.80 (m, cPr-H, 1 H),
0.85–0.97 (m, cPr-H, 1 H), 1.20–1.30 (m, cPr-H, 1 H), 1.30 (s, tBu,
4.5 H), 1.36–1.44 (m, cPr-H, 1 H), 1.38 (s, tBu, 4.5 H), 1.62–1.80
(m, CH2, 2 H), 2.85–3.15 (m, 1 H), 3.33 (s, CH2, 2 H) 3.45 (m,
CH2, 2 H), 3.54 (s, 1 H), 3.64 (s, OCH3, 3 H), 3.86–4.10 (m, 1 H),
4.20–4.45 (m, 1 H). 13C NMR (62.9 MHz, 125 ◦C, C2D2Cl4): d =
9.7 (CH2, cPr-C), 12.8 (CH2, cPr-C), 27.96 (CH3, tBu), 28.1 (CH3,
tBu), 31.3 (CH2), 38.3 (CH2), 39.3 (C, cPr-C), 47.4 (CH2), 52.5
(OCH3), 57.9 (CH2), 61.1 (CH), 169.8 (CO), 170.0 (CO), 170.6
(CO). MS (70 eV, EI); m/z (%): 342 (1) [M+], 286 (14), 227 (17),
183 (8), 57 (100), 41 (24). C16H26N2O6 (342.4): calcd. C 56.13, H
7.65, N 8.18; found C 56.08, H 7.61, N 8.14%.


Bis(benzyloxycarbonyl)guanidine (6). A solution of N,N’-
bis(benzyloxycarbonyl)-S-methylisothiourea13 (2.06 g, 5.75 mmol)
in methanolic NH3 (30 mL, 140 mmol, 4.66 M) was stirred at 20 ◦C
for 3 h. After 30 min, the colorless precipitate was filtered off and
dried in vacuo to yield 1.15 g (61%) of 6 as a solid, mp 146–
148 ◦C. 1H NMR (250 MHz, CDCl3): d = 5.08 (s, CH2, 4 H),
7.24–7.41 (br s, aryl-H, 10 H), 8.23–9.60 (br s, NH2, NH, 3 H). 13C
NMR (62.9 MHz, CDCl3): d = 67.3 (CH2,), 128.0 (CH, aryl-C),
128.3 (CH, aryl-C), 128.5 (CH, aryl-C), 135.6 (C, Cipso), 158.9 (C,
N=C–N), 165.7 (C, C=O). The additional spectroscopic data were
identical with those reported in the literature.9


Methyl 4-{3-[bis(benzyloxycarbonyl)guanidino]propyl}-7-tert-
butoxycarbonyl-5-oxo-4,7-diazaspiro[2.5]octane-8-carboxylate (7).
To a suspension of 6 (3.75 g, 11.5 mmol) and triphenylphosphine
(3.02 g, 11.5 mmol) in THF (100 mL) was added at 0 ◦C a
solution of 5-H (3.25 g, 9.50 mmol) in THF (100 mL), and then
slowly within 30 min, DIAD (2.23 mL, 11.5 mmol). The mixture
was stirred until the orange color had disappeared (5 h), water
(10 drops) was added, all volatiles were removed in vacuo and
the residue purified by chromatography on 100 g of silica gel
[3 ¥ 20 cm, pentane–Et2O 1 : 1 → 0 : 1, ninhydrin, Rf = 0.27
(pentane–Et2O 2 : 1)] to yield 5.47 g (87%) of 7 as a foam. IR
(KBr): n = 3393 cm-1 (NH), 3033, 2977, 2952, 1750 (CO), 1717
(CO), 1611 (CO), 1511, 1391, 1251, 1098, 1010, 910, 808, 733. 1H
NMR (300 MHz, CDCl3): d = 0.72–0.88 (m, cPr-H, 2 H), 0.98–
1.18 (m, cPr-H, 1 H), 1.28–1.34 (m, cPr-H, 1 H), 1.37 (s, tBu, 4.4
H), 1.45 (s, tBu, 4.6 H), 1.50–1.80 (m, CH2, 2 H), 2.86–3.12 (m,
1 H), 3.20–3.40 (m, 1 H), 3.50 (s, 1 H), 3.56 (s, 3 H), 3.72 (s,
1 H), 3.84–4.02 (m, 1 H), 4.26–4.52 (m, 1 H), 5.05–5.15 (m,
1 H), 5.09–5.11 (m, 2 H), 5.19–5.21 (m, 2 H), 7.28–7.50 (m, aryl-H,
10 H), 9.14–9.40 (m, 2 H). 13C NMR (125.7 MHz, CDCl3): d =
9.6 (CH2, cPr-C), 13.5 (CH2, cPr-C), 28.0 (CH2), 28.1 (CH3, tBu),
28.2 (CH3, tBu), 39.9 (C, cPr-C), 40.4 (CH2), 46.8 (C), 47.8 (CH2),
52.3 (CH3), 61.9 (CH), 66.9 (CH2), 69.0 (2 ¥ CH2), 128.01 (CH,
aryl-C), 128.03 (CH, aryl-C), 128.36 (CH, aryl-C), 128.42 (CH,
aryl-C), 128.7 (CH, aryl-C), 128.8 (CH, aryl-C), 134.5 (C, aryl-C),
136.7 (C, aryl-C), 155.7 (CN), 160.2 (CO), 163.8 (CO), 168.4 (CO),
172.1 (CO), 170.0 (CO). MS (ESI); m/z (%): 1325 (100) [2 M +
Na]+, 1303 (6) [2 M + H+], 674 (40) [M + Na+], 652 (26) [M + H+].
HRMS (ESI): calcd. for C33H42N5O9 [M + H+] 652.2983; found
652.2977.


Methyl 4-{3-[bis(benzyloxycarbonyl)guanidino]propyl}-5-oxo-
4,7-diazaspiro[2.5]octane-8-carboxylate (8). Gaseous HCl was
bubbled through a solution of 7 (3.76 g, 5.77 mmol) in MeOH
(100 mL) kept at 0 ◦C, and the mixture was stirred at 20 ◦C for 2 h.
All volatiles were removed in vacuo, the residue was dissolved in
CH2Cl2 (100 mL), triethylamine (1.60 ml, 11.5 mmol) was added,
and the suspension was stirred for 3 h. Removal of all volatiles in
vacuo, re-uptake in THF (100 mL), collection of the precipitate
on a filter, washing with THF (2 ¥ 50 mL), removal of the solvent
from the filtrates in vacuo and chromatographic purification of the
residue on 40 g of silica gel (3 ¥ 20 cm, CH2Cl2–MeOH 10 : 1,
ninhydrin, Rf = 0.47) yielded 3.12 g (98%) of 8 as an oil. IR (film):
n = 3390 cm-1 (NH), 3033, 2952, 1721 (CO), 1650 (CO), 1611,
1511, 1437, 1409, 1379, 1255, 1102, 1007, 911, 807, 733. 1H NMR
(250 MHz, CDCl3): d = 0.72–0.87 (m, cPr-H, 2 H), 1.03–1.15
(m, cPr-H, 1 H), 1.20–1.30 (m, cPr-H, 1 H), 1.50–1.70 (m, 2 H),
2.82–3.05 (m, 1 H), 3.07 (s, 1 H), 3.25–3.35 (m, 2 H), 3.46–3.54
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(m, 2 H), 3.59 (s, OCH3, 3 H), 3.60–3.92 (m, 2 H), 5.08–5.12 (m,
CH2Ph, 2 H), 5.21 (s, CH2Ph, 2 H), 7.28–7.40 (m, aryl-H, 10 H),
9.18–9.42 (m, NH, 2 H). 13C NMR (75.5 MHz, CDCl3, DEPT):
d = 8.64 (CH2, cPr-C), 15.4 (CH2, cPr-C), 28.2 (CH2), 39.5 (CH2),
40.3 (C, cPr-C), 42.5 (CH2, NCH2), 48.0 (CH2, OCH2), 52.4 (CH3,
CO2CH3), 62.8 (CH), 66.8 (CH2Ph), 68.9 (CH2Ph), 127.8 (CH,
aryl-C), 128.0 (CH, aryl-C), 128.30 (CH, aryl-C), 128.34 (CH,
aryl-C), 128.7 (CH, aryl-C), 134.5 (C), 136.7 (C), 155.6 (C=N),
160.2 (C, CO2Bn), 163.7 (C, CO2Bn), 172.6 (C, NCO), 172.8 (C,
CO). MS (70 eV, DCI); m/z (%): 552 (22) [M + H+], 342 (15), 296
(17), 279 (100), 222 (18), 208 (28), 126 (45), 104 (14). C28H33N5O7


(551.6): calcd C 60.97, H 6.03, N 12.70; found C 61.15, H 6.16, N
12.92%.


Benzyl spiro[cyclopropane[1,9](8-{3-[bis(benzyloxycarbonyl)-
guanidino]propyl}-1,4,7-trioxooctahydro[2H ]pyrazino[1,2-a]pyra-
zin-3-yl)]acetate (10). To a solution of 8 (4.45 g, 8.07 mmol) and
Boc-(S)-Asp-(4-OBn)-OH (3.39 g, 10.5 mmol) in CH2Cl2 (30 mL)
were added at 0 ◦C 2,4,6-collidine (1.40 mL, 10.5 mmol) and DCC
(2.01 g, 9.70 mmol), and the mixture was stirred with rewarming
to 20 ◦C for 8 h. Addition of CH2Cl2 (80 mL), extraction of the
organic phase with cold (0 ◦C) 1 N HCl (30 mL), water (30 mL)
and sat. NaHCO3 solution (2 ¥ 30 mL), drying of the organic
phase over Na2SO4, removal of the solvent in vacuo and filtration
of the residue over 50 g of silica gel (3 ¥ 15 cm, CH2Cl2–MeOH
10 : 1, ninhydrin, Rf = 0.75) yielded 9 with a dipeptide fragment.
This compound was dissolved in CH2Cl2 (10 mL), and methanolic
HCl (50.0 mL, 75 mmol, 1.5 M) was added at 0 ◦C, the mixture
was stirred for 8 h, and all volatiles were removed in vacuo. The
residue was taken up in CH2Cl2 (200 mL), the solution neutralized
with sat. NaHCO3 solution, the phases were separated, the aq.
phase extracted with CH2Cl2 (3 ¥ 50 mL), and the combined
organic phases were dried over Na2SO4. Removal of the solvent,
suspension of the residue in toluene (10 mL), heating at 90 ◦C
for 24 h, removal of the solvent in vacuo and chromatographic
purification of the residue on 40 g of silica gel (3 ¥ 30 cm, CH2Cl2–
MeOH 50 : 1; MOPS, Rf = 0.27) yielded 3.35 g (57%) of 10 as
a foam [unseparable mixture of two diastereomers, ratio 1 : 1
(according to NMR)]. IR (KBr): n = 3333 cm-1 (NH), 3032,
2923, 2835, 1752 (CO), 1710 (CO), 1668 (CO). 1H NMR (C2D2Cl4,
300 MHz, 125 ◦C): d = 0.99–1.66 (m, 2 cPr-H, 4 H), 1.74–1.98
(m, CH2, 2 H), 2.90–3.12 (m, 4 H), 3.18–3.98 (m, 6 H), 4.28–
4.44 (m, 4 H), 4.74 (d, 3J = 9 Hz, CH2CH, 2 H), 7.24–7.48
(m, aryl-H, 15 H), 9.00–9.30 (br m, 3H). 13C NMR (75.5 MHz,
C2D2Cl4, 125 ◦C): d = 8.9 (CH2, cPr-C), 9.3 (CH2, cPr-C), 11.0
(CH2, cPr-C), 12.4 (CH2, cPr-C), 28.21 (CH2), 28.26 (CH2), 28.99
(CH2), 29.04 (CH2), 35.9 (CH2), 36.3 (CH2), 39.1 (CH2), 39.6
(CH2), 40.31 (CH2), 40.39 (CH2), 42.8 (C, cPr-C), 43.0 (C, cPr-
C), 51.1 (CH), 51.6 (CH), 60.7 (CH), 61.5 (CH), 66.6 (CH2),
66.7 (CH2), 67.8 (CH2), 68.70 (CH2), 68.72 (CH2), 127.1 (CH,
aryl-C), 127.2 (CH, aryl-C), 127.25 (CH, aryl-C), 127.27 (CH,
aryl-C), 127.7 (CH, aryl-C), 127.8 (CH, aryl-C), 127.97 (CH, aryl-
C), 127.98 (CH, aryl-C), 128.1 (CH, aryl-C), 128.2 (CH, aryl-
C), 128.3 (CH, aryl-C), 128.4 (CH, aryl-C), 128.6 (CH, aryl-C),
129.18 (CH, aryl-C), 129.22 (CH, aryl-C), 133.8 (CH, aryl-C),
135.1 (C, aryl-C), 135.2 (C, aryl-C), 138.38 (C, aryl-C), 138.41 (C,
aryl-C), 162.9 (CO), 163.4 (CO), 164.2 (CO), 164.9 (CO), 166.9
(CO), 168.2 (CO), 169.2 (CO), 169.4 (CO). MS (EI, 70 eV); m/z
(%): 725.0 (5) [M+], 505.0 (12), 414.0 (16), 399.0 (8), 91 (100).


HRMS (ESI): calcd. for C38H41N6O9 [M + H+] 725.2935; found
725.2928.


Spiro[cyclopropane[1,9]8-(3-guanidinopropyl)-1,4,7-trioxo-octa-
hydro[2H ]pyrazino[1,2-a]pyrazin-3-yl]acetic acid (cis- and trans-
11). A suspension of 10 (1.34 g, 2.63 mmol) and Pd/C (335 mg,
10% Pd/C, ~5 mol%) in MeOH (20 mL) was stirred under an
atmosphere of H2 (balloon) at 20 ◦C for 12 h and the catalyst
removed by filtration over Celite R©. Removal of the solvent in vacuo
yielded 737 mg (99%) of cis- and trans-11 as a foam (mixture of
two diastereomers 1.1 : 1 [according to NMR]). IR (KBr): n =
3326 cm-1 (NH), 3187, 2929, 2850, 1718 (CO), 1668 (CO), 1626
(CO), 1435, 1224. 1H NMR (CD3OD, 300 MHz): d = 0.99–1.40
(m, 2 cPr-H, 4 H), 1.58–1.73 (m, CH2, 4 H), 2.62–3.00 (m, CH2,
2 H), 3.03–3.19 (m, 1 H), 3.34–3.40 (m, 1 H), 3.54–3.88 (m, 1 H),
3.97–4.10 (m, 1 H), 4.14–4.50 (m, 1 H), 4.66–4.88 (m, 1 H). 13C
NMR (125.7 MHz, CD3OD): d = 9.9 (CH2, cPr-C), 10.2 (CH2,
cPr-C), 13.5 (CH2, cPr-C), 14.9 (CH2, cPr-C), 26.1 (CH2), 26.4
(CH2), 26.7 (CH2), 27.0 (CH2), 29.0 (CH2), 29.1 (CH2), 30.1 (CH2),
30.3 (CH2), 39.0 (CH2), 39.9 (CH2), 40.4 (CH2), 40.5 (CH2), 46.4
(C, cPr-C), 46.9 (C, cPr-C), 52.4 (CH), 52.6 (CH), 54.1 (CH), 54.4
(CH), 158.60 (C), 158.63 (C), 167.0 (CO), 168.8 (CO), 169.8 (CO),
171.3 (CO), 172.8 (CO), 175.9 (CO). MS (ESI); m/z (%), positive
peaks: 1099 (12) [3 M + H+], 733 (22) [2 M + H+], 367 (100) [M +
H+]; negative peaks: 365 (100) [(M - H)-]. C15H22N6O5 (366.4):
calcd. C 49.17, H 6.05, N 22.94; found C 50.43, H 6.21, N 23.55%.
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Recently, we designed a series of novel HIV-1 protease inhibitors incorporating a stereochemically
defined bicyclic fused cyclopentyl (Cp-THF) urethane as the high affinity P2-ligand. Inhibitor 1 with
this P2-ligand has shown very impressive potency against multi-drug-resistant clinical isolates. Based
upon the 1-bound HIV-1 protease X-ray structure, we have now designed and synthesized a number of
meso-bicyclic ligands which can conceivably interact similarly to the Cp-THF ligand. The design of
meso-ligands is quite attractive as they do not contain any stereocenters. Inhibitors incorporating
urethanes of bicyclic-1,3-dioxolane and bicyclic-1,4-dioxane have shown potent enzyme inhibitory and
antiviral activities. Inhibitor 2 (K i = 0.11 nM; IC50 = 3.8 nM) displayed very potent antiviral activity in
this series. While inhibitor 3 showed comparable enzyme inhibitory activity (K i = 0.18 nM) its antiviral
activity (IC50 = 170 nM) was significantly weaker than inhibitor 2. Inhibitor 2 maintained an antiviral
potency against a series of multi-drug resistant clinical isolates comparable to amprenavir. A
protein–ligand X-ray structure of 3-bound HIV-1 protease revealed a number of key hydrogen bonding
interactions at the S2-subsite. We have created an active model of inhibitor 2 based upon this X-ray
structure.


Introduction


The proteolytic enzyme HIV-1 protease is essential for viral
assembly and maturation.1 As a consequence, the design of specific
inhibitors for HIV-1 protease has become the subject of immense
interest. In 1996, protease inhibitors (PIs) were introduced in
combination with reverse transcriptase inhibitors to become a
highly active antiretroviral therapy (HAART).2 This treatment
regimen significantly increased life expectancy, improved quality
of life and decreased mortality and morbidity among HIV/AIDS
patients. Despite these notable advances, the emergence of drug-
resistant HIV-1 variants is severely limiting the efficacy of HAART
treatment regimens. Therefore, the development of new broad-
spectrum antiretroviral drugs that produce minimal adverse effects
remains an important therapeutic objective for the treatment
of HIV/AIDS.3 We have recently reported our structure-based
design and development of a series of novel HIV-1 protease
inhibitors including darunavir,4,5 TMC-126,6 and GRL-06579A
(1, Fig. 1).7 These inhibitors were designed with specific features
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Fig. 1 Structure of inhibitors 1–3.


to help combat drug resistance. They have exhibited marked po-
tency in enzyme inhibitory and cell-culture assays. Furthermore,
these inhibitors have shown impressive activity against a broad-
spectrum of HIV isolates including a variety of multi-PI-resistant
clinical strains. Darunavir has been recently approved for the
therapy of HIV/AIDS patients who are harboring drug-resistant
HIV and do not respond to other antiretroviral drugs.
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One of our design principles to combat drug resistance is to
maximize the ligand-binding interactions in the active site and
particularly to promote extensive hydrogen bonding with the
active site protein backbone. Indeed, inhibitor 1 incorporates
a stereochemically defined bicyclic cyclopentanyltetrahydrofuran
(Cp-THF) as the P2-ligand in the hydroxylethylsulfonamide
isostere. The protein–ligand X-ray structure of inhibitor 1 revealed
extensive hydrogen bonding interactions with the backbone atoms
throughout the enzyme active site.8 The cyclic ether oxygen is
involved in hydrogen bonding with the backbone NH of Asp29.
The presence of this oxygen is critical for its superb antiviral
properties, especially against drug resistant HIV strains. Based
upon further examination of the protein–ligand X-ray structure
of 1-bound HIV-1 protease, we subsequently speculated that a
simplified meso-hexahydrocyclopenta-1,3-dioxolane ligand could
conceivably maintain similar interactions with respect to the Cp-
THF ligand in inhibitor 1. Particularly, it appears that one of the
oxygens of this meso ligand can hydrogen bond with the Asp29
NH. Since the Cp-THF ligand in inhibitor 1 contains three chiral
centers, incorporation of a meso ligand as shown in inhibitor 2
would remarkably simplify the synthesis compared to the bicyclic
Cp-THF ligand. Furthermore, we speculated that the second
oxygen atom in the meso-P2-ligand could conceivably engage
in further interactions at the S2-subsite. Herein, we report the
design, synthesis and biological investigation of a series of protease
inhibitors that incorporate structure-based designed symmetrical
meso-bicyclic 1,3-dioxolane and 1,3-dioxane derivatives as the P2-
ligands. Inhibitors (2 and 3) incorporating these ligands have
shown exceedingly potent enzyme inhibitory potency as well as
antiviral activity. Furthermore, we evaluated the drug-resistance
profile of inhibitor 2 against multi-drug-resistant clinical isolates
and it was shown to maintain tremendous potency. The protein–
ligand X-ray structure of 3-bound HIV-1 protease has been
determined and this structure has provided molecular insight into
the ligand-binding site interactions.


Chemistry


The hexahydrocyclopenta-1,3-dioxolan-5-ol (11), required for
the synthesis of 2, was prepared as described in Scheme 1.
Commercially available 1,6-heptadien-4-ol 4 was protected as the
corresponding t-butyldiphenylsilyl ether using sodium hydride
as the base in THF. The resulting diene was subjected to a
ring closing metathesis reaction using second generation Grubbs’
catalyst to afford the protected cyclopenten-1-ol 5 in 94% overall
yield. Osmium tetroxide-promoted dihydroxylation of olefin 5
was accomplished using a catalytic amount of osmium tetroxide
and NMO and pyridine to afford diol 6 as a 6 : 1 mixture of
anti- and syn-isomers which were easily separated by column
chromatography. The anti- isomer 6 was subsequently treated
with paraformaldehyde, preliminarily cracked with aqueous hy-
drochloric acid in chloroform under reflux,9 affording the cyclic
acetal 7 in good yield. Along with the desired compound 7, the
trioxepane 8 was also isolated from the reaction mixture in a 1 :
1 ratio. We therefore decided to incorporate the tetrahydro-5aH-
cyclopenta[f ][1,3,5]trioxepan-7-yl-moiety as a P2-ligand (resulting
in inhibitors 27–28, Table 1) because the higher flexibility of the
trioxepane ring could allow an improved adaptability to enzyme
amino acid mutations, leading to better activity against HIV-


Scheme 1 Synthesis of alcohols 9–12.


resistant strains. Accordingly, both intermediates 7 and 8 were
deprotected using tetrabutylammonium fluoride (TBAF) in THF
to provide the anti-alcohols 9 and 10. Compounds 9 and 10
were subsequently subjected to Mitsunobu inversion to afford the
corresponding syn-alcohols 11 and 12.


For the preparation of inhibitors 3 and 29, alcohols 15 and 16
were synthesized as described in Scheme 2. Diol 6 was heated under
reflux in toluene in the presence of dibutyltin oxide with azeotropic
removal of water. The resulting stannylene acetal intermediate
was treated with chloroethanol to obtain the monoalkylated
derivative 13 in 68% overall yield.10 Subsequently, the primary


Scheme 2 Synthesis of alcohols 15 and 16.
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alcohol was selectively tosylated with p-toluenesulfonyl chloride
in the presence of pyridine. Exposure of the resulting compound to
sodium hydride resulted in an intramolecular substitution reaction
leading to the corresponding cyclization compound 14. TBAF-
mediated deprotection furnished the target anti-alcohol 15 in
good overall yield. The syn-alcohol 16 was then obtained after
Mitsunobu inversion of 15 as described above.


The synthesis of the active carbonates required for the synthesis
of the various inhibitors is shown in Scheme 3. Alcohol 9
was converted to the succinimidyl-derivative 17 by treatment
with N,N¢-succinimidylcarbonate in the presence of Et3N as
described previously.11 Alcohols 10–12, 15 and 16 were activated
by conversion to the corresponding p-nitrophenylcarbamates 18–
22 (81–95% yield) by using p-nitrophenylchloroformate and N-
methylmorpholine in THF. The general procedure for the synthesis
of inhibitors 2, 3 and 26–30 is outlined in Scheme 4. Epoxide
2312 was converted into intermediate 24 following our previously
reported procedure.8 Deprotection of 24 by using trifluoroacetic
acid followed by reaction with the activated alcohols 17–22
furnished inhibitors 2, 3 and 26–29 in 43–85% yields.


Scheme 3 Synthesis of activated alcohols 17–22.


Finally, inhibitor 30 was synthesized from the known8 amine
25. This amine was reacted with the activated carbonate 17 in the
presence of diisopropylethylamine in THF at 23 ◦C to provide 30.
Inhibitor 30 was obtained in 63% yield.


Scheme 4 Synthesis of inhibitors 2, 3 and 26–30.


Results and discussion


The inhibitory potencies of the synthetic inhibitors were evaluated
using the assay protocol of Toth and Marshall,13 and the results
are shown in Table 1. As can be seen, inhibitor 2 has shown an
enzyme inhibitory potency of 0.11 nM. It appears that the bicyclic
1,3-dioxolane ring can be accommodated by the S2-subsite of
HIV-1 protease. Inhibitor 26 with a meso ligand containing a
trans-bicyclic-1,3-dioxolane ring is 2.5-fold less potent than the
syn-isomer 2. We have examined the effect of both syn and anti-
trioxepane rings as P2-ligands in inhibitors 27 and 28. The syn-
isomer 28 is significantly more potent (K i = 0.51 nM) than the anti-
isomer 27. Considering the acid sensitivity of 1,3-dioxolane rings,
we not only speculated that the stable 1,4-dioxane ring may fill the
hydrophobic S2-site, but also that the oxygens on the dioxane ring
may interact with backbone atoms or residues in the active site.
As shown, the meso ligand in inhibitor 3 with a syn-bicyclic-1,4-
dioxane ring has shown an enzyme inhibitory potency of 0.18 nM
(K i value). Consistent with previous results, the corresponding
anti-isomer 29 is significantly less potent. As reported previously,
the P2-ligand Cp-THF with a P2¢-hydroxymethyl sulfonamide
(inhibitor 1) is significantly more potent than the corresponding
P2¢-methoxybenzene sulfonamide derivative. We have, therefore,
compared the inhibitory potency of inhibitor 30, containing a
P2¢-hydroxymethyl benzene sulfonamide derivative, with inhibitor
2. However, inhibitor 30 did not exhibit this potency enhancing
effect.


We have examined selected compounds for their activity against
HIV-1 using a human CD4+ T-cell line (MT-2 cells). The activity
of inhibitor 2 against a variety of multi-drug-resistant HIV-1
variants was also examined in detail using human peripheral
blood mononuclear cells (PBMCs) as target cells. We employed
two endpoints for the activity against HIV-1: (i) the inhibition
of the HIV-1-elicited cytopathic effect for MT-2 cells and (ii) the
inhibition of HIV-1 p24 production for PBMCs.5
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Table 1 Enzymatic inhibitory activity of compounds 2, 3, 26–30 and antiviral activity of selected inhibitors against HIV-1LAI


Entry Inhibitor K i/nMa IC50/mMb


1 0.11 ± 0.01 0.0038 ± 0.0001


2 0.40 ± 0.04 nd


3 5.4 ± 0.22 >1


4 0.51 ± 0.01 0.38 ± 0.02


5 0.18 ± 0.03 0.21 ± 0.04


6 0.50 ± 0.04 nd


7 0.34 ± 0.07 0.0077 ± 0.003


a Values are means of at least two experiments. b MT-2 human T-lymphoid cells exposed to HIV-1LAI; antiviral activity of amprenavir (APV), saquinavir
(SQV) and indinavir (IDV) were 0.03 mM, 0.02 mM and 0.03 mM respectively in this assay. nd: not determined.


When examined in MT-2 cells as the target cells, inhibitor 2
displayed an impressive antiviral IC50 of 3.8 nM (Table 1). Inhibitor
3 showed an antiviral IC50 value in the high nanomolar range
(IC50 = 210 nM, Table 1), while it exhibited a similar K i to inhibitor
2. We subsequently examined inhibitor 2 for its activity against
a clinical wild-type X4-HIV-1 isolate (HIV-1ERS104pre) along with
various multi-drug-resistant clinical X4- and R5-HIV-1 isolates
(Table 2) using PBMCs as the target cells.5 The activity of inhibitor
2 against HIV-1ERS104pre (IC50 = 29 nM) was comparable to those
of currently available protease inhibitors, SQV, APV, and IDV,
which display IC50 values of 12, 33, and 26 nM, respectively. Of
particular note, the IC50 value of inhibitor 2 in PBMCs (IC50=
29 nM) was nearly 8-fold greater than the IC50 value in MT-2 cells


(IC50 = 3.8 nM). With regard to this difference, considering that 2
is highly potent as examined in human T-cells (MT-2 cells) but its
activity is slightly less in PBMCs, it is possible that relatively higher
concentrations of 2 are required to suppress HIV-1 production
in chronically infected macrophages.14 IDV was not capable of
efficiently suppressing the replication of most of the multi-drug-
resistant clinical isolates examined (HIV-1MDR/MM, HIV-1MDR/JSL,
HIV-1MDR/C, and HIV-1MDR/A), with IC50 values of >1.0 mM. The
potency of inhibitor 2 against most of the multi-drug-resistant
variants was generally comparable to that of SQV and APV,
although DRV was found to be the most potent among those
tested, including inhibitor 2, against HIV-1ERS104pre as well as all the
multi-drug-resistant variants.
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Table 2 Antiviral activity of inhibitor 2 against clinical HIV-1 isolates in PBMC cells


IC50 valuesa(nM)


Virusb 2 DRVc SQVd APVe IDVf


HIV-1ERS104pre (wild-type: X4) 29 3.5 12 33 26
HIV-1MDR/MM(R5) 150 (5) 17 (5) 190 (16) 300 (9) >1000 (>38)
HIV-1MDR/JSL (R5) 550 (19) 26 (7) 330 (28) 430 (13) >1000 (>38)
HIV-1MDR/C (X4) 300 (10) 7 (2) 36 (3) 230 (7) >1000 (>38)
HIV-1MDR/G (X4) 340 (12) 7 (2) 29 (2) 340 (10) 290 (11)
HIV-1MDR/A (X4) 21 (1) 3 (1) 81 (7) 100 (3) >1000 (>38)


a Amino acid substitutions identified in the protease-encoding region compared to the consensus type B sequence cited from the Los Alamos database
include L63P in HIV-1ERS104pre; L10I, K43T, M46L, I54V, L63P, A71V, V82A, L90M, and Q92K in HIV-1MDR/MM; L10I, L24I, I33F, E35D, M36I, N37S,
M46L, I54V, R57K, I62V, L63P, A71V, G73S, and V82A in HIV-1MDR/JSL; L10I, I15V, K20R, L24I, M36I, M46L, I54V, I62V, L63P, K70Q, V82A, and
L89M in HIV-1MDR/C; L10I, V11I, T12E, I15V, L19I, R41K, M46L, L63P, A71T, V82A, and L90M in HIV-1MDR/G; and L10I, I15V, E35D, N37E, K45R,
I54V, L63P, A71V, V82T, L90M, I93L, and C95F in HIV-1MDR/A. HIV-1ERS104pre served as a source of wild-type HIV-1. The IC50 values were determined
by employing PHA-PBMC (phytohemagglutinin-activated peripheral blood mononuclear cells) as target cells and the inhibition of p24Gag protein
production as the endpoint. All values were determined in triplicate. b X4 denotes CXCR4-tropic HIV-1 while R5 CCR5-tropic HIV-1. c DRV (darunavir).
d SQV (saquinavir). e APV (amprenavir). f IDV (indinavir).


X-Ray crystallography


To obtain molecular insight into the ligand-binding site interac-
tions responsible for the impressive enzyme inhibitory potency of
compound 3, we determined the X-ray structure of 3-bound HIV-
1 protease. The crystal structure was solved and refined to an R
factor of 15.2% at a 1.07 Å resolution. The inhibitor binds with
extensive interactions from P2 to P2¢ with the protease atoms,
and most notable are the favorable polar interactions including
hydrogen bonds, as shown in Fig. 2. The transition-state hydroxyl
group forms hydrogen bonds to the side chain carboxylate oxygen
atoms of the catalytic Asp25 and Asp25¢. Of particular interest,
the meso-bicyclic 1,4-dioxane ligand appears to be involved in
hydrogen bonding interactions with the backbone atoms and
residues at the S2-site. One of the dioxane oxygens hydrogen bonds
with the backbone NH of Asp29. The other oxygen makes a water-
mediated hydrogen bond with the carbonyl oxygen of Gly48. These
interactions are described in several peptide substrate analogs.15


However, the design of high affinity ligands incorporating this
interaction with Gly48 has not been previously demonstrated.
The inhibitor also hydrogen bonds with the protease main chain
amide carbonyl oxygen of Gly27, and there are water-mediated
interactions with the amides of Ile50 and Ile50¢ that are conserved
in the majority of protease complexes with inhibitors16 and


substrate analogs.15 The weaker polar interactions such as C–
H ◊ ◊ ◊ O and water-p interactions can be analyzed accurately in
atomic resolution structures.17,18 Inhibitor 3 also shows a water-
mediated interaction of the p system of the P2¢ aromatic ring
with the amide of Asp29¢, which was also observed for darunavir
and inhibitor 1.19 Furthermore, the P2¢ methoxy group forms a
hydrogen bond to the backbone NH of Asp30¢. Importantly, the
P2 group forms a hydrogen bond interaction with the carbonyl
oxygen of Gly48 and a water-mediated interaction with the amide
of Gly48, similar to the interactions described for several peptide
substrate analogs.15 These interactions of the P2 group confirm
the design strategy of incorporating new polar interactions with
conserved backbone regions of the protease.


In an effort to understand the binding interactions of the
corresponding meso-1,3-dioxolane ligand in the S2-subsite, we
have created an active model of inhibitor 2 (Fig. 3) based upon the
X-ray structure of 3-bound HIV-1 protease. The model suggests
that both dioxolane oxygens may interact with both active site
residues Asp29 and Asp30, as well as Gly48 through the structural
water molecule. In comparison, it appears that the dioxane
oxygens of inhibitor 3 are not within hydrogen bonding distance
of the backbone NH of Asp30. This may explain the marked
difference in antiviral activity of inhibitor 2 compared with inhib-
itor 3.


Fig. 2 Stereoview of the X-ray structure of inhibitor 3 bound to the active site of wild-type HIV-1 protease.
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Fig. 3 A stereoview of an active model of inhibitor 2 (green) with the X-ray structure of inhibitor 3 (magenta)-bound HIV-1 protease.


Conclusions


In summary, a series of novel HIV-1 protease inhibitors were
designed and synthesized by incorporating bicyclic meso-1,3-
dioxolane and 1,4-dioxane derivatives as the P2-ligands. A number
of inhibitors have shown very impressive enzyme inhibitory and
antiviral potency, similar to inhibitor 1 with a stereochemically
defined Cp-THF ligand. The design of meso-1,3-dioxolane and
1,4-dioxane P2-ligands as exemplified in inhibitors 2 and 3, respec-
tively, has remarkably simplified the stereochemical complexity as
well as chemical synthesis over the Cp-THF ligand in inhibitor
1. We have developed efficient synthetic routes to these ligands.
Inhibitor 2 has shown potent antiviral activity in both MT-
2 cells and PBMCs. Inhibitor 2 was profiled against a series
of multi-drug-resistant clinical isolates. While inhibitor 2 is less
potent than darunavir, it is significantly more potent than IDV
and comparable to APV and SQV in suppressing the replic-
ation of multi-drug-resistant isolates MDRMM and MDRJSL.
A protein–ligand X-ray structure of 3-bound HIV-1 protease
revealed extensive interactions of the inhibitor with the active
site of HIV-1 protease. Most notably, both oxygens of the meso-
P2-ligand are involved in hydrogen bonding interactions with the
protein backbone atoms. In particular, a water-mediated hydrogen
bond to the Gly48 carbonyl is very unique. An active model
of inhibitor 2 indicates similar ligand binding site interactions.
Our design principle of increasing ‘backbone binding’ appears
to maintain key interactions in the enzyme active site leading
to retained potency against multi-drug-resistant variants. Further
design and ligand optimization involving these interactions is in
progress.


Experimental


General. All moisture sensitive reactions were carried out
under a nitrogen or argon atmosphere. Anhydrous solvents were
obtained as follows: THF, diethyl ether, and benzene, distilled
from sodium and benzophenone; dichloromethane, pyridine,
triethylamine, and diisopropylethylamine, distilled from CaH2.
All other solvents were HPLC grade. Column chromatography
was performed with Whatman 240–400 mesh silica gel under low
pressure (5–10 psi). TLC was carried out with E. Merck silica
gel 60 F254 plates. 1H and 13C NMR spectra were recorded on
Varian Mercury 300 and Bruker Avance 400 and 500 spectrom-


eters. Optical rotations were measured using a Perkin-Elmer 341
polarimeter. IR spectra were recorded on a Mattason Genesis II
FT-IR spectrometer.


4-(tert-Butyldiphenylsilyloxy)-4H-cyclopentene (5)


To a suspension of sodium hydride (60% in mineral oil, 0.92 g,
23 mmol) in THF (10 mL), cooled to 0 ◦C, 1,6-heptadien-4-
ol 4 (1 mL, 7.7 mmol) was added dropwise over 10 min. The
resulting suspension was stirred at 0 ◦C for 30 min and then
tert-butyldiphenylchlorosilane (2 mL, 7.9 mmol) was added. The
reaction mixture was stirred at 23 ◦C for 4 h and then quenched
with a saturated solution of ammonium chloride. The solvent
was removed in vacuo and the aqueous phase was extracted with
CH2Cl2. The organic extracts were dried (Na2SO4), the solvent
removed and the residue purified by flash-chromatography (1 :
10, EtOAc–Hex) to afford 4-(tert-butyldiphenylsilyloxy)hepta-1,6-
diene (2.6 g, 96%) as a colorless oil: IR nmax (NaCl; cm-1) 3066,
2951, 1421, 1103 and 696; dH (300 MHz, CDCl3) 7.70 (4 H, dd, J
1.6, 7.6 Hz, ArH), 7.47–7.38 (6 H, m, ArH), 5.83–5.69 (2 H, m, 2 ¥
CH=CH2), 5.02–4.91 (4 H, m, 2 ¥ CH=CH2), 3.87–3.80 (1 H, m,
CHOSi), 2.31–2.12 (4 H, m, 3-H2, 5-H2) and 1.08 [9 H, s, C(CH3)3;
dC (75 MHz, CDCl3) 135.9, 134.7, 134.3, 129.5, 127.5, 117.1, 72.4,
40.5, 27.0 and 19.4; m/z (CI) 351 (M + H, 100); HRMS (M + H)+


calcd for C23H31OSi, 351.2144; found, 351.2146.
To a solution of the above compound (2.0 g, 5.7 mmol) in dry


CH2Cl2 (20 mL), second generation Grubbs’ catalyst (48 mg) was
added and the resulting mixture was heated under reflux for 2 h.
Subsequently, the reaction mixture was cooled to 23 ◦C, the solvent
removed under reduced pressure and the residue purified by flash-
chromatography (1 : 10 EtOAc–Hex) to afford 5 (1.8 g, 98%) as
a colorless oil: IR nmax (NaCl; cm-1) 3067, 2853, 2736, 1428, 1109
and 702; dH (300 MHz, CDCl3) 7.67 (4 H, dd, J 1.8, 7.8, ArH),
7.45–7.34 (6 H, m, ArH), 5.61 (2 H, s, 1-H, 2-H), 4.57–4.51 (1 H,
m, 4-H), 2.47–2.33 (4 H, m, 3-H2, 5-H2) and 1.05 [9 H, s, C(CH3)3];
dC (100 MHz, CDCl3) 135.7, 134.5, 129.5, 128.3, 127.5, 73.5, 42.4,
26.9 and 19.1; m/z (CI) 323 (M + H, 100); HRMS (M + H)+ calcd
for C21H27OSi, 323.1831; found, 323.1834.


(1a,2a,4b)-4-(tert-Butyldiphenylsilyloxy)-1,2-cyclopentanediol (6)


A mixture of 5 (5.1 g, 15.8 mmol), osmium tetroxide (2.5 wt%
solution in tert-butanol, 4 mL), N-methylmorpholine-N-oxide
(2.6 g, 22.2 mmol), and pyridine (1.3 mL, 15.8 mmol) in a
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3 : 2 : 1 mixture of tert-butanol, THF, and water (80 mL) was heated
under reflux for 4 h. The reaction mixture was cooled to 23 ◦C and
treated with a 20% aqueous solution of sodium bisulfite (10 mL).
The organic solvents were removed under reduced pressure and
the aqueous phase was extracted with EtOAc. The organic extracts
were washed with 1 N hydrochloric acid, water and brine, and dried
(Na2SO4). The solvent was removed in vacuo and the residue was
purified by flash-chromatography (1 : 1 EtOAc–Hex) to yield diol
6 (5.3 g, 94%) as a colorless oil: IR nmax (NaCl; cm-1) 3006, 2676,
1427, 1112 and 702; dH (300 MHz, CDCl3) 7.62 (4 H, dd, J 1.8,
7.5, ArH), 7.45–7.33 (6 H, m, ArH), 4.84–4.42 (1 H, m, 4-H), 4.30–
4.29 (2 H, m, 1-H, 2-H), 2.22 (2 H, br. s, 2 ¥ OH), 1.99–1.80 (4 H,
m, 3-H2, 5-H2) and 1.04 [9 H, s, C(CH3)3]; dC (100 MHz, CDCl3)
135.6, 134.0, 129.6, 127.6, 72.4, 71.2, 41.9, 26.8 and 19.0; m/z (EI)
356 (M, 100); HRMS (M)+ calcd for C21H28O3Si, 356.1808; found,
356.1803.


(1b,2b,4a)-4-(tert-Butyldiphenylsilyloxy)-1,2-(methylenedioxy)-
cyclopentane (7) and (5aa,7b,8aa)-7-(tert-butyldiphenylsilyloxy)-
tetrahydrocyclopenta[f ]-1,3,5-trioxepane (8)


A mixture of paraformaldehyde (0.77 g, 25.7 mmol) and con-
centrated hydrochloric acid (2 mL) in CHCl3 (2 mL) was stirred
at 23 ◦C until a clear solution was formed (6 h) and then a
solution of 6 (0.2 g, 0.54 mmol) in CHCl3 (2 mL) was added.
The resulting mixture was heated under reflux overnight and the
aqueous phase was extracted with CHCl3. The organic extracts
were dried (Na2SO4) and evaporated under reduced pressure to
yield 7 (0.18 g, 86%) after flash-chromatography (1 : 10, EtOAc–
Hex): IR nmax (NaCl; cm-1) 2791, 1589, 1471, 1428, 822 and 699;
dH (300 MHz, CDCl3) 7.64 (4 H, d, J 6.3, ArH), 7.45–7.35 (6 H,
m, ArH), 4.78 (1 H, s), 4.60 (1 H, s), 4.51 (2 H, d, J 5.4, 1-H,
2-H), 4.47–4.39 (1 H, m, 4-H), 1.99 (2 H, dd, J 6.0, 13.8, 3-H¢,
5-H¢), 1.77–1.68 (2 H, m, 3-H¢¢, 5-H¢¢) and 1.04 [9 H, s, C(CH3)3];
dC (75 MHz, CDCl3) 135.6, 134.0, 129.7, 127.6, 94.0, 78.8, 72.7,
41.0, 26.9 and 19.1; m/z (EI) 368 (M, 100). After further elution of
the column 8 (0.5 g, 5%) was obtained: IR nmax (NaCl; cm-1) 2827,
2726, 1427, 1113 and 703; dH (300 MHz, CDCl3) 7.66–7.62 (4 H,
m, ArH), 7.46–7.35 (6 H, m, ArH), 5.17 (2 H, d, J 7.8, 2-H¢, 4-H¢),
4.70 (2 H, d, J 7.8, 2-H¢¢, 4-H¢¢), 4.52–4.43 (3 H, m, 5a-H, 7-H,
8a-H), 2.15–2.08 (2 H, m, 6-H¢, 8-H¢), 1.93–1.85 (2 H, m, 6-H¢¢, 8-
H¢¢) and 1.06 [9 H, s, C(CH3)3]; dC (75 MHz, CDCl3) 135.6, 133.8,
129.7, 127.7, 96.1, 82.5, 71.7, 41.1, 26.9 and 19.1; m/z (CI) 397
(M - H, 100); HRMS (M - H)+ calcd for C23H29O4Si, 397.1832;
found, 397.1832.


(4a,1b,2b)-4-Hydroxy-1,2-(methylenedioxy)cyclopentane (9)


A mixture of 7 (0.47 g, 1.3 mmol) and n-Bu4N+F- (1.0 M solution
in THF, 1.4 mL, 1.4 mmol) in dry THF (10 mL) was stirred at
23 ◦C for 16 h. To the reaction mixture was added a saturated
solution of NaHCO3, the solvent was removed in vacuo and the
aqueous phase extracted with Et2O. The organic extracts were
dried (Na2SO4) and evaporated and the residue was purified by
flash-chromatography (1 : 1 EtOAc–Hex) to yield 9 (0.16 g, 96%)
as a colorless oil: IR nmax (NaCl; cm-1) 3044, 2792, 2602, 1065, 821
and 602; dH (300 MHz, CDCl3) 4.89 (1 H, s, OCHHO), 4.59 (1
H, s, OCHHO), 4.50 (2 H, d, J 6.0, 1-H, 2-H), 4.41–4.32 (1 H, m,
4-H), 3.13 (1 H, br. s, OH), 2.09 (2 H, dd, J 5.6, 14.0, 3-H¢, 5-H¢)


and 1.61–1.51 (2 H, m, 3-H¢¢, 5-H¢¢); dC (75 MHz, CDCl3) 94.1,
78.9, 70.8 and 40.6; m/z (CI) 129 (M - H, 100); HRMS (M - H)+


calcd for C6H9O3, 129.0552; found, 129.0556.


(5aa,7b,8aa)-7-Hydroxytetrahydrocyclopenta[f ]-1,3,5-trioxepane
(10)


The title compound was obtained as described for 9 in 83%
yield. Flash-chromatography was performed using EtOAc: IR
nmax (NaCl; cm-1) 3036, 2649, 1424, 1118 and 930; dH (300 MHz,
CDCl3) 5.15 (2 H, d, J 7.2, 2-H¢, 4-H¢), 4.67 (2 H, d, J 7.2, 2-H¢¢,
4-H¢¢), 4.47–4.40 (3 H, m, 5a-H, 7-H, 8a-H), 2.07–2.02 (4 H, m,
6-H2, 8-H2) and 1.86 (1 H, br. s, OH); dC (75 MHz, CDCl3) 96.1,
82.3, 70.0 and 40.8; m/z (EI) 160 (M, 100); HRMS (M)+ calcd for
C7H12O4,160.0736; found, 160.0738.


(1b,2b,4b)-4-Hydroxy-1,2-(methylenedioxy)cyclopentane (11)


To a mixture of 9 (100 mg, 0.77 mmol), p-nitrobenzoic acid
(250 mg, 1.5 mmol), and triphenylphosphine (450 mg, 1.5 mmol),
was added diisopropylazodicarboxylate (300 mL, 1.5 mmol)
dropwise and the resulting mixture was stirred at 23 ◦C. After
16 h, the solvent was removed under reduced pressure and the
residue purified by flash-chromatography (1 : 2 EtOAc–Hex). The
resulting ester was dissolved in a 3 : 2 : 1 mixture of THF, methanol,
and water (10 mL) and LiOH·H2O (162 mg, 3.8 mmol) was added.
The yellow mixture was stirred at 23 ◦C for 5 h and then the solvent
was removed in vacuo. The residue was diluted with water and the
aqueous phase extracted with Et2O. The organic extracts were
dried (Na2SO4) and the solvent was evaporated. Purification of
the residue by flash-chromatography (1 : 1 EtOAc–Hex) afforded
11 (57 mg, 57%) as a colorless oil: IR nmax (NaCl; cm-1) 3052,
2804, 2577, 1164, 1096, 1011 and 924; dH (300 MHz, CDCl3) 5.17
(1 H, s, OCHHO), 4.68 (1 H, s, OCHHO), 4.61 (2 H, d, J 4.8,
1-H, 2-H), 4.27 (1 H, t, J 4.7, 4-H), 2.33 (1 H, br. s, OH), 2.21 (2
H, d, J 15.3, 3-H¢, 5-H¢) and 1.85–1.77 (2 H, m, 3-H¢¢, 5-H¢¢); dC


(75 MHz, CDCl3) 94.7, 81.5, 74.0 and 41.0; m/z (EI) 129 (M -
H, 100); HRMS (M - H)+ calcd for C6H9O3, 129.0611; found,
129.1012.


(5aa,7a,8aa)-7-Hydroxytetrahydrocyclopenta[f ]-1,3,5-trioxepane
(12)


The title compound 12 was obtained as described for 11 in 69%
yield. Flash-chromatography was performed using EtOAc: IR nmax


(NaCl; cm-1) 3044, 2832, 2633, 1481, 1116 and 928; dH (300 MHz,
CDCl3) 5.18 (2 H, d, J 7.2, 2-H¢, 4-H¢), 4.67 (2 H, d, J 7.2, 2-H¢¢,
4-H¢¢), 4.31–4.25 (2 H, m, 5a-H, 8a-H), 4.18–4.13 (1 H, m, 7-H),
2.40 (1 H, br. s, OH), 2.17–2.08 (2 H, m, 6-H¢, 8-H¢) and 2.03–1.96
(2 H, m, 6-H¢¢, 8-H¢¢); dC (75 MHz, CDCl3) 95.3, 82.8, 71.0 and
41.1; m/z (CI) 161 (M + H, 100); HRMS (M + H)+ calcd for
C7H12O4, 161.0814; found, 161.0814.


(±)-(1b,2b,4a)-2-(2¢-Hydroxyethoxy)-4-(tert-
butyldiphenylsilyloxy)cyclopentane-1-ol (13)


A mixture of 6 (1.4 g, 3.9 mmol) and dibutyltin oxide (0.94 g,
3.9 mmol) in dry toluene (130 mL) was heated under reflux with
azeotropic removal of water. After 5 h, the reaction mixture was
concentrated to half the initial volume and chloroethanol (2.5 mL,
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39 mmol) and n-Bu4N+I- (1.4 g, 3.9 mmol) were added. The
resulting mixture was heated under reflux for 19 h. Afterwards
the solvent was evaporated and the residue was purified by flash-
chromatography (10 : 1 EtOAc–MeOH) to afford 13 (1.3 g, 86%) as
a colorless oil: IR nmax (NaCl; cm-1) 3102, 2604, 1589, 1471, 1062,
823 and 612; dH (300 MHz, CDCl3) 7.62 (4 H, d, J 8.7, ArH),
7.44–7.33 (6 H, m, ArH), 4.45–4.40 (1 H, m, 4-H), 4.33–4.28 (1
H, m, 2-H), 4.04–3.98 (1 H, m, 1-H), 3.76–3.71 (2 H, m, CH2O),
3.66–3.55 (2H, m, CH2O), 3.01 (2 H, br. s, 2 ¥ OH), 1.97–1.80 (4
H, m, 3-H2, 5-H2) and 1.04 (s, 9H); dC (75 MHz, CDCl3) 135.6,
134.1, 129.6, 127.6, 80.7, 71.1, 71.0, 70.8, 61.7, 42.3, 39.0, 26.9 and
14.2; m/z (ESI) 423 (M + Na, 100).


(1b,2b,4a)-4-(tert-butyldiphenylsilyloxy)-1,2-(ethylenedioxy)-
cyclopentane (14)


A mixture of 13 (1.2 g, 3.0 mmol), p-toluenesulfonyl chloride
(1.3 mg, 6.6 mmol), pyridine (1.2 mL, 15 mmol) and a catalytic
amount of N,N-dimethylaminopyridine in CH2Cl2 (40 mL) was
stirred at 23 ◦C for 24 h. The reaction mixture was treated with
1 N HCl and the aqueous phase was extracted with CH2Cl2. The
organic extracts were dried (Na2SO4) and the solvent removed.
Purification of the residue by flash-chromatography (1 : 1 EtOAc–
Hex) afforded the tosylated alcohol (990 mg, 60%) as a colorless
oil: IR nmax (NaCl; cm-1) 3104, 2992, 2691, 1598, 1359, 1177, 923
and 705; dH (300 MHz, CDCl3) 7.76 (2 H, d, J 8.4, ArH), 7.61
(4 H, d, J 7.8, ArH), 7.42–7.26 (8 H, m, ArH), 4.53–4.25 (1 H,
m, CHO), 4.15–4.09 (3 H, m, CHO, CH2O), 3.96–3.91 (1 H, m,
CHO), 3.68–3.62 (2 H, m, CH2O), 2.41 (3 H, s, CH3), 1.89–1.75
(4 H, m, 3-H2, 5-H2) and 1.03 [9 H, s, C(CH3)3]; dC (100 MHz,
CDCl3) 135.6, 134.0, 132.8, 129.8, 129.6, 127.9, 127.8, 127.6, 80.7,
71.3, 71.0, 69.0, 68.6, 67.0, 42.1, 38.7, 26.8, 21.6 and 18.9. To a
solution of the above product (150 mg, 0.27 mmol) in dry THF
(12 mL), NaH (60% in mineral oil, 22 mg, 0.54 mmol) was added
and the resulting suspension was heated under reflux for 30 min.
After cooling to 23 ◦C, the reaction mixture was quenched with
a saturated solution of NH4Cl, the solvent was removed and the
aqueous phase was extracted with EtOAc. The organic extracts
were dried (Na2SO4) and the solvent was removed in vacuo. The
residue was purified by flash-chromatography (1 : 3 EtOAc–Hex)
to afford 14 (82 mg, 80%) as a colorless oil: IR nmax (NaCl; cm-1)
2803, 1427, 1136, 957 and 703; dH (300 MHz, CDCl3) 7.65 (4 H,
d, J 7.8, ArH), 7.46–7.36 (6 H, m, ArH), 4.55–4.48 (1 H, m, 4-H),
4.18 (2 H, t, J 5.1, 1-H, 2-H), 3.70–3.62 (2 H, m, CH2O), 3.53–3.46
(2 H, m, CH2O), 2.16–2.07 (2 H, m, 3-H¢, 5-H¢), 1.82–1.74 (2 H,
m, 3-H¢¢, 5-H¢¢) and 1.06 [9 H, s, C(CH3)3]; dC (75 MHz, CDCl3)
135.6, 134.1, 129.5, 127.6, 75.2, 71.1, 62.2, 37.5, 27.0 and 19.1;
m/z (CI): 383.25 (M + H, 100).


(1b,2b,4a)-4-Hydroxy-1,2-(ethylendioxy)cyclopentane (15)


The above compound was deprotected as described for 9 to afford
15 in 90% yield as a colorless oil: IR nmax (NaCl; cm-1) 3013, 2797,
2550, 1129 and 664; dH (300 MHz, CDCl3) 4.58–4.51 (1 H, m,
4-H), 4.17 (2 H, t, J 4.8, 1-H, 2-H), 3.78–3.71 (2 H, m, CH2O),
3.58–3.51 (2 H, m, CH2O), 2.34–2.25 (2 H, m, 3-H¢, 5-H¢) and
1.72–1.66 (3 H, m, 3-H¢¢, 5-H¢¢, OH); dC (75 MHz, CDCl3) 75.1,
69.6, 62.3 and 37.2; m/z (EI) 144 (M, 100).


(1b,2b,4b)-4-Hydroxy-1,2-(ethylendioxy)cyclopentane (16)


Starting from 15 the title compound 16 was obtained as described
for 11 in 83% yield as a colorless oil. Flash-chromatography was
performed using EtOAc: IR nmax (NaCl; cm-1) 3014, 2571, 1135,
1081 and 875; dH (300 MHz, CDCl3) 4.22–4.16 (1 H, m, 4-H), 4.01
(2 H, t, J 4.2, 1-H, 2-H), 3.88–3.80 (2 H, m, CH2O), 3.63–3.55 (2
H, m, CH2O), 2.57 (1 H, br. s, OH) and 2.10–1.93 (4 H, m, 3-H2,
5-H2); dC (75 MHz, CDCl3) 76.0, 71.4, 62.3 and 37.5; m/z (EI)
144 (M, 100).


(1b,2b,4b)-1,2-(Methylenedioxy)cyclopent-4-yl
succinimidylcarbonate (17)


To a solution of 9 (67 mg, 0.52 mmol) in dry acetonitrile
(2 mL), N,N¢-disuccinimidyl carbonate (198 mg, 0.77 mmol) and
triethylamine (145 mL, 1.0 mmol) were added and the resulting
mixture was stirred at 23 ◦C. After 8 h the solvent was removed,
the residue was taken up in a saturated solution of NaHCO3


and the aqueous phase was extracted with EtOAc. The organic
extracts were dried (Na2SO4) and the solvent was removed in
vacuo. Purification of the residue by flash-chromatography (10 :
1 CHCl3–MeOH) yielded 17 (58 mg, 55%): IR nmax (NaCl; cm-1)
2759, 1787, 1740, 1210, 1090; dH (300 MHz, CDCl3) 5.27 (1 H,
t, J 7.2, 4-H), 4.97 (1 H, s, OCHHO), 4.69 (1 H, s, OCHHO),
4.61–4.59 (2 H, m, 1-H, 2-H), 2.82 (4 H, s, CH2CH2), 2.38 (2 H,
dd, J 6.2, 14.2, 3-H¢, 5-H¢) and 1.99–1.89 (2 H, m, 3-H¢¢, 5-H¢¢);
dC (100 MHz, CDCl3) 168.6, 150.8, 94.5, 81.2, 78.1, 37.3 and 25.4;
m/z (CI) 270 (M - H, 100); HRMS (M - H)+ calcd for C11H12NO7,
270.0614; found, 270.0607.


(5aa,7b,8aa)-7-(4-nitrophenoxycarbonyloxy)-
tetrahydrocyclopenta[f ]-1,3,5-trioxepane (18)


To a solution of 10 (15 mg, 0.094 mmol) and N-
methylmorpholine (31 mL, 0.28 mmol) in dry THF (3 mL), p-
nitrophenylchloroformate (57 mg, 0.28 mmol) was added and the
resulting mixture was stirred at 23 ◦C. After 1 h, water was added,
the solvent was removed under reduced pressure and the aqueous
phase was extracted with CHCl3. The organic extracts were dried
(Na2SO4) and the solvent evaporated. The residue was purified by
flash-chromatography (1 : 4 EtOAc–CHCl3) to afford 18 (31 mg,
95%) as a pale yellow viscous oil: IR nmax (NaCl; cm-1) 2831, 2598,
1766, 1529, 1350, 1116 and 859; dH (300 MHz, CDCl3) 8.27 (2 H,
d, J 8.7, ArH), 7.38 (2 H, d, J 8.7, ArH), 5.34–5.31 (1 H, m, 7-H),
5.19 (2 H, d, J 6.9, 2-H¢, 4-H¢), 4.77 (2 H, d, J 6.9, 2-H¢¢, 4-H¢¢),
4.51–4.47 (2 H, m, 5a-H, 8a-H) and 2.38–2.26 (4 H, m, 6-H2, 8-
H2); dC (75 MHz, CDCl3) 155.3, 126.2, 125.3, 121.7, 115.6, 95.5,
81.2, 78.5 and 37.6; m/z (EI) 325 (M, 100).


(1b,2b,4b)-4-(4-Nitrophenoxycarbonyloxy)-1,2-
(methylenedioxy)cyclopentane (19)


The title compound 19 was obtained from 11 as described for
18 in 81% yield. Flash-chromatography was performed using 1 :
1 EtOAc–Hex: IR nmax (NaCl; cm-1) 2739, 1764, 1527, 1348 and
1204; dH (300 MHz, CDCl3) 8.27 (2 H, d, J 5.1, ArH), 7.38 (2 H,
d, J 5.1, ArH), 5.20–5.16 (2 H, m, OCH2O), 4.83–4.81 (1 H, m,
4-H), 4.68 (2 H, d, J 5.7, 1-H, 2-H), 2.38 (2 H, d, J 14.7, 3-H¢,
5-H¢) and 2.11–2.02 (2 H, m, 3-H¢¢, 5-H¢¢); dC (100 MHz, CDCl3)
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155.4, 126.1, 125.2, 121.8, 115.5, 95.0, 80.7, 80.4 and 38.4; m/z
(CI) 296 (M + H, 100); HRMS (M + H)+ calcd for C13H14NO7,
296.0770; found, 296.0769.


(5aa,7a,8aa)-7-(4-Nitrophenoxycarbonyloxy)-
tetrahydrocyclopenta[f ]-1,3,5-trioxepane (20)


The title compound was obtained from 12 as described for 18
in 94% yield. Flash-chromatography was performed using 1 : 6
EtOAc–CHCl3: IR nmax (NaCl; cm-1) 2587, 1765, 1594, 1528, 1349
and 858; dH (300 MHz, CDCl3) 8.25 (2 H, d, J 8.0, ArH), 7.39 (2
H, d, J 8.0, ArH), 5.20 (2 H, d, J 7.5, 2-H¢, 4-H¢), 5.10–5.02 (1
H, m, 7-H), 4.75 (2 H, d, J 7.5, 2-H¢¢, 4-H¢¢), 4.29–4.24 (2 H, m,
5a-H, 8a-H), 2.51–2.41 (2 H, m, 6-H¢, 8-H¢) and 2.25–2.17 (2 H,
m, 6-H¢¢, 8-H¢¢); dC (75 MHz, CDCl3) 155.2, 126.2, 125.2, 121.7,
115.6, 94.6, 80.8, 76.6 and 36.9; m/z (CI) 324 (M - H, 100).


(1b,2b,4a)-4-(4-Nitrophenoxycarbonyloxy)-1,2-
(ethylenedioxy)cyclopentane (21)


The title compound was obtained from 15 as described for 18
in 81% yield. Flash-chromatography was performed using 1 : 4
EtOAc–CHCl3: IR nmax (NaCl; cm-1) 2655, 1757, 1592, 1503, 1337,
852 and 754; dH (300 MHz, CDCl3) 8.29 (2 H, d, J 7.3, ArH), 7.36
(2 H, d, J 7.3, ArH), 5.22–5.18 (1 H, m, 4-H), 3.86–384 (2 H, m,
1-H, 2-H), 3.78–3.63 (4 H, m, CH2O), 2.38–2.24 (4 H, m, 3-H2, 5-
H2); dC (100 MHz, CDCl3) 161.8, 126.2, 125.3, 121.7, 115.6, 78.1,
74.3, 62.1 and 33.9; m/z (CI) 310 (M + H, 100).


(1b,2b,4b)-4-(4-Nitrophenoxycarbonyloxy)-1,2-
(ethylenedioxy)cyclopentane (22)


The title compound was obtained from 16 as described for 18
in 95% yield. Flash-chromatography was performed using 1 : 4
EtOAc–CHCl3: IR nmax (NaCl; cm-1) 2588, 1725, 1594, 1222, 1109
and 773; dH (400 MHz, CDCl3) 8.27 (2 H, d, J 7.0, ArH), 7.38 (2
H, d, J 7.0, ArH), 5.14–5.10 (1 H, m, 4-H), 3.99 (2 H, t, J 4.6,
1-H, 2-H), 3.91–3.86 (2 H, m, CH2O), 3.64–3.59 (2 H, m, CH2O)
and 2.31–2.18 (4 H, m, 3-H2, 5-H2); dC (100 MHz, CDCl3) 162.5,
126.1, 125.2, 121.7, 115.5, 81.4, 74.3, 62.3 and 32.5; m/z (CI) 310
(M + H, 100).


(1¢S,2¢R)-{1¢-Benzyl-2¢-hydroxy-3¢-[isobutyl(4-
methoxybenzenesulfonyl)amino]propyl} carbamic acid
(1b,2b,4b)-1,2-(methylenedioxy)cyclopent-4-yl ester (2)


A solution of 24 (25 mg, 0.05 mmol) in 30% trifluoroacetic acid
in CH2Cl2 (4 mL) was stirred at 23 ◦C for 40 min and then the
solvent was removed under reduced pressure. The residue was
dissolved in THF (3 mL), a solution of 19 (18 mg, 0.059 mmol)
in THF (1 mL) and diisopropylethylamine (100 mL, 0.6 mmol)
were added. After 24 h the organic phase was diluted with CHCl3,
washed with water, dried (Na2SO4), and evaporated. The residue
was purified by flash-chromatography eluting with a 1 : 1 mixture
of EtOAc and hexanes to afford 2 (20 mg, 74%) as a white solid:
[a]20


DP +4.5 (c 1.2 in CH2Cl2), mp 68 ◦C (from EtOAc–Hex); IR
nmax (NaCl; cm-1) 3129, 2801, 2660, 1711, 1597, 1497, 1155 and
761; dH (300 MHz, CDCl3) 7.71 (2 H, d, J 8.8, ArH), 7.32–7.19
(5 H, m, ArH), 6.98 (2 H, d, J 8.8, ArH), 5.01 (1 H, s, OCHHO),
4.92 (1 H, br. s, NH), 4.80 (2 H, m, 4-H, OCHHO), 4.57 (2 H,


d, J 5.4, 1-H, 2-H), 3.87 (3 H, s, OCH3), 3.79 (2 H, m, CHN,
CHOH), 3.10–2.76 (6 H, m, CH2N, CH2Ph), 2.11–1.80 [5 H, m,
3-H2, 5-H2, CH(CH3)2], 0.90 (3 H, d, J 6.6, CHCH3) and 0.86 (3
H, d, J 6.6, CHCH3); dC (75 MHz, CDCl3) 162.9, 155.3, 137.5,
129.9, 129.6, 129.3, 128.5, 126.4, 114.3, 94.7, 80.5, 74.2, 72.3, 58.8,
55.6, 54.9, 53.8, 38.5, 35.4, 27.3, 20.2 and 19.9; m/z (ES) 563
(M + H, 100); HRMS (M + H)+ calcd For C28H39N2O8S, 563.2427;
found, 563.2406.


(1¢S,2¢R)-{1¢-Benzyl-2¢-hydroxy-3¢-[isobutyl(4-
methoxybenzenesulfonyl)amino]propyl} carbamic acid
(1b,2b,4a)-1,2-(methylenedioxy)cyclopent-4-yl ester (26)


A solution of 24 (40 mg, 0.079 mmol) in 30% trifluoroacetic acid
in CH2Cl2 (6 mL) was stirred at 23 ◦C for 40 min and then the
solvent was removed under reduced pressure. The residue was
dissolved in CH2Cl2 (4 mL), a solution of 17 (23 mg, 0.1 mmol)
in CH2Cl2 (2 mL) and diisopropylethylamine (140 mL, 0.8 mmol)
were added. After 2 h the organic phase was washed with water,
dried (Na2SO4) and evaporated. The residue was purified by flash-
chromatography (1 : 1 EtOAc–Hex) to afford 26 (34 mg, 76%) as
a white foam: [a]20


DP +3.6 (c 1.3 in CH2Cl2); IR nmax (NaCl; cm-1)
3216, 2801, 2670, 1712, 1597, 1497, 1154 and 755; dH (300 MHz,
CDCl3) 7.70 (2 H, d, J 8.7, ArH), 7.32–7.21 (5 H, m, ArH), 7.00
(2 H, d, J 8.7, ArH), 5.06 (1 H, t, J 7.0, 4-H), 4.93 (1 H, s,
OCHHO), 4.76 (1 H, d, J 8.4, NH), 4.71 (1 H, s, OCHHO), 4.52
(2 H, m, 1-H, 2-H), 3.87 (3 H, s, OCH3), 3.84 (2 H, m, CHN,
CHOH), 3.11 (1 H, dd, J 8.0, 14.8, CHHN), 3.04–2.91 (4 H, m,
CHHN, CH2N, CHHPh), 2.78 (1 H, dd, J 6.7, 13.1, CHHPh),
2.17–2.10 (2 H, m, 3-H¢, 5-H¢), 1.86–1.58 [3 H, m, 3-H¢¢, 5-H¢¢,
CH(CH3)2], 0.91 (3 H, d, J 6.6, CHCH3) and 0.87 (3 H, d, J 6.9,
CHCH3); dC (75 MHz, CDCl3) 162.9, 155.8, 137.6, 129.9, 129.7,
129.4, 128.4, 126.5, 114.3, 94.3, 78.5, 74.5, 72.6, 58.8, 55.6, 54.9,
53.7, 37.8, 35.3, 27.3, 20.2 and 19.9; m/z (ES) 585 (M + Na, 100);
HRMS (M + Na)+ calcd for C28H38N2NaO8S, 585.2247; found,
585.2228.


(1S,2R)-{1¢-Benzyl-2¢-hydroxy-3¢-[isobutyl(4-
methoxybenzenesulfonyl)amino]propyl} carbamic acid
(5aa,7b,8aa)-tetrahydrocyclopenta[f ]-1,3,5-trioxaepan-7-yl ester
(27)


The title compound was obtained from 24 and 18 as described for
2 in 43% yield. Flash-chromatography was performed with 1 : 4
EtOAc–CHCl3: [a]20


DP +5.2 (c 1.7 in CH2Cl2); IR nmax (NaCl; cm-1)
3118, 2825, 2656, 1712, 1596, 1012 and 771; dH (300 MHz, CDCl3)
7.70 (2 H, d, J 9.0, ArH), 7.32–7.21 (5 H, m, ArH), 6.98 (2 H, d,
J 9.0, ArH), 5.15 (2 H, d, J 7.2, 2-H¢, 4-H¢), 5.05 (1 H, br. s, NH),
4.76 (1 H, d, J 8.4, 7-H), 4.68 (2 H, d, J 7.2, 2-H¢¢, 4-H¢¢), 4.32–
4.23 (2 H, m, 5a-H, 8a-H), 3.87 (3 H, s, OCH3), 3.83–3.80 (2 H, m,
CHN, CHOH), 3.10 (1 H, dd, J 8.4, 15.3, CHHN), 3.04–2.88 (4 H,
m, CHHN, CH2N, CHHPh), 2.78 (1 H, dd, J 6.9, 13.5, CHHPh),
2.09–1.94 (4 H, m, 6-H2, 8-H2), 1.86–1.77 [1 H, m, CH(CH3)2],
0.91 (3 H, d, J 6.9, CHCH3) and 0.87 (3 H, d, J 6.3, CHCH3); dC


(75 MHz, CDCl3) 163.0, 155.7, 137.6, 129.8, 129.7, 129.4, 128.4,
126.5, 114.3, 95.4, 81.5, 73.6, 72.7, 58.8, 55.7, 54.9, 53.7, 37.8, 35.4,
27.3, 20.2 and 19.9; m/z (ES) 615 (M + Na, 100); HRMS (M +
Na)+ calcd for C29H40N2NaO9S, 615.2353; found, 615.2361.
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(1¢S,2¢R)-{1¢-Benzyl-2¢-hydroxy-3¢-[isobutyl(4-
methoxybenzenesulfonyl)amino]propyl} carbamic acid
(5aa,7a,8aa)-tetrahydrocyclopenta[f ]-1,3,5-trioxaepan-7-yl ester
(28)


The title compound was obtained from 24 and 20 as described for
2 in 42% yield. Flash-chromatography was performed with 1 : 1
EtOAc–Hex: [a]20


DP +7.3 (c 1.7 in CH2Cl2); IR nmax (NaCl; cm-1)
3117, 2801, 2707, 1711, 1596, 1260 and 1153; dH (300 MHz,
CDCl3) 7.70 (2 H, d, J 8.7, ArH), 7.31–7.21 (5 H, m, ArH), 6.97
(2 H, d, J 8.7, ArH), 5.14 (2 H, d, J 6.9, 2-H¢, 4-H¢), 4.91 (1 H, d, J
7.8, NH), 4.83–4.78 (1 H, m, 7-H), 4.68 (2 H, d, J 6.9, 2-H¢¢, 4-H¢¢),
4.15–4.10 (2 H, m, 5a-H, 8a-H), 3.87 (3 H, s, OCH3), 3.81–3.83
(2 H, m, CHN, CHOH), 3.12–2.85 (5 H, m, 2 ¥ CH2N, CHHPh),
2.77 (1 H, dd, J 6.9, 13.5, CHHPh), 2.34–2.21 (2 H, m, 6-H¢, 8-H¢),
1.94–1.76 [3 H, m, 6-H¢¢, 8-H¢¢, CH(CH3)2], 0.90 (3 H, d, J 6.6,
CHCH3) and 0.86 (3 H, d, J 6.6, CHCH3); dC (100 MHz, CDCl3)
162.9, 156.1, 137.5, 129.8, 129.5, 129.4, 128.4, 126.4, 114.3, 94.8,
81.0, 72.3, 71.3, 58.6, 55.6, 55.0, 53.6, 37.1, 35.5, 27.1, 20.1 and
19.8; m/z (ES) 615 (M + Na, 100); HRMS (M + Na)+ calcd for
C29H40N2NaO9S, 615.2353; found, 615.2349.


(1¢S,2¢R)-{1¢-Benzyl-2¢-hydroxy-3¢-[isobutyl(4-
methoxybenzenesulfonyl)amino]propyl} carbamic acid
(1b,2b,4b)-1,2-(ethylenedioxy)cyclopent-4-yl ester (3)


The title compound was obtained from 24 and 22 as described for
2 in 40% yield. Flash-chromatography was performed with 1 : 1
EtOAc–Hex: [a]20


DP +6.9 (c 0.7 in CH2Cl2); IR nmax (NaCl; cm-1)
3120, 2788, 2656, 2542, 1712, 1596, 1259, 1154 and 755; dH


(500 MHz, CDCl3) 7.70 (2 H, d, J 9.0, ArH), 7.31–7.22 (5 H,
m, ArH), 6.97 (2 H, d, J 9.0, ArH), 4.90–4.86 (2 H, m, NH, 4-H),
3.87 (3 H, s, OCH3), 3.85–3.79 (7 H, m, 2 ¥ CH2O, 1-H, 2-H,
OH), 3.57–3.54 (2 H, m, CHN, CHOH), 3.11 (1 H, dd, J 8.2, 14.7,
CHHN), 3.03–2.88 (4 H, m, CHHN, CH2N, CHHPh), 2.78 (1 H,
dd, J 6.7, 13.2, CHHPh), 2.17–2.08 (2 H, m, 3-H¢, 5-H¢), 1.98–
1.95 (2 H, m, 3-H¢¢, 5-H¢¢), 1.90 [1 H, dt, J 5.2, 15.0, CH(CH3)2],
0.91 (3 H, d, J 6.5, CHCH3) and 0.86 (3 H, d, J 6.5, CHCH3); dC


(75 MHz, CDCl3) 163.0, 156.2, 137.6, 129.8, 129.6, 129.5, 128.5,
126.5, 114.3, 74.5, 73.2, 72.5, 71.8, 62.5, 62.3, 58.8, 55.6, 55.0, 53.8,
35.5, 33.8, 33.5, 27.3, 20.2 and 19.9; m/z (ES) 599 (M + Na, 100);
HRMS (M + Na)+ calcd for C29H40N2NaO8S, 599.2403; found,
599.2394.


(1¢S,2¢R)-{1¢-Benzyl-2¢-hydroxy-3¢-[isobutyl(4-
methoxybenzenesulfonyl)amino]propyl} carbamic acid
(1b,2b,4a)-1,2-(ethylenedioxy)cyclopent-4-yl ester (29)


The title compound was obtained from 24 and 21 as described for
2 in 40% yield. Flash-chromatography was performed with 1 : 1
EtOAc–Hex: [a]20


DP +8.2 (c 1.0 in CH2Cl2); IR nmax (NaCl; cm-1)
3121, 2706, 1711, 1596, 1260, 1154 and 757; dH (500 MHz, CDCl3)
7.70 (2 H, d, J 8.7, ArH), 7.31–7.28 (2 H, m, ArH), 7.24–7.22 (3
H, m, ArH), 6.98 (2 H, d, J 8.7, ArH), 5.09 (1 H, br. s, NH), 4.74
(1 H, d, J 8.0, 4-H), 4.06–4.01 (2 H, m, 1-H, 2-H), 3.87 (3 H, s,
OCH3), 3.82–3.81 (2 H, m, CH2O), 3.75–3.71 (2 H, m, CH2O),
3.55–3.51 (2 H, m, CHN, CHOH), 3.10 (1 H, dd, J 15.0, 8.5,
CHHN), 3.03–2.86 88 (4 H, m, CHHN, CH2N, CHHPh), 2.78 (1
H, dd, J 13.5, 6.5, CHHPh), 2.32–2.23 (2 H, m, 3-H¢, 5-H¢), 1.81
(1 H, q, J = 6.5, 3-H¢¢), 1.79–1.68 (1 H, m, 5-H¢¢), 1.62–1.53 [1


H, m, CH(CH3)2], 0.91 (3 H, d, J 6.6, CHCH3) and 0.86 (3 H, d,
J 6.6, CHCH3); dC (75 MHz, CDCl3) 163.1, 156.1, 137.6, 129.8,
129.6, 129.5, 128.5, 126.6, 114.4, 74.6, 73.2, 72.7, 62.2, 58.8, 55.7,
54.9, 53.8, 35.4, 34.3, 34.2, 27.3, 20.2 and 19.9; m/z (ES) 599 (M +
Na, 100); HRMS (M + H)+ calcd for C29H40N2NaO8S, 599.2403;
found, 599.2421.


(1¢S,2¢R)-{1¢-Benzyl-2¢-hydroxy-3¢-[isobutyl(4-
(hydroxymethyl)benzenesulfonyl)amino]propyl} carbamic acid
(1b,2b,4b)-1,2-(methylenedioxy)cyclopent-4-yl ester (30)


To a solution of 258 (40 mg, 0.1 mmol) and diisopropylethylamine
(150 mL, 0.9 mmol) in THF (3 mL), a solution of 17 (30 mg,
0.11 mmol) was added and the resulting mixture was stirred at
23 ◦C. After 48 h, the organic phase was diluted with CHCl3,
washed with water, dried (Na2SO4) and evaporated. The residue
was purified by flash-chromatography (2 : 1 EtOAc–Hex) to afford
30 (35 mg, 63%) as an amorphous solid: [a]20


DP +7.8 (c 1.3 in CHCl3);
IR nmax (NaCl; cm-1) 3042, 2996, 2707, 1710, 1530, 1334, 1156 and
755; dH (400 MHz, CDCl3) 7.77 (2 H, d, J 8.1, ArH), 7.52 (2 H,
d, J 8.1, ArH), 7.32–7.21 (5 H, m, ArH), 5.00 (1 H, s, NH), 4.92
(1 H, m, 4-H), 4.82–4.80 (4 H, m, OCH2O, CH2OH), 4.58–4.57
(2 H, m, l-H, 2-H), 3.81–3.79 (2 H, m, CHN, CHOH), 3.11–2.83
(6 H, m, 2 ¥ CH2N, CH2Ph), 6H), 2.10–1.82 [5 H, m, 3-H2, 5-H2,
CH(CH3)2], 0.91 (3 H, d, J 6.6, CHCH3) and 0.83 (3 H, d, J 6.6,
CHCH3); dC (100 MHz, CDCl3) 156.2, 146.2, 137.5, 137.1, 129.5,
128.5, 127.5, 127.1, 126.5, 94.6, 80.5, 75.8, 72.2, 64.0, 58.5, 55.1,
53.5, 38.4, 35.4, 27.1, 20.0 and 19.8; m/z (ES) 585 (M + Na, 100);
HRMS (M +Na)+ calcd for C28H38N2NaO8S, 585.2247; found,
585.2246.


X-Ray crystallography. The HIV-1 protease construct with the
substitutions Q7K, L33I, L63I, C67A, and C95A to optimize
protein stability,20 was expressed and purified as described.21


Crystals were grown by the hanging drop vapor diffusion method
using a 1 : 15 molar ratio of protease at 2.0 mg mL-1 and the
inhibitor dissolved in dimethylsulfoxide. The reservoir contained
0.1 M sodium acetate buffer (pH = 4.2) and 1.5 M NaCl. Crystals
were transferred into a cryoprotectant solution containing the
reservoir solution and 20–30% (v/v) glycerol, mounted on a nylon
loop and flash-frozen in liquid nitrogen. X-ray diffraction data
were collected on the SER-CAT beamline of the Advanced Photon
Source, Argonne National Laboratory. Diffraction data were pro-
cessed using HKL200022 resulting in a Rmerge value of 7.0% (41.8%)
for 90 315 unique reflections between 50 and 1.07 Å resolution with
a completeness of 88.1% (51.3%), where the values in parentheses
are for the final highest resolution shell. Data were reduced in space
group P21212 with unit cell dimensions of a = 58.00 Å, b = 86.34 Å
and c = 45.83 Å with one dimer in the asymmetric unit. The
structure was solved by molecular replacement using the CPP4i
suite of programs,23,24 with the structure of the D30N mutant
of HIV protease in complex with GRL-98065 (2QCI)19 as the
starting model. The structure was refined using SHELX9725 and
refitted manually using the molecular graphics programs O26 and
COOT.27 Alternate conformations were modeled for the protease
residues when obvious in the electron density maps. Anisotropic
atomic displacement parameters (B-factors) were refined for all
atoms including solvent molecules. Hydrogen atoms were added
at the final stages of the refinement. The identity of ions and
other solvent molecules from the crystallization conditions was
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deduced from the shape and peak height of the 2Fo–Fc and Fo–Fc


electron density, the hydrogen bond interactions and interatomic
distances. The solvent structure was refined with one sodium ion,
three chloride ions, and 203 water molecules including partial
occupancy sites. The final Rwork was 15.2% and RBfree was 17.7%
for all data between 10 and 1.07 Å resolution. The rmsd values
from ideal bonds and angle distances were 0.015 Å and 0.034 Å,
respectively. The average B-factor was 13.1 and 18.2 Å2 for
protease main chain and side chain atoms, respectively, 12.5 Å2 for
inhibitor atoms and 24.0 Å2 for solvent atoms. The X-ray crystal
structure of the inhibitor 3 complex with the HIV-1 protease has
been deposited in the Protein Databank (PDB)28 with an access
code of 3DKJ.
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We report herein the synthesis and biological evaluation of bile acid dimers 11–18 linked through
1,2,3-triazole and bis-b-lactam. The dimers 11–18 were synthesized using 1,3-dipolar cycloaddition
reaction of diazido bis-b-lactams 3, 4 and terminal alkynes 7–10 derived from cholic acid/deoxycholic
acid in the presence of Cu(I) catalyst (click chemistry). These novel molecules were evaluated in vitro for
their antifungal and antibacterial activity. Most of the compounds exhibited significant antifungal as
well as antibacterial activity against all the tested fungal and bacterial strains. Moreover, their in vitro
cytotoxicities towards HEK-293 and MCF-7 cells were also established.


Introduction


The azetidine-2-one (b-lactam) ring system is a common structural
feature of a number of broad spectrum b-lactam antibiotics
such as penicillins, cephalosporins, carbapenems, nocardicins and
monobactams, which have been widely used as chemotherapeutic
agents for treating microbial diseases.1–3 It also shows many other
interesting biological properties, such as cholesterol absorption
inhibitors,4 human cytomegalovirus protease inhibitors,5 throm-
bin inhibitors,6 antihyperglycemic,7 anti-tumour,8 anti-HIV,9 anti-
inflammatory and analgesic activities.10 However, microorganisms
have built up resistance against the most traditional b-lactam
antibiotics due to the widespread overuse of antibiotics. Therefore,
the phenomenon of bacterial resistance forces the continuous
modification of structure of known active compounds and the
development of new ones.


Azoles are the largest class of antifungal agents in clinical
use.11 1,2,3-Triazole moieties are attractive connecting units, as
they are stable to metabolic degradation and capable of hydrogen
bonding, which can be favorable in binding of biomolecular
targets and solubility.12 The b-lactam ring system in combi-
nation with the 1,2,3-triazole moiety is present in a number
of drugs such as the b-lactam antibiotic Tazobactam and the
cephalosporine Cefatrizine.13 The 1,2,3-triazole moiety does not
occur in nature, although the synthetic molecules containing 1,2,3-
triazole units show diverse biological activities such as anti-HIV,14
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anti-microbial,15 selective b3 adrenergic receptor agonist16 and
anti-allergic.17


Bile acids and their derivatives are pharmacologically inter-
esting as potential carriers of liver specific drugs, absorption
enhancers and cholesterol lowering agents.18 A common feature
of bile acid derived antimicrobials is their potential to exhibit
facially amphiphilic nature, due to polar hydroxyl groups on
one face and a nonpolar hydrophobic methyl group on the
other.19 These hydroxyl groups can have specific interactions, such
as those found in inclusion compounds,20 organogelators21 and
receptors22 based on cholic acid. The polarity of the hydroxyl
groups can be increased to emphasize the facial amphiphilicity
of the steroid unit. The resulting facial amphiphiles have many
applications in ion transport,23 combinatorial chemistry,24 vesical
fusion25 and improvement of membrane permeability.26 This type
of amphiphilicity can also be exhibited by polyene macrolide
amphotericin B, peptide antimicrobial agent polymixin B, and
squalamine in the cyclic form, which functions as an ionophore.27


Furthermore, bile acids are imperative building blocks for the
synthesis of dimers, oligomers and colaphanes28,29 due to their rigid
framework with multiple chiral centers. The dimers, oligomers
and colaphanes were synthesised from bile acids and have a wide
range of potential applications in pharmacology,29a membrane
bilayer probes,30 and ion complexation.31 The synthesis of novel
bile acid dimers containing 1,2,3-triazole as a linker have been
reported from our laboratory.32 More recently, Regen et al. have
reported bile acid derived molecular umbrellas as anti-HIV and
anti-HSV agents and molecular umbrella-assisted transport of
an oligonucleotide across cholesterol-rich phospholipid bilayers.33


Taking advantage of the amphiphilic topology of bile acids, we
have reported the synthesis of cholic acid and deoxycholic acid
dimers, which were found to posses antifungal and antiprolifera-
tive activity.34


In continuation of our work on bile acid dimers, we report herein
the synthesis of eight novel cholic acid and deoxycholic acid dimers
11–18 using both 1,2,3-triazole and bis-b-lactam as a linker and
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studied their antimicrobial and cytotoxic activity. The syntheses
of these novel cholic acid, deoxycholic acid dimers 11–18 linked
with two unique pharmacophore units such as 1,2,3-triazole and
b-lactam and the bioactivity data are reported herein for the first
time.


Results and discussion


Chemistry


The CuI-catalysed variant of the Huisgen 1,3-dipolar cycloaddi-
tion of azide and alkynes affords regioselectively 1,4-disubstituted
1,2,3-triazoles with such efficiency and scope that the transfor-
mation has been described as “click” chemistry.35 This unique
transformation was independently discovered in 2002 by two
groups, one led by Sharpless36 in USA and the other in Denmark
by Meldal.37 Accordingly, our target molecules 11–18 were synthe-
sized using the 1,3-dipolar cycloaddition reaction of bis-b-lactams
3, 4 containing azide and cholic acids 7, 9 and deoxycholic acids
8, 10 containing terminal alkyne, in the presence of Cu(I) catalyst
(click chemistry). Diazido bis-b-lactams 3 and 4 were prepared
by the cycloaddition reaction (Staudinger)38,39 using imine 2 and
ketene derived from 1. Thus, treatment of the potassium salt of
azidoacetic acid 1 and imine 2 (prepared by using a literature39


procedure) in the presence of triphosgene and triethylamine in
anhydrous dichloromethane afforded a diastereomeric mixture
of two diazido bis-b-lactams (Scheme 1). The mixture, after
careful flash column chromatographic separation on silica gel,
furnished diastereomeric compounds 3 and 4 in 35% and 41%
yields respectively. The C2-symmetric structure for bis-b-lactam
3 was assigned from 1H NMR spectral analysis. The 1H NMR
spectrum of the compound 3 showed two doublets at d 2.86
and 3.86 with geminal coupling of 11 Hz for the protons of the
methylene groups joining two b-lactam rings. The meso structure
was assigned to the other diastereomer 4 as the 1H NMR spectrum
of this compound showed two multiplets at d 3.11 and 3.60


Scheme 1 Reagents and conditions: (a) triphosgene, Et3N, CH2Cl2,
0–25 ◦C, 15 h, (35% for 3 and 41% for 4).


due to the non-equivalence of the two methylenes joining the
two b-lactam rings. The structures of compounds 3 and 4 have
been further confirmed unambiguously by X-ray crystal analysis
(Fig. 1).


Fig. 1 Ortep view for compounds 3 and 4.


Propargyl esters 7 and 8 were prepared by coupling propargyl
alcohol with cholic acid 5 or deoxycholic acid 6 using EDC·HCl
[1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride]
as coupling agent in DMF at 0–25 ◦C with 88% and 90% yields
respectively (Scheme 2). Using similar reaction conditions, amides
9 and 10 containing terminal alkyne functionality were prepared
by coupling propargyl amine with cholic acid and deoxycholic
acid in excellent yields.


Our next goal was to synthesise targeted cholic acid/deoxy-
cholic acid dimers 11–18 linked with 1,2,3-triazole and bis-b-
lactam. Reaction of propargyl ester 8 and bis-b-lactams 4 in
t-BuOH–H2O (7 : 3) with CuSO4·5H2O, sodium ascorbate (click
chemistry) at 70 ◦C for 32 h afforded the deoxycholic acid
dimer linked with 1,2,3-triazole and bis-b-lactam 16 in 81% yield
(Scheme 3). It has been well established that reaction under
microwave conditions substantially decreased40 the reaction time
down to a few minutes as compared to several hours refluxing
under thermal conditions. The cycloaddition reaction of propargyl
esters 7, 8 and amides 9, 10 derived from cholic acid/deoxycholic
acid with diazido bis-b-lactam 3 in DMF–H2O (7 : 3) and
CuSO4·5H2O, sodium ascorbate under microwave irradiation for
five minutes furnished a diasteriomeric mixture of novel dimers
11–14 in 93–95% yields. In a similar way, microwave irradiation
of propargyl esters 7, 8 and amides 9, 10 with diazido bis-b-
lactam 4 afforded a diasteriomeric mixture of dimeric compounds
15–18 in 92 to 94% yields. The combination of racemic core 3
and 4 with optically pure 7–10 afforded a diastereomeric mixture
of dimers 11–18 in equal amounts. These diastereomers 11–18
were inseparable by flash column chromatography and also by
crystallization.


Scheme 2 Reagents and conditions: (a) EDC·HCl, HOBt, propargyl alcohol/propargyl amine hydrochloride, Et3N, DMF, 0–25 ◦C, 12 h.
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Scheme 3 Reagents and conditions: (a) sodium ascorbate, CuSO4·5H2O, DMF–H2O (7 : 3), microwave (385 watt), 5 min, 92–95%.


Biological evaluation


Antimicrobial activity


All the newly synthesized dimers 11–18 were tested in vitro
for antifungal and antibacterial activity. The antifungal activity
was tested using the fungal strains Candida albicans, Crypto-
coccus neoformans (human pathogen), Benjaminiella poitrasii,
Yarrowia lipolytica (saprophytes) and Fusarium oxysporum (plant
pathogen). The antibacterial activity was evaluated against Es-
cherichia coli and Staphylococcus aureus. The MIC and IC50 values
were determined using a standard broth microdilution technique
described by NCCLS.41 In comparison with the antimicrobial
activity, amphotericin B and fluconazole were used as the reference
antifungal agents, while tetracycline and ampicillin were used
as the reference antibacterial agents. All the biological data of
the tested compounds are depicted in Table 1 as MIC and IC50


values.
As seen in Table 1, most of the synthesised dimers 11–18 showed


moderate to good antifungal and antibacterial activity against all
the tested fungal and bacterial strains. The activity of compounds
13 and 17 was higher than that of fluconazole against C. albicans
with a MIC value of 16–25 mg mL-1. The compounds 13 and 15–
18 showed good antifungal activity against C. neoformans having
a MIC value of 16–36 mg mL-1 higher or comparable to that of
reference drug fluconazole. However, all the compounds 11–18
except 15 showed significant growth inhibitory activity against B.
poitrasii. Y. lipolytica was adversely affected by 12, 13 and 15–
18, and in particular, 15 and 16 were the most potent with low
MIC values of 8–10 mg mL-1. Compound 12 showed significant


inhibitory effect with a MIC value of 16 mg mL-1, comparable to
that of amphotericin B against F. oxysporum, whereas compounds
11, 13 and 17 also showed promising activity against F. oxysporum.
Furthermore, among the dimers 11–18, none of the compounds
showed more or comparable antibacterial activity against E. coli
than tetracycline or ampicillin; compounds 11, 13, 15 and 18 were
found to be moderately active with MIC values of 16–22 mg mL-1.
However, only compound 13 showed comparable activity to that
of tetracycline and ampicillin against S. aureus with a MIC value
of 16 mg mL-1. From the overall activity results, it was observed
that the ester or amide linkage did not affect the activity of the
compounds.


Cytotoxic activity


The cytotoxicity of all the dimers 11–18 was assessed in vitro
against human embryonic kidney (HEK-293) and human mam-
mary adenocarcinoma (MCF-7) cell lines. Bile acid derivatives are
known to promote proliferation and metastasis of cells of cancer
origin and inhibit the proliferation of cells of non-cancer origin.42


Hence we tested the cytotoxicity of the synthesized compounds in
two different cell lines, one of cancer origin and the other of non-
cancer origin. HEK-293 cells are normal human embryonic kidney
cells where as MCF-7 cells are human breast cancer derived. The
cytotoxicity of the compounds 11–18 against HEK-293 and MCF-
7 cells was evaluated using MTT assay.43 The observed IC50 values
of all the evaluated compounds are shown in Table 2. Among
them, compound 11 was the most toxic to both cell lines, with IC50


values of 10 and 80 mM; the rest of the compounds did not show
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Table 1 In vitro antimicrobial activity of compounds 11–18


Inhibitory concentration/mg mL-1


Fungal strains Bacterial strains


CA CN BP YL FO EC SA


Compound MICa IC50
b MIC IC50 MIC IC50 MIC IC50 MIC IC50 MIC IC50 MIC IC50


11 32 12 51 11 17 2 >128 32 19 9 16 10 47 11
12 64 33 >128 38 44 10 14 8 16 9 >128 57 37 17
13 16 8 18 5 32 21 35 16 25 8 22 9 16 7
14 >128 35 >128 43 43 9 >128 64 75 42 67 28 >128 53
15 85 17 17 4 94 36 10 6 64 42 19 7 32 16
16 64 41 32 4 41 12 8 4 31 10 47 19 64 29
17 25 10 36 11 12 4 16 4 27 8 80 29 77 22
18 67 29 16 6 41 15 17 8 32 10 18 11 >128 64
Ampho. B 2 0.5 27 10 23 8 15 9 16 8 — — — —
Fluconazole 28 4 43 22 39 17 78 36 8 4 — — — —
Tetracycline — — — — — — — — — — 9 3 16 8
Ampicillin — — — — — — — — — — 2 1 14 4


CA, Candida albicans (values were recorded after 48 h); CN, Cryptococcus neoformans (values were recorded after 72 h); BP, Benjaminiella poitrasii; YL,
Yarrowia lipolytica (values were recorded after 24 h); FO, Fusarium oxysporum (values were recorded after 48 h); EC, Escherichia coli; SA, Staphylococcus
aureus (values were recorded after 24 h). Negative control, DMSO (2.5% v/v), No inhibition. “–” Not tested.a MIC (minimum inhibitory concentration)
was determined as 90% inhibition of growth with respect to the growth control. b IC50 was the concentration at which 50% growth inhibition was observed.


Table 2 Cytotoxicity of compounds 11–18


IC50/mM


Compound HEK-293 MCF-7


11 10 80
12 >1000 >1000
13 100 >1000
14 500 >1000
15 500 1000
16 >1000 >1000
17 100 >1000
18 >1000 >1000


any cytotoxicity up to 500 mM concentration to both cell lines.
Furthermore, it was observed that compounds 12, 13, 16 and 18
enhanced the proliferation of MCF-7 cells and not HEK-293 cells.


Conclusion


A series of novel bile acid dimers 11–18 linked through 1,2,3-
triazole and bis-b-lactam have been synthesized using a Cu(I)
catalysed cycloaddition reaction (click chemistry) of diazido bis-
b-lactams 3–4 and terminal alkynes 7–10 derived from cholic
acid/deoxycholic acid in excellent yield. These novel dimers 11–
18 were evaluated for antifungal as well as antibacterial and
cytotoxic activities. Most of the compounds demonstrated potent
antimicrobial activity against all the strains tested. Among them,
compounds 13 and 17 showed significant antifungal activity
against human pathogen, C. albicans and compounds 13, 15 and
18 showed appreciable antifungal activity against C. neoformans
than reference drug fluconazole. In the case of plant pathogen F.
oxysporum, compound 12 showed comparable inhibitory activity
to amphotericin B. In particular, compounds 15 and 16 exhibited
the most significant activity against Y. lipolitica with MIC values
of 8–10 mg mL-1. Compounds 11, 13 and 15 derived from cholic


acid were moderately active against E. coli. Additionally, only
compound 13 exhibited comparable activity against S. aureus to
that of reference drugs. Furthermore, except compound 11, all
other compounds (12–18) did not show any significant cytotoxicity
to the tested cell lines. The synthesis of bile acid dimers linked with
two pharmacophores, 1,2,3-triazole and b-lactam, can open up a
new horizon for the control of human and plant pathogens.


Experimental section


General methods


All melting points were determined on a Yanco Micro melting
point apparatus and are uncorrected. Optical rotations were
obtained on a Bellingham and Stanly ADP-220 Polarimeter.
Reactions were monitored by thin-layer chromatography (TLC)
using TLC aluminium sheets, silica gel 60-F254 precoated, Merck,
Germany and spots were located using UV light as the visualizing
agent or spraying with ethanolic phosphomolybdic acid (PMA)
solution, followed by heating. Column chromatography was
performed on silica gel. 1H and 13C NMR spectra were recorded
on Bruker AC-200 (200 MHz) at 200.13 and 50.32 or on a
Bruker MSL-300 at 300.13 and 75.47 or on a Bruker DRX-500
spectrometer at 500.13 and 125.78 respectively. Chemical shifts are
given in d values relative to TMS (tetramethylsilane) as internal
standard. IR spectra were recorded on Schimadzu 8400 series
FTIR instrument and values are reported in cm-1 units. Specific
rotations ([a]D) are reported in deg dm-1 and the concentration
(c) is given in g/100mL in the specific solvent. Mass spectra
were recorded by either a LC-MS or MS-TOF API QSTAR
PULSAR spectrometer, samples introduced by infusion method
using electrospray ionisation technique. Elemental analyses were
performed by a CHNS-O EA 1108-Elemental analyser, Carlo Erba
Instrument (Italy) or Elementor Vario EL (Germany) and were
within ±0.3% of calculated values.
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Procedure for the synthesis of b-lactams 3 and 4


A solution of triphosgene (0.741 g, 2.5 mmol), in anhydrous
CH2Cl2 (20 mL), was added slowly to a mixture of the potassium
salt of azidoacetic acid 1 (0.695 g, 5 mmol), imine 2 (0.472 g,
2 mmol) and triethylamine (2 mL, 15 mmol) in anhydrous CH2Cl2


(20 mL) at 0 ◦C. After the addition, the reaction mixture was
allowed to warm up to room temperature (25 ◦C) and was stirred
for 15 h. The reaction mixture was then washed with water (25 mL),
saturated sodium bicarbonate solution (2 ¥ 20 mL) and brine
(20 mL). The organic layer was dried over anhydrous sodium sul-
fate and concentrated to get the crude product as a diastereomeric
mixture. Flash column chromatographic purification over silica gel
using ethyl acetate–petroleum ether (12 : 88) as an eluent afforded
pure b-lactam 3 (0.281 g, 35%). Further elution with same solvent
system yielded pure b-lactam 4 (0.329 g, 41%).


1,2-Bis[3¢-azido-4¢-phenylazetidin-2¢-one-1¢-yl]ethane 3. Mp
123–124 ◦C; (Found: C, 59.87; H, 4.62; N, 28.09. Calc.
for C20H18N8O2: C, 59.69; H, 4.51; N, 27.85%.); IR nmax


(CHCl3)/(cm-1) 2115 (N3), 1762 (CO); 1H NMR (CDCl3, 200
MHz) d 7.46–7.21 (10H, m, Ar-H), 5.17 (2H, d, J = 5.1), 4.91
(2H, d, J = 5.1), 3.84 (2H, d, J = 11.2), 2.86 (2H, d, J = 11.2);
13C NMR (CDCl3, 50 MHz) d 165.8, 132.6, 129.1, 128.8, 127.7,
68.6, 59.9, 37.8. MS (LCMS) m/z: 425 (M + Na)+.


1-[3¢-Azido-4¢-phenylazetidin-2¢-one-1¢-yl]-2-[3¢¢-azido-4¢¢-phenyl-
azetidin-2¢¢-one-1¢¢-yl]ethane 4. Mp 162–163 ◦C; (Found: C,
59.57; H, 4.29; N, 28.13. Calc. for C20H18N8O2: C, 59.69; H, 4.51;
N, 27.85%.); IR nmax (CHCl3)/(cm-1) 2115 (N3), 1762 (CO); 1H
NMR (CDCl3, 200 MHz) d 7.48–7.28 (10H, m, Ar-H), 4.79 (2H,
d, J = 4.9), 4.74 (2H, d, J = 4.9,), 3.55–3.69 (2H, m), 3.04–3.18
(2H, m); 13C NMR (CDCl3, 50 MHz) d 164.7, 132.3, 129.3, 128.9,
127.9, 68.1, 60.9, 38.6. MS (LCMS) m/z: 425 (M + Na)+.


X-Ray crystal structure determination for 3 and 4


Single crystals of compounds 3 and 4 were obtained from an
ethyl acetate–light petroleum ether mixture (30 : 70). X-Ray
diffraction data were collected on a Bruker SMART APEX
CCD diffractometer with graphite-monochromatized (Mo Ka =
0.71073 Å) radiation at room temperature (297 K).†


Crystallographic data for 3. (C20H18N8O2): M = 402.42, crystal
dimensions 0.58 ¥ 0.32 ¥ 0.17 mm3, monoclinic, space group
P 21/c, a = 13.838(11), b = 6.873(6), c = 22.068(19) Å, b =
96.710(15)◦; V = 2085(3) Å3; Z = 4; rcalcd = 1.282 gcm-3, m (Mo-
Ka) = 0.089 mm-1, F(000) = 840, 2qmax = 50.00◦, 9849 reflections
collected, 3667 unique, 2786 observed (I > 2s (I)) reflections,
298 refined parameters, R value 0.0541, wR2 = 0.1327 (all data
R = 0.0699, wR2 = 0.1433), S = 1.068, minimum and maximum
transmission 0.9503 and 0.9851; maximum and minimum residual
electron densities 0.155 and -0.142 e Å-3.


Crystallographic data for 4. (C20H18N8O2): M = 402.42, crystal
dimensions 0.78 ¥ 0.15 ¥ 0.13 mm3, monoclinic, space group
P 21/c, a = 13.196(8), b = 5.751(4), c = 13.632(8) Å, b =
109.453(9)◦; V = 975.4(10) Å3; Z = 2; rcalcd = 1.370 gcm-3, m (Mo-
Ka) = 0.095 mm-1, F(000) = 420, 2qmax = 50.00◦, 8813 reflections
collected, 1715 unique, 1538 observed (I > 2s (I)) reflections,
136 refined parameters, R value 0.0359, wR2 = 0.0896 (all data
R = 0.0399, wR2 = 0.0930), S = 1.070, minimum and maximum


transmission 0.9296 and 0.9878; maximum and minimum residual
electron densities 0.149 and -0.128 e Å-3.


All the data were corrected for Lorentzian, polarization and
absorption effects using Bruker’s SAINT and SADABS programs.
SHELX-97 (G. M. Sheldrick, SHELX-97 program for crystal
structure solution and refinement, University of Gottingen, Ger-
many, 1997) was used for structure solution and full-matrix least-
squares refinement on F 2. Hydrogen atoms for both the structures
were placed in a geometrically idealized position with C–H =
0.93 Å (for Ar–H), C–H= 0.98 Å (for methyne-H) and C–H =
0.97 Å (for methylene-H) and constrained to ride on their parent
atoms with U iso(H) = 1.2U eq(C).


General procedure for the synthesis of alkyne compounds 7–10


EDC·HCl (1.5 equiv) and HOBt (0.5 equiv) were added to a
solution of cholic acid/deoxycholic acid (1 equiv) and propargyl
alcohol/propargyl amine (1.1 equiv) in dry DMF (5 mL) under
argon at 0 ◦C. After the addition, the reaction mixture was allowed
to warm up to 25 ◦C and was stirred for 12 h. The reaction
was quenched by adding crushed ice and extracted three times
with ethyl acetate. The combined extracts were washed with
water and brine, dried over anhydrous sodium sulfate, filtered and
concentrated in vacuo. The resulting crude product was purified
by column chromatography to give pure alkyne compounds 7–10.


Propargyl 3a,7a,12a-trihydroxy-5b-cholan-24-oate 7. Yield:
88%; mp 112–114 ◦C; [a]27


D +26.15 (c 1.3, CHCl3); (Found: C,
72.35; H, 9.23. Calc. for C27H42O5: C, 72.61; H, 9.48%.); IR nmax


(CHCl3)/(cm-1) 3396, 3307, 1737; 1H NMR (CDCl3, 200 MHz) d
4.68 (2H, d, J = 2.5 Hz, OCH2), 3.96 (1H, bs, CH-12), 3.84 (1H,
bs, CH-7), 3.45 (1H, m, CH-3), 2.47 (1H, t, J = 2.5 Hz, alkyne
CH), 0.98 (3H, d, J = 5.8 Hz, CH3-21), 0.89 (3H, s, CH3-19), 0.68
(3H, s, CH3-18); 13C NMR (CDCl3, 75 MHz) d 173.4, 77.7, 74.7,
73.0, 71.7, 68.3, 51.6, 46.8, 46.3, 41.4, 39.3, 35.1, 34.7, 30.9, 30.6,
30.2, 29.6, 28.0, 27.4, 26.1, 23.1, 22.3, 17.2, 12.3; MS (LCMS) m/z:
469 (M + Na)+.


Propargyl 3a,12a-dihydroxy-5b-cholan-24-oate 8. Yield: 90%;
mp 160–161 ◦C; [a]27


D +43.5 (c 1.5, CHCl3); (Found: C, 75.11;
H, 9.62. Calc. for C27H42O5: C, 75.31; H, 9.83%.); IR nmax


(CHCl3)/(cm-1) 3382, 3307, 1737; 1H NMR (CDCl3, 300 MHz) d
4.68 (2H, d, J = 2.2 Hz, OCH2), 3.98 (1H, bs, CH-12), 3.55–3.64
(1H, m, CH-3), 2.47 (1H, t, J = 2.2 Hz, alkyne CH), 0.97 (3H, d,
J = 5.9 Hz, CH3-21), 0.91 (3H, s, CH3-19), 0.67 (3H, s, CH3-18);
13C NMR (CDCl3, 75 MHz) d 173.2, 77.7, 74.6, 72.9, 71.5, 51.6,
48.1, 47.1, 46.4, 42.0, 36.3, 35.9, 35.2, 35.1, 34.0, 33.5, 30.9, 30.7,
30.2, 28.5, 27.4, 27.1, 26.06, 23.6, 22.9, 17.1, 12.6; MS (LCMS)
m/z: 453.14 (M + Na)+.


N-Propargyl-3a,7a,12a-trihydroxy-5b-cholan-24-amide 9. Yi-
eld: 89%; mp 276–278 ◦C; [a]27


D +22.9 (c 1.31, CHCl3); (Found: C,
72.93; H, 9.51; N, 2.92. Calc. for C27H43NO4: C, 72.77; H, 9.73;
N, 3.14%.); IR nmax (CHCl3)/(cm-1) 3309, 1652; 1H NMR (CDCl3,
200 MHz) d 6.43 (1H, t, J = 5.2 Hz, CONH), 4.02–4.06 (2H, m,
NH-CH2), 3.97 (1H, bs, CH-12), 3.84 (1H, bs, CH-7), 3.38–3.51
(1H, m, CH-3), 2.84 (3H, s, OH), 2.24 (1H, t, J = 2.5 Hz, alkyne
CH), 0.99 (3H, d, J = 5.8 Hz, CH3-21), 0.89 (3H, s, CH3-19), 0.68
(3H, s, CH3-18); 13C NMR (CDCl3, 50 MHz) d 174.2, 80.0, 73.1,
71.8, 71.1, 68.4, 46.2, 41.4, 39.3, 35.3, 35.2, 34.7, 34.6, 32.4, 31.4,
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30.2, 28.9, 28.0, 27.5, 26.2, 23.2, 22.4, 17.4, 12.4; MS (LCMS) m/z:
446.19 (M + 1)+, 468.16 (M + Na)+.


N-Propargyl-3a,12a-dihydroxy-5b-cholan-24-amide 10. Yield:
92%; mp 184 ◦C; [a]27


D +51.76 (c 0.97, CHCl3); (Found: C, 75.26;
H, 9.87; N, 3.45. Calc. for C27H43NO3: C, 75.48; H, 10.09; N,
3.26%.); IR nmax (CHCl3)/(cm-1) 3475, 3446, 3238, 3209, 1633; 1H
NMR (CDCl3 + DMSOD6, 200 MHz) d 6.80 (1H, bs, CONH),
3.88–3.92 (2H, m, NH-CH2), 3.85 (1H, bs, CH-12), 3.41–3.55 (1H,
m, CH-3), 2.14 (1H, t, J = 2.5 Hz, alkyne CH), 0.87 (3H, d, J =
6.1 Hz, CH3-21), 0.79 (3H, s, CH3-19), 0.56 (3H, s, CH3-18); 13C
NMR (CDCl3 + DMSOD6, 50 MHz) d 174.5, 79.3, 72.7, 71.0,
70.7, 47.7, 46.3, 46.0, 41.8, 35.6, 35.0, 34.9, 33.8, 33.2, 32.3, 31.2,
29.4, 28.4, 28.2, 27.2, 26.8, 25.8, 23.4, 22.7, 16.6, 12.3; MS (LCMS)
m/z: 430.21 (M + 1)+, 452.19 (M + Na)+.


General procedure for the synthesis of dimers 11–18


The alkynes of cholic acid/deoxycholic acid (1 equiv) and the
diazido bis-b-lactams 3 or 4 (0.5 equiv) were dissolved in DMF–
H2O 7 : 3 (10 mL). To this solution, CuSO4·5H2O (0.05 equiv) and
sodium ascorbate (0.5 equiv) were added. The reaction mixture
was placed in a domestic microwave reactor and irradiated for
5 min at 385 watt. It was then cooled to room temperature,
quenched with crushed ice and extracted with ethyl acetate.
The extract was washed with water and brine, and dried over
anhydrous sodium sulfate. The solvent was evaporated under
reduced pressure and the crude product was purified by column
chromatography to obtain dimers 11–18.


Dimer 11. Mp 167–168 ◦C; (Found: C, 68.45; H, 7.71; N, 8.89.
Calc. for C74H102N8O12: C, 68.60; H, 7.94; N, 8.65%.); IR nmax


(CHCl3)/(cm-1) 3411, 1766, 1731; 1H NMR (CDCl3, 400 MHz) d
7.50 (1H, s, triazole-H), 7.47 (1H, s, triazole-H), 7.21 (10H, bs, Ar-
H), 6.16 (1H, d, J = 4.8, Hz), 6.13 (1H, d, J = 5.0, Hz), 5.56 (2H,
d, J = 4.8 Hz), 4.97 (4H, s, -OCH2), 4.11 (2H, t, J = 9.3 Hz), 3.94
(2H, bs, CH-12), 3.84 (2H, d, J = 13.6 Hz, CH-7), 3.40 (2H, bs,
CH-3,), 3.13 (2H, t, J = 11.8 Hz), 0.94 (6H, s, CH3-19), 0.86 (6H,
d, J = 7.8 Hz, CH3-21), 0.64 (6H, s, CH3-18); 13C NMR (CDCl3,
125 MHz) d 173.7, 163.4, 142.4, 130.9, 128.8, 128.4, 126.6, 124.0,
72.6, 71.3, 68.7, 67.9, 60.4, 56.5, 46.4, 46.0, 41.1, 39.0, 38.9, 38.6,
34.9, 34.4, 34.2, 30.7, 30.3, 29.6, 27.7, 27.2, 25.9, 22.8, 22.1, 16.8,
12.1; MS (LCMS) m/z: 1295 (M + 1)+, 1318 (M + Na)+.


Dimer 12. Mp 157–159 ◦C; (Found: C, 70.07; H, 7.94; N, 9.02.
Calc. for C74H102N8O10: C, 70.34; H, 8.14; N, 8.87%.); IR nmax


(CHCl3)/(cm-1) 3434, 1768, 1730; 1H NMR (CDCl3, 200 MHz):
d 7.43 (2H, s, Ar-H), 7.20–7.25 (10H, m, Ar-H), 6.15–6.12 (2H,
m), 5.55 (2H, d, J = 5.1 Hz), 4.97 (4H, s, -OCH2), 4.12 (2H, d,
J = 11.1 Hz), 3.97 (1H, bs, CH-12), 3.66–3.55 (2H, m, CH-3), 3.13
(2H, d, J = 11.3 Hz), 2.35–2.16 (4H, m, -CH2CO), 0.94 (6H, d,
J = 5.8 Hz, CH3-21), 0.91 (6H, s, CH3-19), 0.66 (6H, s, CH3-18);
13C NMR (CDCl3, 100 MHz): d 173.7, 163.6, 142.7, 131.2, 129.1,
128.7, 126.8, 123.9, 72.9, 71.5, 69.1, 60.6, 56.9, 48.1, 47.0, 46.4,
42.0, 38.7, 36.3, 35.9, 35.2, 35.0, 34.0, 33.5, 31.0, 30.9, 30.6, 30.3,
28.6, 27.4, 27.0, 26.1, 23.6, 23.0, 17.2, 12.6; MS (LCMS) m/z: 1286
(M + Na)+.


Dimer 13. Mp 195–196 ◦C; (Found: C, 68.41; H, 8.23; N, 10.66.
Calc. for C74H104N10O10: C, 68.70; H, 8.10; N, 10.83%.); IR nmax


(Nujol)/(cm-1) 3369, 1758, 1650; 1H NMR (CDCl3 + CD3OD,


500 MHz) d 7.53 (2H, s, triazole-H), 7.21 (10H, bs, Ar-H), 6.12
(2H, bs, unresolved splitting), 5.55 (2H, s, unresolved splitting),
4.19 (4H, s, -NHCH2), 4.08 (2H, t, J = 9.8 Hz, N-CH2), 3.94
(2H, bs, CH-12), 3.83 (2H, bs, CH-7), 3.42–3.37 (2H, m, CH-3,),
3.17–3.14 (2H, m, N-CH2), 0.96 (6H, d, J = 5.5 Hz, CH3-21),
0.89 (6H, s, CH3-19), 0.66 (6H, s, CH3-18); 13C NMR (CDCl3, 125
MHz) d 174.6, 163.5, 144.7, 130.8, 128.7, 128.2, 126.7, 123.2, 72.6,
71.2, 68.7, 67.8, 60.6, 46.1, 45.9, 41.2, 41.1, 39.0, 38.7, 38.6, 35.0,
34.9, 34.3, 34.1, 33.8, 32.3, 31.2, 29.4, 27.6, 27.1, 25.9, 22.8, 22.0,
16.7, 12.0; MS (LCMS) m/z: 1316 (M + Na)+.


Dimer 14. Mp 177–178 ◦C; (Found: C, 70.37; H, 8.08; N, 11.29.
Calc. for C74H104N10O8: C, 70.45; H, 8.31; N, 11.10%.); IR nmax


(CHCl3)/(cm-1) 3392, 1766, 1658; 1H NMR (CDCl3 + CD3OD,
500 MHz) d 7.21 (10H, bs, Ar-H), 6.21 (2H, bs, unresolved
splitting), 5.56 (2H, bs, unresolved splitting), 4.10 (4H, s, -
NHCH2), 3.96 (2H, s, CH-12), 3.58 (2H, bs, CH-3), 3.14–3.00
(4H, m, -NCH2), 0.96 (6H, bs, CH3-21), 0.90 (6H, s, CH3-19),
0.67 (6H, s, CH3-18); 13C NMR (CDCl3 + CD3OD 125 MHz): d
163.7, 130.8, 128.8, 128.3, 126.7, 72.6, 71.0, 70.0, 59.9, 47.7, 46.4,
46.1, 41.7, 38.5, 35.7, 35.6, 35.1, 34.9, 33.8, 33.1, 31.2, 29.5, 28.2,
27.2, 26.8, 25.8, 23.4, 22.7, 16.8, 12.3; MS (LCMS) m/z: 1284
(M + Na)+, 1285 (M + Na + 1)+.


Dimer 15. Mp 173–175 ◦C; (Found: C, 68.74; H, 7.83; N, 8.57.
Calc. for C74H102N8O12: C, 68.60; H, 7.94; N, 8.65%.); IR nmax


(CHCl3)/(cm-1) 3454, 1770, 1731; 1H NMR (CDCl3, 400 MHz) d
7.67 (1H, s, triazole-H), 7.49 (1H, s, triazole-H), 7.30–7.27 (10H,
m, Ar-H), 6.23–6.16 (2H, m), 5.38 (2H, bs, unresolved splitting),
5.0 (4H, bs, -OCH2), 3.95 (2H, bs, CH-12), 3.84 (2H, bs, CH-7),
3.76–3.47 (6H, m, 2 ¥ CH-3, 2 ¥ -NCH2), 0.95 (6H, bs, CH3-21),
0.88 (6H, s, CH3-19), 0.67 (6H, s, CH3-18); 13C NMR (CDCl3,
125 MHz): d 173.8, 163.2, 131.1, 129.2, 128.6, 127.0, 72.7, 71.4,
68.7, 68.1, 61.7, 56.7, 2 ¥ 46.6, 46.1, 41.3, 40.3, 39.2, 35.1, 34.5,
34.3, 30.8, 30.5, 29.8, 27.8, 27.3, 26.0, 22.8, 22.2, 17.0, 12.2; MS
(LCMS) m/z: 1317 (M + Na)+.


Dimer 16. Mp 145–146 ◦C; (Found: C, 70.26; H, 8.11; N, 8.96.
Calc. for C74H102N8O10: C, 70.34; H, 8.14; N, 8.87%.); IR nmax


(CHCl3)/(cm-1) 3442, 1766, 1731; 1H NMR (CDCl3, 200 MHz) d
7.62 (2H, s, triazole-H), 7.32–7.22 (10H, m, Ar-H), 6.15–6.13 (2H,
m), 5.37–5.33 (2H, m), 5.0 (4H, s, -OCH2), 3.97 (1H, bs, CH-12),
3.83–3.43 (6H, m, 2 ¥ CH-3, 2 ¥ -NCH2), 0.95 (6H, bs, CH3-21),
0.91 (6H, s, CH3-19), 0.67 (6H, s, CH3-18); 13C NMR (CDCl3,
100 MHz): d 173.6, 163.1, 142.5, 131.2, 129.1, 128.6, 127.0, 124.1,
72.3, 71.3, 68.7, 61.8, 56.8, 47.9, 46.8, 46.3, 41.9, 40.3, 36.2, 35.8,
35.1, 35.0, 33.9, 33.3, 30.8, 30.5, 30.1, 28.5, 27.3, 27.0, 26.0, 23.5,
22.9, 17.0, 12.5; MS (LCMS) m/z: 1285 (M + Na)+.


Dimer 17. Mp 199–200 ◦C; (Found: C, 68.46; H, 8.31; N, 10.54.
Calc. for C74H104N10O10: C, 68.70; H, 8.10; N, 10.83%.); IR nmax


(CHCl3)/(cm-1) 3500, 1758, 1650; 1H NMR (CDCl3 + DMSOD6,
400 MHz) d 7.60 (1H, s, triazole-H), 7.51 (1H, s, triazole-H),
7.27–7.25 (10H, m, Ar-H), 6.17–6.13 (2H, m), 5.38–5.35 (2H, m),
4.21 (4H, bs, -NHCH2), 3.90 (1H, bs, CH-12), 3.82–3.77 (4H, m,
2 ¥ CH-7, N-CH2), 3.48–3.43 (2H, m, CH-3), 3.39–3.33 (2H, m,
N-CH2), 0.98 (6H, d, J = 5 Hz, CH3-21), 0.88 (6H, s, CH3-19),
0.66 (6H, s, CH3-18); 13C NMR (CDCl3 + CD3OD, 125 MHz): d
174.5, 163.2, 144.6, 131.1, 129.0, 128.4, 127.0, 123.2, 72.7, 71.3,
68.5, 67.9, 61.6, 46.0, 41.3, 39.9, 39.1, 35.1, 34.5, 34.3, 32.3, 31.3,
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29.7, 29.4, 27.8, 27.2, 26.0, 22.9, 22.2, 17.0, 12.1; MS (LCMS) m/z:
1316 (M + Na)+.


Dimer 18. Mp 180–181 ◦C; (Found: C, 70.61; H, 8.15; N,
11.22. Calc. for C74H104N10O8: C, 70.45; H, 8.31; N, 11.10%.);
IR nmax (CHCl3)/(cm-1) 3373, 1768, 1658; 1H NMR (CDCl3, 400
MHz) d 7.58 (1H, s, triazole-H), 7.47 (1H, s, triazole-H), 7.27–
7.24 (10H, m, Ar-H), 6.72–6.63 (2H, m, -NH), 6.12 (2H, bs,
unresolved splitting), 5.34 (2H, bs, unresolved splitting), 4.27 (4H,
bs, -NHCH2), 3.96 (1H, bs, CH-12), 3.77 (2H, bs, N-CH2), 3.59–
3.45 (4H, m, 2 ¥ CH-3, N-CH2), 0.95 (6H, bs, CH3-21), 0.91 (6H, s,
CH3-19), 0.67 (6H, s, CH3-18); 13C NMR (CDCl3, 125 MHz): d
174.3, 163.0, 144.7, 131.0, 128.9, 128.3, 126.9, 123.1, 72.6, 71.0,
68.6, 61.4, 47.6, 46.3, 46.1, 41.7, 39.9, 35.8, 35.6, 35.1, 33.8, 33.1,
31.2, 29.7, 28.2, 27.2, 26.9, 25.9, 23.4, 22.8, 16.9, 12.3; MS (LCMS)
m/z: 1284 (M + Na)+.


Antimicrobial activity: materials and methods


Human pathogens C. albicans and C. neoformans; saprophytes B.
poitrasii and Y. lipolytica were maintained on YPG (yeast extract,
0.3%; peptone, 0.5%; and glucose, 1%) agar slants. F. oxysporum
(plant pathogen) was maintained on PDA (potato, 20%; dextrose,
2%) agar slants at 28 ◦C. E. coli and S. aureus were maintained
on nutrient agar (NA; beef extract, 0.3%; peptone, 0.5%; sodium
chloride, 0.5%) agar slants. Strains of C. albicans, C. neoformans,
Y. lipolytica and B. poitrasii were inoculated in YPG broth. C.
albicans, C. neoformans and Y. lipolytica were incubated at 28 ◦C
whereas B. poitrasii was incubated at 37 ◦C for 24 h. F. oxysporum
was inoculated in potato dextrose and incubated at 28 ◦C for 48 h
whereas bacterial strains E. coli and S. aureus were inoculated in
NA broth for 24 h. Compounds 11–18 were solubilized in DMSO
(2.5% v/v) and stock solutions of 1.28 mg mL-1 were prepared.
Amphotericin B, fluconazole, tetracycline and ampicillin were also
dissolved in DMSO, and were used as a positive control.


MIC and IC50 determination


In vitro antifungal and antibacterial activity of the newly synthe-
sized compounds were studied against the fungal strains viz., C.
albicans, C. neoformans, B. poitrasii, Y. lipolytica, F. oxysporum
strains and bacterial strains E. coli, and S. aureus, respectively to
find out MIC (minimum inhibitory concentration) and IC50 (50%,
inhibition of growth). All the experiments were done in triplicate
under similar experimental conditions. MIC and IC50 of the
synthesized compounds were determined according to a standard
broth microdilution technique as per NCCLS guidelines. Testing
was performed in U bottom 96 well tissue culture plates in YPG,
PD broth for fungal strains and nutrient broth for bacterial strains.
The concentration range of tested compounds and standard was
0.25 to 128 mg mL-1. The plates were incubated at 28 ◦C for all the
microorganisms (except at 37 ◦C for B. poitrasii). Absorbances at
600 nm were recorded to assess the inhibition of cell growth after
24 h for B. poitrasii and Y. lipolytica, 48 h for C. albicans and F.
oxysporum, 72 h for C. neoformans and 24 h for bacterial cultures.
MIC was determined as 90% inhibition of growth with respect to
the growth control and IC50 was the concentration at which 50%
growth inhibition was observed.


Antiproliferative activity. Materials and methods: cell culture


Human embryonic kidney (HEK-293) and human mammary
adenocarcinoma (MCF-7) cell lines were grown in a mono-
layer in nutrient media DMEM (Dulbecco’s Modified Eagle’s
Media) supplemented with fetal bovine serum (10%), penicillin
(100 U mL-1), and streptomycin (100 mg mL-1) (all from Invitrogen
Life Technologies, MD). The cells were grown at 37 ◦C in the
presence of 5% CO2.


MTT cell proliferation assay


HEK-293 and MCF-7 cells were plated at a density of 104 cells per
well in 96-well tissue culture plates. Cells were allowed to adhere
for 24 h at 37 ◦C. Stock solutions of all the compounds were
prepared in DMSO at a concentration of 10 mM and diluted to
the required concentration. The 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) was dissolved (5 mg mL-1)
in DMEM (without phenol red) and filtered through a 0.22 mm
filter before use. The cells were treated with various concentrations
(0, 1, 10, 100 and 1000 mM) of compounds dissolved in DMSO
for an additional 48 h, in triplicate. In the control wells, nutrient
medium with a corresponding concentration of DMSO only was
added to the cells. Thereafter, the drug containing medium was
replaced with 50 mL media containing 1 mg mL-1 MTT and
incubated for 4 h at 37 ◦C. Medium was then aspirated off from
the formazan crystals, which were then solubilized in 100 mL of
acidified isopropanol. The optical density was read on a microplate
reader at 570 nm using 630 nm as a reference filter against a blank
prepared from cell free wells. Absorbance given by cells treated
with the carrier DMSO alone was taken as 100% cell growth. All
assays were performed in triplicate.
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Free radical coupling of sinapyl g-acetate or cross-coupling between sinapyl acetate and sinapyl alcohol
yields novel tetrahydrofuran b–b-(cross-)coupled dehydrodimers. Such substructures are therefore
anticipated in naturally acetylated lignins, e.g. in Kenaf, if sinapyl acetate is a component of the lignin
monomer pool. The DFRC (derivatization followed by reductive cleavage) method, modified by
replacing all acetyl reagents and solvents with their propionyl analogs (DFRC¢), allows the analysis of
naturally acetylated lignins. DFRC¢ treatment of the sinapyl acetate-derived dimers or crossed dimers
gave diagnostic products that retain at least one acetate group on a sidechain g-position; the products
have been authenticated by comparison of their mass spectra and GC retention times with those of
synthesized compounds. DFRC¢ of Kenaf lignins produces the same diagnostic products as from the
dimers, implicating the presence of the various tetrahydrofuran units in Kenaf lignins. With data from
the model compounds in hand, NMR analysis of Kenaf lignins elegantly confirms the presence of such
substructures in the polymer, establishing that acetates on Kenaf lignins arise through incorporation of
sinapyl acetate, as a lignin precursor, via enzyme-mediated radical coupling mechanisms.


Introduction


Lignins are complex phenylpropanoid polymers accounting for
a substantial component of terrestrial plant biomass. They are
formed through enzyme-initiated radical coupling of three hy-
droxycinnamyl alcohols (monolignols), although other phenolic
monomers may also be significantly involved in lignification in
some plants.1–3 Selected lignins have long been known to be natu-
rally acylated by various acids.4 The biochemistry associated with
such acylation remains unresolved, however, and the presumably
required transferases are unknown.


Sites of acylation (regiochemistry) are important to establish
as they suggest biochemical incorporation pathways.5,6 Three
pathways have been considered responsible for acylation of lignins,
resulting in different regiochemistries:6 (a) free acids attack lignin
quinone methide intermediates, forming lignins with esters only
at the a-positions of lignin sidechains; (b) preformed g-acylated
hydroxycinnamyl alcohols are incorporated by radical coupling
into lignins during wall lignification so that esters are exclusively on
the g-positions of lignin sidechains; and c) acylation occurs post-
lignification, resulting in esters at g- and/or a-positions, depending
on the selectivity of the (presumably required) transferase and
the chemical structures of individual lignin units or sub-units.
Although early studies suggested mixed regiochemistry for p-
coumarates on grass lignins,7–10 more diagnostic investigations
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into maize lignins established a strict g-regiochemistry that was
subsequently verified in other grasses.11,12 The observation of p-
coumarates on the g-position of several types of units in lignin
(b-ethers, both isomers; phenylcoumarans; cinnamyl alcohol
endgroups)11 suggested that pathway (b) (pre-acylation of lignin
monomers) is the most likely pathway, as initially suggested by
Nakamura and Higuchi.10 However, unambiguous evidence has
not been forthcoming.


The primary aim of this study was to seek evidence for the partic-
ipation of the presumed pre-acylated monolignol sinapyl acetate in
Kenaf lignification. As outlined in a preliminary communication,13


there is one lignification pathway that is significantly altered
by pre-acetylation of the monolignols. That is the pathway in
which the g-OH on the monolignol becomes involved in post-
coupling reactions, i.e. the pathway normally leading to b–b-
coupled (resinol) units 3 (Fig. 1). The key concept is that, with
the g-position acetylated, b–b-coupling or cross-coupling can still
presumably occur but the re-aromatization reactions following
the radical coupling step can no longer be driven by the internal
attack of the g-OH on the quinone methide intermediates QM1/2
or QM2 (Fig. 1, top pathway) – the g-acetylation prevents such
a reaction. Other pathways must therefore be in effect producing
other products. The important point is that the acetyl group can re-
main attached in non-resinol b–b-coupling products, products that
could not have arisen from post-coupling acetylation reactions.


Therefore finding the unique non-resinol syringyl structures in
Kenaf lignins will establish beyond reasonable doubt that acetates
on Kenaf lignins arise through incorporation of pre-acetylated
sinapyl alcohol, as a lignin precursor, via radical coupling mech-
anisms. In the previous communication,13 we reported that b–
b-coupled dimeric DFRC¢ products containing g-acetate groups
were tentatively identified by GC–MS. In this work, all expected
diagnostic b–b-coupled DFRC¢ degradation products from Kenaf
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Fig. 1 Dehydrodimerization of sinapyl alcohol 1, and sinapyl acetate 2, and cross-coupling of 1 and 2. The traditional monolignol 1 will dehydrodimerize
initially, forming the b–b-coupled bis(quinone methide) intermediate QM1, which re-aromatizes by internal g-OH attack on each quinone methide
electrophilic a-carbon to produce syringaresinol 3 as the overwhelmingly major product. When sinapyl acetate 2 dimerizes, it forms an analogous
bis(quinone methide) intermediate QM2. However, QM2 can not be re-aromatized by internal trapping; structures 5 arise from water attack on one
quinone methide moiety with the resulting a-OH attacking the other quinone methide to form a tetrahydrofuran. When 1 and 2 radicals cross-couple,
the intermediate bis(quinone methide) QM1/2 now has one quinone methide moiety which can be internally trapped by the single g-OH to form a single
tetrahydrofuran ring, but the other quinone methide can only be re-aromatized by attack of an external nucleophile. The b–b-bond formed via radical
coupling is shown bolded.


lignins were observed and identified by comparison of their mass
spectra and GC retention times with those of synthesized authen-
tic compounds. Phenol-methylated tetrahydrofuran model com-
pounds 4M–5M (see later in Fig. 6), corresponding to non-resinol
b–b-structures presumably existing in Kenaf lignins, were also syn-
thesized. With these model compound data, 2D NMR analysis of
the Kenaf lignins allows the identification of such tetrahydrofuran
structures in the polymer. The findings described here provide
strong evidence that acetate groups in Kenaf lignins arise from pre-
acetylated sinapyl alcohol, i.e. sinapyl g-acetate, which participates
in the formation of lignin macromolecules by conventional radical
coupling processes. Logically, other acylated lignins also result
from lignification using acylated monolignols as monomers.


Results and discussion


Oxidative coupling products from sinapyl alcohol and sinapyl
acetate


Enzyme-catalyzed oxidation of 4-hydroxycinnamyl alcohols (p-
coumaryl, coniferyl and sinapyl alcohols) has been con-
ducted extensively in studies related to lignin biosynthesis


and lignin structures.14–18 Oxidation of coniferyl alcohol with
H2O2/peroxidase or metal oxidants leads to complex mixtures
of dimeric and oligomeric products.19,20 However, the oxidation
of sinapyl alcohol with H2O2/peroxidase gave the b–b-coupled
dehydrodimer, syringaresinol, as the predominant product, along
with a small amount of the arylglycerol-b-aryl ether (b-O-4-dimer)
being reported.21 In this study, sinapyl alcohol was oxidized with
H2O2/peroxidase in a 20 mM phosphate buffer solution contain-
ing 17% (v/v) acetone to solubilize the substrates. Syringaresinol
was found to be the only b–b-coupled dimeric product, consistent
with previous results. However, no b-O-4-dimer could be detected
here in NMR spectra of the crude product. Oxidation of sinapyl
acetate 2 (Fig. 1, lower pathway) under similar conditions yielded
several b–b-coupled products from which tetrahydrofurans 5a
(major) and 5b (minor) were isolated and identified. Compounds
structurally similar to 5, solely threo-b–b-coupled products, have
been obtained from H2O2/peroxidase oxidation of isoeugenol and
(E)-2,6-dimethoxy-4-propenylphenol.22 Other 4-propenylphenol
derivatives such as (E)-coniferyl alcohol, (E)-ferulic acid, (E)-
sinapyl alcohol as well as (E)-sinapic acid have also been
found to yield threo-b–b-coupled tetrahydrofuran products. This
stereoselectivity was considered to result from an intermediate


3682 | Org. Biomol. Chem., 2008, 6, 3681–3694 This journal is © The Royal Society of Chemistry 2008







charge-transfer complex in which the two aromatic rings are
parallel and aligned in a ‘tail to tail’ manner.22 In the case of sinapyl
acetate 2, the b–b-coupling reaction should have a selectivity
similar to that of (E)-sinapyl alcohol and yield threo-products
with compound 5a as the predominant isomer (Fig. 1). Some of
the acetyl groups of 2 hydrolyzed during the course of oxidation,
so syringaresinol 3 and cross-coupled products 4a and 4b were
also produced. When equimolar amounts of sinapyl alcohol 1 and
sinapyl acetate 2 were oxidized together with H2O2/peroxidase, the
cross-coupled compounds 4 were formed as the major products,
the minor products being 3 and 5a. This result is particularly
interesting because cross-coupled dimers are not generally found
to be major products from free radical coupling of two different
phenolic monomers. In fact the ratio of 3:4:5 was essentially the
statistical 1 : 2 : 1, suggesting little selectivity in the reaction.
Therefore radicals from sinapyl acetate 2 can equally homo-
couple or hetero-couple with sinapyl alcohol 1 radicals during
the enzyme-catalyzed oxidation process.


It would be reasonable to expect that substructures like com-
pounds 4–5 would exist in Kenaf lignins if sinapyl acetate 2,
as a lignin precursor, participates in lignification. b–b-Coupled
syringyl structures are relatively minor in lignins since they are
formed only in the initial coupling reactions of the sinapyl
alcohol monolignol – lignins derive principally from coupling
reactions between a monolignol (primarily at its b-position) and
the growing lignin oligomer/polymer (where only the 4-O- and,
in guaiacyl units, the 5-position are available; b–b-coupling as a
chain-extension reaction is not possible). So a sensitive analytical
method, DFRC¢ combined with GC–MS, was conveniently used
to seek proof for the existence of substructures 4–5 in Kenaf lignins
as discussed below.


DFRC¢ products from model compounds 3–5 and Kenaf lignins


The DFRC (derivatization followed by reductive cleavage) method
is a degradation procedure that produces analyzable monomers
and dimers by cleaving a- and b-ethers in lignins.23 Although the
mechanism is completely different, it is conceptually similar to
acidolytic methods such as acidolysis24 and thioacidolysis.25 An
advantage of the DFRC method is that g-ester groups on b-O-4-
linked lignin units remain intact.26 The method therefore allowed
us to confirm that p-coumarate groups are at the g-positions of
lignins in grasses such as maize, and that they are predominantly
on syringyl units of the lignins examined.6 A modified version
that replaces all acetyl reagents with propionyl analogs (DFRC¢,
see experimental section) allows natural acetates to be similarly
characterized.26 Analysis of DFRC¢ monomers from Kenaf bast
fiber established that acetates acylate the g-position of lignin
sidechains. They are also almost entirely on syringyl units (~60%
of the released syringyl monomers were acetylated vs. <1% of
guaiacyl monomers). Acetyl groups, like uronosyl groups but
unlike p-coumarates, are known to migrate on lignin sidechains27so
a mixed regiochemistry was anticipated; a small percentage of a-
acetylation was observed by NMR.28 An unambiguous approach
to determine whether lignin acetates arise from pre-acetylated
monolignols is therefore required.


Model reactions. To test if the DFRC¢ method is valid
for establishing the presence of structures 4–5 that have been
incorporated into Kenaf lignins, it is imperative to determine


whether unique and diagnostic products could result from DFRC¢
degradation. DFRC¢ treatment of syringaresinol 3 produced three
major products as indicated by GC (not shown). TLC separation
of the crude DFRC¢ products gave two major fractions. One
fraction was a mixture of two pairs of isomers with MW 570,
as indicated by GC–MS. They were characterized and identified
by NMR to be tetrahydronaphthalene (aryltetralin-type) dimers
10 and 11 as shown in Fig. 2. The major isomers of 10 and 11 have
a trans-configuration between substituents on carbons Aa and
Ab, as suggested by the dibenzylic proton NMR signals (Aa) at
around d 4.44–4.46, a broad singlet for 11 or a narrow doublet
(J = 1.45 Hz) for 10, similarly to that in methyl thomasidic
acid ester 15 (Fig. 3). The other fraction was a pair of isomers
with a MW of 644. The proton NMR and proton–proton
COSY NMR of this compound suggested that it also had an
aryltetralin-type skeleton and its major isomer was tentatively
assigned to be compound 6. Similar aryltetralin-type compounds
are also produced following thioacidolysis of b–b-linked lignin
units (pinoresinol and syringaresinol).25 The GC retention time,
mass spectrum and NMR data of 6 (isolated from DFRC¢ of 3)
were identical with those from synthesized authentic compound 6
(Fig. 3), confirming its structure.


When compound 5 was subjected to DFRC¢ treatment, three
compounds were also produced. Two of them were identified by
GC–MS and NMR after TLC purification as compounds 12 and
13, acetate analogs of 10 and 11. The third product was the di-g-
acetate analog of 6 as revealed by proton NMR. Comparison of the
GC retention time, mass spectrum and NMR data of this product
isolated from DFRC¢ of 5 with synthesized authentic compound 9
(Fig. 3) confirmed its identity to be 9 (Fig. 2). In summary, DFRC¢
of the sinapyl acetate dimer 5 produced analogs of the products
from syringaresinol in which the latter (6, 10–11) have propionate
groups on their Ag positions and the former (9, 12–13) retain their
initial acetate groups.


Following the results above from compounds 3 and 5, it is
not difficult to understand the formation of compounds 7 and
8 as well as compounds 10–13 when compound 4, the product
of cross-coupling between sinapyl acetate 2 and sinapyl alcohol
1 (Fig. 1), was subjected to the DFRC¢ degradation conditions
(Fig. 2). However, it was not straightforward to confirm that both
7 and 8 exist in DFRC¢ products from compound 4 because they
have the same MW (630) and similar/identical mass spectra, and
are so similar in structure that they were not resolved by TLC
or even GC under the conditions used in this study. Moreover,
compounds 7 and 8 have almost identical proton NMR data
(see experimental section); the 13C NMR spectra are different.
Assigning their 13C spectra from mixtures was not possible, so
compounds 7 and 8 were each synthesized independently (Fig. 3).
Comparing NMR (both 13C and 1H) spectra of synthesized 7 and 8
with those of isolated fractions (mixtures) containing compounds
7 and 8 confirmed the co-existence of compounds 7 and 8 in the
DFRC¢ products from compound 4.


It is worthy to note that compound 6 retains all of the g-
oxygen atoms originally in 3 whereas 10 and 11 retain only half of
them following DFRC¢ treatment. In a similar way, all functional
groups originally in compounds 4–5 were retained in DFRC¢
products 7–9. Products 12–13 have only a single acetyl group
on each of their sidechains. Since no acetyl-containing reagents
or solvents are used in DFRC¢, acetyl groups on the products
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Fig. 2 Major DFRC¢ products from model compounds 3–5 that have been incorporated into lignin (and therefore represented as [3], [4], and [5]).
Numbers in parentheses are nominal molecular masses for MS.


must derive from the acetates in the original compounds 4 and
5. Therefore the DFRC¢ degradation products 7–9 and 12–13
are diagnostic because they are all b–b-coupled dimers having
at least one acetyl group on their sidechains (g-position) and those
acetyl groups are obviously retained from structures 4–5 following
DFRC¢ degradation. Finding compounds 7–9 and 12–13 from the
DFRC¢ degradation products of Kenaf lignins will establish the
existence of substructures 4–5 in the lignins.


Kenaf. In a preliminary trial communicated previously,13 iso-
lated Kenaf lignin was subjected to DFRC¢ treatment. Crude
DFRC¢ degradation products were analyzed by GC–MS. Three
small peaks in the total-ion chromatograms had characteristics
that looked promising. Mass spectra showed that those products
had molecular weights (MW) of 644, 630, 616 and had 0, 1, 2
aliphatic acetate and 2, 1, 0 aliphatic propionate groups respec-
tively, like compounds 6–9. Here, comparison of GC retention
times, Fig. 4, and mass spectra of DFRC¢ products with those
of authentic (synthesized, Fig. 3) compounds confirmed that
compounds 6–9 are present in the DFRC¢ degradation products
from Kenaf lignin.


Compounds 10–13 were not able to be resolved in the complex
GC chromatograms of crude DFRC¢ products, although compar-
ison of the data obtained from DFRC¢ analysis of compounds
3–5 and the Kenaf lignin suggested their presence in the lignin
product. Kenaf bast fiber lignin used in this work has a very
high syringyl content and a consequently high content of b-
O-4-linkages. Therefore it was necessary that the predominant
monomers in DFRC¢ degradation products be removed and that
the dimer fractions be further fractionated in order to resolve


and identify the expected products 10–13 by GC–MS analysis.
Fig. 4 shows the dimer region of the total-ion chromatograms
(TIC) of the TLC-fractionated DFRC¢ products from Kenaf
lignin. Fraction 2 contains compounds 10–13 and Fraction 3 has
compounds 12–13 and 6. Compounds 7 and 8 fall primarily into
Fraction 4 whereas compound 9 clearly showed up in Fraction 5.
When the most abundant ion in the mass spectrum of a product
was selected, the selected-ion chromatograms (Fig. 4) more clearly
showed that all anticipated DFRC¢ products from Kenaf lignin,
compounds 6–13, were indeed present. The logical conclusion
is that mono- and di-acetylated b–b-coupling products, such as
compounds 4–5, exist as subunits in Kenaf lignins.


Mechanism and implications. As for how DFRC¢ products 6–
13 are formed, proposed pathways and intermediates are shown
in Fig. 5. Under strongly acidic conditions (propionyl bromide
in propionic acid), a-ethers (benzyl ethers) are cleaved forming
a-bromides 30; any free g-hydroxyls are propionylated.26 For
b–b-linked units, the electron-rich syringyl aromatic ring nucle-
ophilically attacks one benzylic position, displacing bromide and
forming a 6-membered ring intermediate 31 which rearomatizes
to the tetrahydronaphthalene 32. Compound 32 can also, in
part, eliminate HBr forming an a,b-double bond, resulting in
formation of dihydronaphthalene 33 from which g-bromide 34
is formed. In the following DFRC¢ step, Zn reductive elimination
of bromo-ethers results in cleavage of b–O-4-linkages to produce
the normally analyzed monomers and dimers. Elimination of the
bromide in 32 produces compounds 6–9 whereas 34 produces
compounds 10–13.
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Fig. 3 Synthetic routes to compounds 6–9. i. MeOH–AcCl, 16 h; ii. FeCl3·6H2O, 80% aq. MeOH–HCl, 48 h; iii. BnCl, cat. KI, K2CO3, acetone, reflux,
48 h; iv. LAH, THF, 1 h; v. Pd(en)/C, H2, MeOH, 10 h; vi. propionic anhydride + pyridine, 16 h; vii. acetic anhydride + pyridine, 16 h; viii. pyrrolidine,
10 min; ix. PDC, DMF, 4 h; x. NaBH4, EtOAc, 2 h.


In general, detection of g-acetates in syringyl b–b-coupled
DFRC¢ products 7–9 and 12–13 from Kenaf lignin suggests the
existence of the novel non-resinol substructures 4–5 which can
be formed only from dehydrogenative coupling of sinapyl acetate
itself or cross-coupling with sinapyl alcohol. Direct proof for the
presence of these novel b–b-structures in Kenaf lignin by 2D NMR
analysis of this Kenaf lignin follows.


2D NMR analysis of Kenaf lignin


Natural acetates on lignins are often neglected, in part due to the
common practice of acetylating lignins to improve their solubility
and NMR characteristics. A prior study by NMR revealed high
levels of acetate on underivatized Kenaf bast fiber lignins and that
the acetates are primarily at the g-sidechain positions.29 Experi-


ments based on the DFRC¢ method confirmed the regiochemistry
and further revealed that acetates are almost entirely on syringyl
units.26 Such studies have recently been extended to plants with
even higher levels of acylation.30 As discussed above, the novel
b–b-coupled substructures 4–5 (Fig. 1) are expected to exist in
Kenaf lignins. Those structures have not been identified by NMR
analysis, possibly because of their lower contents in lignin and the
prior unavailability of the corresponding model compounds. We
initially considered it rather ambitious to attempt to detect such
low-level structures directly by NMR. As shown below, however,
they are readily found.


In this study, model compounds 4M–5M, representing ether-
ified structures 4–5 that model the substructures potentially
existing in Kenaf lignins, have been synthesized. The characteristic
sidechain regions of HSQC NMR spectra were compared with
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Fig. 4 Total ion and selected-ion chromatograms from TLC-fractioned
DFRC¢ products from Kenaf lignin.


those of the corresponding spectra from Kenaf lignins in order
to identify these b–b-coupled substructures (Fig. 6). Although
it is of interest to delineate the presence of naturally acetylated
compounds 4–5, peracetylation was used here to improve NMR
characteristics; the tetrahydrofuran structures observed only form


when sinapyl acetate is the monomer, so the presence of acetates
from the acetylation of the lignin is not a complication here.


In order to find the b–b-structures implicated by DFRC¢
results, b–b-coupled model compounds 4–5 were made from
peroxidase–H2O2 oxidation of sinapyl alcohol 1 and g-acetylated
sinapyl alcohol 2. Diaryltetrahydrofuran 5b was also synthesized
independently from sinapic acid following a previously described
method with slight modification31 (Fig. 7). The structures of 4–
5 were identified by the normal array of 1D and 2D (HSQC,
HMBC, COSY) NMR experiments. Methylation of the phenolic-
OH groups in compounds 4–5 and acetylation of the a-OH of
products 4a, 4b provide ideal models 4aM and 4bM for identifying
these substructures in acetylated Kenaf lignins (in which they are
typically 4-O-etherified). Therefore HSQC NMR spectra of these
methylated and acetylated model compounds 4aM, 4bM and 5bM
were recorded at high resolution. The diagnostic sidechain regions
of the HSQC spectra were compared with the corresponding
regions of the Kenaf lignin (Fig. 6).


From the HSQC NMR spectra of the lignin in Fig. 6 (left col-
umn), it is obvious that all diagnostic sidechain (13Ca–Ha, 13Cb–Hb,
13Cg–Hg) correlations corresponding to the various b–b-structures
are observed and identified by comparison with the synthesized
model compounds 4aM, 4bM and 5bM (right column). However,
one curious aspect remains. Although peroxidase–H2O2 oxidative
coupling of sinapyl alcohol 1 and g-acetylated sinapyl alcohol
2 produces compound 4a as the major isomer, Kenaf lignins
contain both 4a and 4b, although 4b is at a higher level. Only
structure 5b, which is a minor isomer produced by the peroxidase–
H2O2 oxidative coupling reaction of g-acetylated sinapyl alcohol
2, can be found in Kenaf lignins. Both isomers of 5 have the same
trans-configuration about the b–b-bond, so it is not the coupling
reaction that differs, it is the post-coupling water addition to
one quinone methide moiety of the intermediate QM2 (Fig. 1)
and the subsequent attack of the resulting a-OH group on the
other quinone methide moiety. Observations to date indicate
that the stereochemistry of products resulting from post-coupling
reactions in lignin biosynthesis is under kinetic control; the isomer
ratios of b-O-4- and b–b-units in lignin are consistent with in
vitro results, as reviewed.2 To date there has been no evidence
that proteins have any role in lignification,32 particularly since
no evidence of any optical activity can be detected in lignins.33


Whether there is additional control in the post-b–b-coupling water


Fig. 5 Proposed pathway to the formation of DFRC¢ products 6–13 from units 3–5 that have been incorporated into Kenaf lignin (one b-4-O-linkage is
shown explicitly). R = Ac or Pr.
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Fig. 6 Partial HSQC 13C–1H correlation NMR spectra showing correlations in the acetylated Kenaf lignin spectrum (A1–C1) matching those in model
compound spectra (A2–C2). Model spectra are from the 4-O-methylated (and acetylated) compounds 4aM, 4bM, and 5bM. The structures represent
the units in Fig. 2 that have been incorporated into lignin or are 4-O-methylated models, so are denoted in square brackets under the structures; the
assignments on the spectra are not bracketed, for simplicity. Note that individual spectra have been combined so the various structures are in approximately
the same proportions as in the Kenaf lignins. Note also that, although the models and the lignins are acetylated, the tetrahydrofuran structures 4–5
evidenced arise only from reactions incorporating sinapyl acetate 2; the originally present acetates are shown bolded (Ac). A) a-13C–1H correlations. B)
b-13C–1H correlations. C) g-13C–1H correlations; correlations from 5b (not shown) are severely overlapped with g-13C–1H correlations from other lignin
units.


addition to favor 5b in Kenaf, or whether the specific conditions
that differ between the in vitro and in vivo system can explain
the differing stereochemical course of sinapyl acetate dimerization
towards isomers 5a and 5b, awaits further investigation.


Compounds for structural authentication by NMR


Mass spectra and NMR of TLC-separated DFRC¢ products from
compound 3 and 5 suggested that compounds with MW 616 and
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Fig. 7 Synthetic route to model compound 5bM. i. horseradish peroxidase–H2O2, aqueous acetone; ii. acetic anhydride/pyridine; iii. bromine, NH4OAc,
AcOH, 50 ◦C, 6 h; iv. AcCl–MeOH, 16 h; v. Pd/C–Et3N, H2, MeOH, 2 days, 80%; vi. DIBAL-H, toluene, 2 h; vii. pyrrolidine, 3 min;. viii. MeI, K2CO3,
acetone, 16 h.


644 are tetrahydronaphthalene (aryltetralin) structures (cf. 6 and
9) of which 4 isomers each are possible. Only one pair of peaks
corresponding to each MW was detected by GC–MS. As they
are derived from b–b-linked units, and the b–b-bonds remained
intact during the DFRC¢ process, the two methylene substituents
at the b-positions should have a trans-configuration in accordance
with the threo-coupling mode of (E)-sinapyl alcohol or (E)-sinapyl
acetate.22 Thus major isomers of these two DFRC¢ products should
be compounds 6 and 9, which have a trans–trans-configuration
of their three substituents on the 6-membered rings. Therefore
synthetic routes in Fig. 3 were designed to make the required
isomers of these target compounds.


Methyl thomasidioic acid ester 15, Fig. 3, was made from
FeCl3 oxidation of methyl sinapate in the presence of HCl in
80% aqueous methanol (the esterification and the oxidation
were done in a single flask without work-up – see experimental
section). Benzyl ether protection of 15 gave compound 16 that was
reduced by lithium aluminium hydride in dry THF to produce
diol 17. Hydrogenation and debenzylation of compound 17 in
methanol yielded compound 18. Heterogeneous cis-hydrogenation
of methyl thomasidioic acid ester 15 or compound 16 followed
by LAH reduction gave ~1 : 1 mixtures of the two isomers of
18 rather than the predominantly trans–trans-isomer 18 isolated
above (results not shown here). Propionylation of 18 finally
accomplished synthesis of 6, while acetylation of 18 produced
19 from which selective deacetylation with neat pyrrolidine led to
20; propionylation of 20 gave 9.


As discussed above, it is expected that 7 and 8 would have
the same configuration as 6 and 9. Selective oxidation of diol
17 with pyridinium dichromate, differentiating the two g-OHs,
was the key step to making 7 and 8. Benzyl ether protection of
phenolic hydroxyls was necessary for a clean oxidation (of 17 to


yield aldehyde 21). Propionylation or acetylation of 21 gave 22 or
23. Sodium borohydride reduction of aldehydes 22 or 23 in ethyl
acetate gave the corresponding alcohols 24 or 25. The following
steps have the same strategies as for making 6 and 9 to finish the
syntheses of the desired 7 and 8.


Compounds 10–11 and 12–13 were isolated by TLC from
DFRC¢ products of syringaresinol 3 and tetrahydrofuran 5
respectively (see experimental section), and their structures were
confirmed by NMR.


Compounds 4aM and 4bM were synthesized by methylation
and acetylation of 4a and 4b, which were isolated from cross-
coupling of sinapyl alcohol 1 and sinapyl acetate 2. Compound
5bM was made by methylation of 5b synthesized from sinapic acid
following modifications (Fig. 7) to the routes based on Stevenson’s
method for synthesizing Grandisin.31 Thus dilactone 35 was made
in 77% yield from sinapic acid by peroxidase–hydrogen peroxide
oxidation in aqueous acetone. Acetylation of dilactone 35 followed
by bromination with bromine/ammonium acetate in acetic acid
gave rise to brominated dilactone 36. The total crude 36 was treated
with dry HCl in methanol (acetyl chloride in methanol34) pro-
ducing bromo-containing diaryltetrahydrofuran 37. Compound
38 was obtained from hydrodebromination of 37 in methanol with
Pd/C–triethylamine under a hydrogen balloon. Compound 39 was
obtained by diisobutylaluminium hydride (DIBAL-H) reduction
of 38 in toluene. Acetylation of 39 followed by selective phenolic
acetate deacetylation with pyrrolidine resulted in compound 5b.


Biochemical implications


Sinapyl acetate 2 (Fig. 1) is able to participate in enzyme-catalyzed
radical coupling (dehydrogenation) reactions, a mechanism in-
volved in lignin biosynthesis, producing b–b-linked dimer 5 as
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a major product. Oxidative coupling of 2 by CuCl2 in aqueous
ethanol produced the b-O-4-dimer and even a small amount of the
b-O-4-trimer (F. Lu, unpublished), in addition to mixtures of b–b-
coupled products 3–5. When sinapyl alcohol 1 and sinapyl acetate
2 are used in admixture in the H2O2/peroxidase system, cross-
coupled dimer 4 is preferentially formed. These results demon-
strate the potential of 2 to be a precursor of lignin. The detection
of compounds 7–9 and 12–13 in DFRC¢ products from both Kenaf
lignin and models 4–5 suggests the existence of substructures 4
and 5 in Kenaf lignins. 2D NMR analysis of the Kenaf lignins
coupled with analysis of synthesized model compounds 4aM,
4bM and 5bM further established that substructures 4 and 5
in Kenaf lignins are present and can be formed from enzyme-
catalyzed free radical coupling of sinapyl alcohol 1 and sinapyl
acetate 2 during cell wall lignification. It is unlikely that such
structures are formed post-lignification. Previous studies indicated
that Kenaf bast fiber lignins are naturally highly acetylated
overwhelmingly on syringyl units and that over 50% of b-O-4-
linked syringyl units are acetylated at sidechain g-positions. Nor is
it likely that the compounds arise from enzymatically-assisted ring-
opening reactions on syringaresinol 3; enzymatic processes also
produce chiral products whereas b–b-coupled products released
from lignins have always been found to be optically inactive.2,32,33


All of the above findings can be readily rationalized if the pre-
acetylated monolignol, sinapyl acetate 2, is incorporated into
lignin macromolecules by radical coupling mechanisms.


Conclusions


Oxidation of sinapyl acetate 2 by H2O2/peroxidase produces
compound 5, whereas b–b-cross-coupled dimer 4 is the major
product formed when sinapyl alcohol 1 and sinapyl acetate 2
are co-oxidized. DFRC¢ degradation of syringaresinol 3 and
compounds 4–5 produce tetrahydronaphthalene (aryltetralin)
structures in which the g-substituents diagnostically establish the
existence of acetate groups originally acylating g-positions of
lignin sidechains. Detection of g-acetates in syringyl b–b-coupled
DFRC¢ products 7–9 and 12–13 from Kenaf lignins implies the
existence of substructures 4–5 that can be formed only from
dehydrogenative coupling of sinapyl acetate itself or its cross-
coupling with sinapyl alcohol. With ideal model compounds, 2D
HSQC NMR analysis of Kenaf lignins shows that all the expected
structures 4–5 suggested by DFRC¢ are present in the Kenaf
lignins. The stereochemical difference regarding the formation of
substructure 5 between in vitro results and structures in lignin
remains to be explored. The results from DFRC¢–GC–MS and
HSQC analysis of Kenaf lignins in this work provide the strongest
evidence to date that acetates on Kenaf lignins are formed
through incorporation of sinapyl acetate, as a lignin precursor,
into lignin macromolecules by radical coupling. It is likely that the
other acylated lignins, p-coumaroylated lignins in grasses and p-
hydroxybenzoylated lignins in palms, poplars, willows, and other
species, are similarly derived from the corresponding pre-acylated
monolignols.


Confirmation that lignin acylation is via acylated monolignols
implicates transferase enzymes (and, therefore, responsible genes)
in the acylation. Since all lignins analyzed heavily favor sinapyl
alcohol acylation, it is anticipated that sinapyl alcohol is the
preferred substrate of the presumably involved acyl transferases,


which now need to be isolated and characterized. Access to these
genes, and up- and down-regulating them in various plants to alter
lignin acylation, might finally give better insight into the value of
lignin acylation to the plant. It will also open up new ways to alter
lignification for altered cell wall properties that may be beneficial
to existing agricultural and forestry crops or to their utilization in
various natural and industrial processes.


Experimental section


General


All reagents were from Aldrich (Milwaukee, WI) and used as
supplied. Solvents (AR grades) were from Mallinckrodt (Paris,
KY). Evaporations were conducted under reduced pressure at
temperatures <50 ◦C. Further removal of organic solvents, as well
as drying of residues, was accomplished under higher vacuum
(100–200 mTorr) at room temperature. Flash chromatography
was performed on FLASH 40M cartridges (Biotage, Dyax Corp.,
Charlottesville, VA) using an UA-6 UV-vis detector (ISCO,
Lincoln, NE). Preparative TLC plates (1 mm or 2 mm thickness,
normal-phase) were from Alltech (Deerfield, IL). Acetylation
and propionylation were performed with acetic or propionic
anhydride and pyridine at room temperature overnight (~16 h).
Selective removal of phenolic acetates was accomplished using
neat pyrrolidine according to a published method35 based on a
prior method.36 Hydrogenation/debenzylation was conducted in
methanol using a hydrogen-filled balloon at room temperature
using 10% Pd(en)/C (10% Pd/C treated with ethylenediamine in
methanol over 30 h) according to a literature method.37 Kenaf
lignin isolation was described in a previous paper.29


1H, 13C and 2D NMR (gradient COSY, HSQC and HMBC)
spectra were taken on a Bruker DRX-360 instrument fitted with
a 5 mm 1H/broadband gradient probe with inverse geometry
(proton coils closest to the sample). The conditions used for
all samples were 0.5–60 mg of material in 0.4 mL of acetone-
d6, with the central solvent peak as internal reference (dH 2.04,
dC 29.80). Carbon designations are based on conventional lignin
numbering.28 NMR data for all synthesized compounds are given
in Tables 1 (proton) and 2 (carbon).


Oxidative coupling of sinapyl alcohol and sinapyl acetate


Sinapyl alcohol 1 (500 mg) or sinapyl acetate 2 (500 mg)
dissolved in acetone (20 mL) was dispersed into a stirred 20 mM
phosphate buffer solution (80 mL, pH 4.5), followed by addition
of horseradish peroxidase (11 mg; 250 U mg-1). H2O2 (3%, 1.1 eq.)
was added slowly over 15 min at room temperature, and then
the mixture was stirred for 2.5 h. The mixture was saturated
with NH4Cl and the products extracted with dichloromethane
(3 ¥ 150 mL). The combined organic solvent fraction was dried
over MgSO4 and evaporated under reduced pressure. Products
were separated and purified using flash chromatography and/or
preparative TLC and analyzed by NMR and MS.


DFRC¢ (modified DFRC) procedure


Kenaf lignin (200 mg) was stirred overnight at room temperature
with propionyl bromide in propionic acid (1 : 3, 10 mL).
Alternatively, compounds 3–5 (30–120 mg) dissolved in 2–6 mL
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Table 1 1H NMR data


Cmpd A/B a b g 2(/6) OMe Ac


4a A 4.81 (5.9) 2.39 4.20, 4.45 6.64 3.79 1.93
B 4.86 (4.46, 1.20) 2.92 4.07, 4.15 6.71 3.80


4b A 4.92 (3.16) 2.64 4.35, 4.64 6.60 3.80 2.05
B 4.6 (10.13, 4.08) 2.78 3.58 6.70 3.80


4aM A 4.82 (5.80) 2.43 4.14, 4.26 6.66 3.67 (4-O), 3.80 1.96
B 5.96 (7.25) 3.12 4.01, 4.17 6.71 3.70 (4-O), 3.81 2.07


4bM A 4.94 (3.55) 2.60 4.22, 4.36 6.63 3.70, 3.80 2.0
B 5.76 (10.92) 3.04 3.70 6.73 3.70, 3.81 2.04


5a A 4.65(7.9) 2.39 4.27 (6.2) 6.86 3.86 1.84*
B 5.15 (7.1) 2.74 3.80 (6.6) 6.79 3.84 1.98*


5b A,B 4.96 (7.8) 2.51 3.84 6.76 3.83 1.94
5bM A,B 5.00 (7.6) 2.52 4.26 6.77 3.84 1.94
6 A 4.21 (6.6) 2.27 4.00, 4.30 6.45 3.69


B 2.82 2.03 4.13, 4.21 6.71 3.25(5), 3.80(3) 2.06
7 A 4.19 (7.5) 2.24 4.05, 4.24 6.46 3.69


B 2.82 2.03 4.11, 4.20 6.71 3.22(5), 3.79(3) 2.06
8 A 4.18 (7.5) 2.24 4.06, 4.23 6.45 3.69


B 2.81 2.03 4.08, 4.19 6.71 3.22(5), 3.80(3) 1.97
9 A 4.20 (6.6) 2.24 4.05, 4.23 6.46 3.69 1.98


B 2.86 2.03 4.10, 4.20 6.71 3.25(5), 3.80(3) 2.06
10 A 4.47 (1.45) 3.00 4.06, 4.18 6.37 3.66


B 3.57, 3.72 — 4.70, 5.00 6.72 3.42(5), 3.80(3)
11 A 4.44 2.81 3.85, 4.20 6.45 3.66


B 6.39 (1.45) — 1.89(1.45) 6.70 3.59(5), 3.80(3)
12 A 4.47 (1.45) 2.96 4.06, 4.18 6.37 3.66 1.96


B 3.57, 3.70 — 4.70, 5.00 6.72 3.42(5), 3.80(3)
13 A 4.44 2.82 3.85, 4.20 6.45 3.65 1.99


B 6.39 (1.45) — 1.89 (1.45) 6.70 3.42(5), 3.82(3)
15 A 5.00 4.02 — 6.36 3.68
trans B 7.66 — — 6.96 3.62(3), 3.88(5)
15 A 4.75 (8.8) 4.10 (8.8, 2.63) — 6.36 3.68
cis B 7.42 (2.63) — — 6.90 3.47(3), 3.86(5)
16 A 5.10 4.16 — 6.42 3.68


B 7.73 — — 7.03 3.67(5), 3.89(3)
17 A 4.67 2.70 3.32, 3.67 6.50 3.69


B 6.50 — 4.11 6.70 3.63(5), 3.84(3)
18 A 4.26 (6.5) 1.96 3.56 6.42 3.70


B 2.62 1.64 3.60 6.55 3.35(5), 3.80(3)
19 A 4.20 (6.7) 2.05 4.00, 4.25 6.46 3.70 1.98


B 2.82 2.02 4.08, 4.18 6.71 3.26(5),3.80(3) 2.06
20 A 4.20 (6.6) 2.22 3.98, 4.13 6.39 3.72 1.98


B 2.66 1.92 4.02, 4.21 6.59 3.35(5), 3.83(3) 2.06
21 A 4.92 3.28 3.12, 3.54 6.35 3.67


B 7.50 — 9.57 7.06 3.61(5), 3.91(3)
22 A 4.61 3.44 3.96, 4.03 6.35 3.67


B 7.60 — 9.61 7.10 3.62(5), 3.92(3)
23 A 4.61 3.45 3.92, 4.01 6.35 3.67


B 7.60 — 9.61 7.10 3.62(5), 3.92(3)
24 A 4.48 2.93 3.85, 4.22 6.53 3.71


B 6.60 (1.0) 4.18, 4.22 6.71 3.66(5), 3.85(3)
25 A 4.48 2.88 3.82, 4.18 6.49 3.69 2.02


B 6.59 (1.0) 4.15,4.18 6.72 3.65(5), 3.86(3)
26 A 4.21 (6.1) 2.21 3.97, 4.13 6.39 3.71


B 2.70 1.66 3.54, 3.62 6.58 3.35(3), 3.82(5)
27 A 4.20 (6.2) 2.21 3.97, 4.13 6.40 3.71 2.03


B 2.70 1.67 3.54, 3.64 6.57 3.33(5), 3.82(3)
28 A 4.18 (7.5) 2.24 4.06, 4.23 6.45 3.69 2.18


B 2.81 2.02 4.07, 4.19 6.71 3.24(5), 3.82(3) 1.97,2.22
29 A 4.18 (6.5) 2.21 3.99, 4.14 6.38 3.71


B 2.69 1.92 4.00, 4.12 6.59 3.32(5), 3.83(3) 1.96
35 A 5.75 4.11 — 6.73 3.83
36 A 6.15 4.09 — 6.83 3.81, 3.82 2.30
37 A 5.25 (5.25) 3.62 — 7.14 3.82, 3.90
38 A 5.32 (m) 3.59 — 6.77 3.82
39 A 4.88 (8.6) 2.28 3.62, 3.72 6.74 3.81
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Table 2 13C NMR data


Cmpd A/B a b g 1 2 3 4 5 6 OMe Ac Pr


4a A 84.78 49.46 63.55 134.32 104.22 148.50 135.87 148.50 104.22 56.58 170.93
B 72.51 48.02 68.98 135.85 104.57 148.50 135.87 148.50 104.57 56.58


4b A 84.90 49.00 64.02 135.20 103.82 148.55 135.80 148.55 103.82 171.16
B 72.94 49.24 70.64 136.27 104.34 148.58 136.22 148.58 104.34


4aM A 84.52 49.12 63.04 139.33 104.04 154.32 138.47 154.32 104.04 56.41 170.86
B 74.48 46.54 70.25 136.28 104.17 154.41 139.00 154.41 104.17 56.47 170.09


4bM A 84.66 49.06 63.40 139.84 103.59 154.32 138.31 154.32 103.59 56.40 171.03
B 74.62 46.53 70.22 136.77 104.77 154.41 139.02 154.41 104.77 56.47 170.09


5a A 83.74 51.51 64.96 132.61 104.91 148.66 136.44 148.66 104.91 56.58 171.09
B 81.67 46.32 65.03 129.72 104.68 148.52 136.02 148.52 104.68 56.63 170.76


5b A,B 84.10 51.32 64.19 133.57 104.70 148.62 136.30 148.62 104.70 56.64 20.66, 170.94
5bM A,B 84.08 51.42 64.15 138.80 104.48 154.42 138.69 154.42 104.48 56.46 20.67, 170.92
6 A 43.56 45.23 64.20 145.85 105.88 152.97 128.01 152.97 105.88 56.41 174.34


B 33.76 36.72 66.80 136.39 107.72 152.06 132.75 152.29 124.92 53.61, 60.35 174.52
7 A 43.58 45.13 64.14 145.88 105.80 152.98 127.88 152.98 105.80 56.36 174.33


B 33.76 36.57 66.71 136.31 107.62 152.22 132.67 151.98 124.91 56.25, 60.29 171.19
8 A 43.59 45.19 64.01 145.85 105.80 152.91 127.89 152.91 105.80 56.36


B 33.74 36.53 66.90 136.32 107.66 152.25 132.69 152.00 124.91 56.26, 60.30 20.71, 171.00 174.51
9 A 43.54 45.14 64.13 145.83 107.76 152.99 128.19 152.99 107.76 56.36 171.01


B 33.73 36.64 66.96 136.31 107.76 152.09 132.79 152.37 124.96 56.26, 60.30 171.20
10 A 43.22 50.35 65.89 144.62 105.90 152.69 128.13 152.69 105.90 56.34 174.17


B 34.66 142.13 113.70 134.63 107.65 152.49 132.65 152.22 123.06 56.28, 60.99
11 A 39.83 47.07 64.55 143.44 105.11 162.88 128.33 162.88 105.11 56.34 174.29


B 125.19 136.35 22.91 133.05 106.44 152.59 133.27 152.14 120.30 56.46, 61.37
12 A 43.13 50.20 65.96 144.55 105.74 152.59 127.94 152.59 105.74 56.26 170.78


B 34.56 142.03 113.71 134.58 107.57 152.40 132.54 152.14 122.97 56.20, 60.96
13 A 39.66 46.80 64.55 143.30 104.96 162.77 128.40 162.77 104.96 56.26 170.95


B 125.14 136.38 22.92 133.00 106.31 152.50 133.28 152.08 120.20 56.37, 61.35
15 (trans) A 40.25 47.46 172.79 134.20 106.10 148.49 135.79 148.49 106.10 56.64


B 138.43 123.94 167.46 123.30 108.95 146.36 142.83 148.59 124.59 56.58, 60.43
15 (cis) A 41.09 48.70 172.21 132.11 107.71 148.07 136.03 148.07 107.71 56.71


B 125.62 136.88 168.28 125.11 108.59 148.56 142.70 145.83 122.81 56.61, 60.03
16 A 40.29 47.02 172.50 139.29 105.78 154.29 136.68 154.29 105.78 56.39


B 137.82 128.31 167.23 125.32 109.78 154.11 144.08 152.46 123.83 56.43, 61.32
17 A 38.93 47.40 63.61 141.91 106.06 153.95 136.25 153.95 106.06 56.33


B 122.84 140.74 65.48 130.56 107.23 153.51 141.47 153.11 122.31 56.31, 61.20
18 A 42.52 49.22 63.70 139.20 107.04 148.21 134.70 148.21 107.04 56.63


B 33.75 41.11 66.45 129.69 106.97 147.59 138.44 146.98 126.35 56.24, 59.36
19 A 43.48 45.20 64.09 145.86 105.87 152.93 132.68 152.93 105.87 56.36 170.94


B 33.67 36.60 66.93 136.42 107.71 152.03 127.97 152.23 124.88 56.24, 60.23 171.23
20 A 42.73 45.44 65.10 137.90 106.87 148.40 135.09 148.40 106.87 56.67 170.98


B 33.18 37.04 67.44 128.40 107.00 147.96 138.68 146.89 125.30 56.28, 59.35 171.15
21 A 38.18 43.21 62.49 141.41 105.94 154.22 136.55 154.22 105.94 56.39


B 146.48 138.23 192.92 128.43 109.85 153.96 144.89 153.41 125.81 56.50, 61.30
22 A 39.08 39.59 65.01 140.39 105.85 154.31 136.80 154.31 105.85 56.41


B 147.09 137.14 192.64 128.20 110.04 154.14 144.95 153.07 125.46 56.57, 61.31 174.10
23 A 38.92 39.46 64.98 140.26 105.89 154.30 136.80 154.30 105.89 56.42 20.64, 170.80


B 147.06 137.18 192.63 128.18 110.03 154.14 144.93 153.12 125.39 56.55, 61.31
24 A 39.54 42.90 64.86 141.19 106.07 154.04 136.47 154.04 106.07 56.45 174.33


B 123.69 139.48 65.14 130.41 107.45 153.68 141.54 153.01 121.88 56.40, 61.21
25 A 39.50 42.94 65.18 140.94 106.09 154.05 136.53 154.05 106.09 56.37 20.75, 170.93


B 123.74 139.28 65.19 130.25 107.41 153.75 141.64 153.08 121.80 56.34, 61.18
26 A 42.61 45.06 65.34 138.53 106.90 148.38 135.01 148.38 106.90 56.69 174.54


B 33.38 40.38 65.54 129.59 107.11 147.85 138.36 146.94 125.66 56.33, 59.46
27 A 42.63 44.96 65.31 138.48 106.79 148.32 134.90 148.32 106.79 56.63 20.85, 171.24


B 33.39 40.23 65.41 129.51 107.01 147.79 138.37 146.86 125.64 56.27, 59.38
28 A 43.52 45.09 64.10 145.86 105.77 152.87 127.87 152.87 105.77 56.34 174.51


B 33.68 36.55 66.90 136.41 107.66 152.22 132.64 151.99 124.86 56.25, 60.26 20.21, 171.00
29 A 42.73 45.53 65.04 137.90 106.90 148.42 135.13 148.42 106.90 56.69 174.46


B 33.19 37.13 67.49 128.44 107.04 147.98 138.71 146.92 125.31 56.30, 59.39 20.70, 170.97
35 A,B 83.39 49.06 176.05 129.87 104.31 149.04 137.51 149.04 104.31 56.77
36 A,B 81.29 47.10 175.24 136.35 106.29 153.25 135.48 151.65 107.71 56.82, 61.51 20.20, 175.24
37 A,B 83.22 56.75 171.67 130.61 107.16 145.52 141.48 149.20 109.88 56.77, 60.45
38 A,B 84.13 57.52 172.22 131.94 104.46 148.67 136.61 148.67 104.46 56.62
39 A,B 83.90 56.88 62.60 134.47 104.67 148.55 136.10 148.55 104.67 56.60
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of the same reagent were stirred overnight at room temperature.
The excess bromide was quenched with a volume of t-butyl
alcohol equal to that of the propionyl bromide used above,
and stirred for 10 min. Then dioxane (the same volume as
propionic acid above) and water (10% of the total volume in
the flask) were added. To this well-stirred solution, Zn dust
(500 mg for lignin, 200 mg for compounds 3–5) was added
and stirring was continued for 30 min. Products were recovered
by dichloromethane extraction as usual.38 Propionylation with
propionic anhydride in pyridine completed the procedure. DFRC¢
products from compounds 3–5 were analyzed by GC–MS and
subjected to preparative TLC separation (CHCl3–EtOAc, 20 : 1)
to isolate the major products, compounds 6–13. For the Kenaf
lignin sample, monomers in lignin DFRC¢-degraded products
were separated by flash chromatography (CHCl3–EtOAc, 10 : 1).
The dimer fractions collected were further fractionated by TLC
(CHCl3–EtOAc, 20 : 1) into 5 fractions from which fractions 2–5
contained the major b–b-coupled dimers as indicated in GC–MS
chromatograms (Fig. 4). DFRC¢ products from model compounds
3–5 and Kenaf lignin were analyzed by GC (Hewlett Packard 5980)
with a 0.20 mm X 25 m DB-1 (J & W Scientific, Folsom, CA)
column, and EI-MS data were collected on a Hewlett Packard
5970 mass-selective detector. GC conditions (He as carrier gas,
10 mL min-1): initial column temperature 150 ◦C, held for 1
min, ramped at 20 ◦C min-1 to 280 ◦C, then ramped at 2 ◦C
min-1 to 310 ◦C, held for 15 min; injector 220 ◦C, detector
300 ◦C.


Syntheses of DFRC¢-degraded products 6–13


Compound 15, 1,2-dihydro-7-hydroxy-1-(4-hydroxy-3,5-di-
methoxyphenyl)-6,8-dimethoxynaphthalene-2,3-dicarboxylic acid
dimethyl ester. The following one-pot method was considerably
simpler than methods previously described.39 To sinapic acid (5 g)
in methanol (150 mL) was slowly added acetyl chloride (15 mL)
over 15 min and stirred for 16 h. Water (30 mL) and FeCl3·6H2O
(45 g) were added and the mixture was stirred continuously for
another 48 h by which time the starting material (methyl sinapate)
had been consumed, as indicated by TLC. After methanol was
removed by evaporation under reduced pressure, the mixture was
poured into EtOAc (350 mL), and then washed with 3% HCl (4 ¥
200 mL), and saturated NH4Cl (100 mL). The EtOAc fraction was
dried over MgSO4 and evaporated. Crude products were applied
to flash chromatography (CHCl3–EtOAc, 5:1). Compound 15 was
obtained in 52% yield, along with about 5% of the minor isomer
that has a cis-configuration between carbons Aa and Ab.


Compound 16, 7-benzyloxy-1-(4-benzyloxy-3,5-dimethoxy-
phenyl)-1,2-dihydro-6,8-dimethoxynaphthalene-2,3-dicarboxylic
acid dimethyl ester. Compound 15 (1.8 g, 3.8 mmol) was dissolved
in acetone (150 mL) and benzyl chloride (1.01 g 8.0 mmol, 2.1 eq.)
and powdered K2CO3 (1.1 g, 8.0 mmol, 2.1 eq.) added. The mixture
was refluxed for 48 h and the solid was filtered off. The acetone
was evaporated and the residue was dissolved in EtOAc (200 mL)
and washed with aq. HCl (3%, 50 mL), and saturated aq. NH4Cl
(50 mL). After drying over MgSO4, the EtOAc was evaporated.
Flash chromatography of the crude product gave pure compound
16 as a pale yellow foamy solid (2.2 g, 90% yield).


Compound 17, 7-benzyloxy-1,2-dihydro-1-(4-hydroxy-3,5-
dimethoxyphenyl) - 2,3 - bis(hydroxymethyl) - 6,8 - dimethoxy -


naphthalene. To compound 16 (800 mg, 1.22 mmol) dissolved in
anhydrous THF (50 mL) was added LAH (200 mg, 5.34 mmol,
4.3 eq.). The mixture was stirred for 1.5 h, then the excess reducing
agent was quenched with aq. THF. After removal of THF by
evaporation, EtOAc (200 mL) was added to the residue and
the organic layer washed with aqueous HCl (3%, 2 ¥ 50 mL),
saturated NH4Cl (50 mL), and dried over MgSO4. Evaporation
of the EtOAc gave essentially pure compound 17 as a colorless oil
(660 mg, 90% yield).


Compound 18, 1,2,3,4-tetrahydro-7-hydroxy-1-(4-hydroxy-
3,5-dimethoxyphenyl) - 2,3 - bis(hydroxymethyl) - 6,8 - dimethoxy -
naphthalene. Compound 17 (300 mg, 0.5 mmol) was dissolved in
methanol (6 mL) in a 25 mL flask containing Pd(en)/C (30 mg),
prepared from 10% Pd/C according to Sajiki’s procedure.37 The
flask was flushed with H2, a H2-balloon attached, and the mixture
was stirred for 10 h at room temperature (20 ◦C). The reaction
mixture was filtered using a 0.2 mm nylon membrane filter
(Schleicher & Schuell, Keene, NH). The filtrate was evaporated
to give crude product in which 18 was the dominant isomer. After
preparative TLC (CHCl3–EtOAc, 1 : 3), pure 18 was obtained
(170 mg, 80% yield).


Compound 6, 1,2,3,4-tetrahydro-6,8-dimethoxy-1-(3,5-
dimethoxy - 4 - propionyloxyphenyl) - 7 - propionyloxy - 2,3 - bis-
(propionyloxymethyl)naphthalene. Compound 18 was propionyl-
ated by propionic anhydride in pyridine to quantitatively give
compound 6 as an oil. MS (m/z) 644 (M+, 13), 588 (100), 532
(41), 514 (21), 458 (38), 427 (46), 384 (51), 217 (55), 167 (61).


Compound 9, 2,3-bis(acetoxymethyl)-1,2,3,4-tetrahydro-6,8-di-
methoxy-1-(3,5-dimethoxy-4-propionyloxyphenyl)-7-propionyloxy-
naphthalene. Acetylation of compound 18 with acetic
anhydride/pyridine produced 19 in quantitative yield. Selective
deacetylation of compound 19 with pyrrolidine gave compound
20 in 90% yield. Propionylation of 20 produced 9 as an oil in
quantitative yield. MS (m/z) 616 (M+, 3), 560 (32), 504 (16), 413
(15), 348 (13), 217 (50), 167 (100).


Compound 21, 7-benzyloxy-1-(4-benzyloxy-3,5-dimethoxy-
phenyl)-1,2-dihydro-2-hydroxymethyl-6,8-dimethoxynaphthalene-
2-carbaldehyde. To compound 17 (200 mg, 0.33 mmol) dissolved
in dry DMF (5 mL) in a 25 mL flask was added pyridinium
dichromate (188 mg, 0.5 mmol, 1.5 eq.). The mixture was stirred
at room temperature for 5 h at which point TLC showed the
starting material to have been consumed. The mixture was poured
into EtOAc (30 mL) and the precipitated oxidant was filtered
off through a Celite pad. The EtOAc fraction was washed with
water (3 ¥ 10 mL), saturated NH4Cl (10 mL), and dried over
MgSO4. Evaporation of under reduced pressure gave a crude
product from which 21 (160 mg, 80% yield) was purified by TLC
(CHCl3–EtOAc, 5 : 1).


Compound 22, 7-benzyloxy-1-(4-benzyloxy-3,5-dimethoxy-
phenyl) - 1, 2 - dihydro - 6, 8 - dimethoxy - 2 - (propionyloxymethyl) -
naphthalene-2-carbaldehyde, was from propionylation of com-
pound 21.


Compound 23, 2-acetoxymethyl-7-benzyloxy-1-(4-benzyloxy-
3,5-dimethoxyphenyl)-1,2-dihydro-6,8-dimethoxynaphthalene-2-
carbaldehyde, was from acetylation of compound 21.


Compound 24, 7-benzyloxy-1-(4-benzyloxy-3,5-di-
methoxyphenyl)-1,2-dihydro-3-hydroxymethyl-6,8-dimethoxy-2-
(propionyloxymethyl)naphthalene, was from reduction of com-
pound 22 using sodium borohydride in ethyl acetate.
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Compound 25, 2 - acetoxymethyl - 7 - benzyloxy - 1 - ( 4 - benzyl -
oxy-3,5-dimethoxyphenyl)-1,2-dihydro-3-hydroxymethyl-6,8-di-
methoxynaphthalene, was from reduction of compound 23 using
sodium borohydride in ethyl acetate.


Compounds 26, 1,2,3,4-tetrahydro-7-hydroxy-1-(4-hydroxy-3,5-
dimethoxyphenyl)-3-hydroxymethyl-6,8-dimethoxy-2-(propionyloxy-
methyl)naphthalene, was obtained from hydrogenation/debenzyl-
ation of compound 24 in 81% yield after TLC purification
(CHCl3–EtOAc, 2 : 1 as development solvent).


Compound 27, 2-acetoxymethyl-1,2,3,4-tetrahydro-7-
hydroxy-1-(4-hydroxy-3,5-dimethoxyphenyl)-3-hydroxymethyl-
6,8-dimethoxynaphthalene, was obtained from hydrogenation/
debenzylation of compound 25 in 85% yield after TLC purification
(CHCl3:EtOAc, 2:1 as development solvent).


Compound 7, 2-acetoxymethyl-1,2,3,4-tetrahydro-6,8-di-
methoxy-1-(3,5-dimethoxy-4-propionyloxyphenyl)-7-propionyloxy-
3-propionyloxymethyl-naphthalene. Propionylation of compound
27 gave compound 7. MS (m/z) 630 (M+, 11), 574 (100), 518 (41),
483 (11), 458 (11), 427 (25), 384 (37), 353 (19), 217 (47), 167 (17).


Compound 8, 3-acetoxymethyl-1,2,3,4-tetrahydro-6,8-di-
methoxy-1-(3,5-dimethoxy-4-propionyloxyphenyl)-7-propionyloxy-
2-(propionyloxymethyl)naphthalene. Acetylation of compound
26 produced compound 28. Selective deacetylation of compound
28 gave compound 29, which was propionylated to produce
compound 8. MS (m/z) 630 (M+, 11), 574 (100), 518 (41), 483
(11), 458 (11), 427 (25), 384 (37), 353 (19), 217 (47), 167 (17).


Compounds 10–13 (10, 1,2,3,4-tetrahydro-6,8-dimethoxy-1-(3,5-
dimethoxy-4-propionyloxyphenyl)-3-methylene-7-propionyloxy-
2-(propionyloxymethyl)naphthalene; 11, 1,2,-dihydro-6,8-di-
methoxy-1-(3,5-dimethoxy-4-propionyloxyphenyl)-3-methyl-7-
propionyloxy-2-(propionyloxymethyl)naphthalene; 12, 2-acetoxy-
methyl-1,2,3,4-tetrahydro-6,8-dimethoxy-1-(3,5-dimethoxy-4-
propionyloxyphenyl)-3-methylene-7-propionyloxynaphthalene;
13, 2-acetoxymethyl-1,2,-dihydro-6,8-dimethoxy-1-(3,5-dimethoxy-
4-propionyloxyphenyl ) -3-methyl -7-propionyloxynaphthalene).
Compounds 10–11 were identified by NMR in a mixture (10:11 =
2 : 1) isolated by TLC (CHCl3–EtOAc, 20 : 1) from DFRC¢ of
syringaresinol 3 whereas compounds 12–13 were isolated by TLC
(CHCl3–EtOAc, 20 : 1) and identified by NMR in a mixture
(12:13 = 3 : 1) from DFRC¢ products of diaryltetrahydrofuran
5. Compound 10: MS (m/z) 570 (M+, 4), 514 (6), 440 (19), 384
(100), 286 (12), 230 (30), 167 (19). Compound 11: MS (m/z) 570
(M+, 3), 514 (3), 496 (5), 440 (42), 384 (100), 167 (21). Compound
12: MS (m/z) 556 (M+, 3), 500 (19), 440 (16), 384 (100), 286 (17),
230 (42), 167 (16). Compound 13: MS (m/z) 556 (M+, 3), 500 (6),
496 (6), 440 (43), 384 (100), 167 (12).


Syntheses of phenol-methylated model compounds 4aM, 4bM


Compound 4, 3-acetoxymethyl-2-(4-hydroxy-3,5-dimethoxy-
phenyl)-4-[hydroxy-(4-hydroxy-3,5-dimethoxyphenyl)-methyl]-
tetrahydrofuran, was made from peroxidase-catalyzed hydrogen
peroxide oxidative free radical coupling reactions of sinapyl
alcohol 1 with sinapyl acetate 2 in 40% yield after chromatographic
separation (CHCl3–EtOAc, 9 : 1 to 1 : 1) of the crude products.
The isomeric ratio of 4a to 4b was 5 : 1.


Model compounds 4aM and 4bM, 3-acetoxymethyl-4-
[hydroxy-(3,4,5-trimethoxyphenyl)-methyl]-2-(3,4,5-trimethoxy-


phenyl)tetrahydrofuran, were made by methylation and acetyl-
ation of 4a and 4b respectively.


Syntheses of compounds 5a and 5b


Compound 5, 3,4-bis(acetoxymethyl)-2,5-bis(4-hydroxy-3,5-
dimethoxyphenyl)tetrahydrofuran, was made from peroxidase-
catalyzed hydrogen peroxide oxidative free radical coupling
reactions of sinapyl acetate 2. Compound 5a, the major isomer,
was isolated in 35% yield after chromatographic separation
(CHCl3–EtOAc, 9 : 1 to 1 : 1) of the crude products.


Compound 5b, the minor isomer formed in this reaction, was
detected in a mixture with 5a and was isolated in small amount.
To confirm its structure an independent synthetic approach from
sinapic acid to 5b was used (see text and Fig. 7), as follows.


Compound 35, 3,6-bis(4-hydroxy-3,5-dimethoxyphenyl)tetra-
hydrofuro[3,4-c]furan-1,4-dione. Sinapic acid (5.0 g, 22.32 mmol)
was dissolved in 15% (v/v) aqueous acetone. Horseradish per-
oxidase (15 mg, 181 units mg-1) dissolved in 10 mL water was
added. Then hydrogen peroxide urea complex (13.40 mmol,
1.2 eq.) in 10 mL water was introduced to this mixture, which was
stirred at room temperature for 2.5 h. After standing overnight,
the light yellow precipitate was filtered off using nylon membrane
(20 mm pore size), and dried to give dilactone 35 (3.8 g, 8.6 mmol,
77% yield) as a yellow powder.


Compound 36, 3,6-bis(4-acetoxy-2-bromo-3,5-dimethoxy-
phenyl)tetrahydrofuro[3,4-c]furan-1,4-dione. To a solution of
acetylated 35 (4.0 g, 7.5 mmol) and NH4OAc in acetic acid
(100 mL) at room temperature was added a solution of Br2


(2.6 g, 16.2 mmol) in the same solvent (5 mL). The mixture was
stirred and kept at 50 ◦C for 6 h after which the solvent was
removed under reduced pressure. The residue then was diluted
with ethyl acetate (200 mL) and washed with water and saturated
aq. NH4Cl. The ethyl acetate solution was dried over anhydrous
MgSO4 and evaporated to produce crude 36, which was purified
via flash chromatography. Pure 36 (4.0 g, 5.85 mmol, 78% yield)
was obtained as a pale yellow oil.


Compound 37, 2,5-bis(2-bromo-4-hydroxy-3,5-dimethoxy-
phenyl)tetrahydrofuran-3,4-dicarboxylic acid dimethyl ester.
Acetyl chloride (10 mL) was added slowly over 30 min to a solution
of 36 (3.6 g, 5.23 mmol) in methanol–dioxane (3 : 1, v/v, 200 mL).
This solution was allowed to stand at room temperature for 16 h
before all solvents were evaporated under reduced pressure. The
crude product were subjected to flash chromatography (hexane–
EtOAc, 2 : 1) resulting in pure 37 (2.1 g, 3.23 mmol, 62% yield) as
a pale oil.


Compound 38, 2,5-bis(4-hydroxy-3,5-dimethoxyphenyl)tetra-
hydrofuran-3,4-dicarboxylic acid dimethyl ester. To a mixture of
compound 37 (0.24 g, 0.45 mmol) and 10% Pd/C (50 mg) in
methanol (50 mL) was added triethylamine (0.23 g, 2.26 mmol,
5.0 eq). This mixture was stirred for 2 days under a hydrogen-
filled balloon (refilled every 6 h) before filtering through a Celite
pad in a sintered glass filter, and washing with methanol (10 ml).
The filtrate was concentrated to about 5 mL and diluted with
ethyl acetate (100 mL). The ethyl acetate solution was washed
with aqueous 3% HCl (100 mL), saturated NH4Cl (30 mL), dried
over anhydrous MgSO4, and evaporated under reduced pressure,
producing 38 (0.120 g, 0.243 mmol) in 75.5% yield after TLC
purification (cyclohexane–EtOAc, 3 : 1).
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Compound 39, 2,5-bis(4-hydroxy-3,5-dimethoxyphenyl)-3,4-
(dihydroxymethyl)tetrahydrofuran. To an ice-cold solution of 38
(0.12 g, 0.243 mmol) in toluene (5 mL) was added DIBAL-H
(2.5 mL, 1.5 M in toluene, 11.0 eq.) over 3 min while stirring. The
solution was kept stirring over an ice–water bath for another 1
h before ethanol was slowly added to quench the excess reagent.
The resultant mixture was transferred to a separatory funnel with
ethyl acetate (100 mL) and washed with 3% aqueous HCl (100 mL)
and saturated NH4Cl solution (50 mL). The ethyl acetate solution
was dried over anhydrous MgSO4. Evaporation under reduced
pressure gave crude 39 (0.096 g, 0.22 mmol, 90%), which was used
directly for the preparation of 5b.


Compound 5b, 3,4-bis(acetoxymethyl)-2,5-bis(4-hydroxy-3,5-
dimethoxyphenyl)tetrahydrofuran. Acetylation of 39 with acetic
anhydride–pyridine (1 : 1) followed by selective deacetylation in
pyrrolidine gave the target compound 5b in 85% overall yield.


Compound 5bM, 3,4-bis(acetoxymethyl)-2,5-bis(3,4,5-
trimethoxyphenyl)tetrahydrofuran. Methylation of 5b with
methyl iodide and potassium carbonate in acetone at room
temperature overnight produced the final diaryltetrahydrofuran
model compound 5bM in 95% yield.
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b-Galactosyl ceramides have been obtained in excellent yields and stereoselectivities by reacting
disarmed glycosyl donors with stannyl ethers. The broad compatibility of stannyl ethers with various
leaving group–promoter pairs is demonstrated.


Introduction


Glycosphingolipids (GSLs) are used to bind cells by a large variety
of pathogens such as virus, bacteria, fungus and parasites.1 The
oligosaccharide moieties present in GSLs are the adhesion point
for these pathogens. Thus, it has been shown that several GSLs
binds the protein gp120 of HIV virus.1d


The V3 loop of HIV-1 gp120 is known to interact with several
GSLs (GalCer 1, GM3 2, iGB3 3; see Fig. 1) and proteins (CD4,
CCR5, CXCR4, GPR15/Bob) expressed by various cell types.
In T lymphocytes, the V3 loop binds to Gb3 and GM3 with a
low/moderate affinity. Accordingly, these GSLs should not be
considered as true gp120 receptors but rather as auxiliary, albeit
indispensable, fusion cofactors.2 In contrast, the V3 loop interacts
with GalCer with a high affinity, so that this major intestinal GSL
has long been recognized as a real receptor for HIV-1.3


This and other findings have stimulated the research in the syn-
thesis of glycosphingolipids,1a,b,4 ceramides4a,b and sphingosines4a,5


as an alternative to the natural sources.6 The current retrosynthetic
analysis reveal three important steps in the syntheses of b-GalCer
4: (i) glycosylation of the sphingosine moiety, (ii) N-acylation with
the fatty acid and finally (iii) elimination of the protecting groups
(Fig. 2).
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Fig. 1 Structures of b-GalCer, GM3 and iGB3.


Fig. 2 Retrosynthetic analysis of b-galactosyl ceramide.


One of the main synthetic problems in the synthesis of glycosph-
ingolipids is the glycosylation reaction,7 and sphingosines are
commonly used for glycosylation because low yields were obtained
when ceramides like 5 are directly used in the reaction. That has
been attributed to the low nucleophilicity of ceramides,1a,8 which
are extremely ordered as a result of the headgroup hydrogen bond-
ing and the formation of micelles. This driving force for molecular
self-assembly in ceramides allows them to have hexagonal and
orthorhombic phases, structural organizations that are similar in
the crystalline and hydrated states, and high stability.9 The problem
of glycosylating ceramides is usually circumvented by using
azidosphingosine 6. However, further reduction of the azido group
and acylation is therefore required (Fig. 3).10 In the glycosylation
of azidosphingosine, glycosyl fluorides and trichloroacetimidates


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 3831–3836 | 3831







Fig. 3 Ceramide 5 and azidosphingosine 6.


are the glycosyl donors that afforded the best yields.7,11 a-Iodo-
glycosides are employed as glycosyl donors in both armed12,13


and disarmed14 series, and the utility of a-iodo-glycosides in
the synthesis of a-galactosyl-azidosphingolipids,15 a-GalCer16 and
KRN700017 was recently demonstrated. The reaction proceeds by
in situ anomerization of the a-iodo- to the more reactive b-iodo-
derivative, from which the a-glycoside is obtained in excellent
yield.


Stannyl ethers have been used in the synthesis of b-glycosides
from 1,2-anhydro-glucose (1,2-oxiranes)18 and b-glycosides ob-
tained from seleno glycosides.19 With this background and with
the aim of preparing b-glycosphingolipids, we proposed a strategy
involving coupling of a-galactosyl iodide and a stannyl ether.20


The latter increases the nucleophilicity of the oxygen without sig-
nificant changes in the basicity. In this work, we show that stannyl
ethers can be used with different leaving group–promoter pairs,
affording in all the cases excellent yields and stereoselectivities.


Results and discucion


Initially, we explored the reaction of tetra-O-acetyl-a-
iodogalactose 7 with the amide 8, which was expected to be
a simple ceramide model (Table 1, Scheme 1). The reaction is
essentially driven under neutral conditions and affords first the
orthoester 9, which is further isomerized to the b-anomer in
high yields. The reaction was carried out in dichloromethane or
toluene at different temperatures and in the presence or absence
of TBAI. When the reaction was carried out at room temperature
in dichloromethane, the orthoester 9 was obtained, and further
treatment21,22 with BF3·OEt2 afforded 10 in 62% yield for the two
steps (Table 1, entry 1). The yield increased to 88% (entry 2) when
the reaction was heated to reflux. However, 93% yield was obtained
performing the reaction in toluene at 80◦C (entry 3). In this case the
presence of TBAI was also necessary for the reaction to proceed


Scheme 1


Table 1 Synthesis of compound 10 by glycosylation or stannyl amide 8
with iodide 7 in presence of TBAI followed by isomerizationa


Entry Solvent Temp/◦C Yield (%)b Ratio a:b


1 CH2Cl2 rt 62 0 : 1
2 CH2Cl2 reflux 88 0 : 1
3 Toluene 80 93 0 : 1
4c Toluene 80 — —


a Reagents and conditions: 7 (1.2 mmol), 8 (1 mmol), Bu4NI (0.10 mmol),
18 h and then BF3·Et2O (3 mmol), CH2Cl2 (20 mL), rt, 3 h. b Yields of
isolated product (for the two steps) after chromatographic purification.
c In the absence of TBAI.


Table 2 Glycosylation of 11 with the iodide 7 in presence of AgOTf to
give 12a


Entry Equiv. AgOTf Time/h Yield (%)b Ratio a:b


1 1 0.5 63 0 : 1
2 1 2 63 0 : 1
3 2 0.5 68 0 : 1
4 3 0.5 99 0 : 1
5 4 0.5 99 0 : 1


a Reagents and conditions: 7 (1.2 mmol), 11 (1 mmol), CH2Cl2 (15 mL), 0
◦C, 30 min. b Yields of isolated product alter chromatographic purification.


(entry 4). These results demonstrated the efficiency of stannyl
ethers in the glycosylation of ceramides with a-iodogalactose in
presence of TBAI as promoter.20


At this point, we considered the possibility of using other
promoters. Therefore, a screening of alternative promoters for the
glycosylation reaction was conducted, focusing on the replacement
of TBAI by AgOTf. Thus, when the a-iodogalactose 7 was reacted
with benzyl tributylstannyl ether 11 at 0 ◦C in the presence of 1
equivalent of AgOTf, the b-glycoside 12 was obtained in 63% yield
after 0.5 hours (Table 2, entry 1).


Longer reaction times did not affect the yield (entry 2). The
stoichiometry of AgOTf has a strong influence on the yield, and
when 3 or 4 equivalents were used, 12 was obtained in quantitative
yield in a short time (entries 3–5). In the 1H NMR spectrum of
the crude reaction the b-anomer was the only product detected,
and the orthoester or elimination products were not observed.
When the reaction was carried out with benzyl alcohol as glycosyl
acceptor under the optimized conditions, only 42% yield was
obtained. These results indicated that the presence of stannyl ether
is required to facilitate the reaction.


Then, we tried to glycosylate the stannyl ether 8 (Scheme 1),
using AgOTf as promotor. When the galactosyl iodide 7 was
reacted with 8 in the presence of only AgOTf, a mixture of the
orthoester 9 and the corresponding b-O-glycoside 10 (ratio 1 : 2)
was obtained. The 1H NMR spectrum of 9 showed characteristic
signals at d 5.79 (1H, d, J= 3.6 Hz, H1) and 1.6 (3H, s, methyl
group). The mixture of 9 and 10 was treated with BF3·OEt2


to convert 9 into 10, giving the b-O-glycoside in 90% overall
yield. Adding SnCl2 did not seem to affect the ratio between
9 and 10, and the presence of 2,6-di-tert-butyl-4-methylpyridine
(DTBMP) exclusively afforded the orthoester as a consequence
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of the decrease of the acidity. It should be noted that pivaloyl-
protected glycosyl donors do not totally prevent the formation of
the orthoester.23


To test the scope of these glycosylation protocols in the
synthesis of biologically relevant glycolipids, glycosylation of
azidosphingosine, ceramide and analogues was tested (Table 3).
When the stannyl ether 13, a ceramide analogue, was reacted with 7
following the general protocol of glycosylation employing TBAI as
promoter, the orthoester was exclusively obtained, and treatment
with BF3·OEt2 afforded the glycolipid 16 in 93% yield. Similar
yields were obtained when AgOTf was used as promoter (Table 3,
entry 1).


The classical protocol for the selective glycosylation of diols
requires a series of programmed protection–deprotection steps to
ensure that only one of the hydroxyls reacts. Azido-sphingosine has
two hydroxyl functions in positions 1,3 that can be simultanously
protected as stannyl acetal. When stannyl acetal 14, obtained from
azidosphingosine by reaction with Bu2SnO with water exclusion,
was reacted with 7 under standard conditions, the b-O-glycoside
17 was obtained in 94% yield after orthoester isomerization. In this
case, the use of AgOTf as promoter afforded similar yields (entry
2). The reaction was fully chemo- and stereoselective, involving
exclusively the primary hydroxyl group. Similarly, the stannyl
acetal 15, obtained by reaction of ceramide and Bu2SnO, was
also reacted with the glycosyl iodide 7 in the presence of TBAI or
AgOTf, and the corresponding reaction products were treated with
BF3·OEt2 to obtain the galactosyl ceramide 18 in 90% yield. The
reaction was again fully chemo- and stereoselective and the yields
obtained are close to those obtained by enzymatic procedures.24


Pleasingly, the yields obtained with AgOTf were similar to those
afforded when TBAI was the promoter.


We also investigated the reactivity of stannyl ethers with various
leaving groups such as bromide, fluoride, trichloroacetimidate
and acetate under the appropriate reaction conditions. This study
focused on the use of stannyl ethers 8 and 15, which were reacted
with glycosyl donors 19–22 (Scheme 2). It was expected that the
bromo derivative 19 would behave similarly to iodo derivative


Scheme 2 Examination of various leaving groups in the glycosylation of
ceramides.


7 when AgOTf is used as promoter. Effectively, when 19 was
reacted with the stannyl ether 8, a mixture of galactoside 10
and the orthoester 9 was obtained. Futher isomerization by
treatment with BF3·OEt2 exclusively afforded the b-galactoside
10 in similar yield to the obtained from a-iodogalactose (Table
4, entry 1). Using the glycosyl fluoride 20 as donor, the stannyl
ethers 8 and 15 as acceptors and the couple SnCl2/AgOTf as
promoter, b-galactosides 10 and 18 together with the respective
orthoesters, were also obtained. In the presence of BF3·OEt2,
these mixtures evolved to compounds 10 and 18, which were
obtained in high yields and exclusively as b-anomers (entries
3 and 4). When the trichloroacemidate 21 was used as donor,
the glycosylation of 8 and 15 in the presence of BF3·OEt2


afforded the orthoesters as major products, despite the presence
of substoichiometric amounts of BF3·OEt2. The orthoesters were,
however, then isomerized in good yields to give the b-anomers by
adding additional amounts of BF3·OEt2 (entries 5 and 6).


The reaction of penta-O-acetyl-b-D-galactopyranose (22), a
readily accessible glycosyl donor, was also probed with the
stannylated acceptors 8 and 15 in the presence of a large excess of
BF3·OEt2, which directly afforded the b-glycoside 10 (76%) and
18 (70%). In this case, the O-glycosides were obtained in moderate
yields since the acetate groups were hydrolyzed to give the partially
deprotected compound (entries 7 and 8). These results reveal that
stannyl ethers enhanced the nucleophilicity of hydroxyl groups,


Table 3 Glycosylation of 13–15 using 7 as glycosyl donor and TBAI or AgOTf as promoters to afford the orthoester followed by isomerization to give
the glycolipids 16–18


Entry Stannylated glycosyl acceptor Glycolipid Promoter Yield (%)c


1 TBAIa


AgOTfb
93
91


2 TBAIa


AgOTfb
94
93


3 TBAIa


AgOTfb
90
90


a Reagents and conditions: 7 (1.2 mmol), 13, 14 and 15 (1 mmol), Bu4NI (0.10 mmol), 18 h, and then BF3·Et2O (3 mmol), CH2Cl2 (20 mL), rt, 3 h. b Reagents
and conditions: 7 (1.2 mmol), 13, 14 or 15 (1mmol), AgOTf (3.0 mmol), DTBMP (1.2 mmol), 4 Å MS, CH2Cl2 (20 mL), 0 ◦C, 3 h, and then BF3·Et2O
(3 mmol), CH2Cl2 (15 mL), rt, 3 h. c Yields of isolated product (for the two steps, glycosylation and isomerization) after chromatographic purification.
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Table 4 Galactosylation of stannylceramides 8 and 15 with different donor–promoter pairsa


Entry Acceptor Donor (X) Promoter Time/h Product Yield (%)b


1 8 19 (Br) AgOTf (3 mmol) 5 10 88
2 15 19 (Br) AgOTf (3 mmol) 5 18 85
3 8 20 (F) SnCl2/AgOTf (3 mmol) 3 10 91
4 15 20 (F) SnCl2/AgOTf (3 mmol) 3 18 90
5 8 21 (TCA) BF3·OEt2 (0.5 mmol) 3 10 85
6 15 21 (TCA) BF3·OEt2 (0.5 mmol) 3 18 82
7 8 22 (OAc) BF3·OEt2 (6 mmol) 4 10 73
8 15 22 (OAc) BF3·OEt2 (6 mmol) 4 18 70


a Reagents and conditions for glycosylation: see ref. 25 (entries 1 and 2); ref. 26 (entries 3 and 4); ref. 27 (entries 5 and 6), and ref. 28 (entries 7 and 8).
Reagents and conditions for isomerization: glycosylation product (1 mmol), BF3·Et2O (3 mmol), CH2Cl2 (15 mL), rt, 3 h. b Yields of isolated product (for
the two steps, glycosylation and isomerization) after chromatographic purification.


which make them react with unique selectivity with a variety of
leaving groups. Despite the basicity of stannyl ethers, although
less basic than alkoxides, no elimination products (glycals) were
observed.


Conclusions


b-Galactosyl ceramides were obtained in high yield and stere-
oselectivity by reacting disarmed galactosyl donors with stannyl
ceramides. The stannyl ethers are compatible with a variety of gly-
cosyl donor–promoter pairs, making this procedure very general
and predictable for accesing b-galactosyl ceramides in high yield.


Experimental section


General experimental


All reactions were conducted under a dried argon stream. Solvents
(CH2Cl2 99.9%, benzene 99.9%) were purchased in capped Pure
Solv System-4 R© bottles, used without further purification and
stored under argon. Yields refer to the chromatographically and
spectroscopically (1H and 13C) homogeneous materials, unless oth-
erwise stated. TMSI was stored at -15 ◦C under a dry atmosphere.
All other solvents and reagents were used without further purifi-
cation. The sphingosine was purchased from Avanti Polar Lipids
Inc (Alabaster, AL) and azidosphingosine was synthesized using
a literature procedures.4a All glassware was flame-dried before
use. Reactions were monitored by TLC carried out on 0.25 mm
E. Merck silica gel plates. TLC plates were visualized under a
short-wave UV lamp and by heating plates that were dipped in
ethanol–H2SO4 (15 : 1). Flash column chromatography (FCC)
was performed using flash silica gel (32–63 mm) and employed a
solvent polarity correlated with TLC mobility. Optical rotations
were measured at 598 nm on a Jasco DIP-370 digital polarimeter
using a 100 mm cell. NMR experiments were conducted on a
Varian 400 MHz instrument using CDCl3 (99.9% D) as the solvent,
with chemical shifts (d) reference to internal standards CDCl3


(7.26 ppm 1H, 77.23 ppm 13C) or Me4Si as an internal reference
(0.00 ppm) Chemical shifts are relative to the deuterated solvent
peak and are in parts per million (ppm).


Preparation of stannyl ether 8


A mixture of N-(2-hydroxyethyl)stearamide (100 mg, 0.305 mmol)
and bis(tributyltin) oxide (91 mg, 0.152 mmol) in 20 ml of dry


toluene was heated to reflux overnight and was subjected to
azeotropic dehydration using a Dean–Stark apparatus or 4 Å
molecular sieves. Removal of solvent under reduced pressure
afforded the stannyl ether 8, which was used for the glycosyl-
coupling reaction without further purification.


Preparation of stannyl acetal 15


A mixture of N-((2S,3R,E)-1,3-dihydroxyoctadec-4-en-2-yl)-
stearamide (100 mg, 0.176 mmol) and dibutyltin oxide (44 mg,
0.176 mmol) in dry toluene (20 mL) was heated to reflux overnight
and was subjected to azeotropic dehydration using a Dean–Stark
apparatus or 4 Å molecular sieves. Removal of solvent under
reduced pressure afforded the stannyl ether 15, which was used
for the glycosyl-coupling reaction without further purification.


Synthesis of 1-(2,3,4,6-tetra-O-acetyl-b-D-galactopyranosyl)-N-
octadecenoyl-N-octadecyl-2-aminoethanol (10)


General procedure of glycosylation employing TBAI as pro-
moter, and isomerization. The following protocol was followed
prior to the glycosylation reaction: 1,2,3,4,6-penta-O-acetyl-b-D-
galactopyranose and the alcohol 8 were separately dried by co-
distillation with toluene (3 ¥ 5 mL) in dried flasks and then were
placed under vacuum for 1 h. TBAI was added to a dried flask
with a magnetic stirring bar and was co-distilled with dry toluene
(2 ¥ 5 mL) in the dark. Activated 4 Å molecular sieves were added
to the flask, and the mixture was co-distilled with toluene (5 mL)
once more before being placed under vacuum for 1 h. Complete
water exclusion is crucial to achieve good yields.


A solution of 1,2,3,4,6-penta-O-acetyl-b-D-galactopyranose
previously dried (142 mg, 0.366 mmol) in CH2Cl2 (3 mL) was
cooled to 0◦C under argon in the dark, and TMSI (88 mg,
0.439 mmol) was added to the stirred mixture. The reaction was
stirred for 20 min at 0 ◦C. The reaction was stopped by adding 3
mL of dry toluene and co-distilled three times with dry toluene
to obtain compound 7 as a slightly yellow oil, which was then
dissolved in anhydrous toluene (5 mL) and kept under argon.


To a stirred mixture of TBAI (11 mg, 0.030 mmol) and 4 Å
molecular sieves (300 mg) in anhydrous toluene (5 mL) under
argon at room temperature was added via syringe a solution of
stannyl derivative 8 (188 mg, 0.305 mmol) in dry toluene (5 mL),
and a solution of 7 (0.366 mmol) in dry toluene (5 mL). The
reaction mixture was stirred at 80 ◦C in the dark for 18 h and
then diluted with AcOEt (15 mL) and cooled to 0 ◦C. The white
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precipitate was removed by filtration through a pad of Celite. The
organic layer was concentrated in vacuo to get the orthoester 9,
which was co-distilled with dry toluene (3 ¥ 5 mL) and placed
under vacuum for 1 h before the next reaction.


A solution containing the orthoester 9 in anhydrous CH2Cl2


(5 mL) was cooled to 0 ◦C under argon atmosphere, and freshly
distilled BF3·EtO2 (129 mg, 0.915 mmol) was added to the stirred
mixture. The resulting reaction mixture was stirred for 3 h at
room temperature, quenched with saturated aqueous NaHCO3


solution and 25 mL of AcOEt added. The aqueous phase was
extracted with AcOEt (2 ¥ 15 mL), and the combined organic
extracts were washed with saturated aqueous Na2S2O3 solution
(2 ¥ 10 mL) and brine (3 ¥ 10 mL), dried over anhydrous Na2SO4,
and concentrated in vacuo. The resulting residue was purified by
flash column chromatography on silica gel using hexane–AcOEt–
MeOH (85 : 10 : 5) as eluent to give 186 mg (93%) of 10 as the
only anomer. TLC (hexane–AcOEt–MeOH 60 : 30 : 10) Rf 0.40;
m.p. 136–138 ◦C; [a]25


D -5 (c = 1.0, CHCl3). 1H NMR (400 MHz,
CDCl3): d 5.85 (1H, t, J = 5.2 Hz), 5.39 (1H, d, J = 3.2 Hz), 5.19
(1H, dd, J = 10.8, 8.4 Hz), 5.01 (1H, dd, J = 10.8, 3.6 Hz), 4.46
(1H, d, J = 8.4 Hz), 4.16–4.13 (2H, m), 3.91 (1H, t, J = 6.4 Hz),
3.87 (1H, ddd, J = 10.4, 6.4, 4.0 Hz), 3.67 (1H, ddd, J = 10.4, 6.8,
3.6 Hz), 3.51 (2H, q, J = 5.2 Hz), 2.17 (2H, t, J = 7.2 Hz), 2.07
(3H, s), 2.06 (3H, s), 2.04 (3H, s), 1.98 (3H, s), 1.61 (2H, quint,
J = 7.2, Hz), 1.33 (2H, sext, J = 7.6, Hz); 1.25 (26H, m), 0.87 (3H,
t, J = 7.2 Hz); 13C NMR (100.6 MHz, CDCl3): d 172.0, 170.2,
170.0, 169.9, 168.8, 100.0, 71.8, 70.9, 68.2, 67.0, 61.2, 61.0, 41.6,
36.5, 31.8, 29.5, 28.6, 25.6, 22.7, 20.7, 20.5 14.1. Anal. Calcd. for
C34H59NO11: C, 62.08; H, 9.04; N, 2.11. Found: C, 62.02; H, 9.08;
N, 2.21.


General procedure for glycosylation employing AgOTf as pro-
moter, and isomerization. The following protocol was followed
prior to the glycosylation reaction. The acceptor 1,2,3,4,6-penta-
O-acetyl-b-D-galactopyranose and acceptor 8 were azeotropically
distilled with dry toluene (3 ¥ 5 mL) in a dried flask and placed
under vacuum for 1 h before the reaction. The AgOTf was added
to a dried flask with a magnetic stirring bar. The flask was wrapped
in Al foil and azeotropically distilled with dry toluene (2 ¥ 5 mL)
in the dark. Activated 4 Å molecular sieves was added to the flask,
and the mixture was azeotropically distilled with benzene (5 mL)
once more before being placed under vacuum for 1 h.


A solution of 1,2,3,4,6-penta-O-acetyl-b-D-galactopyranose
(286 mg, 0.733 mmol) in CH2Cl2 (3 mL) was cooled to 0 ◦C under
argon in the dark, and TMSI (176 mg, 0.879 mmol) was added to
the stirred mixture. The reaction was stirred for 20 min at 0 ◦C.
The reaction was stopped by adding 3 mL of dry toluene and
azeotropically distilled three times with dry toluene. The slightly
yellow oil 7 was dissolved in CH2Cl2 (5 mL) and kept under argon.


To a stirred mixture of AgOTf (471 mg, 1.83 mmol) and 4 Å
molecular sieves (600 mg) in dry CH2Cl2 (5 mL) under argon and
at room temperature a solution of 8 (377 mg, 0.611 mmol) in dry
CH2Cl2 (5 mL) and a solution of 7 (335 mg, 0.733 mmol) in dry
CH2Cl2 (5 mL) were added via syringe. The reaction mixture was
stirred at 0 ◦C in the dark for 3 h before being allowed to warm
to 25 ◦C and further stirred for 3 h. The mixture was diluted
with AcOEt (15 mL) and cooled to 0 ◦C. The white precipitate
formed was removed by filtration through a pad of Celite. The
organic layer was concentrated in vaccuo to give a crude residue,


which mainly consisted of orthoester 9. This crude product was
azeotropically dried with dry toluene (3 ¥ 5 mL) and placed under
vacuum for 1 h before the next reaction.


A solution containing the orthoester 9 in CH2Cl2 (10 mL) was
cooled to 0 ◦C under argon atmosphere, and freshly distilled
BF3·EtO2 (260 mg, 1.833 mmol) was added to the stirred mixture.
The resulting reaction mixture was stirred for 3 h at room
temperature, then quenched with saturated aqueous NaHCO3


solution, and AcOEt (25 mL) added. The aqueous phase was
extracted with AcOEt (2 ¥ 20 mL), and the combined organic
extract was washed with saturated aqueous Na2S2O3 solution (2
¥ 20 mL) and brine (3 ¥ 20 mL), dried with anhydrous Na2SO4,
and concentrated in vacuo. The resulting residue was purified by
flash column chromatography on silica gel using hexane–AcOEt–
MeOH (85 : 10 : 5) as eluent to give 373 mg of pure 10 (93%).


Synthesis of 1-(2,3,4,6-tetra-O-acetyl-b-D-galactopyranosyl)-N-
octadecenoyl-N-octadecyl-2-aminoethanol (16)


TLC (hexane–AcOEt–MeOH 60 : 30 : 10) Rf 0.50; m.p. 136–
138 ◦C; [a]25


D -11 (c = 1.0, CHCl3). 1H NMR (400 MHz CDCl3): d
5.37 (1H, d, J = 3.2 Hz), 5.17 (1H, dd, J = 10.4, 8.0 Hz), 5.0 (1H,
dd, J = 10.4, 3.2 Hz), 4.47 (1H, d, J = 8.0 Hz), 4.17–4.01 (2H, m),
3.96 (1H, t, J = 6.4 Hz), 3.9 (1H, ddd, J = 10.0, 6.0, 4.0 Hz), 3.77
(1H, ddd, J = 10.0, 6.4, 3.6 Hz), 3.52 (2H, q, J = 5.0 Hz), 3.27
(2H, t, J = 7.2 Hz), 2.32 (2H, t, J = 7.2 Hz), 2.09 (3H, s), 2.04
(3H, s), 2.02 (3H, s), 1.01 (3H, s), 1.62–1.54 (4H, m), 1.25 (58H,
m), 0.87 (6H, t, J = 7.2 Hz); 13C NMR (100.6 MHz, CDCl3): d
173.0, 172.9, 170.8, 170.5, 170.0, 169.0, 100.1, 72, 71, 68.8, 67.1,
61.5, 58.9, 50.2, 47.3, 34.3, 31.8, 30.4, 29.6, 29.3, 28.9, 28.6, 27.7,
22.7,20.8, 20.58, 14.1. Anal. Calcd. for C52H95NO11: C, 68.61; H,
10.52; N, 1.54. Found: C, 68.59; H, 10.55, N, 1.49.


Synthesis of (2S,3S)-1-(2,3,4,6-tetra-O-acetyl-b-D-
galactopyranosyl)-2-azido-octadec-4-ene-1,3-diol (17)


TLC (hexane–AcOEt–MeOH 60 : 30 : 10) Rf 0.60; m.p. 50–52 ◦C;
[a]25


D -21 (c = 1.0, CHCl3).1H NMR (400 MHz, CDCl3): d 5.8
(1H, dt, J = 15.6, 6.4 Hz), 5.48 (1H, dd, J = 15.6, 7.2 Hz), 5.37
(1H, d, J = 3.2 Hz), 5.19 (1H, dd, J = 10.5, 7.5 Hz), 5.0 (1H,
dd, J = 10.5, 3.2 Hz), 4.5 (1H, d, J = 8.0 Hz), 4.25 (1H, dd, J =
6.8, 6.0 Hz), 4.2–4.06 (2H, m), 3.96 (1H, t, J = 6.4 Hz), 3.93 (1H,
dd, J = 12.8, 6.0 Hz), 3.69 (1H, dd, J = 10.4, 4.4 Hz), 3.45 (1H,
m), 2.06 (2H, q, J = 7.2 Hz), 2.05 (3H, s), 2.04 (3H, s), 2.03 (3H,
s), 1.96 (3H, s), 1.36 (2H, m), 1.25 (20H, m), 0.87 (3H, t, J =
7.2 Hz); 13C NMR (100.6 MHz, CDCl3): d 170.2, 169.3, 169.2,
165.0, 139.0, 122.7, 100.5, 72.8, 72.5, 72.0, 71.0, 68.3, 68.1, 63.5,
61.8, 32.4, 31.9, 29.6–28.7, 22.7, 20.6, 20.5, 14.0. Anal. Calcd. for
C32H53N3O11: C, 58.61; H, 8.15; N, 6.41. Found: C, 58.80; H, 8.17;
N, 6.28.


Synthesis of (2S,3S)-1-(2,3,4,6-tetra-O-acetyl-b-D-galacto-
pyranosyl)-2-hexacosanoylamino-octadec-4-ene-1,3-diol (18)


TLC (hexane–AcOEt–MeOH 60 : 30 : 10) Rf 0.60; m.p. 50–52 ◦C;
[a]25


D -13.5 (c = 1.0, CHCl3). 1H NMR (400, MHz CDCl3): d 5.79
(1H, t, J = 7.0 Hz), 5.75 (1H, dt, J = 15.3, 6.7 Hz), 5.49 (1H, dd,
J = 15.3, 7.5 Hz), 5.38 (1H, d, J = 3.2 Hz), 5.20 (1H, dd, J =
10.6, 8 Hz), 5.0 (1H, dd, J = 10.6, 3.6 Hz), 4.47 (1H, d, J = 8 Hz),
4.25 (1H, dd, J = 7.5, 3.4 Hz), 4.16 (1H, dd, J = 10.0, 4.6 Hz),
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4.15–3.99 (3H, m), 3.92 (1H, t, J = 6.4 Hz), 3.65 (1H, dd, J =
10.0, 3.2 Hz), 2.20 (2H, t, J = 7.5 Hz), 2.05 (3H, s), 2.04 (3H, s),
2.03 (2H, dt, J = 7.2, 6.7, Hz), 2.03 (3H, s), 1.99 (3H, s), 1.61 (2H,
quint, J = 7.5 Hz), 1.35 (2H, m), 1.34–1.20 (48H, m), 0.87 (6H,
t, J = 6.9, Hz); 13C NMR (100.6 MHz, CDCl3): d 174.3, 170.2,
170.1, 169.9, 168.8, 133.9, 128.8, 101.0, 71.9, 71.7, 71.0, 68.2, 68.1,
67.1, 61.3, 53.0, 36.0, 31.9, 31.5, 29.0, 29–28.8, 25.5, 21.2, 20.6,
20.5, 13.4. Anal. Calcd. for C49H87NO12: C, 66.7; H, 9.94; N, 1.59.
Found: C, 66.97; H, 9.63, N, 1.38.


General procedure for glycosylation of 8 and 15, using the glycosyl
donors 19–22


Glycosyl donors 19, 20 and 22, and the precursor of 21, and the
acceptors 8 and 15, were carefully azetropically dried as described
in the general procedures for synthesising the compound 10. The
glycosylation reaction was carried out following reported proce-
dures (see Table 4), affording the orthoester, which was isomerized
to the b-galactosyl ceramide following the isomerization procedure
described in the preparation of 10.
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Chemical Glycosylation, ed. A. V. Demchemko, Wiley-VCH, Weinheim,
2008, pp. 381–415; (b) F. Kong, Carbohydr. Res., 2006, 342, 345–
373.
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Four types of b-carboline–nucleoside conjugates were synthesized. The binding affinities of these
b-carboline–nucleoside conjugates 4–11, 13 and 15 to TAR RNA were evaluated by affinity capillary
electrophoresis. The data of binding affinities to TAR RNA show that conjugates 9 and 13 are stronger
binders than the parent compound MC3. Computer modeling indicates that the b-carboline–nucleoside
conjugate 13 can fit to the UCU three-nucleotide bulge region of TAR RNA.


Introduction


The interaction between the trans-activating region (TAR) RNA
and the cognate peptide Tat could activate the transcription of the
HIV-1 genome.1 Therefore, blocking Tat–TAR complex formation
seems to be a promising target for inhibiting the multiplication
of the HIV-1 virus.2 Intensive research over the past decade has
enriched the structural and biological knowledge of the trans-
activation mechanism involving a Tat–TAR interaction.3 Many
small molecules targeted to TAR RNA, such as aminoglycosides
and their derivatives,4 2,4-diaminoquinozaline or quinoxaline-
2,3-diones,5 aminoalkyl-linked acridine-based compounds,6 b-
carboline7 and isoquinoline8 derivatives, have been developed
through high-throughput screening or rational drug design. The
interaction of small molecule to RNA target is usually governed by
the mutual electrostatic properties and the p–p stacking between
aromatic rings. Hydrogen bonding between the nucleobases is a
naturally existing specific interaction in the recognition of DNA
or RNA. Introduction of a nucleobase into a small molecule
may offer an additional specific interaction with the residue
targeted to an RNA sequence in the binding pocket. Several
research groups have reported on the synthesis of aminoglycoside–
nucleobase conjugates and revealed that the introduction of
a nucleobase could increase the affinity and specificity of the
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Fig. 1 Structures of nucleoside derivatives.


interaction between aminoglycoside and RNA target.9 Yang’s
group described the synthesis of b-carboline derivatives and found
that some b-carboline derivatives can interact with TAR RNA
and the planar b-carboline ring system could insert into the active
pocket created by the UCU bulge.10 In this report, to increase
the specific binding affinity, four types of nucleoside, such as
deoxynucleoside, isonucleoside, acyclic nucleoside and peptide
nucleoside, were introduced into the b-carboline molecule by solid-
phase or solution synthesis and their binding activities to TAR
RNA were evaluated by capillary electrophoresis and the results
were discussed by molecular modeling.


Results and discussion


Synthesis of b-carboline–nucleoside conjugates


Four types of nucleoside derivatives: deoxynucleoside, isonucleo-
side, acyclic nucleoside and peptide nucleoside (PNA) (Fig. 1),
were designed as building blocks to construct b-carboline–
nucleoside conjugates. Their different chemical structures may give
various contributions to the binding affinity to RNA. Compounds
3a, 3b and 3c were synthesized by the procedures developed by
our and other laboratories.11 Compounds 1a, 1b and 1c were
reacted with tosyl chloride in pyridine followed by NaN3 to
yield compounds 2a, 2b and 2c respectively. The azido group
of nucleoside 2a, 2b or 2c was reduced by hydrogenation and
protected using FmocCl to obtain compound 3a, 3b or 3c in good
yield (Scheme 1).
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Scheme 1 Synthesis of deoxynucleoside and isonucleoside building blocks. Reagents and conditions: (a) (1) TsCl, Py (2) NaN3, DMF, 80 ◦C; (b) (1) 10%
Pd/C, H2, EtOH, 0.4 MPa (2) FmocCl, THF–10% Na2CO3.


Solid-phase synthesis has proved to be a powerful tool in
drug discovery. But compared to the solid-phase synthesis of
other organic small molecules, the development of solid-phase
synthesis of nucleoside analogues is very tardy.12 Nucleoside
and its derivatives are multi-functional group containing and
acid-sensitive substances. Thus, a universal and highly selective
solid-phase synthetic method for nucleoside derivatives should
be developed. As part of our research work, we found that
parallel solid phase synthesis can be used for the preparation of
b-carboline–nucleoside conjugates.


Polystyrene butyl(diethyl)silane (PS-DES) resin has been ap-
plied to immobilize nucleosides on a solid support12d,h Recently,
Tan’s group developed an acid-stable tert-butyldiarylsilyl (TB-
DAS) linker for solid phase synthesis13 and the silyl-ether linker
seemed to have the ability to tolerate the common conditions for
the modification of nucleosides. In this report, TBDAS resin was
used for the synthesis of b-carboline–nucleoside conjugates. One
of the major difficulties met in nucleoside synthesis on a solid
support is their poor solubility in commonly used solvents. After
screening, DCM–2,6-lutidine (1 : 1, v/v) was used in this solid-
phase synthesis. Some improvements were also made to increase
the loading of nucleoside on the TBDAS resin. The TBDAS resin
was treated with TMSiCl in DCM for 30 min before use and
addition of DMAP for the loading of nucleosides on the resin
proved to be effective. The loading of nucleoside on TBDAS resin
can reach 0.200 mmol g-1.


Deoxynucleosides 3a and 3b and isonucleoside 3c were loaded
on TBDAS resin to afford R1, after deprotection of Fmoc, the
resin was condensed with 1-methyl-b-carboline-3-carboxylic acid
to provide resin R2. The corresponding b-carboline conjugates 4–
6 were obtained from R2 by effective cleavage using 1 M TBAF–
THF and the products were purified by column chromatography
in about 90% yield (Scheme 2).


For the synthesis of b-carboline–peptide nucleoside conjugates
7–11, PAL resin can conveniently be used. Peptide nucleoside can
be obtained on PAL resin by standard stepwise solid-phase peptide
synthesis. After deprotection of R3, a solution of 1-methyl-b-


carboline-3-carboxylic acid, DCC, and HOBT in DMF was added
to the PAL resin. After cleavage step by 95% TFA–Et3SiH, b-
carboline–peptide nucleoside conjugates 7–11 were obtained in
yields of 63–96%.


b-Carboline–acyclic nucleoside conjugates 13, 15 were obtained
by solution-phase synthesis. The azido group on acyclic nucleo-
sides 12 or 14 was reduced by hydrogenation, and condensed with
1-methyl-b-carboline-3-carboxylic acid to yield 79% of compound
13 or 72% of compound 15 respectively (Scheme 3).


Evaluation of binding affinity


Many highly affinitive and specific analytical methods have been
developed to study RNA–small molecule interactions. These
methods include structure-based X-ray diffraction14 and NMR,15


electrospray ionization mass spectrometry,16 traditional biochem-
ical techniques (such as gel mobility, filter binding interference
assay, mutagenesis analysis etc.),17 scintillation proximity as-
say (SPA),18 surface plasmon resonance (SPR),19 intramolecular
fluorescence resonance energy transfer (FRET)20 and capillary
electrophoresis.21 The interaction of aminoglycoside analogues
and RNA was investigated by the SPR method in our laboratory
and some interesting results were obtained9e,f Due to the poor
solubility of compounds (4–11, 13 and 15) in water, SPR method
could not give good results in this case. Theoretically, 10% DMSO
may be used for SPR through solvent correction. But in our
case, solvent correction cannot provide satisfactory results even
using 1% DMSO during SPR screening. Yang, Zhang and co-
workers reported the interaction of TAR RNA and water-soluble
b-carboline and isoquinoline derivatives by affinity capillary elec-
trophoresis.21 In this report, we found that the synthetic b-carbo-
line–nucleoside conjugates can be dissolved into 10% (v/v)
DMSO and this solution was satisfactory for the evaluation
of the binding affinity to TAR RNA by a modified capillary
electrophoresis method. Therefore, a concentration of 10% (v/v)
dimethyl sulfoxide (DMSO) in PBS buffer was used as the
stock sample solution. DMSO can increase the solubility of
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Scheme 2 Solid-phase synthesis of b-carboline–deoxynucleoside and b-carboline–isonucleoside conjugates on TBDAS resin. Reagents and conditions:
(a) (1) TMSiCl, DCM, 0.5 h; (2) 1,3-dichloro-5,5-dimethylhydantoin, DCM, Ar, 4 h; (3) loading of nucleoside derivatives on TBDAS resin:
for compound 3a, 3b, imidazole, DMAP, DCM, 2,6-lutidine, Ar; for compound 3c, imidazole, DMAP, DCM, Ar; (b) 20% piperidine–DMF;
(c) 1-methyl-b-carboline-3-carboxlic acid, DCC, HOBT, DMF; (d) 1.0 M TBAF–THF, AcOH.


b-carboline–nucleoside conjugates in PBS buffer and also be used
as electroosmotic flow (EOF) marker. To avoid the perturbation of
DMSO in this determination, UV 254 nm was chosen as detector
wavelength. The RNA sample was dissolved in pH = 8.0 PBS
buffer and different concentrations of RNA in pH = 8.0 PBS buffer
were used as running buffer. 0.01 mmol of sample and 10 OD TAR
RNA were used for this determination. Kb is the binding constant
calculated from the migration time of the samples on affinity
capillary electrophoresis and used for the evaluation of the binding
affinity to TAR RNA. It was reported that b-carboline compound
MC3 (Fig. 2) showed inhibitory activity to the interaction between
Tat and TAR RNA in the transient cotransfection assay.10 In this
report, MC3 was used as a positive control.


Fig. 2 Structure of MC3.


Screening results obtained from affinity capillary electrophore-
sis showed that b-carboline–nucleoside conjugates 4–9, 11, 13 and
15 interacted with TAR RNA more tightly than the positive


control MC3 (Table 1, Fig. 3). Compounds 4 and 5 are b-
carboline–nucleoside conjugates, which differ only in nucleobase,
and exhibit very similar binding affinities. However, b-carboline-
isonucleoside conjugate 6 is a structural analogue of compound
5 in which the thymine base is shifted from C-1 to C-3 and the
5-amino group is moved to C-1 of the deoxyribose ring. The
conformation of conjugate 6 shows a big change compared to
its partner 5 and the lower binding affinity to TAR RNA of
conjugate 6 is expected. Interestingly, the structural difference
between conjugate 13 and 15 is also on nucleobase only and
they exhibit significantly different binding affinities. In the series


Fig. 3 Sequence and secondary structure of the HIV-1 TAR RNA.
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Scheme 3 Solid-phase synthesis of b-carboline–peptide nucleoside conjugates on PAL resin and solution-phase synthesis of b-carboline–acyclic
nucleoside conjugates. Reagents and conditions: (a) stepwise solid-phase peptide nucleoside synthesis on PAL resin: (1) PAL resin, 20% piperidine–DMF;
(2) Fmoc-peptide nucleoside, DCC, HOBT, DMF; (b) 20% piperidine–DMF; (c) 1-methyl-b-carboline-3-carboxlic acid, DCC, HOBT, DMF; (d) 95%
TFA–Et3SiH; (e) (1) 10% Pd/C, H2, EtOH, 0.4 atm; (2) 1-methyl-b-carboline-3-carboxylic acid, DCC, HOBT, DMF. Note: For compound 9–11, the
second peptide nucleoside was attached to the resin by repeating the deprotection step and condensation step: (1) 20% piperidine–DMF; (2) Fmoc peptide
nucleoside, DCC, HOBT, DMF.


of b-carboline-peptide nucleoside conjugates, the data are more
confused. Conjugates 7 and 8 show moderate binding affinities to
TAR RNA, but there is no relationship between the structures of
9–11 and their binding affinities (Table 1).


For elucidating the binding mode of the studied conjugates to
TAR RNA, a molecular docking study was performed using the
program AutoDock 3.0. The binding ability of the ligand to TAR
RNA was evaluated by the docking energy and the conformation
with the lowest docking energy was used for the analysis of the
final docked conformation.22


Fig. 4 shows that the synthetic compounds 5 and 6 can fit into
the major groove of TAR RNA. For compound 5, two hydrogen
bonds are formed, one is formed by O2 of thymine and 4-NH2


of cytosine of the residue C37 in TAR RNA (2.21 Å) and the


second is formed by OH of deoxyribose and O6 of guanine of
residue G36 in TAR RNA (2.32 Å), and compound 4 indicates
the identical binding model with TAR RNA. These hydrogen
bonds restrict the molecular orientation and movement. However,
b-carboline–isonucleoside conjugate 6 shows a contrary binding
mode to compounds 4 and 5, in which only one hydrogen bond
between N–H (b-carboline rings) and N7 of guanine of residue
G34 of TAR RNA (2.13 Å) was observed.


Compound 13 shows very high affinity to TAR RNA in com-
parison with the nucleobase-substituted analogue 15. According
to the molecular modeling, compound 13 can fit very well with
the UCU three-nucleotide bulge of TAR RNA, b-carboline can
intercalate into the space of UCU bulge and three strong hydrogen
bonds are observed by computer simulation. The imino group of


Table 1 The binding constants Kb of compounds with TAR RNA. Note: Kb is the binding constant and N. A., no data available. MC3 was used as
positive control


No. 4 5 6 7 8 9 10 11 13 15 MC3


Kb ¥ 103/M-1 29.3 23.8 19.6 18.7 21.7 53.9 N. A. 28.1 50.6 11.6 8.9
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Fig. 4 Interaction of compounds 5 (top) and 6 (bottom) with TAR RNA.


the b-carboline ring and the N3 thymine of compound 13 form two
hydrogen bonds with the O4 of uracil of the residue U40 (2.05 Å)
and the N7 of adenine of the residue A22 (2.25 Å) in TAR RNA,
respectively, whereas the hydroxyl group in compound 13 forms a
hydrogen bond (1.96 Å) with the phosphate group of the residue
G36 in TAR RNA. Interestingly, compound 15 cannot form the
same conformation as compound 13 to fit this model. Only a weak
hydrogen bond (2.34 Å) was observed in the case of compound 15,
which indicates its weak binding affinity to TAR RNA (Fig. 5).


For b-carboline–peptide nucleoside conjugates 7 and 8, their
binding modes are similar to compound 6. Compounds 9–11
are dipeptide nucleoside conjugates, compound 9 shows a strong
binding affinity to TAR RNA, but compound 10 exhibits no
binding activity. Structurally, in the cases of molecules 9–11, the
peptide linkage is more flexible and it makes it more difficult to
restrict the conformation and movement of the molecule in the
RNA pocket. Unfortunately, the binding model established here
could not be used to elucidate the interaction of such flexible
molecules to TAR RNA.


It was reported that the residues U23, C24 and U25 were
stacked on A22 in TAR RNA in the absence of Tat and while
Tat bound to TAR RNA in the region of the UCU bulge in which
U23 was moved in direct proximity to G26 and C24 and U25
became unstacked.23 The modeling result of conjugate 13 with


Fig. 5 Interaction of compounds 13 (top) and 15 (bottom) with TAR
RNA.


TAR RNA is in good agreement with the proposed model and
the experimental binding affinity, and the designed conjugates
4–11 cannot fit well to this active UCU three-nucleotide bulge
region. It is obvious that in comparison with conjugate 13, the
deoxyribose moiety in conjugates 4–6 is a more restrictive linker
between b-carboline and nucleobase and the peptide linkage in
conjugates 7–11 is more flexible. It seems that the flexibility of the
structure of the proper b-carboline–nucleoside conjugate is very
important for the recognition of the UCU three-nucleotide bulge
region of TAR RNA. b-Carboline–acyclic nucleoside conjugates
13 and 15 would be the interesting models for further investigation
of more active inhibitors for the formation of the tat–TAR
complex.


In conclusion, four types of b-carboline–nucleoside conjugates
were synthesized. The binding affinities of these b-carboline–
nucleoside conjugates 4–11, 13 and 15 to TAR RNA were eval-
uated by affinity capillary electrophoresis. The binding affinities
to TAR RNA show that conjugates 9 and 13 are stronger binders
than the parent compound MC3. Computer modeling indicates
that the b-carboline–acyclic nucleoside conjugate 13 can fit to the
UCU three-nucleotide bulge region of TAR RNA. The docking
model of compound 13 to TAR RNA is in good agreement with
the experimental data.
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Experimental


General


Commercial reagents were purchased from Acros and Aldrich
Chemical Co. and were used without further purification. PL-
PBS resin (1.97 mmol g-1, 150–300 mm) was purchased from
Polymer Laboratories USA and PAL resin (1% DVB crossed-
linked, 100–200 mesh, 0.4–0.8 mmol g-1) was purchased from
Advanced ChemTech Inc., USA. All solvents were dispensed
from a solvent purification system prior to use. Yields referred
to chromatographic and spectroscopically pure compounds. Silica
gel (200–300 mesh) manufactured by Qingdao Haiyang Chemical
Company (China) was used for the column chromatography.
Solution phase reactions were performed in flame-dried glassware
under positive argon pressure with magnetic stirring. Proton
magnetic resonance spectra were recorded on a JEOL JNM-
AL300 (300 MHz for 1H, 75.5 MHz for13C) spectrometer or Varian
VXR-500 (500 MHz for 1H). All NMR spectra were recorded at
ambient temperature. Chemical shifts (d values) were reported as
parts per million (ppm) and referenced to TMS (1H NMR, 0) or
CD3OD (13C NMR, 49.0, center line) or DMSO-d6 (13C NMR,
39.5, center line). Coupling constants (J values) are expressed
in Hz. High-resolution mass spectra were obtained at Bruker
DALTONICS APEX IV 70e mass spectrometer by electrospray
ionization (ESI). The data are reported in m/z. Melting points
were taken on an Electrothermal R© Melting Point Apparatus and
are uncorrected. Optical rotation was recorded on a Rudolph
Research Analytical Auto Pol III automatic polarimeter (sodium
D-line, 589 nm). UV spectra were recorded on a UNICO UV-4802
spectrometer (UNICO (Shanghai) Instruments Co., Ltd.). Solid
phase reactions were run in a home-made solid-phase synthesizer
under positive argon pressure. Resin loading levels are expressed
in mmol g-1.


Compound 1c,11acompound 2a,24 compound 2b,25 compound
3b,26 compound 12,27 compound 14,28 Fmoc-peptide nucleoside,29


1-methyl-b-carboline-3-carboxylic acid, 1-methyl-b-carboline-3-
carboxylic acid (3-amino-propyl)-amide (MC3)30 and TBDAS
resin13 were prepared according to the literature in agreement with
the analytical results. Fmoc quantification was determined by the
method of Meienhofer et al.31


General procedure for the solid-phase synthesis of b-carboline–
deoxynucleoside and b-carboline–isonucleoside conjugates on
TBDAS resin


Activation of TBDAS resin: To a suspension of TBDAS resin
(400 mg, 0.76 mmol) in dry CH2Cl2 (10 mL), TMSiCl (1.0 mL)
was added and the mixture was agitated for 30 min. The solution
was drained from the column under positive argon pressure, and
the resin was washed with anhydrous CH2Cl2. 1,3-Dichloro-5,5-
dimethylhydantoin (10 mL, 1.0 M in CH2Cl2) was added by syringe
and the resulting slurry was agitated for 60 min. The solution was
drained from the column under positive argon pressure and the
resin was washed with anhydrous CH2Cl2.


Loading of deoxynucleoside and isonucleoside on TBDAS resin:
Deoxynucleoside (3 eq.), imidazole (3 eq.) and DMAP (1 eq.)
were dissolved in anhydrous CH2Cl2 (2 mL) and 2,6-lutidine
(2 mL) (for isonucleoside, only 5 mL anhydrous CH2Cl2 was
used). The solution was added by syringe and the reaction was


agitated overnight. The solution was drained from the column
under positive argon pressure and dried under high vacuum to
give R1 resin for the next step.


Deprotection of Fmoc on R1 resin: R1 resin (200 mg) was
treated with 20% piperidine in DMF (4 mL) for 30 min and washed
with CH2Cl2, dried under vacuum.


Coupling of 1-methyl-b-carboline-3-carboxylic acid: To a sus-
pension of deprotected R1 resin in DMF (3 mL), 1-methyl-b-
carboline-3-carboxylic acid (2 eq.), DCC (2 eq.) and HOBT (2 eq.)
were added and agitated overnight. The reaction was stopped
when monitoring showed a negative ninhydrin test. The resin was
washed with MeOH, CH2Cl2 and dried under vacuum to afford
R2 resin.


Cleavage and purification of products from R2 resin: R2 resin
(starting from 200 mg R1 resin) was suspended in 1 M TBAF–
THF (4 mL) which was pre-neutralized with AcOH to pH = 7.0
and agitated overnight. The mixture was filtered and the resin was
washed thoroughly with MeOH. The filtrate was concentrated
under vacuum and purified by column chromatography eluting
with petroleum ether : ethyl acetate 3 : 1 or CH2Cl2 : MeOH 30 : 1
to afford the target compounds.


General procedure for the solid-phase synthesis of b-carboline–
peptide nucleoside conjugates on PAL resin


Solid-phase synthesis of b-carboline–peptide nucleoside conju-
gates was followed the standard stepwise solid-phase peptide
synthesis on PAL resin: (1) Fmoc of PAL resin was removed by 20%
piperidine–DMF for 30 min. (2) Coupling of peptide nucleoside
on PAL resin was carried out in the presence of peptide nucleoside,
DCC and HOBT in DMF. (3) Deprotection of Fmoc group of the
peptide nucleoside containing resin by 20% piperidine–DMF for
30 min (for the preparation of compounds 9–11, repeat steps 2
and 3 again). (4) Coupling of the peptide nucleoside containing
resin with 1-methyl-b-carboline-3-carboxylic acid was carried out
in the presence of DCC, HOBT in DMF. (5) Cleavage of the
products from PAL resin was completed by 95% TFA–Et3SiH for
30 min. The crude product was dissolved in MeOH and the product
was purified by reverse-phase HPLC using a C18 semi-preparative
column (Venusil XBP-C18, 10 mm, 100 Å, 21.5 ¥ 250 mm, Agela
Technologies Inc. USA) as the stationary phase and a gradient
of 0.1% TFA–H2O (A) and 0.1% TFA–CH3CN (B) as the mobile
phase, monitoring at 254 nm. The gradient conditions were 0 min,
100% A followed by linear gradient 0–80% B over 30 min.


(3S,4R,5S)-5-Azidomethyl-3-thymine-1-yl-4-hydroxyl-
tetrahydrofuran 2c


To an ice-cold stirred solution of isonucleoside 1c11a (360 mg,
1.49 mmol) in anhydrous pyridine (15 mL) was added p-
toluenesulfonyl chloride (312 mg, 15.8 mmol), and the reaction
mixture was left overnight. Solvent was removed under reduced
pressure and the resultant syrup was extracted with CH2Cl2


and saturated sodium bicarbonate. The organic solution was
dried with sodium sulfate. Removing the solvents under reduced
vacuum afforded a yellow solid, 5¢-O-tosyl-isonucleoside. The
crude product was dissolved in DMF (10 mL) and sodium azide
(480 mg, 7.5 mmol) was added and the mixture was stirred at 80 ◦C
for 8 h. After cooling, the solution was filtered and the filtrate was
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evaporated under vacuum, the resultant residue was purified by
silica gel chromatography eluting with CH2Cl2 : MeOH 50 : 1 to
afford colorless liquid 2c (242 mg) in 62% yield for two steps. [a]25


D


-88.9 (c 0.027 in MeOH); UV lmax (MeOH)/nm 213 (e/dm3 mol-1


cm-1 11 400) and 270 (11 100);1H NMR (300 MHz; CD3OD) d
7.48 (s, 1H, H-6¢), 4.20 (dd, J = 4.5, 6.3, 1H, H-2a), 4.13–4.16
(m, 1H, H-3), 4.06 (dd, J = 4.5, 10.5, 1H, H-2b), 3.78–3.83 (m,
1H, H-5), 3.63 (dd, J = 3.0, 12.0, 1H, CH2aN3), 3.46 (dd, J = 5.1,
13.5, 1H, CH2bN3), 1.89 (s, 3H, 5¢-CH3); 13C NMR (75.5 MHz;
CD3OD) d 166.3 (C-4¢), 153.0 (C-2¢), 139.6 (C-6¢), 111.9 (C-5¢),
85.2 (C-5), 78.0 (C-4), 70.2 (C-2), 65.5 (C-3), 52.6 (CH2N3), 12.5
(5¢-CH3). HR-MS (ESI-TOF, m/z): Calcd. for C10H14N5O4 (M +
H)+ 268.1040. Found 268.1039.


5¢-N-(9H-Fluorenylmethoxycarbonyl)-2¢,5¢-dideoxyuridine 3a


A mixture of 2a24 (1.22 g, 4.82 mmol), 10% Pd/C (0.30 g) and
EtOH (10 mL) was stirred under a H2 atmosphere (0.4 atm) for
4 h, the solvent was removed under vacuum and a mixture of
FmocCl (1.37 g, 5.30 mmol) in THF (10 mL) and 10% Na2CO3


(5 mL) was added. The mixture was allowed to stir overnight. After
removal of the solvent under vacuum, the residue was purified by
chromatography eluting with CH2Cl2 : MeOH 30 : 1 to obtain
white solid of 1.47 g in 68% yield for two steps. Mp 168–170 ◦C;
[a]25


D 9.8 (c 0.123 in MeOH); UV lmax (MeOH)/nm 210 (e/dm3


mol-1 cm-1 48 200) and 264 (31 100);1H NMR (500 MHz; DMSO-
d6) d 11.31 (br, 1H, N-3 H), 7.30–7.89 (m, 9H, Ar-H, H-6), 6.11
(t, J = 6.5, 1H, H-1¢), 5.57 (dd, J = 8.0, 2.0, 1H, CONH), 5.30
(d, J = 4.5, 1H, H-5), 4.14–4.35 (m, 4H, CHCH2OCO, H-3¢),
3.76–3.80 (m, 1H, H-4¢), 3.15–3.31 (m, 2H, H-5¢), 1.99–2.09 (m,
2H, H-2¢); 13C NMR (75.5 MHz; DMSO-d6) d 163.7 (C-4), 156.4
(OCONH), 150.4 (C-2), 143.9, 140.7 (C-6), 127.6, 127.1, 125.2,
120.1, 101.8 (C-5), 85.2 (C-4¢), 84.3 (C-1¢), 71.1 (C-3¢), 65.4 (C-5¢),
46.7 (CHCH2OCO), 42.8 (C-1¢). HR-MS (ESI-TOF, m/z): Calcd.
for C24H24N3O6 (M + H)+ 450.1660. Found 450.1674.


(3S,4R,5R)-N-5-(9H-Fluorenylmethoxycarbonyl)methyl-3-
thymine-1-yl-4-hydroxyl-tetrahydrofuran 3c


This compound was synthesized through the same procedure
as described for compound 3a in 52% yield from compound 2c
(141 mg), colorless liquid. [a]25


D 3.7 (c 0.162 in MeOH); UV lmax


(MeOH)/nm 210 (e/dm3 mol-1 cm-1 81 700) and 265 (54 400); 1H
NMR (300 MHz; DMSO-d6) d 11.33 (s, 1H, N-3¢ H), 7.32–7.91
(m, 9H, Ar-H, H-6¢), 5.76 (d, J = 1.5, 2H, CHCH2OCO), 5.66 (d,
J = 2.7, 1H, NHCOO), 4.76 (br, 1H, H-2a), 4.20–4.27 (m, 3H,
CHCH2OCO, H-3, OH), 3.83–4.04 (m, 2H, H-2b, H-4), 3.63–3.64
(m, 1H, 5-CH2aNH), 1.78 (s, 3H, 5¢-CH3); 13C NMR (75.5 MHz;
DMSO-d6) d 163.8 (C-4¢), 156.4 (NHCOO), 151.1 (C-2¢), 143.9,
143.9, 140.7 (C-6¢), 137.8, 127.7, 127.1, 125.3, 120.2, 109.4 (C-5¢),
83.0 (C-5), 76.3 (C-4), 68.3 (C-2), 65.6 (C-3), 62.6 (CH2OCONH),
55.0 (CH2N3), 46.7 (CHCH2OCO), 12.2 (5¢-CH3). HR-MS (ESI-
TOF, m/z): Calcd. for C25H25N3O6Na 486.1636 (M + Na)+. Found
486.1656.


5¢-N-(1-Methyl-b-carboline-3-carbonyl)-2¢,5¢-dideoxyuridine 4


This compound was synthesized according to the general proce-
dure for the solid-phase synthesis of b-carboline–deoxynucleoside
conjugates on TBDAS resin in 89% yield from 201 mg resin R1


(deoxynucleoside 3a on TBDAS resin with the loading 0.157 mmol
g-1). Mp 180–182 ◦C; [a]25


D 10.5 (c 0.057 in MeOH); UV lmax


(MeOH)/nm 213 (e/dm3 mol-1 cm-1 14 400), 234 (9800) and 270
(12 100);1H NMR (300 MHz; DMSO-d6) d 11.97 (s, 1H, N-3 H),
11.35 (s, 1H, Ar-NH), 8.73 (t, J = 6.0, 1H, Ar-H), 8.70 (s, 1H,
Ar-H), 8.36 (d, J = 7.8, 1H, H-6), 7.77 (d, J = 8.4, 1H, Ar-
H), 7.56–7.66 (m, 2H, Ar-H), 7.29 (t, J = 7.5, 1H, CONHCH2),
6.16 (t, J = 6.6, 1H, H-1¢), 5.61 (d, J = 7.8, 1H, H-5), 5.38 (d,
J = 4.2, 1H, OH), 4.25–4.30 (m, 1H, H-3¢), 3.97–3.98 (m, 1H,
H-4¢), 3.56–3.64 (m, 2H, 5¢-CH2), 2.84 (s, 3H, Ar-CH3), 2.11–2.49
(m, 2H, 2¢-CH2); 13C NMR (75.5 MHz; DMSO-d6) d 164.9 (C-4),
163.1 (CONH), 150.4 (C-2), 140.9, 140.9, 140.8 (C-6), 135.9, 128.4,
127.5, 122.2, 121.4, 120.0, 112.3, 102.0 (C-5), 85.2 (C-4¢), 84.3 (C-
1¢), 71.2 (C-3¢), 41.2 (C-5¢), 38.2 (C-2¢), 20.3 (CH3). HR-MS (ESI-
TOF, m/z): Calcd. for C22H22N5O5 436.1616 (M + H)+. Found
436.1614.


5¢-N-(1-Methyl-b-carboline-3-carbonyl)-5¢-deoxythymidine 5


This compound was synthesized according to the general proce-
dure for the solid-phase synthesis of b-carboline–deoxynucleoside
conjugates on TBDAS resin in 93% yield from 218 mg resin R1
(deoxynucleoside 3b on TBDAS resin with the loading 0.140 mmol
g-1). Mp 186–190 ◦C; [a]25


D -3.5 (c 0.114 in MeOH); UV lmax


(MeOH)/nm 211 (e/dm3 mol-1 cm-1 9700), 232 (7600) and 270
(12 900);1H NMR (300 MHz; DMSO-d6) d 11.97 (s, 1H, N-3 H),
11.32 (s, 1H, Ar-NH), 8.69–8.78 (m, 2H, Ar-H), 8.35 (d, J =
7.8, 1H, H-6), 7.55–7.66 (m, 3H, Ar-H), 7.29 (t, J = 8.4, 1H,
CONHCH2), 6.18 (t, J = 8.4, 1H, H-1¢), 5.37 (d, J = 4.5, 1H,
OH), 4.30 (br, 1H, H-3¢), 3.97 (br, 1H, H-4¢), 3.35–3.68 (m, 2H,
5¢-CH2), 2.82 (s, 3H, Ar-CH3), 2.10–2.17 (m, 2H, 2¢-CH2), 1.74
(s, 3H, 5-CH3); 13C NMR (75.5 MHz; DMSO-d6) d 165.3 (C-4),
164.0, 150.7 (C-2), 141.2, 141.1 (C-6), 139.1, 136.2, 128.6, 127.7,
122.4, 121.7, 120.2, 112.5, 110.0 (C-5), 85.3 (C-4¢), 84.2 (C-1¢),
71.5 (C-3¢), 41.4 (C-5¢), 38.7 (C-2¢), 20.7 (Ar-CH3), 12.3 (5-CH3).
HR-MS (ESI-TOF, m/z): Calcd. for C23H24N5O5 450.1772 (M +
H)+. Found 450.1765.


(3S,4R,5R)-N-6-(1-Methyl-b-carboline-3-carbonyl)-3-thymine-
1-yl-4-hydroxyl-tetrahydrofuran 6


This compound was synthesized according to the general pro-
cedure for the solid-phase synthesis of b-carboline–isonucleoside
conjugates on TBDAS resin in 90% yield from 200 mg resin R1
(isonucleoside 3c on TBDAS resin with the loading 0.198 mmol
g-1). Mp 160–162 ◦C; [a]25


D -32.3 (c 0.031 in MeOH); UV lmax


(MeOH)/nm 215 (e/dm3 mol-1 cm-1 103 200), 233 (135 800) and
270 (168 400);1H NMR (300 MHz; DMSO-d6) d 11.96 (s, 1H, N-
3¢ H), 11.30 (s, 1H, Ar-NH), 8.62–8.69 (m, 2H, Ar-H), 8.36 (d,
J = 7.8, 1H, H-6¢), 7.56–7.66 (m, 2H, Ar-H), 7.47 (s, 1H, Ar-H),
7.29 (t, J = 7.8, 1H, CONHCH2), 5.75 (d, J = 5.4, 1H, OH),
4.81 (dd, J = 4.8, 12.0, 1H, H-2a), 4.03–4.19 (m, 2H, H-3, H-
4), 3.93 (dd, J = 5.1, 10.2, 1H, H-2a), 3.59–3.81 (m, 3H, H-5,
CH2NH), 2.84 (s, 3H, Ar-CH3), 1.74 (s, 3H, 5¢-CH3); 13C NMR
(75.5 MHz; DMSO-d6) d 164.9 (C-4¢), 163.8, 151.1 (C-2¢), 141.0,
140.8 (C-6¢), 138.7, 137.7, 136.0, 128.4, 127.5, 122.2, 121.4, 120.0,
112.2, 109.4 (C-5¢), 83.1 (C-5), 76.9 (C-4), 68.5 (C-2), 62.8 (C-3),
40.5 (CH2NH), 20.5 (Ar-CH3), 12.0 (5¢-CH3). HR-MS (ESI-TOF,
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m/z): Calcd. for C23H25N5O5 450.1772 [M + H]+. Found
450.1763.


N-(1-Methyl-b-carboline-3-carbonyl)-N-(thymine-N l-
methylenecarbonoyl)-glycinamide 7


This compound was synthesized according to the general pro-
cedure for the solid-phase synthesis of b-carboline–peptide nu-
cleoside conjugates on PAL resin in 63.4% yield from 170 mg
resin R3 (peptide nucleoside on PAL resin with the loading
0.344 mmol g-1). Mp 178–180 ◦C; [a]25


D 0.0 (c 0.075 in MeOH);
UV lmax (MeOH)/nm 215 (e/dm3 mol-1 cm-1 28 100) and 265
(14 400);1H NMR (300 MHz; DMSO-d6, D2O exchange) d 8.71 +
8.80 (s, 1H, H-6), 8.30–8.37 (m, 1H, Ar-H), 7.77 (d, J = 3.6,
2H, Ar-H), 7.47 (br, 1H, Ar-H), 7.00 + 7.14 (s, 1H, Ar-H), 4.73
(s, 1H, N1-CH2aCO), 4.24 (s, 1H, N1-CH2bCO), 4.01 (s, 1H,
NHCH2aCONH2), 3.63–3.70 (m, 4H, NHCH2CH2N), 2.98 (s, 3H,
Ar-CH3), 1.20 + 1.61 (s, 3H, 5-CH3); HR-MS (ESI-TOF, m/z):
Calcd. For C25H26N7O5 492.1990 (M + H)+. Found 492.2002.


N-(1-Methyl-b-carboline-3-carbonyl)-N-(uracil-N l-
methylenecarbonoyl)-glycinamide 8


This compound was synthesized according to the general proce-
dure for the solid-phase synthesis of b-carboline–peptide nucleo-
side conjugates on PAL resin in 90% yield from 200 mg resin R3
(peptide nucleoside on PAL resin with the loading 0.391 mmol
g-1). Mp 140–142 ◦C; [a]25


D -11.4 (c 0.176 in MeOH); UV lmax


(MeOH)/nm 207(e/dm3 mol-1 cm-1 6000), 238 (10 500) and 270
(14 400);1H NMR (300 MHz, DMSO-d6, D2O exchange) d 8.79 +
8.84 (s, 1H, H-6), 8.35–8.40 (m, 1H, Ar-H), 7.76 (d, J = 6.0, 2H,
Ar-H), 7.35–7.48 (m, 2H, Ar-H), 5.48–5.57 (d, J = 6.0, 1H, H-5),
4.55 + 4.77 (s, 2H, N1-CH2CO), 4.00 (s, 1H, NHCH2CONH2),
3.57–3.66 (m, 4H, NHCH2CH2N), 2.98 (s, 3H, Ar-CH3); HR-
MS (ESI-TOF, m/z): Calcd. for C23H24N7O5 478.1834 (M + H)+.
Found 478.1834.


Compound 9


This compound was synthesized according to the general proce-
dure for the solid-phase synthesis of b-carboline–peptide nucleo-
side conjugates on PAL resin in 95% yield from 177 mg resin R3
(peptide nucleoside on PAL resin with the loading 0.357 mmol
g-1). Mp 148–150 ◦C; [a]25


D -15.1 (c 0.106 in MeOH); UV lmax


(MeOH)/nm 210 (e/dm3 mol-1 cm-1 26 100), 237 (31 800) and
270 (49 500);1H NMR (300 MHz; DMSO-d6, D2O exchange)
d 8.60 + 8.69 (s, 1H, H-6), 8.16–8.28 (m, 1H, H-6¢), 7.65–
7.83 (m, 3H, Ar-H), 7.46–7.54 (m, 1H, Ar-H), 7.35–7.36 (m,
1H, Ar-H), 7.16–7.22 (m, 1H), 6.81–7.01 (m, 1H), 4.65 (br,
2H, both are N1-CH2CO + N1¢-CH2CO), 3.22–4.02 (m, 12H,
CONHCH2CH2NCH2CONHCH2CH2NCH2CONH2), 2.86 (s,
3H, Ar-CH3), 1.43 + 1.58 (s, 6H, 5-CH3 + 5¢-CH3); HR-MS (ESI-
TOF, m/z): Calcd. for C35H40N11O9 758.3005 (M + H)+. Found
758.2988.


Compound 10


This compound was synthesized according to the general proce-
dure for the solid-phase synthesis of b-carboline–peptide nucle-
oside conjugates on PAL resin in 95% yield from 157 mg resin


R3 (peptide nucleoside on PAL resin with the loading 0.32 mmol
g-1). Mp 178–180 ◦C; [a]25


D -4.8 (c 0.125 in MeOH); UV lmax


(MeOH)/nm 213 (e/dm3 mol-1 cm-1 28 100), 234 (16 400) and
269 (24 300);1H NMR (300 MHz; DMSO-d6, D2O exchange)
d 8.59 + 8.71 (s, 1H, H-6), 8.35–8.40 (m, 1H, H-6¢), 7.76 (d,
J = 6.0, 2H, Ar-H), 7.37–7.48 (m, 2H, Ar-H), 7.35–7.48 (m,
1H, Ar-H), 5.48–5.57 (d, J = 6.0, 1H, H-5), 4.55 + 4.77 (s,
2H, N1-CH2CONH), 4.00 (s, 1H, N1¢-CH2aCONH), 3.36–4.23
(m, 12H, CONHCH2CH2NCH2CONHCH2CH2NCH2CONH2),
2.88 (s, 3H, Ar-CH3), 1.37 + 1.50 (s, 3H, 5-CH3); HR-MS (ESI-
TOF, m/z): Calcd. for C34H39N11O9 744.2849 (M + H)+. Found
744.2824.


Compound 11


This compound was synthesized according to the general pro-
cedure for the solid-phase synthesis of b-carboline–peptide nu-
cleoside conjugates on PAL resin in 96% yield from 230 mg
resin R3 (peptide nucleoside on PAL resin with the loading
0.331 mmol g-1). Mp 178–180 ◦C; [a]25


D -25.4 (c 0.032 in
MeOH); UV lmax (MeOH)/nm 204 (e/dm3 mol-1 cm-1 15 600),
276 (18 500);1H NMR (300 MHz; DMSO-d6, D2O exchange)
d 8.60 + 8.68 (s, 1H, H-6), 8.23–8.26 (m, 1H, H-6¢), 7.61–
7.68 (m, 2H, Ar-H), 7.25–7.38 (m, 2H, Ar-H), 7.15–7.18 (m,
1H, Ar-H), 5.41–5.54 (m, 2H, H-5 + H-5¢), 4.69 (br, 1H,
N1-CH2aCONH), 4.47–4.58 (m, 2H, N1¢-CH2CONH), 3.14–
4.00 (m, 8H, some hydrogen on peptide nucleoside main chain
CONHCH2CH2NCH2CONHCH2CH2NCH2CONH2), 2.85 (s,
3H, Ar-CH3); HR-MS (ESI-TOF, m/z): Calcd. for C33H36N11O9


730.2692 (M + H)+. Found 730.2690.


(R,S)-1-{[N-1-(1-Methyl-b-carboline-3-carbonyl)-3-hydroxy-2-
propoxy]methyl}-thymine 13


A mixture of compound 1227 (46 mg, 0.18 mmol), 10% Pd/C
(10 mg) and ethanol (3 mL) was stirred under an H2 atmosphere
(0.4 atm) for 4 h. The mixture was filtered through Celite and the
solvent was evaporated off to give a crude solid. To this residue,
a mixture of 1-methyl-b-carboline-3-carboxylic acid (49 mg,
0.22 mmol), DCC (45 mg, 0.22 mmol), HOBT (29 mg, 0.22 mmol)
and DMF (3 mL) was added in an ice bath. The reaction was
allowed to stir overnight. The solvents were evaporated under
vacuum and the residue was purified by silica gel chromatography
eluting by CH2Cl2 : MeOH 30 : 1 to give a white solid 62 mg
in 79% yield for two steps. Mp 154–158 ◦C; [a]25


D 2.7 (c 0.075 in
MeOH); UV lmax (MeOH)/nm 216 (e/dm3 mol-1 cm-1 28 100), 236
(93 500) and 270 (14 400);1H NMR (300 MHz; DMSO-d6) d 11.93
(s, 1H, N-3 H), 11.22 (s, 1H, Ar-NH), 8.64 (s, 1H, H-6), 8.53 (t,
1H, J = 6.0, Ar-H), 8.34 (d, J = 8.1, 1H, Ar-H), 7.56–7.66 (m,
3H, Ar-H), 7.29 (t, J = 6.9, 1H, CONHCH2), 5.18 (d, d, J = 10.5,
2H, N-1-CH2-O), 4.89 (t, J = 5.4, 1H, OH), 3.78–3.81 (m, 1H,
CHCH2OH), 3.44–3.64 (m, 3H, CONHCH2CHCH2a), 2.81 (s,
3H, Ar-CH3), 1.47 (s, 3H, 5-CH3); 13C NMR (75.5 MHz, DMSO-
d6) d 164.9 (C-4), 164.1, 151.1 (C-2), 141.0, 140.8, 140.4, 138.7,
135.9, 128.3, 127.4, 122.2, 121.5, 119.9, 112.2, 109.1 (C-5), 78.1
(CONHCH2CH), 75.3 (N-1-CH2O), 61.7 (CH2CHCH2OH), 54.9
(CONHCH2CH), 20.5 (Ar-CH3), 11.7 (5-CH3). HR-MS (ESI-
TOF, m/z): Calcd. for C22H24N5O5 438.1772 (M + H)+. Found
438.1773.
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(R,S)-1-{[N-1-(1-Methyl-b-carboline-3-carbonyl)-3-hydroxy-2-
propoxy]methyl}-uracil 15


This compound was synthesized through the same procedure as
described for compound 13 in 72% yield from compound 1428


(21mg). Mp 150–152 ◦C; [a]25
D 0.0 (c 0.082 in MeOH); UV lmax


(MeOH)/nm 211 (e/dm3 mol-1 cm-1 57 100), 241 (49 300) and
263 (64 400);1H NMR (300 MHz; DMSO-d6) d 11.94 (s, 1H, N-3
H), 11.22 (s, 1H, Ar-NH), 8.66 (s, 1H, Ar-H), 8.55 (t, J = 6.0,
1H, H-6), 8.35 (d, J = 7.8, 1H, Ar-H), 7.55–7.71 (m, 3H, Ar-H),
7.29 (t, J = 7.2, 1H, CONHCH2), 5.43 (d, J = 7.8, 1H, H-5),
5.22 (d, J = 10.5, 2H, N1-CH2-O), 4.90 (t, J = 5.4, 1H, OH),
4.12 (m, 1H, CHCH2OH), 3.79–3.82 (m, 1H), 3.52–3.67 (m, 1H),
3.43–3.50 (m, 1H), 3.17 (d, J = 4.8, 1H, these 4H all are from
CH2CHCH2OH), 2.83 (s, 3H, Ar-CH3); 13C NMR (75.5 MHz;
DMSO-d6) d 164.9 (C-4), 163.5, 151.1 (C-2), 144.8, 141.0, 140.8
(C-6), 138.7, 135.9, 128.3, 127.4, 122.2, 121.5, 119.9, 112.2, 112.1,
101.5 (C-5), 78.4 (NHCH2CHCH2OH), 75.6 (N1-CH2-OH), 61.7
(NHCH2CHCH2OH), 48.6 (NHCH2CHCH2OH), 20.5 (Ar-CH3).
HR-MS (ESI-TOF, m/z): Calcd. for C21H22N5O5 424.1616 (M +
H)+. Found 424.1613.


Capillary electrophoresis


Apparatus. Capillary electrophoresis was performed on a
Beckman ProteomelabTM PA800 system (Beckman Coulter, Inc.
Fullerton, CA, USA). The Beckman uncoated fused-silica cap-
illary tubing 30 cm ¥ 50 mm i.d., with a length of 20 cm to the
detector, was used. The temperature of capillary chamber was
controlled at 20.0 ± 0.1 ◦C by forced liquid cooling. A run voltage
of +15 kV in the normal polarity mode was applied. UV detection
was performed at 254 nm. 32 Karat was used as analytical software.


Solution and sample preparation. 31nt TAR RNA: 5¢-GGC
CAG AUC UGA GCC UGG GAG CUC UCU GGCC-3¢
(10 OD), was purchased from Shanghai GenePharma Co., Ltd
(Shanghai, China). De-ionized water was pretreated with DEPC
(diethyl pyrocarbonate) and used in this test. The stock solution of
compounds 4–11, 13 and 15 were prepared according as follows:


accurately weighed compound (4–11, 13 and 15) was dissolved in
100 mL DMSO and 900 mL phosphate buffer saline (PBS, pH =
8.0) was added carefully to get the 10% DMSO in PBS buffer
solution. The concentration of TAR RNA stock solution was
100 mM and was stored at 4 ◦C. The investigated compounds
and TAR RNA solutions in pH = 8.0 PBS buffer were prepared
by diluting the stock solutions to the constant volume with
buffer solution. The constant concentrations of each sample were
100 mM. The varying concentrations of TAR RNA in the running
buffer were prepared from 0 to 25 mM (0, 2, 5, 7.5, 10, 15,
25 mM). All of the solution was filtered through 0.22 mm cellulose
acetate membrane filters and the air was removed from solution
by supersonic wave prior to use.


Procedures for CE experiments. A new capillary was condi-
tioned by following steps: with MeOH for 15 min, with H2O for
5 min, with 0.1M HCl for 15 min, with H2O for 5 min, with
0.1 M NaOH for 15 min, with H2O for 5 min and with phosphate
buffer saline (PBS, pH = 8.0) for 30 min respectively. Between
each measurement, the capillary was flushed with 0.1 M NaOH
for 2 min, with H2O for 1 min, and with running buffer for 1
min at 20 psi. The sample containing compounds and DMSO was
introduced into the capillary by low-pressure injection (0.5 psi for
5 s). Separation time was 4 min and all separations were repeated
twice. The migration times of each analyte (t) and DMSO (t0)
were measured in running buffer solutions. The binding constant
Kb was calculated according to the method reported by Zhang
and co-workers21a (Table 2).


Docking study


AutoDock 3.0 program was used for the molecular docking studies
of a flexible ligand (i.e., compounds 4–11, 13, 15) to a rigid target
(TAR RNA). The target structure of TAR RNA was extracted
from the protein databank (PDB code 1ANR). Starting models
of ligands were built using the Insight II package, and then
minimized with AMBER force field using the steepest decent


Table 2 The binding constants Kb of samples with TAR RNA Note: Kb is the binding constant, r2 the correlation coefficient, n the number of data
points and N. A., no data available


No.


4 5 6 7 8 9


Kb/M-1 29288 23754 19642 18686 21736 53933
kd/mM 34.1 42.1 50.9 53.5 46 18.5
n 7 6 6 5 5 7
a 685.35 553.49 359.46 310.19 465.16 895.28
b 0.0234 0.0233 0.0183 0.0166 0.0214 0.0166
r2 0.9267 0.9688 0.9724 0.9959 0.9755 0.9085


No.


10 11 13 15 MC3


Kb/M-1 N. A. 28115 50647 11577 8918
kd /mM N. A. 35.6 19.7 86.4 112
n N. A. 6 6 7 7
a N. A. 711.31 779.97 706.09 -2047.5
b N. A. 0.0253 0.0154 0.061 -0.2296
r2 N. A. 0.9832 0.9338 0.9943 0.9449
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and conjugated gradient methods consecutively. The obtained
optimized structures were used for the following docking.


The molecular docking calculations were carried out using
an empirical free energy function and Lamarckian Genetic
Algorithm. Each dihedral angle of the ligands was chosen to
be flexible. The number of generations, energy evaluation, and
docking runs were set to 370 000, 1 500 000, and 50 respectively,
and the kinds of atomic charges were taken as Kollman-all-atom
for Tar RNA and Gasteiger–Hucel for the ligands.
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Several peptide nucleic acid based artificial nucleases (PNAzymes) are designed to create a bulge in the
target RNA, which is a short model of the leukemia related bcr/abl mRNA. The target RNA is cleaved
by the PNAzymes with a half-life of down to 11 h (using a 1 : 1 ratio of PNA-conjugate to target) and
only upon base-pairing with the substrate. The PNA based systems are also shown to act in a catalytic
fashion with turnover of substrate and are thus the first reported peptide nucleic acid based artificial
RNA-cleaving enzymes.


Introduction


If oligonucleotide based artificial nucleases (OBANs) can be-
come efficient enough they have many potential uses as tools
in molecular biology, as well as in therapeutics. Obtaining
high catalytic efficiency and specificity is, however, quite some
challenge. Metal complexes linked to oligonucleotides can be
reasonable catalysts for the cleavage of ribonucleic acids1 and
several studies demonstrate the potential for targeting biologically
relevant RNAs with artificial ribonucleases.2–5 Since it is known
that RNA bulges are more predisposed to cleavage than fully
duplexed RNA6–9 we have approached the development of OBANs
by creating systems that force the formation of a bulge in the target
RNA.10 This also provides a pocket for potential interaction with
the cleaving agent and/or recognition elements. The initial 2¢-
O-methyloligoribonucleotide–zinc chelate systems based on this
concept did give cleavage of a target RNA with catalysis and
turnover.10 Variation of the target RNA, with respect to the bulge
formed, had a substantial influence on cleavage activity, as did
the linker position.10–11 Since the activity depends upon the target
and OBAN sequence it would be advantageous to start developing
OBANs towards a potential therapeutic target sequence before the
catalyst is optimized for efficiency.


A potential therapeutic target is the junction point of the
bcr/abl mRNA transcript from the Philadelphia chromosome
(Ph), t(9;22).12 This RNA has for a long time been associated
with human cancer and is the cytogenetic hallmark of chronic
myeloid leukemia (CML).13 There have been several attempts to
suppress expression of this oncogene.14–22 An alternative approach
is to direct oligonucleotide based artificial nucleases (OBANs)
against the same mRNA target. An OBAN has built in catalytic
activity and can be built to resist degradation, is more readily
taken up into cells and has the potential of still being selective
and able to give catalytic cleavage of the mRNA. OBAN systems
developed so far are typically not efficient enough. Ribozymes and
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DNAzymes giving turnover of mRNA with half-lives of minutes
to tens of minutes can be considered for therapeutic use and are
comparable in the suppression of gene expression to an antisense
approach dependent upon RNase H catalysis.23 Thus, for the use
of OBANs in a therapeutic setting the efficiency would need to get
into that range. Until the efficiency is getting close to usability, a
small manageable model system is preferable, since analysis is more
accurate and the systems can be more readily varied to investigate
modifications that influence the rate and selectivity of the cleavage.


Peptide nucleic acids (PNA) generally give more stable com-
plexes with RNA than DNA or 2¢-O-Me RNA do (see also the
ESI†), are stable in biological fluids and are also readily conjugated
by the use of peptide type chemistry.24,25 However, PNA has
been sparingly used as a carrier for RNA cleaving agents, and
only when using an excess of the cleaver or giving stoichiometric
cleavage without turnover of the target RNA, i.e., without enzyme
catalysis.2,26–30 With our constructs with centrally placed bulges,
however, we expected that we could create PNA based artificial
nucleases that give catalytic cleavage of RNA with turnover of
substrate. OBAN–target complexes can be constructed with a
part of the junction of the bcr/abl mRNA (the b3a2 transcript
variant) by choosing the appropriate sequence. Thus, several PNA
based systems directed towards this model target (Fig. 1) were
synthesized and the cleavage rates were determined.


Fig. 1 Complexes of PNA based artificial nuclease enzymes (PNAzymes)
1–4 with the bcr/abl derived RNA model target.
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Results and discussion


In the design of PNA based artificial nucleases we utilized
PNA sequences with an internally placed diaminopropionic acid
(Dap) unit in a position expected to be facing the bulge in
the target upon complex formation (Fig. 1). The Dap unit also
serves as an attachment point for the catalytic group via the
side chain amino group. The PNA-Dap-PNA oligonucleotide
analogues were prepared by Fmoc chemistry and then the
Dap unit was deprotected to give the free amine. On solid
support this was then reacted with phenyloxycarbonyl-5-amino-
2,9-dimethylphenanthroline,11,31,32 either directly or after extension
of the Dap unit with a glycine moiety, to obtain the corresponding
2,9-dimethylphenanthroline (neocuproine) conjugates (Scheme 1).
Deprotection and cleavage from the support then gave the PNA
conjugates (PNAzymes) 1–4. The thermodynamic stabilities of the
different complexes between PNAzymes and target RNA (without
Zn(II) present) were determined as the UV thermal melting points
(Tm). Observed melting points for these PNA based OBANs were
approximately 10 degrees higher than for the corresponding 2¢-O-
Me systems (see ESI†), Tm(PNAzyme 1) = 55 ◦C, Tm(PNAzyme
2) = 55 ◦C, Tm(PNAzyme 3) = 52 ◦C and Tm(PNAzyme 4) =
54 ◦C. Thus, the different complexes with the RNA target have very
similar stabilities and the equilibrium should be almost completely
shifted towards the complex at 37 ◦C when using a 1 : 1 ratio (4 mM
conc. of each) of PNA conjugate and RNA.


The efficiency of PNAzymes 1–4 in promoting the cleavage of
the RNA model was evaluated by analyzing aliquots from the


Table 1 Rate constants and half-lives for cleavage of the bcr/abl RNA
model by PNAzymes at a 1 : 1 ratio (4 mM of each)a


kobs/10-6 s-1 t1/2/h


PNAzyme 1 17.6 ± 0.6 11
PNAzyme 2 9.2 ± 0.2 21
PNAzyme 3 16.0 ± 0.4 12
PNAzyme 4 13.1 ± 0.7 15


a The experiments were performed in 100 mM Zn2+, 10 mM HEPES buffer,
0.1 M NaCl at pH 7.4, t = 37 ◦C. In the same buffer single stranded bcr/abl
RNA model was cleaved at a rate of 2 ¥ 10-6 s-1 and rates of cleavage of
the bcr/abl RNA model in the presence of non-conjugated PNAs (PNA
1 and 2) (1 : 1) were less than 1 ¥ 10-6 s-1. The stability constant for the
complex with Zn(II) is only about 104, which means that an excess of zinc
ions is necessary to keep the chelate nearly saturated.10,33


reaction mixture by anion-exchange HPLC. This gave a higher
resolution of the cleavage products than RP-HPLC and the PNA
conjugate does not disturb the analysis since it is not retarded
on the column (as it is with RP-HPLC). The RNA target is
cleaved in all investigated systems at a rate comparable to that of
2¢-O-methyloligoribonucleotide based systems carrying the same
catalytic group and other Zn2+ based systems developed so far1,10–11


(Table 1). The scission only takes place within the formed bulge
and the maximum cleavage rate was observed for a 4-nt bulge
forming system (PNAzyme 1, t1/2 = 11 h) with a direct linkage,
closely followed by that observed with the 3-nt and 4-nt bulges


Scheme 1 Solid supported post-conjugation of PNA sequences. (i) 1% TFA–DCM for 1 min, repeated 5 times, (ii) Fmoc-Gly-OH, HBTU, HOBt, DIEA,
followed by removal of Fmoc-protection by 20% piperidine–NMP, (iii) phenyloxycarbonyl-5-amino-2,9-dimethyl-1,10-phenanthroline, NMM, overnight
in NMP, (iv) TFA–TIS–H2O (95 : 2.5 : 2.5).
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(PNAzyme 3, t1/2 = 12 h and PNAzyme 4, t1/2 = 15 h) with the
longer glycine linker.


The differences in rates between these systems are not large.
There is quite some flexibility in both the linkers and bulges, and it
is not unlikely that proximity to the cleavage site is mostly governed
by the metal–phosphate interaction, as suggested for the 2¢-O-
methyloligoribonucleotide based OBANs.11 This also means that
the intramolecularity, and hence overall rates, will be relatively
modest. With a short linker and a 3-nt bulge a slightly more
restricted system is obtained but this is less active. Thus, the system
with PNAzyme 2 gives a significantly lower cleavage rate and it is
likely that the geometric restrictions are such that it is energetically
more demanding to position the catalytic group in a productive
fashion in this system. The phosphate to metal ion interaction
would, on its own, be neither strong enough to hold the metal
ion in the vicinity of only one phosphate nor be able to force
the bulge into a single conformation. This is also supported by
the observation of more than a single cleavage site even in the
more selective systems (Fig. 2). It is also clear that the cleavage
at all sites is governed by the presence of the zinc–neocuproine
moiety since the cleavage in the presence of non-conjugated PNA-
Dap-PNA is very slow (Fig. 2b). There is a correlation between
the site selectivity and the overall rate: the higher the cleavage
rate is, the more site-selective the cleavage obtained. This could
be an indication of a somewhat higher proximity at the more
prominent cleavage sites. As can be seen in Fig. 2, cleavage takes
place exclusively in the bulged out region.


As the next step we investigated if our bulge design concept
would also enable catalytic behaviour in these PNA based systems,
that form more stable complexes than the corresponding 2¢-O-
methylRNA based OBANs. To explore this we employed the
PNAzyme 1 to carry out turnover experiments with an excess
of RNA substrate (1 : 2, 1 : 4 and 1 : 10). This PNA based system
is indeed capable of catalytically cleaving the target bcr/abl model
RNA with turnover of the substrate present in excess and is thus
truly an enzyme (Fig. 3).


The PNA based OBANs also display a dependence of cleavage
rate on the PNAzyme concentration. Despite the higher reactivity


Fig. 2 (a) HPLC analysis of the PNAzyme 1 promoted cleavage of the
bcr/abl RNA model, after 22 h at 37 ◦C. The trace shows the cleavage sites
as determined by MS of fragments (ESI-TOF MS: site 1: 1529 + 3251;
2: 1857 + 2923; 3: 2593 + n.d.). (b) HPLC analysis of the background
reaction with PNA 1 and the bcr/abl RNA model. Both reactions were
carried out using the same conditions (100 mM Zn2+) and were analysed at
the same time points (22 h).


of single stranded RNA, the background reaction (with zinc aquo
ions alone) is also low, even when compared to the reaction with
a 10-fold excess of RNA substrate relative to the PNAzyme 1
present (for HPLC analysis see ESI†). These are the first reported
RNA-cleavers based on a PNA backbone that are catalytically
active, i.e., that do give turnover of substrate. These could be called
PNAzymes in a similar fashion to DNAzymes and ribozymes that
use Mg2+ as cofactors, as we have a modified PNA with a zinc ion
cofactor.


Fig. 3 (a) PNAzyme concentration dependence of the rate constant for cleavage of the bcr/abl RNA model with PNAzyme 1. (b) HPLC analysis of
bcr/abl RNA model cleavage by PNAzyme 1 when using a 1 : 4 ratio of PNAzyme to substrate (44 h reaction time).
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Is then the cleavage action of these PNAzymes really dependent
on forming a complex with Watson–Crick base pairing? We
have shown that the PNAzymes can act as enzymes, giving
turnover of substrate, that the reaction is dependent upon enzyme
concentration and that the background reaction is substantially
slower. Considering that PNA is somewhat prone to aggregation
one could still argue that there is a non-specific interaction
between the PNA-Dap-PNA chelate and the RNA, which gives a
complex that is cleaved. Another issue is that an artificial nuclease
towards a specific target should not cleave other sequences,
whether containing four adjacent adenosines or not. To investigate
this matter we incubated PNAzyme 1 with two other RNA
sequences, one with a four adenosine stretch and both with
limited possibilities for base-pairing (one fully complementary
to the short stem on one side of the bulge). In the presence
of PNAzyme 1 neither of these sequences were cleaved beyond
background (Fig. 4) clearly showing that the action of the PNA
based artificial nucleases developed is dependent on forming the
complex governed by Watson–Crick base-pairs.


Conclusions


In the presence of zinc ions, PNA-Dap-PNA neocuproine conju-
gates (PNAzymes) cleave a target RNA sequence that is a model
of the leukemia related bcr/abl mRNA. For real use in disease
therapeutics the overall rate of RNA cleavage is likely to be insuf-
ficient for the efficient suppression of gene expression. However,
it is a starting point for the development of PNAzymes that when
efficient enough could become potential therapeutic agents.


The reaction is dependent on the concentration of the
PNAzyme, and is catalytic with turnover of the substrate when this
is present in excess. We have thus developed the first peptide nucleic
acid based artificial RNA-cleavers that really act as enzymes
(PNAzymes). Considering both this work and our previous studies
on 2¢-O-methylOBANs, it seems that the OBAN sequence can
be altered according to the specific target with cleavage rates
essentially retained as long as the base-pairing in the stems next to
the bulge is governing the formation of the complex. However, if
the base-pairing is not retained the rates fall down to background,


Fig. 4 HPLC analysis of the incubation of different RNA sequences with PNAzyme 1 and 100 mM Zn2+for 11 h at 37 ◦C. (a) PNAzyme 1 and the
bcr/abl RNA model 5¢-AGAGUUCAAAAGCCC-3¢, (b) PNAzyme 1 and RNA 5¢-AUAAGGAAGAAGCCC-3¢ (short model of the bcr/abl mRNA
b2a2 transcript variant), (c) PNAzyme 1 and RNA 5¢-UCUCGGUAAAAGCGC-3¢, (d) only the bcr/abl RNA model 5¢-AGAGUUCAAAAGCCC-3¢.
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which means that it is possible to create OBANs/PNAzymes
that are selective with respect to the target sequence. It seems
that PNAzymes can provide all the basic properties needed to
create artificial nucleases for use as tools and, with more progress,
as potential regulators of gene expression. In addition they are
rock stable in biological fluids and it certainly seems worthwhile
developing these systems further (including the use of other
metal ions) in order to obtain higher rates of cleavage as well
as improvements in selectivity. Such studies, which also include
the sequence dependence of the cleavage rate, are in progress.


Experimental section


Materials and methods


Peptide nucleic acid monomers were from Applied Biosystems.
TentaGel S Rink Amide resin was purchased from Fluka. HBTU,
HOBt and diaminopropionic acid and glycine derivatives were
purchased from Novabiochem. Solvents and reagents for solid-
phase synthesis were synthesis grade from Applied Biosystems.
Other solvents were purchased from Merck Eurolab. High-
resolution mass spectrometry (HRMS) was performed on a
Micromass LCT electrospray time-of-flight (ES-TOF) mass spec-
trometer in CH3CN–H2O 1 : 1 (v/v) solutions. The molecu-
lar weights of the oligonucleotide- and peptide nucleic acid-
conjugates were reconstructed from the m/z values using the mass
deconvolution program of the instrument (Mass Lynx software
package). The RNA substrate was purchased from Dharmacon
and was first purified by semi-preparative IE-HPLC (ion exchange
high performance liquid chromatography) and then purified with
RP-HPLC (see ESI†). Thermal melting analysis was determined
from an absorbance vs. temperature profile measured at 260 nm on
a Varian Cary 300 UV–vis dual beam spectrophotometer (Varian).
Concentrations of both RNA and PNA were determined by UV
absorption at 260 nm and calculated from extinction coefficients
obtained by the nearest neighbour approximation.34 All chemicals
used in the kinetics experiments were of molecular biology grade.


Synthesis of PNAzymes 1–4


PNA sequences (PNA-Dap-PNA precursors to PNAzymes, here
named PNA 1–2) were assembled automatically on a solid support
(TentaGel S Rink Amide resin) using the manufacturer’s protocol
for the Applied Biosystems 433A peptide synthesizer with 9-
fluorenylmethyloxycarbonyl (Fmoc)-chemistry and HBTU (O-
(benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophos-
phate) as the condensation agent. Non-conjugated PNAs (for
controls) were purified with a Phenomenex Jupiter Proteo (4 mm
250 ¥ 4.6 mm) column at 60 ◦C using a flow rate of 1ml min-1 and a
linear gradient of 22.5% B for 30 min. (A) 0.1% TFA–aq., (B) 0.1%
TFA–aq., 50% MeCN. HPLC retention times: PNA 1, rt 24 min;
PNA 2, rt 25 min. PNAs were lyophilised three times before use
and stored as frozen solutions. ES-TOF: mass calculated for PNA
1 C130H169N69O37 [M], 3290; found, 3291; PNA 2 C141H183N73O41


[M], 3557; found, 3557.
Before post-conjugation on solid support the 4-methyltrityl


(Mtt) protection was cleaved off (five times treatment with 1% TFA
in dichloromethane for 1 min), and for synthesis of the PNAzymes
3 and 4 an extension with a glycine moiety on the Dap side-


chain, using peptide coupling (according to Applied Biosystems
protocol), was then carried out. Solid support bound PNA-Dap-
PNA, with or without the glycine extension, was then reacted with
phenyloxycarbonyl-5-amino-2,9-dimethyl-1,10-phenanthroline in
the presence of N-methyl morpholine (NMM).32 The PNAzymes
were purified on a Phenomenex Jupiter Proteo (4 mm 250 ¥ 4.6 mm)
column at 60 ◦C using a flow rate of 1ml min-1 and a linear gradient
of 10% B for 20 min, then 10–30% B for 15 min. (A) 0.1% TFA–aq.,
(B) 0.1% TFA–aq., 50% MeCN. HPLC retention times: PNAzyme
1, rt 34 min; PNAzyme 2, rt 35 min; PNAzyme 3, rt 34 min;
PNAzyme 4, rt 34 min. PNAzymes were lyophilised three times
before use and stored as frozen solutions. MS-analysis (ES-
TOF): mass calculated for PNAzyme 1 C145H180N72O38 [M], 3540;
found, 3540; PNAzyme 2 C156H194N76O42 [M], 3806; found, 3807;
PNAzyme 3 C147H183N73O39 [M], 3597; found, 3597; PNAzyme 4
C158H197N77O43 [M], 3863; found, 3863.


Assay for RNA cleavage reactions


The reactions were carried out in sealed tubes immersed in a
thermostatted water bath (t = 37 ◦C). Reactions with equimolar
concentrations of substrate RNA and PNAzyme were performed
with 4 mM of each. These kinetics experiments were performed
in 100 mM Zn2+, 10 mM HEPES (Sigma) buffer, 0.1 M NaCl at
pH 7.4. Turnover experiments were done with 0.4, 1 or 2 mM
PNAzyme while keeping the concentration of the substrate RNA
at 4 mM, and were carried out in 90 mM Zn2+, 40 mM EDTA,
10 mM HEPES (Sigma) buffer, 0.1 M NaCl at pH 7.4. For
these experiments stock solutions (conc. 1.25 times the final
concentration used) of Zn2+–HEPES–NaCl–EDTA were mixed
and the pH was adjusted to 7.4 with NaOH(aq). Appropriate
amounts of substrate RNA, PNAzyme and water were added
to achieve the final concentrations (i.e., with 100 mM Zn2+ for
the 1 : 1 experiments and effectively 50 mM accessible zinc ions
for the turnover experiments) after which the reaction vials were
incubated at 37 ◦C in a water bath. Immediately after the addition
of all components and at appropriate time intervals, 40 mL aliquots
were withdrawn from the reactions and were quenched by adding
80 mL of a solution of 100 mM EDTA in 30% MeCN–aq. and
filtered through a Millipore Millex-GV (4 mm) syringe driven
filter before IE-HPLC analysis.


The samples were then analysed by anion exchange HPLC (IE-
HPLC). The buffers used were buffer (A) 20 mM NaOAc in 30%
aqueous acetonitrile and buffer (B) 20 mM NaOAc, 0.4M LiClO4


in 30% aqueous acetonitrile. A linear gradient of 0–35% buffer B
over 35 min was used with a flow rate of 1 ml min-1 at 50 ◦C. A
Dionex NucleoPac PA-100 (4 ¥ 250 mm) column was used and
UV detection was carried out at 260 nm.


First-order rate constants for the cleavage of RNA substrates
were obtained by quantification of the remaining RNA and the
sum of all the formed fragments detected in the HPLC analysis.
The natural logarithm of the inverse of the remaining fraction of
substrate RNA was plotted against time and the first-order rate
constants (k) were obtained by least-squares linear fitting.
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Lönnberg, J. Chem. Soc., Perkin Trans. 2, 2001, 1024–1031.
10 H. Astrom, N. H. Williams and R. Stromberg, Org. Biomol. Chem.,


2003, 1, 1461–1465.
11 H. Astrom and R. Stromberg, Org. Biomol. Chem., 2004, 2, 1901–1907.
12 P. C. Nowell, Science, 1960, 132, 1497.
13 J. D. Rowley, Nature, 1973, 243, 290–293.
14 K. Okuda, T. R. Golub, D. G. Gilliland and J. D. Griffin, Oncogene,


1996, 13, 1147–1152.
15 N. Heisterkamp, G. Jenster, J. Ten Hoeve, D. Zovich, P. K. Pattengale


and J. Groffen, Nature, 1990, 344, 251–253.
16 G. Q. Daley, R. A. Van Etten and D. Baltimore, Science, 1990, 247,


824–830.
17 T. Kuwabara, M. Warashina, T. Tanabe, K. Tani, S. Asano and K.


Taira, Mol. Cell, 1998, 2, 617–627.
18 T. Kuwabara, M. Hamada, M. Warashina and K. Taira, Biomacro-


molecules, 2001, 2, 788–799.


19 Y. Soda, K. Tani, Y. Bai, M. Saiki, M. Chen, K. Izawa, S. Kobayashi,
S. Takahashi, K. Uchimaru, T. Kuwabara, M. Warashina, T. Tanabe,
H. Miyoshi, K. Sugita, S. Nakazawa, A. Tojo, K. Taira and S. Asano,
Blood, 2004, 104, 356–363.


20 T. Tanabe, T. Kuwabara, M. Warashina, K. Tani, K. Taira and S.
Asano, Nature, 2000, 406, 473–474.


21 M. Wilda, U. Fuchs, W. Wossmann and A. Borkhardt, Oncogene, 2002,
21, 5716–5724.


22 M. Scherr, K. Battmer, B. Schultheis, A. Ganser and M. Eder, Gene
Ther., 2005, 12, 12–21.


23 J. Kurreck, B. Bieber, R. Jahnel and V. A. Erdmann, J. Biol. Chem.,
2002, 9, 7099–7107, and references therein.


24 M. Egholm, O. Buchardt, L. Christensen, C. Behrens, S. M. Freier,
D. A. Driver, R. H. Berg, S. K. Kim, B. Norden and P. E. Nielsen,
Nature, 1993, 365, 566–568.


25 K. E. Lundin, L. Good, R. Stromberg, A. Graslund and C. I. E. Smith,
Advances in Genetics, 2006, 56, 1–51, and references therein.


26 M. Murtola, D. Ossipov, J. Sandbrink and R. Stromberg, Nucleosides,
Nucleotides Nucleic Acids, 2007, 26, 1479–1483.


27 J. C. Verheijen, B. A. Deiman, E. Yeheskiely, G. A. Van Der Marel and
J. H. Van Boom, Angew. Chem., Int. Ed., 2000, 39, 369–372.


28 L. Petersen, M. C. De Koning, P. Van Kuik-Romeijn, J. Weterings, C. J.
Pol, G. Platenburg, M. Overhand, G. A. Van Der Marel and J. H. Van
Boom, Bioconjugate Chem., 2004, 15, 576–582.


29 E. Riguet, S. Tripathi, B. Chaubey, J. Desire, V. N. Pandey and J. L.
Decout, J. Med. Chem., 2004, 47, 4806–4809.


30 B. Chaubey, S. Tripathi, J. Desire, I. Baussanne, J. L. Decout and V. N.
Pandey, Oligonucleotides, 2007, 17, 302–313.


31 H. Astrom and R. Stromberg, Nucleosides, Nucleotides Nucleic Acids,
2001, 20, 1385–1388.


32 J. Sandbrink, M. Murtola and R. Stromberg, Nucleosides, Nucleotides
Nucleic Acids, 2007, 26, 1485–1489.


33 H Irving and D. Mellor, J. Chem. Soc., 1962, 5222.
34 J. D. Puglisi and I. Tinoco, Jr, Methods Enzymol., 1989, 180, 304–325.


3842 | Org. Biomol. Chem., 2008, 6, 3837–3842 This journal is © The Royal Society of Chemistry 2008








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


Interaction of Ca2+ with uracil and its thio derivatives in the gas phase†


Cristina Trujillo,a Al Mokhtar Lamsabhi,a Otilia Mó,a Manuel Yáñez*a and Jean-Yves Salpinb
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The structures and relative stabilities of the complexes formed by uracil and its sulfur derivatives,
namely, 2-thio-, 4-thio, and 2,4-dithio-uracil when interacting with Ca2+ in the gas phase have been
analyzed by means of density functional theory (DFT) calculations carried out at the
B3LYP/6-311++G(3df,2p)//B3LYP/6-31+G(d,p) level. For uracil and 2,4-dithiouracil, where the two
basic sites are the same, Ca2+ attachment to the heteroatom at position 4 is preferred. However, for the
systems where both types of basic centers, a carbonyl or a thiocarbonyl group, are present, Ca2+–oxygen
association is favored. The most stable complexes correspond to structures with Ca2+ bridging between
the heteroatom at position 2 of the 4-enol (or the 4-enethiol) tautomer and the dehydrogenated ring
nitrogen, N3. The enhanced stability of these enolic forms is two-fold, on the one hand Ca2+ interacts
with two basic sites and on the other triggers a significant aromatization of the ring. Besides, Ca2+


association has a clear catalytic effect on the tautomerization processes which connect the oxo–thione
forms with the enol–enethiol tautomers. Hence, although the enol–enethiol tautomers of uracil and its
thio derivatives should not be observed in the gas phase, the corresponding Ca2+ complexes are the
most stable species and should be accessible, because the tautomerization barriers are smaller than the
Ca2+ binding energies.


Introduction


Metal dications, play a relevant role in a great variety of biological
processes. However, little was known on the mechanisms, at the
molecular level, involved in these processes until very recently,1–10


and most of the information available is related to the interaction
energies and the structure of the complexes.11–22 One of the reasons
behind this lack of knowledge on how a doubly charged metal
interacts with neutral systems, is the difficulty of generating stable
adducts in the gas-phase. As a matter of fact, in general, when a
dication, M2+, such as Cu2+, Ni2+ or Pb2+ interacts in the gas phase
with a molecular base, B, it triggers the deprotonation of the base,
so that only [(B - H)M]+ monocations are usually detected after the
interaction.23–25 This seems to be related to the high recombination
energies of these doubly charged metal ions, which oxidize the
base, and facilitate its deprotonation.26,27 The situation is different
when dealing with alkaline-earth metal dications such as Ca2+,
whose recombination energy is significantly lower than those of
the metal dications mentioned above. As a matter of fact, the
adducts between Ca2+ and different bases, such as urea,2 glycine,5


thiourea8 and selenourea10 could be produced and detected using
gas phase electrospray ionization/mass spectrometry techniques.28


But, what is more important, the unimolecular reactivity of these
adducts could be investigated. This opened then, the possibility
of analyzing the mechanisms that dictate the intrinsic reactivity
of these molecules when associated with a metal dication, and in
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particular the role that coulomb explosions play in the observed
reactivity.2,5,8,10,29


In our continued effort to investigate the reactions between small
systems of biological relevance and Ca2+, we have considered as
good candidates uracil and its thio-derivatives. Uracil is an impor-
tant component of nucleic acids, and 2-thiouracil and 4-thiouracil
have been identified as minor components of t-RNA.30 The latter
are also constituents of anticancer and antithyroid drugs.30 But
perhaps one of the most important characteristics of this set of
compounds is its possible implication in the mutations that can
occur during DNA duplication. As a matter of fact, uracil and
thiouracil derivatives present many different tautomeric forms,
and although it is well established that, by far, the most stable
forms in the gas phase are the oxo–thione tautomers,31–36 their
tautomerization seems to be essential in mutagenic processes.
Many experimental and theoretical studies have investigated the
interaction of uracil and its derivatives with different metal ions.
In most of them the attention was focused on the structure
and bonding of the complexes formed.17,37–40 Very few have
analyzed other questions such as the influence of the metal ion
on the formation of different tetrads,41 the influence of different
substituents on the strength of the interaction with metal ions42,43


or the possible induced proton transfers triggered by the metal
ion.44 However, not much information is available on the effect
that these interactions may have on the tautomerization of these
systems, or on the relative stability of the different tautomers,
and to the best of our knowledge only two papers have pointed
out the effect of doubly charged metals on the stability of the
enolic forms of thymine.45,46 Hence, the aim of this paper is to
investigate the structure and stability of the complexes between
Ca2+ and the different tautomers of uracil and its three thio-
derivatives, in order to analyze the effect that the association with
this divalent metal cation, which is ubiquitous in biological media,
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may have on the tautomerization processes. The gas-phase survey
of the interactions of uracil and thiouracils with Ca2+ presented
here can provide important clues for the understanding of the
behavior of these systems in biological media, because, although
solvation effects are absent many of the biological processes take
place in essentially non-polar environments which are often better
understood from the behavior of the systems in the gas-phase
than in solution.47 The N1 preferred glycosylation of uracil can be
considered a paradigmatic example, where the differential N1 and
N3 acidities in a non polar environment may be the reason of the
observed selectivity.48


Computational details


The geometries of all possible complexes between uracil and
thiouracils with Ca2+ have been optimized in the frame of the
density functional theory (DFT). For this purpose we have chosen
the hybrid functional B3LYP49,50 as implemented in the Gaussian
03 suite of programs,51 because, in a previous assessment,52 it has
been shown to provide reliable results when dealing with Ca2+


interactions. Due to the size of the systems investigated, the basis
set used in ref. 39 is impractical here and we have used instead the
6-31+G(d,p) basis set expansion. Nevertheless, in order to ensure
the reliability of the relative stability of the different tautomers,
the final energy of each of the systems investigated was obtained
in single-point calculations using a much larger and flexible
6-311++G(3df,2p) basis. Harmonic vibrational frequencies were
computed at the same level used for the geometry optimizations in
order to estimate the corresponding zero-point vibrational energy
(ZPVE) corrections (scaled by 0.986)53 and to classify stationary
points of the potential energy surface either as local minima or
transition states (TS). Ca2+ binding energies, D0, were evaluated
by subtracting from the energy of the most stable adduct the energy
of the neutral and that of Ca2+, after including the corresponding
ZPVE corrections.


The binding characteristics were analyzed primarily by using
the Becke and Edgecombe electron localization function (ELF)54


topological approach.55 ELF has been originally conceived as a
local measure of the Fermi hole curvature around a reference
point. A Lorentz transform allows ELF to be confined in the [0,1]
interval, where 1 corresponds to regions dominated by an opposite
spin pair or by a single electron. In this way the molecular space
can be partitioned in basins, so that the valence shell of a molecule
can be described in terms of two types of basins: polysynaptic
basins (generally disynaptic), with the participation of two (or
more) atomic valence shells and the monosynaptic ones, which
correspond to electron lone-pairs. ELF calculations were carried
out with the TopMod suite of programs.56


A second approach, the atoms in molecules (AIM) theory,57,58


was also used in our bonding study. This theory is based on a
topological analysis of the electron density, which permits the
definition of a molecular graph as the ensemble of bond critical
points (bcps), stationary points in which the electron density is
minimum only in the direction of the bond, and bond paths. In
general the electron density, as well as the energy density calculated
at the bcps, give useful information on the strength and nature of
the bond. For this purpose the AIMPAC series of programs was
employed.59 These analyses were complemented with natural bond
orbital (NBO) and natural resonance theory (NRT) calculations.60


Table 1 Ca2+ binding energies (kJ mol-1) of uracil and thiouracils for the
adducts at basic sites X and Y


Compound X Y


Uracil 438 397
2-Thiouracil 439 356
4-Thiouracil 386 399
2,4-Dithiouracil 388 358


The former permits the bonding to be described in terms of
localized hybrids and lone-pairs, and the second provides the
weight of the different resonant structures that contribute to the
stability of a given system. The Wiberg bond orders (BO) were
also evaluated in the framework of the former approach. These
calculations have been carried out with the NBO-5G series of
programs.61


Results and discussion


The most stable tautomeric forms of uracil–Ca2+ and thiouracil–
Ca2+ complexes are shown in Fig. 1.


In what follows the heteroatoms bound to C4 and to C2 will
be named X and Y, respectively. When a given tautomer presents
more than one conformer they were named by adding a or b to
the number identifying the tautomer. Their relative energies are
summarized in Table 1, whereas their total energies, and ZPVE
corrections are given in Table S1 of the supplementary data. In
our theoretical survey we have considered more structures than
those compiled in Fig. 1, but structures like the ones shown in
Scheme 1, either lie very high in energy or finally collapse to one
of the local minima shown in Fig. 1.


Geometries, relative stabilities and bonding


The optimized geometries of all conformers considered in this
work are given in Table S2 of the supplementary data. Although a
detailed discussion of the optimized geometries is not one of the
goals of this study, it is worth mentioning, that whereas the C=O–
Ca angles are always equal or very close to 180◦, the C=S–Ca bond
angles are systematically close to 123◦, and the S–Ca bond does
not lie in the plane of the molecule. These dissimilarities between
O–Ca2+ and S–Ca2+ interactions were also found for other metal
monocations, such as Li+ and clearly reflect, the ionic character
of the interaction, which will be discussed later. Assuming that
the primary interaction is electrostatic, a suitable explanation of
these dissimilarities was provided in terms of the characteristics
of the molecular electrostatic potential and the average distance
of the metal ion to the basic center.62 When the basic site is a
carbonyl oxygen, the distance between the O nucleus and the
electrostatic potential minima associated with the O lone-pairs is
shorter than the typical dication–oxygen distance in the complex.
This means that the metal dication moves along isopotential lines
connecting the two minima, and finally it nests between them,
because in this way it polarizes both lone-pairs simultaneously.
For the sulfur atom, the distance between the minima of the
electrostatic potentials and the S nucleus is similar to the S-metal
ion distance, and therefore the metal cation is trapped in either of
these minima.
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Fig. 1 Schematic representation of the different tautomeric forms of uracil– and thiouracil–Ca2+ complexes.


Scheme 1
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It is also important to note that all attempts to locate p-type
complexes, in which Ca2+ interacts with the double bonds in the
ring failed for the three thiouracils because all these structures
finally collapsed to the most stable adduct in which the metal
interacts with the heteroatom X. For uracil, as it was already
reported in the literature,17 a p-type complex actually exists as
a local minimum, but it lies more than 250 kJ mol-1 above the
most stable adduct. The same happens when trying to attach the
metal ion to the NH groups. Only in the case of 2,4-dithiouracil,
structure 7 (see Fig. 2) was found to be a local minimum of the
potential energy surface. Interestingly, these kinds of structures
which are not stable for uracil were found to be also stable for all
the selenouracil derivatives.63 More importantly, a 7-like structure
was found to be the most stable adduct for 2,4-diselenouracil–
Ca2+ complexes. As explained in ref. 63 two factors seem to be
responsible for the enhanced stability of structures 7 when dealing
with sulfur or selenium derivatives. On the one hand, when oxygen
is replaced by sulfur or selenium, which are less electronegative
than oxygen, an accumulation of electron density on the N3 lone-
pair occurs. On the other hand, and more importantly sulfur and
selenium are much more polarizable than oxygen and structure
7 is stabilized because the two highly polarizable centers are
close to the metal dication. As a matter of fact an inspection
of the topology of the electron density shows the existence of bcps
between the metal dication and both sulfur atoms (see Fig. 2).


Also the ELF shows the existence of disynaptic V(Ca,S) basins
which actually reflect the strong polarization undergone by the
sulfur lone-pairs in the presence of the metal dication (see Fig. 3).
The fact that Se is more polarizable than sulfur explains why
for the 2,4-diselenouracil structure 7 is the most stable adduct63


whereas for 2,4-dithiouracil it is only the second most stable
adduct. This difference in polarizability also explains that whereas
for 2-selenouracil, structure 7 is a local minimum of the potential
energy surface63 for 2- and 4-thiouracil derivatives it is not.


The enhanced basicity of the heteroatom at position 4 (X)
with respect to the heteroatom at position 2 (Y) has been well
documented in the literature for uracil and thiouracils.35,64–66


Fig. 3 Three-dimensional representations of ELF isosurfaces with
ELF = 0.80 for neutral uracil, uracil–Ca2+ complexes, 1, 4 and 2b and
2,4-dithiouracil–Ca2+ complex 7. Yellow lobes correspond to V(N,H) and
V(C,H) basins, red lobes correspond to V(N), V(O) and V(S) basins
associated with N, O and S lone-pairs, respectively. Green lobes correspond
to V(C,C), V(C,N), V(C,O), V(C,S) and V(Ca,S) basins. Blue lobes
correspond to the Ca metal core. The populations of the different basins
are also indicated.


Recently, it has been also concluded, based on density functional
theory calculations that this position is the most basic one in
selenouracils, both when the reference acid is a proton67 or a Ca2+


dication.63 Hence, it is not surprising to find that for uracil and 2,4-
dithiouracil, where both heteroatoms are identical, the attachment
of Ca2+ to X is preferred by 41 and 31 kJ mol-1, respectively, with
respect to attachment to Y (see Table 1). Note that the value
of 438 kJ mol-1 obtained for uracil is slightly below the binding
energy recently estimated at the B3LYP/6-311+G(2df,2p) level
(451 kJ mol-1).16


This preference to bind to X was traditionally attributed to the
contribution of zwitterionic mesomeric forms which accumulate
negative charge in this position. However, similar mesomeric forms


Fig. 2 Molecular graphs of uracil, uracil–Ca2+ complexes, 1, 4 and 2b and 2,4-dithiouracil–Ca2+ complex 7. Electron densities at the bcps are in a.u.
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Table 2 Wiberg bond orders for uracil and its Ca2+ adducts 1 and 4


Bond Uracil 1 (attached to Y) 4 (attached to X)


N1–C2 1.05 1.23 1.03
C2–N3 1.10 1.29 1.00
N3–C4 1.04 0.98 1.22
C4–C5 1.09 1.09 1.28
C5–C6 1.70 1.74 1.50
C6–N1 1.14 1.06 1.28


accumulating negative charge at Y contribute also significantly to
the stability of the neutral compound, so this factor alone cannot
explain the preference of uracil and its derivatives to undergo the
electrophilic attacks at X. A second important factor in favor of
association to X is the electron density redistribution undergone by
the system upon cation attachment, which is significantly different
depending on the site where the cation enters. This is apparent
when the ELF of complexes 1 and 4 are compared with that of the
neutral compound (see Fig. 3). Let us take uracil as a suitable
example. On going from the neutral to complex 1, where the
metal cation is bonded to Y, the electron density remains strongly
localized, and the populations of the basins associated with the
C5–C6, C5–C4, C4–N3 and C6–N1 hardly changed, the most
significant changes affecting to the C2–N1 and C2–N3 bonds.
Conversely, association of the metal dication to X to yield complex
4, triggers a significant delocalization of the electron density, which
involves a charge transfer from the C5–C6 basin, towards the C5–
C4, C4–N3 and C6–N1 ones. This electron delocalization, which
contributes to stabilize the molecular cation, is actually mirrored
in a certain equalization of both the bond distances within the
ring and the electron densities at the corresponding bcps (see
Fig. 2). This picture is also consistent with the Wiberg BOs. As
shown in Table 2, in neutral uracil, C5–C6 has a significant double
bond character, whereas the remaining bonds within the ring are
essentially single bonds. The situation changes very little upon Ca2+


attachment to Y, and only C2–N3 and C2–N1 slightly increase
their double bond character. Conversely, when Ca2+ is attached
to X, the changes in the BOs are significant. The double bond
character of C5–C6 decreases significantly, whereas it increases
for C5–C4, C6–C1, and C3–C4, ratifying the significant charge
delocalization produced by the Ca2+ polarization. Similar trends
are also observed for 2-, 4- and 2,4-thiouracils.


It is also worth noting that the Ca2+ binding energy is 50 kJ mol-1


larger for uracil than for 2,4-dithiouracil, in spite of the fact
that thiocarbonyl derivatives exhibit greater gas-phase proton
affinities than their carbonyl counterparts. This confirms, as it
has been shown previously in the literature,63 the clear preference
for Ca2+ to attach to oxygen, rather than to sulfur or selenium.
As a matter of fact, the calculated Ca2+ binding energy of urea
(449 kJ mol-1) is larger than that of thiourea (404 kJ mol-1) or
selenourea (408 kJ mol-1). Similarly, acetamide also binds Ca2+


stronger than thioacetamide or selenoacetamide.63 This preference
for Ca2+ to bind to oxygen explains the significant increase in the
gap between adducts 4 and 1 on going from uracil to 2-thiouracil,
because both effects, the enhanced basicity of X and the preference
to bind an oxygen atom, go in the same direction. Conversely, for
4-thiouracil both effects go in opposite direction, although the
preference to bind to oxygen slightly dominates, and structure 1 is
found to be slightly more stable than 4.


Also interestingly, the nature of the second heteroatom has an
almost negligible influence on the Ca2+ affinity of both carbonyl
and thiocarbonyl groups. Indeed, the Ca2+ binding energy to the
oxygen of 2-thiouracil is 1 kJ mol-1 larger than that of uracil, and
the Ca2+ binding energy to the sulfur atom is 3 kJ mol-1 smaller
than that of X in 2,4-dithiouracil. Similarly, the sulfur Ca2+ affinity
of 4-thiouracil is 3 kJ mol-1 smaller than that of 2,4-dithiouracil,
and its oxygen Ca2+ binding energy 2 kJ mol-1 higher than that of
Y in uracil.


There are however some dissimilarities in the nature of the
O–Ca2+ and the S–Ca2+ interactions. Independently of the nature
of the basic site, these interactions are essentially ionic, as indicated
by the small value of the electron density at both the O–Ca and the
S–Ca bcps (typically around 0.05 a.u. for O–Ca bonds and 0.03
for S–Ca bonds), and in the positive value of the energy density, as
it corresponds to the interaction between two close-shell systems.
Also consistently, the NBO analysis describes these complexes as
the interaction between the polarized uracil or thiouracil moiety
and Ca2+. However, while in O–Ca2+ interactions the natural
charge of the metal is close to +2.0, in S–Ca2+ interactions there is
a small charge transfer from the sulfur lone-pairs towards the 4 s
empty orbital in Ca2+, reflecting the larger polarizability of sulfur.
Consequently, in these cases the net natural charge on Ca is about
+1.8. The strong polarization undergone by the base upon Ca2+


association is nicely reflected in the ELF, which shows a significant
increase in the population of the V(O) (or the V(S)) basin of the
basic site upon Ca2+ attachment. More importantly, when Ca2+


is bonded to a thiocarbonyl group, a disynaptic V(S,Ca) basin is
located, showing that in this case the covalent character of the
interaction is not negligible.


Tautomerization processes. Catalytic effect of Ca2+ association


Since uracil and its thioderivatives only exist as dioxo and oxo–
thione forms in the gas phase, only complexes 1, 4 and 7 can be
formed by direct association of Ca2+ to the available basic sites.
However, among all the possible tautomers included in Fig. 1, the
aforementioned adducts are the least stable complexes (see Table 3
and Fig. 4), which means that Ca2+ association completely alters
the stability trends observed for the isolated neutrals. This had
been already pointed out for uracil by Russo et al.,16 even though
the most stable tautomeric form (2b) was not considered in that
study.


Table 3 Relative energies (kJ mol-1) of the different tautomers of uracil–
and thiouracil–Ca2+ complexes


Tautomer Uracil 2-Thiouracil 4-Thiouracil 2,4-Dithiouracil


1 91 137 106 147
2a 23 33 13 18
2b 0 0 0 0
3a 30 31 8 5
3b 14 16 4 2
4 50 54 119 117
5a 30 10 58 —
5b 30 0.4 42 17a


6a 118 66 137 131
6b 120 78 174 122
7 — — — 126


a For 2,4-dithiouracil structure 5a is not a stationary point of the PES and
collapses to structure 5b.
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Fig. 4 Energy profiles for the isomerization process of: a) uracil–Ca2+ adducts; b) 2-thiouracil–Ca2+ adducts; c) 4-thiouracil–Ca2+ adducts;
d) 2,4-dithiouracil–Ca2+ adducts. Relative energies are in kJ mol-1.
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The formation of enol or enethiol forms by 1,3H shifts from
one of the NH groups toward X or Y, facilitates the interaction
of the metal dication with the N-pyridine-like nitrogen atoms,
which have a rather big intrinsic basicity, and with the neighbor
X or Y heteroatom. The possibility of polarizing two basic sites
simultaneously enhances the stability of these complexes which
become more stable than adducts 1, 4 or 7. Actually, tautomers 6
in which this kind of arrangement is not possible are the least stable
structures (see Table 3). Furthermore, as it has been found before
for thymine-M2+ (M = Ni, Cu, Zn) complexes,46 the aromatization
of the enolic ring is an additional factor which contributes a lot to
the stabilization of the enol or enethiol forms. This aromatization is
clearly reflected in the equalization of the bond distances on going
from adduct 1 to complex 2b, which is the global minimum of
the Ca2+–uracil and Ca2+–thiouracils PESs. Coherently, there is a
parallel equalization of the electron densities at the bcps, and of the
bond orders. Furthermore, the nucleus independent chemical shift
(NICS) evaluated in a point 1 Å above the ring center, which can be
considered a good index to measure the aromaticity of a system,
is for complex 2b twice as large, in absolute value (-4.85 ppm)
than for complex 1 (-2.40 ppm). It is worth noting that in all cases
the global minimum of the potential energy surface corresponds
to structure 2b, in which Ca2+ interacts simultaneously with Y
and N3, the second more stable being tautomer 3b, in which
Ca2+ bridges between Y and N1. 2-Thiouracil is an exception
to this general trend, because for this compound tautomer 5b, in
which the metal interacts with N3 and X is almost degenerate
with tautomer 2b. It is interesting to note, that conversely, for 4-
thiouracil the energy gap between forms 2b and 5b is the largest of
the whole set compounds considered. Both findings ratified nicely
the preference of Ca2+ to bind oxygen rather than sulfur.


Tautomers 2 and 5 can be directly obtained from adducts 1 and
4 by a single 1,3H transfer, whereas a multi-step mechanism is
required to connect 1 and 4 with tautomers 3. The energy profiles
associated with the 1→2, 1→4 and 4→5 tautomerization pro-
cesses have been plotted in Figs. 4a–d. The first important feature
is that all tautomerization barriers are well below the entrance
channel. This means that the complex formed by addition of Ca2+


to any of the oxo or thione forms of the compounds under scrutiny
will have enough internal energy to overpass these barriers. The
important consequence is that, although for the neutral systems
only the oxo–thione forms are to be found in the gas-phase, for the
Ca2+ complexes, all tautomeric forms are energetically accessible,
the enol/enethiol forms being the most stable. Consequently, these
tautomeric forms might be formed experimentally in the gas phase,
notably during the electrospray ionization process preceding mass
spectrometry analysis, as recently demonstrated for protonated
uracil.68 Also importantly, the activation barriers involved in these
tautomerization processes are much lower than those calculated
for the isolated neutral compounds.35 For example, for 2-thiouracil
the 1–2 tautomerization barrier decreases 28%, whereas the 4–5
decreases 39%. For 4- and 2,4-dithiouracil these decreases are 47%
and 37%, respectively for the 1–2 tautomerization process and 39%
and 35%, respectively for the 4–5 tautomerization process.


Conclusions
From our theoretical survey of the interaction between uracil and
its thio-derivatives with Ca2+ in the gas phase, we can conclude
that:


(a) For uracil and 2,4-dithiouracil, where the two basic sites
are the same, Ca2+ attachment to the heteroatom at position 4 is
preferred, due essentially to a significant electron delocalization
within the six-membered ring when the metal binds to X, which is
not observed when it is attached to Y.


(b) For those systems where both types of basic centers, a
carbonyl or a thiocarbonyl group, are present, Ca2+ association
to the oxygen is always favored with respect to association to
sulfur.


(c) The most stable complex corresponds systematically to
structure 2b, in which the metal dication bridges between Y of the
4-enol (or the 4-enethiol) tautomer and the dehydrogenated ring
nitrogen, N3. The enhanced stability of these enol forms is two-
fold. On the one hand, the structure of the enol (enethiol) facilitates
the interaction of Ca2+ with the N-pyridine-like nitrogen atom and
with the neighbor X or Y heteroatom, polarizing both basic sites
simultaneously. On the other hand, a significant aromatization of
the six-membered ring takes place.


(d) Ca2+ association has a clear catalytic effect on the tau-
tomerization processes which connect the oxo–thione forms with
the enol–enethiol tautomers. Hence, although the enol–enethiol
tautomers of uracil and its thio derivatives should not be observed
in the gas phase, the corresponding Ca2+ complexes are the most
stable species and might be accessible experimentally, because
the tautomerization barriers are smaller than the Ca2+ binding
energies.
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Salpin, ChemPhysChem, 2007, 8, 181–187.
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A newly designed anthracene derivative having gluconamides at its peripheral branches formed a
photo-responsive hydrogel. SEM observation of the xerogel showed a network structure consisting of
fibrils. Upon photoirradiation (l >300 nm) of the hydrogel, regioselective photodimerization of the
anthracene moiety occurred to give head-to-tail photodimers and the physical state changed from the
gel to the sol.


Introduction


Photo-responsive hydrogels are regarded as some of the most
intriguing biomaterials applicable to the biological and medical
fields. This is because light is an ideal stimulus for fabricating
and manipulating the various properties of semi-wet materials
due to its clean, fast, and spatio- and temporally-controllable
nature.1 It is now crucial to explore the capability and limitations
of photo-responsive hydrogels as potential biomaterials.2 On the
other hand, dendritic gelators, whose structures are between low
molecular weight gelators and polymer gelators, have received
particular attention because dendritic molecules possess some
of the advantages of both low molecular weight and polymeric
gelators.3 However, a photo-responsive dendritic gelator has never
been reported. Meanwhile, we have described syntheses of several
anthryl dendrons that formed self-organized liquid crystals, whose
molecular arrangements were reflected in the regioselectivity of the
photodimerization reaction of the anthracene moiety.4 For exam-
ple, an anthracene derivative having a poly(amidoamine) dendritic
substituent at the 9-position self-assembled to form a smectic
E phase, in which the alternative orientation of the dendron
molecules caused a regioselective and quantitative photoreaction
affording only the anti-photodimer. In this context, we expected
that anthryl dendrons could be candidate material for a new
class of photo-responsive hydrogelator. During our studies on the
synthesis and photoreactivity of anthryl dendrons, we have found
that a tiny anthryl dendron having only one branching unit forms
a photo-responsive hydrogel. This paper describes the synthesis,
characterization, and photoreactivity of this anthryl dendron
having gluconamides at its peripheral branches, along with its
hydrogel properties. To our knowledge, this is the first example
of a photo-responsive hydrogelator having an anthracene moiety
acting as the photo-responsive switch.


Graduate School of Environmental Science, Okayama University, Tsushima-
Naka 3-1-1, Okayama 700-8530, Japan. E-mail: yutaka@cc.okayama-
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† Electronic supplementary information (ESI) available: 1H and 13C NMR
spectra, and MALDI-TOF MS, of hydrogelator 1 before and after
irradiation. See DOI: 10.1039/b810900a


Results and discussion


Synthesis and gel formation of dendritic hydrogelator 1


The dendritic hydrogelator 1 having gluconamides at its peripheral
branches was prepared from a first-generation poly(amidoamine)
dendron 25 as shown in Scheme 1. The gluconamide arms were in-
troduced by the aminolysis in methanol of D-glucono-1,5-lactone
with the NH2 groups of dendron 2. The structure of hydrogelator
1 was confirmed by 1H and 13C NMR spectroscopy, FT-IR, and
MALDI-TOF mass spectroscopic analysis. The MALDI-TOF
mass spectrum of hydrogelator 1 clearly showed the parent peak
at m/z 849.545 (see ESI†), which is consistent with the molecular
weight of 1 ([MH+], calcd 849.388).


Scheme 1 Synthesis of hydrogelator 1. Reagents and conditions:
(a) D-glucono-1,5-lactone, MeOH, 50 ◦C, 3 h.


Dendritic hydrogelator 1 was studied with regard to its gelation
behavior in water. A hydrogel was formed by heating 1 at 60 ◦C
in water and cooling to room temperature. The critical gelation
concentration, the minimum concentration at which gelation is
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induced, was 3.5 ¥ 10-2 mol dm-3. The gel-to-sol phase transition
temperature,6 denoted as T gel, for the hydrogel of 1 (3.5 ¥
10-2 mol dm-3) was 46 ◦C.


SEM observation


To obtain visual images of the conformation in the hydrogel, we
took pictures of the xerogel with a scanning electron microscope
(SEM). The SEM picture obtained from the hydrogel of 1 shows a
network structure consisting of fibres (Fig. 1(a)). The diameter of
the bundled fibres was evaluated to be approximately 100–500 nm.
Of further interest is the fact that each fibre consists of a bundle
of much thinner fibrils with a diameter of approximately 50 nm
(Fig. 1(b)).


Fig. 1 SEM images of the xerogel of 1 [(a) scale bar is 5 mm, (b) scale bar
is 1 mm].


Photo-responsive functions


The hydrogel containing 1 (3.5 ¥ 10-2 mol dm-3) was subjected
to photoirradiation with a high-pressure Hg lamp at less than
15 ◦C. Interestingly, the photodimerization of the anthracene moi-
ety of gelator 1 proceeded quite smoothly to give the corresponding
photodimer in quantitative yield (>99% conversion), which was
confirmed by UV–vis spectroscopy, fluorescence spectroscopy, and
1H NMR spectrometry. The UV–vis absorption bands character-


istic of the anthracene moiety disappeared with photoirradiation
time (Fig. 2) and the physical state changed from the gel to the
sol (Fig. 3). As the gel-to-sol phase transition temperature for
the hydrogel of 1 (3.5 ¥ 10-2 mol dm-3) was 46 ◦C, the phase
transition induced below 15 ◦C is ascribed to a photo-induced
structural change (photodimerization) in the anthracene moiety.
The fluorescence characteristics of the anthracene moiety also
disappeared with photoirradiation time (Fig. 4). Furthermore,
the anthracene proton signals [d 7.53–7.59 (m, 2H), 7.91–7.93 (m,
3H), 8.11–8.17 (m, 3H), 8.71 (s, 1H)] of 1, which were observed in
the 1H NMR spectrum in DMSO-d6, disappeared and new peaks
appeared at 6.78–7.50 ppm (Fig. 5). The methyne proton signals


Fig. 2 Absorption spectra of 1 after photoirradiation (>300 nm) for
different periods. The concentration for the photoirradiation experiments
was 3.5 ¥ 10-2 mol dm-3 in water, whereas for the absorption spectral
measurements the solution was diluted to 7 ¥ 10-4 M in water.


Fig. 3 Photograph of the hydrogel of 1 before and after photoirradiation.


Fig. 4 Fluorescence spectra of 1 after photoirradiation (>300 nm) for
different periods. The concentration for the photoirradiation experiments
was 3.5 ¥ 10-2 mol dm-3 in water, whereas for the absorption spectral
measurements the solution was diluted to 7 ¥ 10-4 M in water.
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Fig. 5 Partial 1H NMR spectra of 1 (a) before irradiation (arrows: anthracene moiety), (b) after irradiation (arrows: photodimer of anthracene moiety,
*: characteristic signal of H–T regioisomer).


[d 8.63 (s, 1H), 8.65 (s, 1H)] of the 9- and 10-positions of the
anthracene moiety in 1 disappeared and a new peak appeared at
d 4.73. This result is consistent with dimer formation.


The structures of the photodimer were confirmed by 1H and
13C NMR spectroscopy. The photodimerization of 2-substituted
anthracene gives four regioisomers [anti or syn head-to-tail (H–T),
anti or syn head-to-head (H–H)] as shown in Scheme 2. Especially
in viscous media, the pairs have insufficient time to reorient
themselves during the singlet state of the anthryl groups, from
which the photodimerization reaction emanates.7,8 Therefore, the
ratio of H–H : H–T should reflect, at least indirectly, the ground
state distribution of parallel and anti-parallel pairs of 2-substituted
anthracene derivatives.8 According to the previous report,4f ,8


the ratios of H–H : H–T were estimated by 1H NMR. The
diagnostic signal of the photodimer due to anthracene’s 3-position
appeared as only one doublet at 7.30 ppm, which is characteristic
of the H–T photodimer, although the H–H photodimer shows
partially overlapped double doublets in the same region. This


result indicated that the neighbouring anthracene moieties are
aligned in an anti-parallel orientation in the gel phase. The
photoinduced gel-to-sol phase transition might arise from collapse
of the network constructed with the anthryl dendrons via p–p
interactions, due to the structural change in the anthracene moiety
upon photoirradiation.


Conclusion


In this paper we have presented the first example of a photo-
responsive hydrogelator having an anthracene moiety as the
photo-responsive switch. Although the anthryl dendron described
has only one branching unit, it is the progenitor of photo-
responsive dendritic hydrogelators. Absorption, fluorescence, and
NMR spectra showed that the gel-to-sol transition of the hydrogel
was caused by the regioselective photodimerization of the an-
thracene moiety of dendron 1. Since only the H–T photodimer was


Scheme 2 Regioselective dimerization of dendron 1 upon photoirradiation of its hydrogel. Conditions: (a) photoirradiation (>300 nm), below 15 ◦C,
4 h.
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observed after the photodimerization reaction, anthryl dendrons
might be arranged in an anti-parallel orientation to form a network
structure consisting of fibres. We are currently exploring the
applications of these photo-responsive dendritic hydrogelators,
such as biomedical materials.


Experimental


General


NMR spectra were measured using a JEOL AL-300 spectrometer
and a Bruker AVANCE400 spectrometer. Matrix-assisted laser
desorption ionization time-of-flight mass spectroscopy (MALDI-
TOF mass spectroscopy) was performed using a Bruker aut-
oflex mass spectrometer using dithranol (1,8-dihydroxy-9[10H]-
anthracenone) as the matrix. Photoirradiation was carried out in
a Pyrex reactor. A 500 W high-pressure mercury lamp was used as
the light source. Absorption spectra were measured using a Shi-
madzu UV-3150 spectrophotometer. Fluorescence measurements
were carried out with a JASCO FP-6600 spectrofluorometer. SEM
pictures were taken using a HITACHI S-3500N scanning electron
microscope.


The reagents were obtained from Wako Pure Chemical Indus-
tries Ltd., Tokyo Kasei Co. Ltd., Kanto Kagaku Co., Ltd., or
Aldrich Chemical Co. The methanol and D-glucono-1,5-lactone
used in reactions were further purified by general methods.
Other solvents and reagents were used as received without
further purification. The first-generation poly(amidoamine) den-
dron 2 was synthesized according to the previously reported
method.5


Synthesis of hydrogelator 1


A solution of 2 (0.226 g, 0.459 mmol) in dry methanol (4 mL)
was slowly added to a solution of D-glucono-1,5-lactone (0.818 g,
4.59 mmol) in dry methanol (46 mL) at 50 ◦C, and the solution
was stirred for 3 h under a nitrogen atmosphere. The solution was
left overnight at 4 ◦C then the precipitate was filtered, washed with
methanol and acetone, and dried to afford hydrogelator 1 (0.320 g,
0.376 mmol) in 82% yield, mp 168–171 ◦C; 1H NMR (400 MHz,
DMSO-d6) d 2.27 (t, 4H, J = 6.8 Hz), 2.65 (t, 2H, J = 6.8 Hz), 2.76
(t, 4H, J = 6.8 Hz), 3.15–3.19 (m, 8H), 3.39–3.45 (m, 4H), 3.50
(brs, 4H), 3.58–3.61 (m, 2H), 3.94 (brs, 2H), 3.99–4.02 (m, 2H),
4.40–4.55 (m, 8H), 5.37 (d, 2H, J = 4.4 Hz), 7.53–7.59 (m, 2H),
7.77–7.81 (m, 2H), 7.91–7.93 (m, 3H), 8.11–8.17 (m, 3H), 8.54 (t,
1H, J = 5.2 Hz), 8.63 (s, 1H), 8.65 (s, 1H), 8.71 (s, 1H); 13C NMR
(75 MHz, DMSO-d6) d 33.2, 38.2, 38.3, 39.1, 49.4, 58.5, 63.3,
70.11, 70.13, 71.5, 72.2, 73.4, 73.5, 123.5, 125.88, 125.94, 126.3,
127.7, 127.98, 128.04, 128.17, 128.23, 130.1, 131.3, 131.5, 131.6,
132.1, 166.1, 171.7, 172.8; MALDI-TOF mass for C39H57N6O15:
m/z calcd, 849.388 [MH+]; found, 849.545; IR (ATR, cm-1): n
3302, 2945, 1642, 1540.


Gel formation and determination of Tgel


In a typical gelation experiment, a weighed amount of 1 and 5.0 mL
of the water were placed in a test tube, which was sealed and then
heated at 60 ◦C until the compound dissolved. The solution was
then cooled to room temperature. The sol-to-gel temperature was
determined according to a method described in the literature.6


A glass ball was placed on top of the gel and the test tube was
subsequently placed in a thermostated waterbath and heated at
1 ◦C min-1. The temperature at which the ball started to fall
through the gel was denoted as T gel.


Photoirradiation


The hydrogel (3.5 ¥ 10-2 mol dm-3) was irradiated with a high-
pressure mercury lamp through a Pyrex filter for 4 h at less than
15 ◦C. After removal of the solvent under vacuum, the residue was
characterized by 1H and 13C NMR spectroscopy in DMSO-d6 and
MALDI-TOF mass spectroscopic analysis.


Photodimer; 1H NMR (400 MHz, DMSO-d6) d 2.10 (t, 8H, J =
6.4 Hz), 2.50–2.53 (m, 4H), 2.70 (t, 8H, J = 5.6 Hz), 3.13–3.26 (m,
16H), 3.27 (brs, 4H), 3.38–3.41 (m, 8H), 3.50 (brs, 8H), 3.58–3.60
(m, 4H), 3.93 (brs, 4H), 4.01 (m, 4H), 4.34 (brs, 4H), 4.40–4.55
(m, 12H), 4.73 (brs, 4H), 5.37 (d, 4H, J = 3.2 Hz), 6.78–6.80 (m,
4H), 6.95–7.00 (m, 4H), 7.03–7.08 (m, 2H), 7.30–7.32 (m, 2H),
7.47–7.50 (m, 2H), 7.75–7.81 (brs, 6H), 7.86–7.90 (m, 4H); 13C
NMR (75 MHz, DMSO-d6) d 33.3, 37.5, 38.8, 49.8, 52.6, 52.8,
63.7, 70.7, 71.0, 71.9, 72.7, 72.9, 74.0, 126.09, 126.13, 126.2, 127.4,
127.5, 131.4, 143.3, 143.4, 144.40, 144.43, 147.8, 147.9, 167.0,
172.9, 173.8; MALDI-TOF mass for C78H113N12O30: m/z calcd,
1697.769 [MH+]; found, 1697.879.
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The synthesis and resolution of electronically varied axially chiral Quinazolinaps is reported. These
ligands bear different aryl groups on the donor phosphorus atom and were synthesised as part of our
investigations into electronic effects within this ligand class. A diastereomerically pure palladacycle of
one ligand was characterised by X-ray crystallography. The application of these Quinazolinaps to the
rhodium-catalysed hydroboration of vinylarenes resulted in enantioselectivities of up to 92%. Their
application to the palladium-catalysed allylic alkylation of 1,3-diphenylprop-2-enyl acetate resulted in
conversions of up to 99% and enantioselectivities of up to 94%.


Introduction


Much of the success in enantioselective homogeneous catalysis
is dependent upon the application of specifically designed chiral
ligands to important synthetic transformations. The develop-
ment of atropisomeric diphosphines such as Binap has found
widespread applicability in asymmetric hydrogenation, olefin
isomerization, allylic alkylation, the Heck reaction and enan-
tioselective hydroboration.1–5 Subsequently, the development of
axially chiral heterobidentate systems has become an active area of
research, with the phosphinamine ligand class receiving the most
interest due to the combination of steric and electronic effects
exerted on substrates at the coordination sphere of the transition
metal to which they are bound.6,7 Following on from work by
Brown et al.,8 who developed the first successful axially chiral
phosphinamine Quinap 1, we have designed a series of axially
chiral phosphinamines termed Quinazolinaps. Previously, we have
reported the synthesis and resolution of a steric series of these
ligands 2a–f, which have been applied to the rhodium-catalysed
asymmetric hydroboration of vinylarenes where they induced
excellent conversions, regioselectivities and enantioselectivities up
to 99.5%.9 We have also synthesised Quinazolinaps 2g–h, as an
investigation into the effect of having a hemilabile donor nitrogen
atom on the 2-aryl substituent and applied them to the palladium-
catalysed allylic alkylation of 1,3-diphenylpropenyl acetate with
excellent conversions and enantioselectivities up to 81%.10


The majority of reports of ligand modification have followed
from systematic variation of the spatial demands of the catalyst.
However, research on substituent-controlled electronic tuning
of chiral ligands has demonstrated that catalyst activity and
selectivity can often be improved.11 In order to gain further
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insights into electronic effects in our Quinazolinap series, we
have commenced a study on electronic variations at the donor
phosphorus atom, ligands 3a–b, by including electron-donating
and electron-withdrawing groups on the diarylphosphine unit.
2-iPr-Quinazolinap 2e was chosen as the parent ligand as it has
consistently given the best results of the Quinazolinap family in
the asymmetric transformations studied.9 Herein we now wish
to report the synthesis and resolution of ligands 3a–b and their
application in the rhodium-catalysed hydroboration of vinylarenes
and palladium-catalysed allylic alkylation.


Results and discussion


Synthesis and resolution


Racemic Quinazolinaps 3a–b were synthesised using a synthetic
route originally developed for the preparation of an electronic
series of Quinap ligands.12 This involved the coupling of 1-(2-
isopropyl-quinazolin-4-yl)-2-naphthyl(trifluoromethyl)sulfonate
4, a late stage intermediate in the preparation of ligand 2e9e


with the diarylphosphine oxides 5a–b (Scheme 1) in moderate
to good yields (53–76%).13–15 This was followed by reduction of
the coupled phosphine oxide 6a–b in 48–70% yields to afford the
desired ligands 3a–b.


The formation of diastereomeric complexes with enantiopure
palladium amine complexes, followed by fractional crystallisa-
tion, is an important strategy in the resolution of phosphorus-
containing ligands. In particular, the ortho-palladated derivatives
of (R)-dimethyl(1-(1-naphthyl)ethyl)amine 7 have received signif-
icant attention;16,17 it has been used as the resolving agent for the
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Scheme 1 Reagents and conditions: (i) Pd(OAc)2, dppb, DIPEA, DMSO,
110 ◦C, 24 h; (ii) HSiCl3, Et3N, toluene, 100 ◦C, 24 h.


resolution of Quinap, Phenap and previously synthesised members
of the Quinazolinap ligand class.8–10,18


A mixture of monodentate palladacycles (R,R)-8a and (S,R)-8a
were obtained by stirring ligand 3a overnight in methanol with
resolving agent 7 but all attempts at separation by fractional crys-
tallisation were unsuccessful at this stage (Scheme 2). The mixture
was redissolved in methanol, and after the addition of potassium
hexafluorophosphate in water and stirring overnight, a creamy
precipitate was obtained. This precipitate was a mixture of biden-
tate palladacycles (R,R)-9 and (S,R)-9. Fractional crystallisation
of this mixture, using hot chloroform and diethyl ether, yielded a
precipitate that was determined by 1H and 31P NMR spectroscopy
to be diastereomerically pure. Crystals suitable for X-ray crystal-
lographic analysis were grown from deuterated chloroform and


Scheme 2 Reagents and conditions: (i) CH2Cl2–MeOH, RT, 18 h; (ii)
MeOH, KPF6, H2O, RT, 18 h.


diethyl ether. The crystal structure obtained indicated that the iso-
lated complex was (S,R)-di(3,5-xylyl)(1-(2-isopropyl-quinazolin-
4-yl)(2-naphthyl)phosphine diastereomer (S,R)-9 (Fig. 1).


Fig. 1 ORTEP representation of (S,R)-9 (hydrogen atoms and counter
ion omitted for clarity).


Using a similar approach, a mixture of monodentate pallada-
cycles (R,R)-8b and (S,R)-8b were obtained by stirring ligand
3b overnight in dichloromethane with resolving agent 7 (Scheme
2). After stirring overnight, a creamy yellow-coloured precipitate
had formed. The precipitate and filtrate were combined and
recrystallised from hot chloroform and ether. A long crys-
tallisation period of three weeks eventually resulted in yellow
crystals which, by 1H and 31P NMR spectroscopy, were found
to be diastereomerically pure. To date no X-ray crystallographic
analysis of this complex has been obtained; however, the isolated
diastereomeric complex has been assigned the configuration (S,R)-
8b based on comparing the optical rotation of the free ligand to
previously investigated members of the Quinazolinap ligand class
and the sense of induction obtained in asymmetric catalysis (vide
infra).


Enantiomerically pure (S)-di(3,5-xylyl)(1-(2-isopropyl-quina-
zolin-4-yl)(2-naphthyl)phosphine 3a and (S)-di(3,5-difluorop-
thenyl)(1-(2-isopropyl-quinazolin-4-yl)(2-naphthyl)phosphine 3b
were readily obtained by decomplexation of the resolved
diastereomers (S,R)-9 and (S,R)-8b, respectively, with 1,2-
bis(diphenylphosphino)ethane in dichloromethane (Scheme 3).


Scheme 3 Reagents and conditions: (i) DPPE, CH2Cl2, RT, 3 h.


Rhodium-catalysed hydroboration


The rhodium-catalysed enantioselective hydroboration of olefins
is a valuable synthetic transformation, typically employing a chiral
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catalyst and an achiral borane source. The ease of transformation
of the organoboranes produced into various functional groups
has made hydroboration a valuable synthetic technique in or-
ganic chemistry.19 The steric series of Quinazolinaps 2a–f have
been successfully applied to the asymmetric rhodium-catalysed
hydroboration9e and we now wish to report the application of the
novel Quinazolinaps 3a–b to this transformation.


Styrene and two vinylarene derivatives 12–14 were tested
as hydroboration substrates using in situ-prepared rhodium-
Quinazolinap complexes (S)-11a–b as the active catalysts
(Scheme 4).9e Reactions were carried out both at room temperature
and at 0 ◦C and it was found that reactions at the higher
temperature always gave superior results so it is these results that
are reported (Table 1).


Scheme 4 Formation of rhodium-Quinazolinap catalysts.


The application of catalyst complexes (S)-11a–b to the hy-
droboration of substrates 12–14 gave both significantly decreased
enantioselectivities and conversions compared to those observed
with the catalyst derived from parent 2-isopropyl-Quinazolinap
2e.9e However, the regioselectivities obtained with (S)-11a–b were
generally high, in particular complex (S)-11b, containing the 3,5-
difluorophenylphosphine moiety, gave consistently higher regios-
electivities than 2-isopropyl-Quinazolinap (typically in the range
77 : 23 to 81 : 19). The best result with these substrates (entry 4–
76% conversion, 92% ee and 86 : 14 regioselectivity) was obtained
using catalyst (S)-11b in the hydroboration of p-methoxystyrene
(entry 4). By comparison, the application of the catalyst based
on 2-iPr-Quinazolinap ligand 2e under the same conditions also
resulted in 92% ee combined with 76 : 24 regioselectivity. There was
a marked reduction in enantioselectivities when changing from an
electron-releasing to an electron-withdrawing substituent in the
substrate vinylarenes (compare entries 5,6 with 1–4). An analysis


Table 1 Rhodium-catalysed hydroboration of substituted styrenes


Entry Catalyst Substrate Conversion (%)a a : ba Ee (%)b


1 (S)-11a 12 89 81 : 19 68 (S)
2 (S)-11b 12 55 85 : 15 72 (S)
3 (S)-11a 13 93 68 : 32 80 (S)
4 (S)-11b 13 76 86 : 14 92 (S)
5 (S)-11a 14 69 81 : 19 44 (S)
6 (S)-11b 14 56 85 : 15 58 (S)


a Conversions and regioselectivities determined by 1H NMR spectroscopy.
b Enantiomeric excesses determined by chiral GC.


of the results obtained with rhodium complexes of ligands 3a and
3b shows that substitution at the m-positions with fluorine rather
than methyl groups, results in better regio- and enantioselectivities,
although the conversions tend to be somewhat lower.


Palladium-catalysed allylic alkylation


Allylic alkylation is an important reaction for forming different
types of carbon–carbon and carbon–heteroatom bonds.20,21 The
reaction involves the nucleophilic displacement of an allylic leaving
group and is catalysed by a variety of transition-metal catalysts,
although palladium remains the most widely used. Quinazolinaps
(S)-3a–b were applied to the palladium-catalysed asymmetric
allylic alkylation involving the addition of the dimethyl malonate
anion to 1,3-diphenylprop-2-enyl acetate 17. As the active pal-
ladium(0) species for allylic alkylation are not isolable, an air-
stable form of the ligand complexes was prepared. The reaction of
(S)-3a–b, with di-m-chloro-bis(p-allyl)dipalladium 15 and sodium
tetrafluoroborate in dichloromethane gave the h3-palladium-allyl
complexes (S)-16a–b in high yields of 83–90% (Scheme 5).


Scheme 5 Reagents and conditions: (i) NaBF4, CH2Cl2, RT, 18 h.


The two standard methods employed for the reaction between
dimethyl malonate and 1,3-diphenylprop-2-enyl acetate are the
bis-trimethylsilylacetamide (BSA) procedure, in which the nu-
cleophile is generated in situ upon addition of a base; and the
malonate procedure, in which the nucleophile is pre-formed as
its sodium salt. Both methods were applied in the current study.
Although dimethylformamide, tetrahydrofuran and acetonitrile
were also screened as solvents, dichloromethane gave superior
results in all cases. When using the malonate method, a selection
of bases (KOAc, NaOAc, LiOAc and CsCO3) was also screened.
Reactions were carried out at room temperature, 40 ◦C and 0 ◦C
and the results for each method is presented (Tables 2 and 3).


The application of catalysts (S)-16a–b in the palladium-
catalysed allylic alkylation of 1,3-diphenylprop-2-enyl acetate 17
using the BSA method resulted in good to excellent enantiomeric
excesses of 80–94% (Table 2). In particular, catalyst (S)-16a gave
consistently high enantioselectivities; the highest obtained was
94% after 120 h at 0 ◦C when using NaOAc as the base (entry 6).
By comparison, the application of the catalyst derived from 2-iPr-
Quinazolinap ligand 2e resulted in a maximum enantioselectivity
of 91% at 0 ◦C when using KOAc as the base.22 The maximum
enantioselectivity achieved with catalyst (S)-16b was 84% (entry 8).


The use of the malonate method, in which the nucleophile is
used as its sodium salt, resulted in a lowering of conversion in all
cases. It resulted in increased enantioselectivity, however, in the
case of catalyst (S)-16a. Under all conditions, enantioselectivities
of over 90% were obtained using this catalyst system (Table 2,
entries 1–4). This catalyst gave the highest ee (94%) obtained to
date within the Quinazolinap series. Enantioselectivities obtained
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Table 2 Palladium-catalysed allylic alkylation, BSA procedure


Entry Catalyst Base Temperature Time Conversion (%)a Ee (%)b


1 (S)-16a KOAc RT 24 h 83 86 (R)
2 (S)-16a NaOAc RT 24 h 94 88 (R)
3 (S)-16a KOAc 40 ◦C 16 h 100 92 (R)
4 (S)-16a NaOAc 40 ◦C 16 h 61 90 (R)
5 (S)-16a KOAc 0 ◦C 5 d 94 92 (R)
6 (S)-16a NaOAc 0 ◦C 5 d 76 94 (R)
7 (S)-16b KOAc RT 48 h 100 84 (R)
8 (S)-16b LiOAc RT 48 h 96 84 (R)
9 (S)-16b KOAc 40 ◦C 16 h 35 80 (R)


a Conversions determined by 1H NMR spectroscopy. b Enantiomeric excesses determined by chiral HPLC.


Table 3 Palladium-catalysed allylic alkylation, malonate procedure


Entry Catalyst Temperature Time Conversion (%)a Ee (%)b


1 (S)-16a RT 120 h 57% 92 (R)
2c (S)-16a RT 120 h 33% 94 (R)
3 (S)-16a 40 ◦C 16 h 47% 90 (R)
4 (S)-16a 0 ◦C 5 d 50% 92 (R)
6 (S)-16b RT 48 h 10% 70 (R)
7 (S)-16b 40 ◦C 24 h 27% 70 (R)
8c (S)-16b 40 ◦C 24 h 22% 56 (R)


a Conversions determined by 1H NMR. b Enantiomeric excesses deter-
mined by chiral HPLC. c 15-crown-5 added.


with catalyst (S)-16b using this method reached a maximum of
70% (entries 6 and 7) although with poor conversions.


Conclusions


Two new axially chiral Quinazolinaps have been synthesised,
resolved and applied in rhodium-catalysed hydroboration and
palladium-catalysed allylic alkylation with ees of up to 92% and
94%, respectively. As well as expanding the range of Quina-
zolinaps available for asymmetric catalysis, these ligands were
synthesised in order to study potential electronic effects within
the series. When they were applied in the hydroboration of
substituted styrenes, it was Quinazolinap (S)-3b, containing a
3,5-difluorophenylphosphine moiety that performed the better of
the two ligands. Comparison of the results obtained with ligands
(S)-3a–b to those obtained using 2-isopropyl-Quinazolinap 2e
show that both electronically modified Quinazolinaps seemed to
demonstrate a decrease in activity and selectivity which may be
attributed to the steric effect of the substitution on the aryl rings.
In the screening of Quinazolinaps (S)-3a–b in palladium-catalysed
allylic alkylation, it was (S)-3a, rather than (S)-3b, which gave


superior results. Indeed, the use of (S)-3b has led to the highest ee
observed in this reaction to date using the Quinazolinap series.


The difference in activity observed in the two catalytic appli-
cations demonstrates the practicality of optimising ligands for
specific reactions. Work continues on the expansion of the range
of electronically-varied Quinazolinaps and the results will be
reported in due course from these laboratories.


Experimental details


General experimental


Melting points were determined using a Gallenkamp melting point
apparatus and are uncorrected. Infrared spectra were recorded on
a Perkin-Elmer Paragon 1000 infrared FT spectrometer. The Mi-
croanalytical Laboratory, University College Dublin, performed
elemental analyses. Electrospray mass spectra were recorded on a
Micromass Quattro with electrospray probe. Exact mass ESI mass
spectra (HRMS) were measured on a micromass LCT orthogonal
time of flight mass spectrometer with leucine enkephalin (Tyr-
Gly-Phe-Leu) as an internal lock mass. 1H NMR spectra and
1H-1H COSY spectra were recorded on a 300 MHz Varian-
Unity spectrometer, a 400 MHz Varian-Unity spectrometer or a
500 MHz Varian-Unity spectrometer. Chemical shifts are quoted
in ppm relative to tetramethylsilane and coupling constants (J) are
quoted in Hz and are uncorrected. CDCl3 was used as the solvent
for all NMR spectra unless otherwise stated. 75.4 MHz 13C spectra
were recorded on a 300 MHz Varian-Unity spectrometer and
100 MHz 13C spectra on a 400 MHz Varian-Unity spectrometer.
Tetramethylsilane was used as the internal standard in all 13C
spectra recorded. 121.4 MHz 31P spectra were recorded on a
300 MHz Varian-Unity spectrometer and 162 MHz 31P spectra
on a 400 MHz Varian-Unity spectrometer. 31P Chemical shifts are
reported relative to 85% aqueous phosphoric acid (0.0 ppm). Flash
chromatography was performed using Merck Kieselgel 60 (Art.
9385). Merck precoated Kieselgel 60F254 was used for thin layer
chromatography. GC and HPLC analysis was carried out using a
Supelco 2-4304 beta-Dex R© 120 (30 ¥ 0.25 mm, 0.25 mm film) and a
Chiralcel OD column (0.46 cm I.D. ¥ 25 cm) respectively. Optical
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rotation values were measured on a Perkin-Elmer 241 polarimeter.
[a]D values are given in 10-1 deg cm2 g-1. All commercially available
solvents were purified and dried before use. Tetrahydrofuran was
distilled from sodium–benzophenone and dichloromethane was
distilled from calcium hydride. Where necessary, other solvents
and reagents used were purified according to the procedures in
‘Purification of Laboratory Chemicals’.23 Pd salts were obtained
on loan from Johnson Matthey. Solvents were degassed using three
freeze–thaw cycles. Oxygen-free nitrogen was obtained from BOC
gases.


Procedures for the preparation of 6a–b, 3a–b, 11a–b, 16a–b,
the resolution of 3a–b, details of the X-ray analysis of (S)-9 are
described and physical data for 6a–b, 3a–b, (S)-9, 11a–b, 16a–b,
are available in the ESI.† The general procedures employed for
the asymmetric hydroboration and allylic alkylation are described
below.


Asymmetric hydroboration general procedure. The required
Quinazolinap-rhodium(1,5-cyclooctadiene)trifluoromethanesulf-
onate catalyst (5 mmol) in THF (2 mL) was placed under nitrogen
in a Schlenk tube. Freshly distilled catecholborane (53 mL,
0.5 mmol) was added via microlitre syringe and the light brown
solution was allowed to stir for five minutes at the required
temperature. The substrate olefin (0.5 mmol) was injected and the
reaction mixture was stirred for either two hours or twenty-four
hours at room temperature or at 0 ◦C. The reaction was then
cooled to 0 ◦C; ethanol (1 mL) was added; followed by 1 M
NaOH (3 mL) and H2O2 (3 mL). The ice bath was removed
and the solution was stirred for one hour at room temperature.
The reaction mixture was transferred to a separatory funnel and
diethyl ether (10 mL) was added. The organic layer was washed
with 1 M NaOH (10 mL), brine (10 mL) and dried with MgSO4.
The solution was filtered and the solvent was removed in vacuo
to give the hydroborated product as an oil. Conversion and
regioselectivity were determined by 1H NMR spectroscopy. The
ee was calculated by chiral GC or HPLC analysis. Conditions for
chiral GC and HPLC analysis as previously reported.9e


Allylic alkylation procedures


Malonate ion procedure. Sodium dimethyl malonate (0.042 g,
0.275 mmol) and the required catalyst (0.005 mmol, 2 mol%) were
placed in a Schlenk tube under an atmosphere of nitrogen. Dry
degassed solvent (0.2 mL) and 15-crown-5 (if required) (55 mL,
0.275 mmol) were added, followed by (E)-1,3-diphenylprop-2-
enyl-acetate (0.063 g, 0.25 mmol) in dry degassed solvent (0.3 mL).
The suspension was stirred for the required time under an
atmosphere of nitrogen and the progress was monitored by TLC
(pentane–diethyl ether, 2 : 1). The reaction was quenched by the
addition of acetic acid (0.1 mL). The solvent was removed in
vacuo and water (25 mL) was added to the reaction mixture before
transfer to a separatory funnel. The suspension was then extracted
with diethyl ether (25 mL); the organic layer was washed with water
(25 mL), brine (25 mL) and dried over anhydrous MgSO4. The
solution was filtered and reduced in vacuo to leave a clear yellow
oil. 1H NMR of the crude product gave the % conversion. The
product was purified using preparative silica plates (2 : 1 pentane–
diethyl ether) to afford (R) or (S)-methyl-2-carbomethoxy-3,5-
diphenylpent-4-enoate as a clear oil. 1H NMR (300 MHz, CDCl3)
d = 7.34–7.20 (10H, m, Ar-H), 6.47 (1H, d, J = 15.8 Hz, H3),


6.34 (1H, dd, J = 15.8, 8.4, H2), 4.27 (1H, dd, J = 10.8, 8.5
Hz, H1), 3.95 (1H, d, J = 10.8 Hz, CH(CO2Me)2), 3.70 (3H, s,
OMe) and 3.52 (3H, s, OMe). The % conversion could also be
determined by filtering the quenched reaction mixture over silica
to remove catalyst. The % conversion and enantiomeric excess were
then determined by chiral HPLC [Daicel (Chiracel OD) column,
0.46 cm I.D. ¥ 25 cm], hexane–isopropanol 99 : 1, 0.3 mL min-1,
Rt = starting material 26 min and 30 min, (R)-product—34 min,
(S)-product—37 min.


BSA procedure. Base (0.05 mmol) and the corresponding
catalyst (0.005 mmol, 2 mol%) were added to a Schlenk tube under
an atmosphere of nitrogen. Dry degassed solvent (0.2 mL) was
added, followed by (E)-1,3-diphenylprop-2-enyl-acetate (0.063 g,
0.25 mmol) in dry degassed solvent (0.3 mL). Dimethyl mal-
onate (31.5 mL, 0.275 mmol) and N,O-bis(trimethylsilyl)acetamide
(BSA) (68 mL, 0.275 mmol) were then added via syringe. The
reaction was stirred under nitrogen at the required temperature
and the reaction progress was monitored by TLC (pentane–diethyl
ether, 2 : 1). The work-up was the same as described above for the
malonate procedure.
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The Stevens rearrangement of N-allylic a-aryl amino acid-derived ammonium salts and the
Sommelet–Hauser rearrangement of N-benzylic a-alkyl amino acid-derived ammonium salts are
shown to proceed with remarkably high levels of diastereoselectivity. The methods presented in this
work provide new routes to optically active a-quaternary a-aryl amino acid derivatives.


Introduction


Optically active a-quaternary a-aryl amino acid derivatives are
a class of the most attractive target compounds in organic
synthesis due to their interesting biological properties but limited
routes for synthesis. The most well-studied synthetic method
for a-quaternary a-aryl amino acid derivatives involves enantio-
or diastereoselective cyanation of ketoimines to produce op-
tically active a-quaternary a-aryl a-amino nitriles as amino
acid precursors.1,2 While several methods or chiral catalysts for
asymmetric cyanation have been developed, other routes to a-
quaternary a-aryl amino acid derivatives have been limited.


Recently, we reported that the asymmetric Sommelet–Hauser
rearrangement of N-benzylic glycine-derived ammonium salts 1
proceeds with high levels (2S : 2R = >20 : 1) of diastereoselectivity
to afford the optically active a-arylglycine esters 2 (Scheme 1).3


With this method, we have examined two routes to a-quaternary
a-aryl amino acid esters 5 (Scheme 2). One route (path A) is the
diastereoselective Stevens or Sommelet–Hauser rearrangement of
the a-arylglycine-derived ammonium salt 3, which was prepared
by quaternization of 2 with allylic or benzylic halides (R¢X).4,5


The other route (path B) is the Sommelet–Hauser rearrangement
of a-alkyl-substituted ammonium salts 4, which were prepared
by quaternization of a-amino acid esters. We now report that
the rearrangement of 3 or 4 with potassium tert-butoxide in
THF provides the corresponding a-quaternary a-aryl amino acid
derivatives 5 with high diastereoselectivities.


Results and discussion


First, we carried out the Stevens rearrangement of the N-(E)-
crotyl-a-arylglycine-derived ammonium salt 6a (E : Z = 85 : 15)
prepared by quaternization of 2 with (E)-crotyl bromide in
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Scheme 1 Previous report of the asymmetric Sommelet–Hauser rear-
rangement of N-benzylic ammonium salts 1


Scheme 2 Two routes to optically active a-quaternary a-aryl amino
acid derivatives 5 via the diastereoselective Stevens and Sommelet–Hauser
rearrangements.


quantitative yield.6 After treatment of 6a with potassium tert-
butoxide in THF at -40 ◦C (Table 1, entry 1), the corresponding
[2,3] rearrangement product 7a was obtained in 83% yield (2R :
2S = >20 : 1,7 9 : 1 dr for the b-position8), together with 17%
of the [1,2] rearrangement product 8a (2R : 2S = >20 : 1, E :
Z = 1 : 1),9 respectively. Next, we examined the rearrangement
of an N-(Z)-crotyl derivative 6b (E : Z = 15 : 85) under the
same conditions as described above (entry 2). Interestingly, the
yield of the [2,3] rearrangement product 7b was decreased (52%
yield, 2R : 2S = >20 : 1, 3 : 7 dr for the b-position), and
the yield of the [1,2] rearrangement product 8b10 was increased
(42% yield, 2R : 2S = >20 : 1, E : Z = 1 : >20). The [2,3] and [1,2]
rearrangements proceeded stereospecifically. The diastereomeric
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Table 1 Diastereoselective Stevens rearrangement of N-allylic a-aryl amino acid-derived ammonium salts 6a


7 8


Entry R1 R2 R3 Temp/◦C, time/h Yield (%)b dr (a)c ,d dr (b)c ,e Yield (%)b dr (a)c ,d E : Zc


1 Me H H af -40, 4 83 > 20 : 1 9 : 1 17 > 20 : 1 1 : 1
2 H Me H bg -40, 4 52 > 20 : 1 3 : 7 42 > 20 : 1 1 : >20
3 H H Me c -40, 4 95 > 20 : 1 — 0 — —
4 H H H d -78, 1 91 > 20 : 1 — 0 — —
5 Ph H H e -78, 6 0 — — 69 > 20 : 1 > 20 : 1


a Reactions were conducted using 1.5 equiv. of t-BuOK. b Isolated yield. c The ratios were determined by 1H NMR assay. d 2R : 2S. e The absolute
configuration was not determined. f E : Z = 85 : 15 mixture. g E : Z = 15 : 85 mixture.


ratios of product 7 or 8 (b-position or E : Z) are determined by
the E : Z ratio of the starting material 6a or 6b. To define the
scope and limitations of the present method, we prepared a series
of substrates 6c–e and carried out their reactions with potassium
tert-butoxide. The rearrangement of N-methallyl- (entry 3, 6c)
and N-allyl (entry 4, 6d) derivatives provided the corresponding
rearrangement products 7c and 7d in excellent yields with equally
high a-diastereoselectivities (2R : 2S = >20 : 1). However, in the
rearrangement of an N-(E)-cinnamyl derivative 6e (entry 5) at
-78 ◦C, the [1,2] Stevens product 8e was obtained exclusively in
69% yield with high a- and E/Z- selectivities (2R : 2S = >20 : 1, E :
Z = >20 : 1). The [2,3] Stevens product 7e was not detected. The
radical stabilization group (Ph) on the allylic substituent might
accelerate the [1,2] Stevens rearrangement.


Next, we attempted the Sommelet–Hauser rearrangement of N-
benzylic a-aryl amino acid-derived ammonium salt 9 to produce
a,a-diaryl amino acid derivative 10 (Scheme 3). Unfortunately,
however, when the rearrangement of 9 with potassium tert-
butoxide was carried out in THF at -60 ◦C, the [1,2] Stevens
rearrangement proceeded to give exclusively the a-benzylic
a-aryl amino acid ester 11 in 91% yield with reasonable


Scheme 3 Rearrangement of an N-benzylic a-aryl amino acid-derived
ammonium salt 9


a-diastereoselectivity (9 : 1 dr).11 No detectable amount of the
Sommelet–Hauser product 10 was observed.


To explore another synthetic route to optically active a-
quaternary a-aryl amino acid derivatives, we prepared N-benzylic
a-alkyl amino acid-derived ammonium salts 12a from L- and
D-alanine and examined their Sommelet–Hauser rearrangement
(Scheme 4). The rearrangements of L-12a and D-12a in THF at
-60 ◦C were found to produce the same rearrangement product
13a (a-arylalanine ester) in good yields (80% yield from L-12a; 92%
yield from D-12a) with excellent a-diastereoselectivities (2S : 2R =
>20 : 1).7 Though the exact origin is unclear at present, the high a-
selectivity suggests that the rearrangement proceeds via the same
intermediate A (ammonium ylide12) generated from ammonium
salts L-12a and D-12a by deprotonation with potassium tert-
butoxide. The (-)-8-phenylmenthol moiety would block the re-face
(front side of A) of the ammonium ylide, thus leading exclusively
to the 2S-isomer of 13a.


Scheme 4 Diastereoselective Sommelet–Hauser rearrangement of
N-benzylic L- and D-a-alanine-derived ammonium salts 12a
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Table 2 Diastereoselective Sommelet–Hauser rearrangement of various types of N-benzylic a-alanine-derived ammonium salts 12b–12ga


Entry R1 R2 R3 Temp/◦C, time/h Yieldb (%) drc (2S : 2R)


1d CN H H b -60, 4 80 9 : 1
2 H H CN c -60, 4 82 6 : 1
3 H CN H d -60, 4 82 > 20 : 1
4 COOMe H H e -60, 4 57 > 20 : 1
5d CF3 H H f -60, 8 98 > 20 : 1
6 H H H g -60, 12 0e —
7 H H H g -40, 12 0e —


a Reactions were conducted using 1.5 equiv. of t-BuOK. b Isolated yield. c The ratios were determined by 1H NMR assay. d The reactions were carried out
in THF–CH2Cl2 (2 : 1) because of the low solubility of the ammonium salts. e The corresponding [1,2] Stevens rearrangement product was obtained (19%
yield for entry 6, 81% yield for entry 7) with no diastereoselectivity (2 : 1 dr). The spectroscopic data is noted in the experimental section.


The scope of substrates was further explored as shown in Table 2.
The reactions of para- and ortho-cyano-N-benzylic ammonium
salts 12b and 12c were found to afford the corresponding
Sommelet–Hauser rearrangement products in good yields (entries
1, 2) with moderate a-diastereoselectivities (9 : 1 dr for 13b,
6 : 1 dr for 13c). However, the rearrangement of meta-cyano
ammonium salt 12d proceeded with high diastereoselectivity
to produce the 2,4-disubstituted regioisomer 13d13 as the only
detectable rearrangement product (entry 3, 82% yield, >20 : 1 dr).
The reaction of para-methoxycarbonyl (12e) and trifluoromethyl
(12f) derivatives also afforded the corresponding products 13e
(entry 4, 57% yield) or 13f (entry 5, 98% yield) respectively, with
equally high diastereoselectivities (>20 : 1 dr). In the absence of an
electron-withdrawing substituent on the aromatic ring such as in
12g (entries 6, 7), the reaction did not give the Sommelet–Hauser
product 13g; the [1,2] Stevens rearrangement product was the only
detectable product obtained.


Finally, we attempted the rearrangement of an a-allylglycine
derivative 15 (3 : 2 dr mixture) prepared via the [2,3] Stevens
rearrangement of 14 (Scheme 5). Unfortunately, however, the re-
arrangement did not proceed smoothly under the same conditions
as described in Scheme 4. The Sommelet–Hauser rearrangement
product 7d and the [1,2] Stevens rearrangement product 16 were
obtained in 18% (2R : 2S = 1 : 1) and 36% yield (3 : 2 dr),
respectively.


Conclusions


We have shown that the Stevens rearrangement of N-allylic a-aryl
amino acid-derived ammonium salts 6 and the Sommelet–Hauser
rearrangement of N-benzylic a-alanine-derived ammonium salts
12 proceeded with remarkably high levels of diastereoselectivity.
The scope and limitations of these two synthetic methods were
defined. The present method provides new routes to optically
active a-quaternary a-aryl amino acid derivatives, and expands
the synthetic scope of the Sommelet–Hauser rearrangement.


Scheme 5 Diastereoselective Sommelet–Hauser rearrangement of an
a-allylglycine-derived ammonium salt 15


Experimental


General


Infrared (IR) spectra were recorded on a HITACHI infrared
spectrometer 270–30. 1H and 13C NMR spectra were measured
on JEOL JMN–Excalibur (1H: 270 MHz, 13C: 68 MHz) and
Varian UNITY plus-500SW (1H: 500 MHz, 13C: 125 MHz)
spectrometers. Splitting patterns are indicated as s, singlet; d,
doublet; t, triplet; q, quartet; m, multiplet; br, broad peak. Specific
rotations were recorded on a JASCO Polarimeter P-1010. For
thin layer chromatography (TLC) analysis throughout this work,
Merck TLC plates (silica gel 60F254) were used. The products
were purified by preparative column chromatography on silica
gel (silica gel 60 N, spherical neutral, KANTO Chemical Co.,
Inc., Japan). The elemental analyses were recorded on a Yanaco
CHN corder, MT-3. Reactions involving air- or moisture-sensitive
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compounds were conducted in an appropriate round-bottomed
flask with a magnetic stirring bar under an atmosphere of dry
argon. Tetrahydrofuran (THF) was purchased from KANTO
Chemical Co., Inc., Japan as an anhydrous solvent.


Representative procedure for the diastereoselective Stevens rearr-
angement of N-allylic a-aryl amino acid-derived ammonium salt


A solution of 6a (136 mg, 0.212 mmol) in THF (2.1 mL) was cooled
to -40 ◦C and treated with a 1.0 M THF solution of potassium
tert-butoxide (0.32 mL, 0.32 mmol). The mixture was stirred for
4 h at the same temperature under an argon atmosphere. The
resulting mixture was added to stirred ice-cold saturated aqueous
ammonium chloride and the mixture was extracted with ether. The
combined extracts were washed with saturated aqueous sodium
hydrogen carbonate and brine, dried over sodium sulfate, and
concentrated. Purification of the residue by chromatography on
silica gel (hexane–ethyl acetate = 20 : 1 to 10 : 1 as the eluent) gave
7a (99 mg, 83% yield) as a white solid and 8a (20 mg, 17% yield)
as a white solid.


(2R)-2-(5¢-tert-Butoxycarbonyl-2¢-methylphenyl)-2-dimethylamino-
3-methylpent-4-enoic acid (-)-8-phenylmenthol ester (7a)


White solid (found: C, 77.2; H, 9.3; N, 2.2. Calc. for C36H51NO4:
C, 77.0; H, 9.15; N, 2.5%); mp 49–51 ◦C; [a]23


589 -30.9 (c 1.00 in
CHCl3); vmax(film)/cm-1 3016, 2968, 2924, 2872, 2796, 1708, 1608,
1454, 1368, 1304, 1272, 1256, 1210, 1160, 1142, 1030, 978, 960,
914, 848, 758, 700; dH (270 MHz, CDCl3, Me4Si) 8.14 (1H, s,
Ar-H), 7.72 (1H, dd, J = 7.8, 1.6 Hz, Ar-H), 7.36–7.19 (4H, m,
Ar-H), 7.19–7.10 (2H, m, Ar-H), 5.78 (1H, ddd, J = 17.3, 10.0,
7.8 Hz, 4-H), 5.05–4.86 (3H, m, 5-H and COOCH), 3.30 (1H,
dq, J = 7.8, 6.5 Hz, 3-H), 2.51 (3H, s, Ar-CH3), 2.40–2.24 (1H,
m, 8-Ph-Men-H), 2.34 (6H, s, (CH3)2N), 2.17–2.03 (1H, m, 8-Ph-
Men-H), 1.64–0.75 (6H, m, 8-Ph-Men-H), 1.59 (9H, s, t-Bu), 1.37
(3H, s, 8-Ph-Men-CH3), 1.28 (3H, s, 8-Ph-Men-CH3), 0.87 (3H, d,
J = 7.6 Hz, 8-Ph-Men-CH3), 0.82 (3H, d, J = 6.5 Hz, 3-CH3); dC


(68 MHz, CDCl3, CHCl3) 167.8, 166.1, 150.8, 143.8, 140.0, 135.2,
133.6, 132.5, 128.0, 127.8, 127.3, 125.7, 125.4, 114.9, 80.4, 78.6,
50.4, 43.3, 40.9, 40.2, 39.9 (2C), 34.4, 31.5, 30.2, 28.3 (3C), 27.9,
23.7, 23.5, 22.0 (2C), 18.8.


(2R)-2-(5¢-tert-Butoxycarbonyl-2¢-methylphenyl)-2-
dimethylaminohex-4-enoic acid (-)-8-phenylmenthol ester (8a)


E : Z = 1 : 1 mixture; white solid (found: C, 76.7; H, 9.2; N, 2.4.
Calc. for C36H51NO4: C, 77.0; H, 9.15; N, 2.5%); vmax(film)/cm-1


2924, 2870, 2792, 1710, 1608, 1452, 1390, 1366, 1304, 1254, 1208,
1160, 1136, 1092, 1012, 972, 895, 850, 762, 736, 700; dH (270 MHz,
CDCl3, Me4Si) 8.24 (0.5H, d, J = 1.9 Hz, Ar-H(Z)), 8.18 (0.5H, d,
J = 1.4 Hz, Ar-H(E)), 7.74–7.66 (1H, m, Ar-H), 7.39–7.21 (4H, m,
Ar-H), 7.19–7.08 (2H, m, Ar-H), 5.31 (0.5H, dq, J = 10.9, 6.5 Hz,
5-H(Z)), 5.15 (0.5H, dtd, J = 10.9, 6.5, 1.6 Hz, 4-H(Z)), 5.07–4.89
(2H, m, 4-H(E), 5-H(E), and COOCH), 2.83 (0.5H, dd, J = 16.1,
6.5 Hz, 3-H(Z)), 2.64 (0.5H, dd, J = 16.7, 4.9 Hz, 3-H(E)), 2.35 (3H, s,
(CH3)2N(Z)), 2.33 (3H, s, (CH3)2N(E)), 2.32 (1.5H, s, Ar-CH3(Z)),
2.28 (1.5H, s, Ar-CH3(E)), 2.26–2.10 (2.5H, m, 3-H and 8-Ph-Men-
H), 2.01–1.89 (0.5H, m, 3-H(E) or 8-Ph-Men-H(E)), 1.64–1.19 (6H,
m, 8-Ph-Men-H and 6-H), 1.58 (9H, s, t-Bu), 1.46 (1.5H, s, 8-
Ph-Men-CH3(Z)), 1.39 (1.5H, s, 8-Ph-Men-CH3(E)), 1.27 (1.5H, s,


8-Ph-Men-CH3(Z)), 1.23 (1.5H, s, 8-Ph-Men-CH3(E)), 1.15–0.75
(6H, m, 8-Ph-Men-H and 8-Ph-Men-CH3); dC (68 MHz, CDCl3,
CHCl3) 167.5(E), 167.4(Z), 166.3, 151.3(E), 151.1(Z), 141.1(E), 141.0(Z),
139.0(E), 138.9(Z), 131.7, 130.8(E), 130.7(Z), 128.6(Z), 128.5(E), 128.1,
127.8(E), 127.4(Z), 127.3(E), 125.7(Z), 125.6(E), 125.42(Z), 125.40(Z),
125.37(E), 124.8(Z), 80.4(Z), 80.3(E), 77.4(Z), 77.2(E), 72.0(E), 71.7(Z),
50.2(Z), 49.9(E), 44.2(Z), 44.1(E), 40.3(Z), 40.1(E), 39.8(Z), 39.7(E), 35.7(E),
34.6(E), 34.5(Z), 34.1(E), 31.5(Z), 30.3(Z), 29.6(Z), 28.3(E), 28.2, 27.5(Z),
27.4(E), 25.6(E), 24.4(Z), 22.3, 21.9, 18.0(E), 12.8(Z).


(2R)-2-(5¢-tert-Butoxycarbonyl-2¢-methylphenyl)-2-dimethyla-
mino-3-methylpent-4-enoic acid (-)-8-phenylmenthol ester (7b)


3 : 7 Mixture of stereoisomers; white solid (found: C, 77.0; H,
9.4; N, 2.4. Calc. for C36H51NO4: C, 77.0; H, 9.15; N, 2.5%);
vmax(film)/cm-1 3056, 2964, 2868, 2796, 1706, 1608, 1454, 1392,
1368, 1300, 1256, 1206, 1160, 1140, 1094, 1030, 978, 910, 850,
762, 732, 700; dH (270 MHz, CDCl3, Me4Si) 8.16 (1H, s, Ar-H),
7.76–7.68 (1H, m, Ar-H), 7.34–7.06 (6H, m, Ar-H), 5.78 (0.3H,
ddd, J = 17.3, 10.1, 7.8 Hz, 4-H), 5.61 (0.7H, ddd, J = 17.0, 10.7,
6.8 Hz, 4-H), 5.06–4.80 (3H, m, 5-H and COOCH), 3.40–3.24 (1H,
m, 3-H), 2.51 (0.9H, s, Ar-CH3), 2.48 (2.1H, s, Ar-CH3), 2.41–2.24
(1H, m, 8-Ph-Men-H), 2.34 (1.8H, s, (CH3)2N), 2.32 (4.2H, s,
(CH3)2N), 2.17–1.95 (1H, m, 8-Ph-Men-H), 1.64–0.72 (6H, m, 8-
Ph-Men-H), 1.60 (6.3H, s, t-Bu), 1.59 (2.7H, s, t-Bu), 1.37 (0.9H, s,
8-Ph-Men-CH3), 1.28 (0.9H, s, 8-Ph-Men-CH3), 1.23 (2.1H, s, 8-
Ph-Men-CH3), 1.20 (2.1H, s, 8-Ph-Men-CH3), 0.91 (2.1H, d, J =
7.0 Hz, 3-CH3 or 8-Ph-Men-CH3), 0.87 (3H, d, J = 7.6 Hz, 8-
Ph-Men-CH3), 0.82 (0.9H, d, J = 6.8 Hz, 3-CH3); dC (68 MHz,
CDCl3, CHCl3) 168.4 (0.7C), 167.8 (0.3C), 166.2 (0.7C), 166.1
(0.3C), 150.7 (0.3C), 150.5 (0.7C), 143.8 (0.3C), 143.6 (0.7C), 140.1
(0.7C), 140.0 (0.3C), 135.2 (0.3C), 135.0 (0.7C), 133.6 (1.0C), 132.5
(0.3C), 132.3 (0.7C), 128.0 (0.6C), 127.9 (1.4C), 127.8 (0.3C), 127.5
(0.7C), 127.25 (0.3C), 127.19 (0.7C), 125.64 (0.6C), 125.58 (1.4C),
125.3 (0.3C), 125.2 (0.7C), 115.8 (0.7C), 114.9 (0.3C), 80.35 (0.3C),
80.31 (0.7C), 78.6 (0.3C), 78.0 (0.7C), 50.3 (0.3C), 50.2 (0.7C),
43.2 (0.3C), 42.2 (0.7C), 41.5 (0.7C), 40.9 (0.3C), 40.2 (1.0C),
40.1 (0.7C), 39.8 (0.6C), 34.4 (0.3C), 34.1 (0.7C), 31.5 (0.7C),
31.4 (0.3C), 31.1 (0.7C), 30.3 (0.7C), 30.1 (0.3C), 28.3 (2.1C),
28.2 (0.9C), 27.9 (0.3C), 27.5 (0.7C), 23.8 (0.7C), 23.7 (0.3C),
23.5 (0.3C), 23.4 (0.7C), 22.0 (1.4C), 21.9 (0.6C), 18.7 (0.3C), 14.6
(0.7C).


(2R, 4Z)-2-(5¢-tert-Butoxycarbonyl-2¢-methylphenyl)-2-
dimethylaminohex-4-enoic acid (-)-8-phenylmenthol ester (8b)


Colorless crystals (found: C, 77.2; H, 9.4; N, 2.4. Calc. for
C36H51NO4: C, 77.0; H, 9.15; N, 2.5%); mp 147–149 ◦C; [a]24


589


-11.6 (c 1.00 in CHCl3); vmax(film)/cm-1 2952, 2924, 2868, 2792,
1710, 1608, 1454, 1368, 1308, 1262, 1210, 1160, 1138, 1014, 978,
958, 850, 762, 736, 700; dH (270 MHz, CDCl3, Me4Si) 8.24 (1H,
d, J = 1.9 Hz, Ar-H), 7.71 (1H, dd, J = 7.7, 1.9 Hz, Ar-H), 7.43–
7.25 (4H, m, Ar-H), 7.22–7.10 (2H, m, Ar-H), 5.31 (1H, dq, J =
10.9, 6.5 Hz, 5-H), 5.21–5.09 (1H, m, 4-H), 4.99 (1H, td, J =
10.5, 3.8 Hz, COOCH), 2.83 (1H, dd, J = 16.1, 6.5 Hz, 3-H), 2.35
(6H, s, (CH3)2N), 2.32 (3H, s, Ar-CH3), 2.26–2.10 (3H, m, 3-H and
8-Ph-Men-H), 1.64–1.21 (3H, m, 8-Ph-Men-H), 1.58 (9H, s, t-Bu),
1.46 (3H, s, 8-Ph-Men-CH3), 1.28 (3H, d, J = 6.5 Hz, 6-H), 1.27
(3H, s, 8-Ph-Men-CH3), 1.15–0.75 (3H, m, 8-Ph-Men-H), 0.88
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(3H, d, J = 5.9 Hz, 8-Ph-Men-CH3); dC (68 MHz, CDCl3, CHCl3)
167.4, 166.4, 151.1, 141.1, 138.9, 131.7, 130.8, 128.6, 128.1, 127.5,
125.7, 125.43, 125.41, 124.8, 80.4, 77.4, 71.7, 50.2, 44.2, 40.3, 39.8,
34.5, 31.5, 30.3, 29.6, 28.2, 27.5, 24.4, 22.3, 21.9, 12.8.


(2R)-2-(5¢-tert-Butoxycarbonyl-2¢-methylphenyl)-2-dimethyla-
mino-4-methylpent-4-enoic acid (-)-8-phenylmenthol ester (7c)


White solid (found: C, 77.1; H, 9.45; N, 2.4. Calc. for C36H51NO4:
C, 77.0; H, 9.15; N, 2.5%); mp 57–59 ◦C; [a]24


589 +37.1 (c 1.00 in
CHCl3); vmax(film)/cm-1 3056, 2964, 2792, 1708, 1608, 1454, 1392,
1368, 1304, 1264, 1206, 1160, 1136, 1096, 1032, 992, 954, 896,
850, 762, 736, 700; dH (270 MHz, CDCl3, Me4Si) 8.17 (1H, d, J =
1.9 Hz, Ar-H), 7.68 (1H, dd, J = 7.8, 1.9 Hz, Ar-H), 7.40–7.22
(4H, m, Ar-H), 7.16–7.06 (2H, m, Ar-H), 4.96 (1H, td, J = 10.5,
4.1 Hz, COOCH), 4.44 (1H, s, 5-H), 4.17 (1H, s, 5-H), 2.64 (1H,
d, J = 15.4 Hz, 3-H), 2.39 (6H, s, (CH3)2N), 2.30–2.17 (2H, m, 8-
Ph-Men-H), 2.28 (3H, s, Ar-CH3), 1.87 (1H, d, J = 15.4 Hz, 3-H),
1.66–1.20 (3H, m, 8-Ph-Men-H), 1.57 (9H, s, t-Bu), 1.44 (3H, s,
4-CH3 or 8-Ph-Men-CH3), 1.43 (3H, s, 4-CH3 or 8-Ph-Men-CH3),
1.23 (3H, s, 8-Ph-Men-CH3), 1.17–0.83 (3H, m, 8-Ph-Men-H),
0.89 (3H, d, J = 6.2 Hz, 8-Ph-Men-CH3); dC (68 MHz, CDCl3,
CHCl3) 167.1, 166.3, 151.4, 141.0, 140.9, 138.6, 131.4, 131.2, 128.4,
128.2, 127.2, 125.5, 125.3, 115.1, 80.3, 77.5, 72.9, 49.7, 44.2, 40.4,
40.0, 38.2, 34.6, 31.5, 28.2, 27.7, 27.3, 26.5, 24.1, 22.5, 21.9.


(2R)-2-(5¢-tert-Butoxycarbonyl-2¢-methylphenyl)-2-dimethyla-
minopent-4-enoic acid (-)-8-phenylmenthol ester [(R)-7d]


White solid (found: C, 77.0; H, 9.15; N, 2.4. Calc. for C35H49NO4:
C, 76.7; H, 9.0; N, 2.6%); mp 140–143 ◦C; [a]24


589 +12.4 (c 1.00 in
CHCl3); vmax(film)/cm-1 3064, 2952, 2872, 2796, 1712, 1608, 1454,
1392, 1368, 1304, 1256, 1218, 1162, 1140, 990, 956, 912, 850, 756,
700; dH (270 MHz, CDCl3, Me4Si) 8.21 (1H, d, J = 1.9 Hz, Ar-H),
7.71 (1H, dd, J = 7.8, 1.9 Hz, Ar-H), 7.40–7.20 (4H, m, Ar-H),
7.18–7.08 (2H, m, Ar-H), 5.38 (1H, ddt, J = 17.0, 10.5, 6.8 Hz,
4-H), 4.96 (1H, td, J = 10.5, 4.2 Hz, COOCH), 4.81 (1H, dd, J =
10.5, 1.4 Hz, 5-H), 4.74 (1H, dd, J = 17.0, 1.4 Hz, 5-H), 2.61 (1H,
dd, J = 15.8, 7.0 Hz, 3-H), 2.40–2.12 (2H, m, 8-Ph-Men-H), 2.33
(6H, s, (CH3)2N), 2.28 (3H, s, Ar-CH3), 1.97 (1H, dd, J = 15.8,
6.2 Hz, 3-H), 1.67–0.78 (6H, m, 8-Ph-Men-H), 1.58 (9H, s, t-Bu),
1.40 (3H, s, 8-Ph-Men-CH3), 1.22 (3H, s, 8-Ph-Men-CH3), 0.89
(3H, d, J = 5.9 Hz, 8-Ph-Men-CH3); dC (68 MHz, CDCl3, CHCl3)
167.3, 166.3, 151.4, 141.1, 138.9, 133.6, 131.8, 130.6, 128.6, 128.2,
127.5, 125.5, 125.3, 117.1, 80.4, 77.3, 71.7, 49.8, 44.1, 40.0, 39.7,
36.7, 34.6, 31.5, 28.2, 27.5, 27.3, 26.5, 22.3, 21.9.


(2S)-2-(5¢-tert-Butoxycarbonyl-2¢-methylphenyl)-2-dimethyla-
minopent-4-enoic acid (-)-8-phenylmenthol ester [(S)-7d]


White solid (found: C, 77.0; H, 9.1; N, 2.6. Calc. for C35H49NO4:
C, 76.7; H, 9.0; N, 2.6%); mp 45–47 ◦C; [a]22


589 -36.1 (c 1.00 in
CHCl3); vmax(film)/cm-1 3052, 2956, 2924, 2868, 2788, 1708, 1610,
1454, 1390, 1368, 1302, 1278, 1254, 1190, 1164, 1138, 982, 952,
912, 850, 760, 736, 700; dH (270 MHz, CDCl3, Me4Si) 7.90 (1H, d,
J = 1.6 Hz, Ar-H), 7.69 (1H, dd, J = 7.8, 1.6 Hz, Ar-H), 7.28–7.07
(6H, m, Ar-H), 5.52 (1H, ddt, J = 16.9, 10.4, 6.9 Hz, 4-H), 5.00
(1H, td, J = 10.4, 3.8 Hz, COOCH), 4.79 (1H, d, J = 16.9 Hz,
5-H), 4.77 (1H, d, J = 10.4 Hz, 5-H), 2.82–2.61 (2H, m, 3-H),
2.51 (3H, s, Ar-H), 2.48–2.26 (1H, m, 8-Ph-Men-H), 2.37 (6H, s,


(CH3)2N), 2.05–1.91 (1H, m, 8-Ph-Men-H), 1.64–0.67 (6H, m, 8-
Ph-Men-H), 1.57 (9H, s, t-Bu), 1.27 (3H, s, 8-Ph-Men-CH3), 1.17
(3H, s, 8-Ph-Men-CH3), 0.90 (3H, d, J = 6.2 Hz, 8-Ph-Men-CH3);
dC (68 MHz, CDCl3, CHCl3) 172.0, 165.7, 151.1, 142.1, 138.5,
134.9, 132.2, 130.4, 128.9, 128.0, 127.6, 125.4, 125.2, 116.3, 80.5,
77.6, 74.3, 50.6, 42.1, 40.4, 40.2, 39.5, 34.5, 31.5, 29.7, 28.2, 27.6,
23.5, 21.8, 21.6.


(2R, 4E)-2-(5¢-tert-Butoxycarbonyl-2¢-methylphenyl)-2-dimethyla-
mino-5-phenylpent-4-enoic acid (-)-8-phenyl-menthol ester (8e)


White solid (found: C, 78.9; H, 8.8; N, 2.0. Calc. for C41H53NO4:
C, 78.9; H, 8.6; N, 2.25%); mp 61–64 ◦C; [a]24


589 +82.0 (c 1.00 in
CHCl3); vmax(film)/cm-1 3020, 2964, 2868, 2796, 1708, 1606, 1494,
1452, 1392, 1368, 1306, 1256, 1214, 1160, 1136, 966, 900, 848, 756,
698; dH (270 MHz, CDCl3, Me4Si) 8.25 (1H, d, J = 1.6 Hz, Ar-H),
7.70 (1H, dd, J = 7.8, 1.6 Hz, Ar-H), 7.40–7.08 (11H, m, Ar-H),
5.99 (1H, d, J = 15.9 Hz, 5-H), 5.79 (1H, dt, J = 15.9, 6.5 Hz,
4-H), 4.98 (1H, td, J = 10.5, 4.1 Hz, COOCH), 2.76 (1H, dd, J =
15.7, 6.5 Hz, 3-H), 2.36 (6H, s, (CH3)2N), 2.31 (3H, s, Ar-CH3),
2.27–2.16 (2H, m, 8-Ph-Men-H), 2.03 (1H, dd, J = 15.7, 6.5 Hz,
3-H), 1.67–0.82 (6H, m, 8-Ph-Men-H), 1.54 (9H, s, t-Bu), 1.42
(3H, s, 8-Ph-Men-CH3), 1.24 (3H, s, 8-Ph-Men-CH3), 0.90 (3H, d,
J = 7.0 Hz, 8-Ph-Men-CH3); dC (68 MHz, CDCl3, CHCl3) 167.2,
166.2, 151.5, 141.0, 138.8, 137.8, 132.2, 131.9, 130.6, 128.6, 128.3,
128.2, 127.6, 126.8, 125.9, 125.8, 125.5, 125.4, 80.4, 77.4, 72.1,
49.8, 44.1, 40.0, 39.8, 35.8, 34.6, 31.5, 28.2, 27.5, 27.3, 26.5, 22.3,
21.9.


2-(5¢-tert-Butoxycarbonyl-2¢-methylphenyl)-3-(4¢¢-cyanophenyl)-2-
dimethylaminopropionic acid (-)-8-phenylmenthol ester
[11 (major isomer)]


White solid (found: C, 77.1; H, 8.4; N, 4.2. Calc. for C40H50N2O4:
C, 77.1; H, 8.1; N, 4.5%); mp 88–91 ◦C; [a]23


589 +126.1 (c 1.00 in
CHCl3); vmax(film)/cm-1 3052, 2960, 2868, 2796, 2224, 1710, 1608,
1454, 1392, 1368, 1304, 1266, 1208, 1178, 1160, 1130, 1000, 954,
898, 850, 824, 762, 734, 700; dH (270 MHz, CDCl3, Me4Si) 7.57
(1H, dd, J = 7.8, 1.6 Hz, Ar-H), 7.431 (1H, d, J = 1.6 Hz, Ar-
H), 7.430 (2H, d, J = 7.8 Hz, Ar-H), 7.28–7.16 (4H, m, Ar-H),
7.04 (1H, d, J = 8.1 Hz, Ar-H), 6.92 (1H, t, J = 7.2 Hz, Ar-H),
6.58 (2H, d, J = 7.8 Hz, Ar-H), 5.01 (1H, td, J = 10.5, 3.8 Hz,
COOCH), 3.03 (1H, d, J = 15.1 Hz, CH2Ar), 2.47–2.21 (2H, m,
CH2Ar and 8-Ph-Men-H), 2.40 (6H, s, (CH3)2N), 2.15 (3H, s, Ar-
CH3), 1.87–1.67 (3H, m, 8-Ph-Men-H), 1.51 (9H, s, t-Bu), 1.47
(3H, s, 8-Ph-Men-CH3), 1.33–0.85 (4H, m, 8-Ph-Men-H), 1.20
(3H, s, 8-Ph-Men-CH3), 0.94 (3H, d, J = 6.2 Hz, 8-Ph-Men-CH3);
dC (68 MHz, CDCl3, CHCl3) 167.0, 165.6, 151.9, 142.7, 141.0–
140.7 (m), 137.1, 131.6, 131.3, 131.1, 130.7, 128.3, 128.2, 127.4,
125.4, 125.3, 119.0, 109.5, 80.4, 77.8, 49.1, 43.9, 40.28, 40.23, 39.7,
36.9–36.6 (m), 34.6, 31.5, 29.4, 28.1, 26.9, 24.9, 22.1, 22.0.


2-(5¢-tert-Butoxycarbonyl-2¢-methylphenyl)-3-(4¢¢-cyanophenyl)-2-
dimethylaminopropionic acid (-)-8-phenylmenthol ester
[11 (minor isomer)]


White solid (elemental analysis was not performed due to the
small amount); mp 65–68 ◦C; [a]23


589 -55.9 (c 1.00 in CHCl3);
vmax(film)/cm-1 3048, 2952, 2920, 2792, 2224, 1708, 1608, 1494,
1456, 1392, 1368, 1300, 1266, 1178, 1132, 1050, 1002, 952, 930,
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906, 848, 762, 736, 700; dH (270 MHz, CDCl3, Me4Si) 7.60 (1H,
dd, J = 7.8, 1.6 Hz, Ar-H), 7.43 (1H, s, Ar-H), 7.26 (2H, d, J =
8.1 Hz, Ar-H), 7.20–7.10 (4H, m, Ar-H), 7.09–6.96 (1H, m, Ar-H),
7.00 (1H, d, J = 7.8 Hz, Ar-H), 6.77 (2H, d, J = 8.1 Hz, Ar-H), 4.91
(1H, td, J = 10.4, 3.8 Hz, COOCH), 3.27 (1H, d, J = 13.8 Hz,
CH2Ar), 3.11 (1H, d, J = 13.8 Hz, CH2Ar), 2.62–2.51 (1H, m,
8-Ph-Men-H), 2.45 (6H, s, (CH3)2N), 2.16 (3H, s, Ar-CH3), 2.12–
1.98 (1H, m, 8-Ph-Men-H), 1.64–1.44 (2H, m, 8-Ph-Men-H), 1.52
(9H, s, t-Bu), 1.37–0.76 (4H, m, 8-Ph-Men-H), 1.21 (3H, s, 8-Ph-
Men-CH3), 1.05 (3H, s, 8-Ph-Men-CH3), 0.93 (3H, d, J = 5.9 Hz,
8-Ph-Men-CH3); dC (68 MHz, CDCl3, CHCl3) 169.4, 165.2, 151.2,
143.2, 136.8, 132.2, 131.7, 131.0, 130.7, 128.8, 128.5, 128.0, 127.7,
125.3, 125.2, 119.1, 109.6, 80.7, 78.9, 50.9, 42.3, 41.8, 40.0, 34.6,
31.6, 28.9, 28.13, 28.10, 27.8, 26.9, 24.0, 21.9, 20.9.


Representative procedure for the diastereoselective Sommelet–
Hauser rearrangement of N-benzylic a-alkyl amino acid-derived
ammonium salt


A solution of L-12a (97 mg, 0.16 mmol) in THF (1.6 mL) was
cooled to -60 ◦C and treated with a 1.0 M THF solution of
potassium tert-butoxide (0.27 mL, 0.27 mmol). The mixture was
stirred for 6 h at the same temperature under an argon atmosphere.
The resulting mixture was added to stirred ice-cold saturated
aqueous ammonium chloride and the mixture was extracted with
ether. The combined extracts were washed with saturated aqueous
sodium hydrogen carbonate and brine, dried over sodium sulfate,
and concentrated. Purification of the residue by chromatography
on silica gel (dichloromethane–methanol = 30 : 1 to 10 : 1 as the
eluent) gave 13a (67 mg, 80% yield) as a white solid.


(2S)-2-(5¢-tert-Butoxycarbonyl-2¢-methylphenyl)-2-dimethylamin-
opropionic acid (-)-8-phenylmenthol ester (13a)


White solid (found: C, 76.2; H, 9.2; N, 2.55. Calc. for C33H47NO4:
C, 76.0; H, 9.1; N, 2.7%); mp 41–44 ◦C; [a]23


589 +24.5 (c 1.00 in
CHCl3); vmax(film)/cm-1 2952, 2784, 1708, 1608, 1452, 1392, 1368,
1304, 1276, 1244, 1222, 1166, 1142, 1086, 1050, 976, 954, 918,
848, 752, 700; dH (270 MHz, CDCl3, Me4Si) 7.94 (1H, d, J =
1.6 Hz, Ar-H), 7.73 (1H, dd, J = 7.7, 1.6 Hz, Ar-H), 7.30–7.20
(4H, m, Ar-H), 7.18–7.10 (2H, m, Ar-H), 4.91 (1H, td, J = 10.5,
4.6 Hz, COOCH), 2.61 (3H, s, Ar-CH3), 2.24 (6H, s, (CH3)2N),
1.94–1.74 (2H, m, 8-Ph-Men-H), 1.60 (9H, s, t-Bu), 1.53–1.17 (3H,
m, 8-Ph-Men-H), 1.44 (3H, s, 8-Ph-Men-CH3), 1.22 (6H, s, 3-H
and 8-Ph-Men-CH3), 1.02–0.83 (2H, m, 8-Ph-Men-H), 0.77 (3H,
d, J = 6.2 Hz, 8-Ph-Men-CH3), 0.68 (1H, td, J = 12.2, 11.1 Hz,
8-Ph-Men-H); dC (68 MHz, CDCl3, CHCl3) 172.4, 165.9, 151.0,
143.4, 140.4, 132.3, 129.2, 128.9, 128.0, 127.9, 125.6, 125.3, 80.6,
76.0, 70.7, 49.9, 41.1, 40.1, 39.8, 34.3, 31.2, 29.2, 28.2, 27.3, 24.5,
21.7, 21.3, 16.7.


2-(5¢-Cyano-2¢-methylphenyl)-2-dimethylaminopropionic acid
(-)-8-phenylmenthol ester (13b)


(2S) : (2R) = 9 : 1 mixture; colorless gum (found: C, 78.2; H, 8.8; N,
6.0. Calc. for C29H38N2O2: C, 78.0; H, 8.6; N, 6.3%); vmax(film)/cm-1


2948, 2868, 2784, 2224, 1718, 1600, 1488, 1444, 1370, 1226, 1204,
1162, 1086, 1048, 974, 952, 904, 820, 764, 732, 698; dH (270 MHz,
CDCl3, Me4Si) 7.87 (0.1H, d, J = 1.6 Hz, Ar-H), 7.59 (0.9H, d,
J = 1.6 Hz, Ar-H), 7.42 (1H, dd, J = 7.8, 1.6 Hz, Ar-H), 7.33–


7.09 (6H, m, Ar-H), 4.88 (1H, td, J = 10.5, 4.3 Hz, COOCH), 2.61
(2.7H, s, Ar-CH3), 2.45 (0.3H, s, Ar-CH3), 2.29 (0.6H, s, (CH3)2N),
2.23 (5.4H, s, (CH3)2N), 2.14–2.00 (0.2H, m, 8-Ph-Men-H), 2.00–
1.85 (0.9H, m, 8-Ph-Men-H), 1.79–1.67 (0.9H, m, 8-Ph-Men-H),
1.56–0.83 (5H, m, 8-Ph-Men-H), 1.34 (3H, s, 8-Ph-Men-CH3),
1.19 (6H, s, 3-H and 8-Ph-Men-CH3), 0.78 (3H, d, J = 6.5 Hz, 8-
Ph-Men-CH3), 0.66 (1H, td, J = 12.0, 11.1 Hz, 8-Ph-Men-H); dC


(68 MHz, CDCl3, CHCl3) 171.6, 150.8, 144.2, 141.8, 133.1, 131.7,
130.4, 128.1, 125.5, 125.3, 119.2, 109.4, 76.5, 70.5, 49.7, 41.1, 40.0,
39.7, 34.2, 31.2, 28.4, 27.2, 25.2, 21.7, 21.6, 16.3.


2-(3¢-Cyano-2¢-methylphenyl)-2-dimethylaminopropionic acid
(-)-8-phenylmenthol ester (13c)


(2S) : (2R) = 6 : 1 mixture; colorless gum (found: C, 77.7; H, 8.8; N,
6.1. Calc. for C29H38N2O2: C, 78.0; H, 8.6; N, 6.3%); vmax(film)/cm-1


3052, 2948, 2868, 2784, 2220, 1716, 1598, 1440, 1370, 1264, 1224,
1182, 1154, 1110, 1088, 1048, 974, 908, 846, 764, 734, 700; dH


(270 MHz, CDCl3, Me4Si) 7.76 (0.14H, d, J = 8.1 Hz, Ar-H), 7.56–
7.44 (1.86H, m, Ar-H), 7.33–7.06 (6H, m, Ar-H), 4.89 (1H, td, J =
10.5, 4.3 Hz, COOCH), 2.81 (2.58H, s, Ar-CH3), 2.62 (0.42H, s,
Ar-CH3), 2.28 (0.84H, s, (CH3)2N), 2.25 (5.16H, s, (CH3)2N), 2.14–
1.96 (0.28H, m, 8-Ph-Men-H), 1.95–1.74 (1.72H, m, 8-Ph-Men-
H), 1.62–0.83 (5H, m, 8-Ph-Men-H), 1.39 (3H, s, 8-Ph-Men-CH3),
1.20 (3H, s, 3-H or 8-Ph-Men-CH3), 1.19 (3H, s, 3-H or 8-Ph-Men-
CH3), 0.80 (3H, d, J = 6.2 Hz, 8-Ph-Men-CH3), 0.69 (1H, q, J =
11.5 Hz, 8-Ph-Men-H); dC (68 MHz, CDCl3, CHCl3) 171.9, 150.8,
142.2, 142.1, 132.0, 131.7, 128.1, 125.9, 125.5, 125.3, 118.6, 115.4,
76.7, 70.8, 49.9, 40.0, 39.8, 39.7, 34.2, 31.2, 28.8, 27.3, 24.7, 21.8,
19.0, 17.3.


(2S)-2-(4¢-Cyano-2¢-methylphenyl)-2-dimethylaminopropionic acid
(-)-8-phenylmenthol ester (13d)


Colorless gum (found: C,78.3; H, 8.7; N, 6.1. Calc. for C29H38N2O2:
C, 78.0; H, 8.6; N, 6.3%); [a]25


589 -19.6 (c 1.00 in CHCl3);
vmax(film)/cm-1 2948, 2868, 2784, 2224, 1714, 1600, 1492, 1444,
1368, 1264, 1222, 1178, 1090, 1046, 974, 952, 886, 844, 758, 734,
698; dH (500 MHz, DMSO-d6, Me4Si) 7.65 (1H, d, J = 8.5 Hz,
Ar-H), 7.63 (1H, s, Ar-H), 7.44 (1H, d, J = 8.5 Hz, Ar-H), 7.30–
7.19 (4H, m, Ar-H), 7.13 (1H, t, J = 6.5 Hz, Ar-H), 4.76 (1H, td,
J = 10.3, 4.0 Hz, COOCH), 2.51 (3H, s, Ar-CH3), 2.16 (6H, s,
(CH3)2N), 1.90 (1H, td, J = 11.3, 3.0 Hz, 8-Ph-Men-H), 1.72–1.64
(1H, m, 8-Ph-Men-H), 1.48–1.41 (1H, m, 8-Ph-Men-H), 1.40–
1.20 (2H, m, 8-Ph-Men-H), 1.34 (3H, s, 8-Ph-Men-CH3), 1.14
(3H, s, 3-H or 8-Ph-Men-CH3), 1.13 (3H, s, 3-H or 8-Ph-Men-
CH3), 0.99–0.89 (1H, m, 8-Ph-Men-H), 0.75 (3H, d, J = 6.5 Hz,
8-Ph-Men-CH3), 0.73–0.64 (2H, m, 8-Ph-Men-H); dC (68 MHz,
CDCl3, CHCl3) 171.6, 150.8, 145.9, 139.5, 135.6, 129.2 128.5,
128.1, 125.5, 125.3, 118.8, 110.9, 76.6, 70.9, 49.8, 41.1, 40.0, 39.7,
34.2, 31.2, 28.8, 27.3, 24.8, 21.7, 21.1, 16.9.


(2S)-2-Dimethylamino-2-(5¢-methoxycarbonyl-2¢-methylphenyl)-
propionic acid (-)-8-phenylmenthol ester (13e)


Colorless gum (found: C, 75.4; H, 8.8; N, 2.9. Calc. for C30H41NO4:
C, 75.1; H, 8.6; N, 2.9%); [a]25


589 +11.2 (c 1.00 in CHCl3);
vmax(film)/cm-1 3048, 2948, 2780, 1720, 1608, 1572, 1492, 1434,
1370, 1296, 1266, 1242, 1218, 1172, 1108, 1050, 972, 906, 834,
756, 698; dH (270 MHz, CDCl3, Me4Si) 7.93 (1H, s, Ar-H), 7.81
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(1H, dd, J = 8.0, 1.6 Hz, Ar-H), 7.31–7.10 (6H, m, Ar-H), 4.94
(1H, td, J = 10.5, 4.6 Hz, COOCH), 3.90 (3H, s, COOCH3),
2.63 (3H, s, Ar-CH3), 2.26 (6H, s, (CH3)2N), 1.98–1.81 (2H, m,
8-Ph-Men-H), 1.56–1.15 (3H, m, 8-Ph-Men-H), 1.44 (3H, s, 8-Ph-
Men-CH3), 1.23 (6H, s, 3-H and 8-Ph-Men-CH3), 1.07–0.60 (3H,
m, 8-Ph-Men-H), 0.80 (3H, d, J = 6.2 Hz, 8-Ph-Men-CH3); dC


(68 MHz, CDCl3, CHCl3) 172.5, 167.1, 150.9, 143.9, 140.8, 132.7,
128.8, 128.2, 128.0, 127.4, 125.5, 125.3, 76.2, 71.0, 51.9, 49.8, 41.2,
40.1, 39.7, 34.3, 31.2, 29.1, 27.3, 24.6, 21.8, 21.4, 17.6.


(2S)-2-Dimethylamino-2-(2¢-methyl-5¢-trifluoromethylphenyl)-
propionic acid (-)-8-phenylmenthol ester (13f)


Colorless gum (found: C, 71.35; H, 7.9; N, 2.8. Calc. for
C29H38F3NO2: C, 71.1; H, 7.8; N, 2.9%); [a]26


589 -14.5 (c 1.00 in
CHCl3); vmax(film)/cm-1 2952, 2870, 2784, 1718, 1618, 1598, 1494,
1452, 1406, 1370, 1328, 1288, 1220, 1162, 1120, 1050, 976, 954,
904, 824, 760, 736, 698; dH (270 MHz, CDCl3, Me4Si) 7.52 (1H, s,
Ar-H), 7.38 (1H, d, J = 7.8 Hz, Ar-H), 7.32–7.10 (6H, m, Ar-H),
4.93 (1H, td, J = 10.5, 4.3 Hz, COOCH), 2.62 (3H, s, Ar-CH3), 2.28
(6H, s, (CH3)2N), 1.99–1.83 (2H, m, 8-Ph-Men-H), 1.60–1.15 (3H,
m, 8-Ph-Men-H), 1.40 (3H, s, 8-Ph-Men-CH3), 1.21 (3H, s, 3-H or
8-Ph-Men-CH3), 1.20 (3H, s, 3-H or 8-Ph-Men-CH3), 1.05–0.63
(3H, m, 8-Ph-Men-H), 0.80 (3H, d, J = 6.2 Hz, 8-Ph-Men-CH3);
dC (68 MHz, CDCl3, CHCl3) 172.2, 150.9, 142.2 (q, J = 1 Hz),
141.5, 132.9, 128.0, 127.7 (q, J = 32 Hz), 125.5, 125.3, 124.6 (q,
J = 4 Hz), 124.4 (d, J = 270 Hz), 123.7 (q, J = 4 Hz), 76.5, 71.1,
49.8, 41.2, 40.1, 39.7, 34.3, 31.2, 28.9, 27.3, 24.7, 21.6, 21.3, 17.9.


2-Dimethylamino-2-methyl-3-phenylpropionic acid
(-)-8-phenylmenthol ester ([1,2] Stevens rearrangement product
in Table 2, entries 6 and 7)


2 : 1 Mixture of stereoisomers; colorless oil (found: C, 79.7;
H, 9.6; N, 3.3. Calc. for C28H39NO2: C, 79.8; H, 9.3; N, 3.3%);
vmax(film)/cm-1 3052, 2948, 2868, 2784, 1708, 1600, 1492, 1452,
1370, 1260, 1212, 1154, 1130, 1088, 1046, 1030, 978, 958, 906, 844,
762, 740, 696; dH (270 MHz, CDCl3, Me4Si) 7.43–7.05 (10H, m,
Ar-H), 4.99–4.81 (1H, m, COOCH), 3.26 (0.33H, d, J = 13.1 Hz,
CH2Ph), 2.89 (0.67H, d, J = 13.6 Hz, CH2Ph), 2.70 (0.33H, d,
J = 13.1 Hz, CH2Ph), 2.66 (0.67H, d, J = 13.6 Hz, CH2Ph), 2.40
(1.98H, s, (CH3)2N), 2.38 (4.02H, s, (CH3)2N), 2.17–1.85 (1.33H,
m, 8-Ph-Men-H), 1.85–1.70 (0.67H, m, 8-Ph-Men-H), 1.57–1.15
(3H, m, 8-Ph-Men-H), 1.35 (2H, s, 2-CH3 or 8-Ph-Men-CH3),
1.21 (2H, s, 2-CH3 or 8-Ph-Men-CH3), 1.10–0.58 (3H, m, 8-Ph-
Men-H), 1.07 (1H, s, 2-CH3 or 8-Ph-Men-CH3), 1.04 (2H, s, 2-
CH3 or 8-Ph-Men-CH3), 0.99 (1H, s, 2-CH3 or 8-Ph-Men-CH3),
0.95 (1H, s, 2-CH3 or 8-Ph-Men-CH3), 0.85 (1H, d, J = 5.9 Hz,
8-Ph-Men-CH3), 0.81 (2H, d, J = 6.5 Hz, 8-Ph-Men-CH3); dC


(68 MHz, CDCl3, CHCl3) 173.4 (0.67C), 172.2 (0.33C), 151.1
(0.67C), 151.0 (0.33C), 137.6 (0.33C), 137.4 (0.67C), 131.0 (0.66C),
130.9 (1.34C), 128.1 (1.34C), 127.9 (0.66C), 127.9 (0.66C), 127.7
(1.34C), 126.3 (0.33C), 126.2 (0.67C), 125.5 (1.34C), 125.4 (0.66C),
125.3 (0.67C), 125.1 (0.33C), 76.1 (0.33C), 75.8 (0.67C), 66.2
(0.33C), 66.0 (0.67C), 42.7 (0.33C), 42.0 (0.33C), 41.9 (0.67C), 41.7
(0.67C), 40.03 (0.67C), 39.98 (0.33C), 39.7 (1.33C), 39.6 (0.67C),
34.4 (0.33C), 34.3 (0.67C), 31.4 (0.33C), 31.2 (0.67C), 28.9 (0.33C),
28.4 (0.67C), 27.2 (0.33C), 27.1 (0.67C), 25.5 (0.67C), 24.4 (0.33C),
21.8 (0.33C), 21.7 (0.67C), 18.8 (0.67C), 18.5 (0.33C).


2-(4¢-tert-Butoxycarbonylbenzyl)-2-dimethylaminopent-4-enoic
acid (-)-8-phenylmenthol ester (16)


3 : 2 Mixture of stereoisomers; white solid (found: C, 76.45;
H, 9.0; N, 2.5. Calc. for C35H49NO4: C, 76.7; H, 9.0; N, 2.6%);
vmax(film)/cm-1 3056, 2952, 2868, 2788, 1708, 1610, 1454, 1390,
1368, 1292, 1254, 1210, 1168, 1116, 1046, 1020, 956, 910, 848,
732, 700; dH (270 MHz, CDCl3, Me4Si) 7.87 (0.8H, d, J =
8.4 Hz, Ar-H), 7.86 (1.2H, d, J = 8.4 Hz, Ar-H), 7.33–7.02 (7H,
m, Ar-H), 5.94–5.66 (1H, m, CH2CH=CH2), 5.18–4.84 (3H, m,
CH2CH=CH2 and COOCH), 3.38 (0.4H, d, J = 13.5 Hz, CH2Ar),
2.92 (0.6H, d, J = 14.3 Hz, CH2Ar), 2.71 (0.6H, d, J = 14.3 Hz,
CH2Ar), 2.66 (0.4H, d, J = 13.5 Hz, CH2Ar), 2.46 (0.6H, dd, J =
14.7, 6.6 Hz, CH2CH=CH2), 2.39 (3.6H, s, (CH3)2N), 2.37 (2.4H, s,
(CH3)2N), 2.23 (0.4H, dd, J = 16.2, 6.9 Hz, CH2CH=CH2), 2.15–
1.93 (2.6H, m, CH2CH=CH2 and 8-Ph-Men-H), 1.82 (0.4H, dd,
J = 16.2, 6.1 Hz, CH2CH=CH2), 1.68–0.68 (6H, m, 8-Ph-Men-H),
1.58 (5.4H, s, t-Bu), 1.57 (3.6H, s, t-Bu), 1.36 (1.2H, s, 8-Ph-Men-
CH3), 1.21 (1.8H, s, 8-Ph-Men-CH3), 1.09 (1.2H, s, 8-Ph-Men-
CH3), 1.02 (1.8H, s, 8-Ph-Men-CH3), 0.87 (1.2H, d, J = 7.8 Hz,
8-Ph-Men-CH3), 0.85 (1.8H, d, J = 6.5 Hz, 8-Ph-Men-CH3); dC


(68 MHz, CDCl3, CHCl3) 171.9 (0.6C), 171.1 (0.4C), 165.8 (1.0C),
151.10 (0.4C), 151.08 (0.6C), 142.7 (0.4C), 142.5 (0.6C), 134.0
(0.6C), 133.5 (0.4C), 130.8 (0.8C), 130.7 (1.2C), 130.1 (0.4C), 129.9
(0.6C), 129.0 (0.8C), 128.8 (1.2C), 128.1 (1.2C), 128.0 (0.8C), 125.5
(1.2C), 125.4 (0.8C), 125.2 (0.6C), 125.1 (0.4C), 118.3 (0.6C), 118.0
(0.4C), 80.68 (0.4C), 80.64 (0.6C), 76.73 (0.4C), 76.65 (0.6C), 68.4
(0.4C), 68.2 (0.6C), 49.6 (0.4C), 49.5 (0.6C), 43.0 (0.4C), 42.4
(0.6C), 40.0 (0.6C), 39.8 (0.4C), 39.7 (1.2C), 39.5 (0.8C), 37.9
(0.4C), 36.8 (0.6C), 36.0 (0.6C), 34.5 (0.4C), 34.4 (0.6C), 34.1
(0.4C), 31.4 (0.4C), 31.3 (0.6C), 28.2 (3.0C), 28.1 (0.6C), 27.7
(0.4C), 27.2 (0.6C), 27.1 (0.4C), 26.0 (0.6C), 25.7 (0.4C), 21.83
(0.4C), 21.77 (0.6C).
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Sommelet–Hauser rearrangements: J. B. Sweeney, A. Tavassoli and
J. A. Workman, Tetrahedron, 2006, 62, 11506; S. Hanessian, C. Talbot
and P. Saravanan, Synthesis, 2006, 723; E. Tayama, S. Nanbara and T.
Nakai, Chem. Lett., 2006, 35, 478; J. A. Workman, N. P. Garrido, J.
Sançon, E. Roberts, H. P. Wessel and J. B. Sweeney, J. Am. Chem. Soc.,
2005, 127, 1066.


6 For details, see the ESI†.
7 The absolute configurations at the a-position of 7, 8, and 13 were


determined by analogy between their 1H NMR chemical shifts and
those of such known compounds as (2R)-8a and (2R)-8b. For more
details, see the ESI†.


8 The absolute configurations at the b-position of 7a and 7b were not
determined.


9 Hydrogenation of 8a afforded the corresponding reduced compound
(a-n-butyl derivative) as a single stereoisomer. Thus, 8a was found to be
a 1 : 1 mixture of E- and Z-isomer. The absolute configuration at the a-


position was determined as R because the absolute configuration of the
Z-isomer 8b was determined as R by a single crystal X-ray diffraction
(see ref. 10). For experimental details, see the ESI†.


10 The absolute configuration of 8b at the a-position was determined as
R by a single crystal X-ray diffraction. CCDC-693575 contains the
supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.


11 The absolute configuration of the a-benzylic product 11 at the a-
position was not determined.


12 The geometries of the carbonyl-stabilized ammonium ylides were
similar to those of phosphonium ylides, see: N. A. Bailey, S. E.
Hull, G. F. Kersting and J. Morrison, J. Chem. Soc. D, 1971,
1429.


13 The assignment of the 2,4-disubstituted regioisomer 13d was made by
1H NMR analysis; 13d showed a singlet peak for an aromatic proton
(3-H: dH 7.63 in DMSO-d6).
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Nucleopeptides, which are constituted of a-amino acids
bearing nucleobases at their side chains, are able to penetrate
into cells and to reach the nucleus without cytotoxic effects.


Nucleopeptides were first introduced at the beginning of the
70’s,1,2 but only recently have they emerged as a promising
alternative to peptide nucleic acids (PNAs).3–5 In 1991 the group
of Nielsen demonstrated the ability of PNAs to strongly interact
with DNA and RNA thus paving the way to their potential
biomedical applications.3–5 The PNAs may be constituted of
many structural pseudopeptide motifs.5 The most important
and exploited scaffolds are based on the repetition of N-(2-
aminoethyl)glycine residues containing the nucleobase linked to
the central nitrogen via an amide bond.3,4 Nucleopeptides, less
explored than PNAs, are instead constituted of sequences of
amino acids bearing nucleobases covalently bound to their side
chains.6 Typically, the nucleobase is linked in the b-position of
the alanyl side chain.7,8 The a- and b-nucleopeptides are able
to form rigid and well defined double strands stabilized by H-
bonding with complementary sequences.9–12 The capability of these
synthetic hybrids to form stable base-pairing might be useful
for DNA displacement, specific recognition and modulation of
the interactions with the natural nucleic acids. Alternatively, the
nucleoamino acids were introduced at defined positions within
a synthetic peptide backbone, constituted of protein a-amino
acids, to take advantage of the conformational changes of the
peptide during its interaction with complementary single-strand
DNA/RNA sequences.13,14 Nucleoamino acids are also versatile
building blocks for the preparation of nucleobase substituted
analogues of natural products as DNA intercalating agents,15 or
for the synthesis of novel and efficient double strand DNA binding
ligands,16 or new opioid selective mimetics.17


In the context of the biological applications, including gene
regulation, one of the disadvantages of PNAs, the closest to drug
development, is their poor cellular uptake.5,18 Indeed, very few
examples have shown that PNAs penetrate efficiently into the
cells.19,20 Cellular uptake can be facilitated by conjugating the
PNAs to a cell penetrating peptide or to other carrier systems.21–26


On the contrary the a- and b-nucleopeptides have never been
studied for their capacity to cross the cell membranes without
provoking undesired effects in terms of cell viability. Indeed,


aCNRS, Institut de Biologie Moléculaire et Cellulaire, Laboratoire
d’Immunologie et Chimie Thérapeutiques, 15 Rue René Descartes, 67000,
Strasbourg, France. E-mail: A.Bianco@ibmc.u-strasbg.fr
bDipartimento di Chimica, Università di Padova, via Marzolo 1, 35131,
Padova, Italy. E-mail: fernando.formaggio@unipd.it
† Electronic supplementary information (ESI) available: Details on
the solid phase synthesis, characterization, cell uptake and viability
tests, and surface plasmon resonance of the nucleopeptides. See DOI:
10.1039/b811639c


an easy, robust and efficient method to deliver nucleobase-rich
oligomers into cells is very much needed.


To address this issue, we have designed a series of a-
nucleopeptides based on the sequence Ala-AlaT-Ala [AlaT, b-
(thymin-1-yl)alanine] repeated four times (Fig. 1). The nucle-
opeptides contain four nucleobases which were previously found
sufficient for a considerable duplex stability.11 Moreover, the
polyalanine scaffold should allow enough structural flexibility for
a possible interaction with complementary DNA or RNA strands.
The total sequence of the Ala-rich 14-mers comprises also two Lys
residues at both the N- and C-terminal ends of the nucleopeptides.
The insertion of Lys has a dual purpose: i) to improve the solubility
in physiological conditions; and ii) to allow the introduction of
the fluorescent probe FITC (fluorescein isothiocyanate) or biotin
(Fig. 1, T4FIT and T4Bt, respectively) for cell penetration and
surface plasmon resonance studies.


Fig. 1 Molecular structures of the nucleopeptides.


Initially, the nucleoamino acid AlaT was prepared following the
approach of nucleophilic ring opening of the lactone of the Boc
protected serine using the thymine base.27,28 The nucleopeptides
were subsequently prepared by solid-phase synthesis using the
Merrifield strategy (see Supporting Information†).29 Following the
cleavage from the resin, the crude compounds were purified by
HPLC to afford the desired products in a fairly good yield and
purity higher than 94%.
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To assess the biological behaviour of our nucleopeptides, we
initially studied their ability to penetrate into cells. RENCA cells
were incubated for times between 5 and 60 min and up to 12 hours
at 37 ◦C with concentrations of T4FIT and T4Bt ranging from
0.5 to 50 mM. The cells treated with T4FIT were directly analyzed
using fluorescence microscopy and flow cytometry. As shown in
Fig. 2A the nucleopeptide rapidly penetrates into the cells. We have
found that this happens in a time (Fig. 2B) and dose dependent
manner (Fig. S2–S4). At the highest concentration of T4FIT, more
than half of the cells are stained. The fluorescent oligomers seem
to be confined into vesicular compartments, particularly abundant
in the perinuclear region. Cellular uptake of T4FIT is energy-
dependent since the internalization is significantly reduced treating
the cells with sodium azide and 2-deoxy-D-glucose (Fig. 2B).30


Fig. 2 (A) Confocal microscopy image of RENCA cells incubated with
50 mM of T4FIT for 12 h. (B) Time dependent uptake of 50 mM of T4FIT
by Raji cells at 37 ◦C in the absence (blue bars) or in the presence (red
bars) of endocytosis inhibitors NaN3 and 2-deoxy-D-glucose, quantified
by flow cytometry. Plots display the mean fluorescence signal of three
experiments ± the standard error. (C) Confocal microscopy images of
RENCA cells co-incubated with 50 mM of T4FIT (green) and 20 mg
mL-1 of transferrin-Alexa-546 (red) at 37 ◦C for 30 min. Overlapping
of the images evidences endosomal co-localization (yellow). (D) Confocal
microscopy image of RENCA cells incubated with 50 mM of T4Bt at 37 ◦C
for 12 h. Nucleopeptide was revealed with streptavidin-FITC (green). The
cell nucleus was labelled with DAPI (blue).


Confocal images of the cells incubated with transferrin, a
marker of endocytosis, confirmed a substantial co-localization
with T4FIT (Fig. 2C).31 This type of entrapment into endosomal
vesicles was found also for the fluorescent PNAs.19 However,
our images show a diffusion of the nucleopeptide into the
cytoplasm, suggesting either an endosomal escape or a possible
contribution of an alternative route of cellular entry. In addition,
nucleopeptides were found into the nucleus (Fig. 2A and D).
The confocal analysis confirmed that they are inside and not
simply associated to the nuclear membrane (see also Fig. S6). This
behaviour is reminiscent of cationic cell penetrating peptides, as
our nucleopeptides contain two positively charged residues which
impart high water solubility.30,31


Similarly, the biotinylated nucleopeptide T4Bt, which was
detected using a fluorescent streptavidin, presents the same
behaviour (Fig. 2D). The capability of our nucleopeptides to enter


the cells, and particularly to enter the nucleus, is an extremely
relevant finding, as we may envisage using such conjugates to bind
RNA or DNA and modulate their activity. Preliminary binding
studies, using surface plasmon resonance, of the thyminyl-based
oligomer T4H to its complementary sequence containing four
adenylyl-nucleoamino acids (details on the synthesis are reported
in Supporting Information) allowed us to calculate an apparent
equilibrium dissociation constant in the micromolar range (Fig. 3).
For this purpose, nucleopeptide A4Bt was immobilized on the
sensor chip via streptavin previously covalently fixed to the
dextran carboxylic functions on the chip gold surface, activated
in turn with carbodiimide and N-hydroxysuccinimide. After this
coupling, increasing concentrations of T4H from 12.5 to 50 mM
were injected to evaluate the interaction capability of the two
complementary nucleopeptides. Nucleopeptide T4H gradually
complexed A4Bt as evidenced by an increase of the signal during
the association phase. During the dissociation phase, T4H was
very slowly released. The (apparent) association rate constant (ka)
and the (apparent) dissociation rate constant (kd) corresponded
to 3.18 ¥ 102 M-1 s-1 and 1.09 ¥ 10-2 s-1, respectively. The
resulting dissociation constant at the equilibrium (KD) is 34 mM,
which represents the affinity between the two complementary
nucleopeptide chains. Comparable results were obtained using
two synthetic complementary oligonucleotide sequences (dT8


and dT10) (Fig. S7). To prove that the recognition between the
complementary bases on the nucleopeptides and DNA follows
the Watson–Crick rules, and it is not only due to non specific
base-stacking, we immobilized on the gold chip nucleopeptides
containing four thymines or four cytosines (details on the synthesis
are reported in Supporting Information). Such nucleopeptide
sequences did not show any interaction either with T4H or with
thymine-based DNA sequences dT8 and dT10 (Fig. S8 and S9).
This supports the capacity of nucleopeptides to specifically bind
nucleotide sequences.


Fig. 3 Sensorgrams obtained by allowing various concentrations of
nucleopeptide T4H to interact with the nucleopeptide A4Bt immobilized
onto sensor chip. RU corresponds to the resonance unit (1000 RU =
1 ng mm-2 of analyte) [12.5 mM (magenta), 25 mM (cyan), 50 mM (black)].


To further investigate the impact of the nucleopeptides on cell
behaviour, cell viability was evaluated using three different cell
lines. Increasing doses of nucleopeptides T4H and T4Bt were
added to the cell cultures. The cells were analyzed after 24 hour
incubation and no significant decrease in the number of living cells
was observed in comparison to the doxorubicin-treated control
(Fig. 4). The viability was the same for Raji, Jurkat and BL41
cell lines (see also Fig. S10 and S11). This is another interesting
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Fig. 4 Effect of T4H and T4Bt on the viability of Raji cell line.
Concentration–response curves: Raji cells were treated with increasing
concentrations of nucleopeptides for 24 h, followed by MTS test. For each
experiment, the percentages are expressed relative to the mean value of the
untreated cells. Square: T4H; Triangle: T4Bt; Diamond: Positive control
(doxorubicin).


characteristic of our nucleopeptides which exhibit a remarkably
low cytotoxicity when compared to PNAs.18


In summary, we have designed and prepared a series of highly
water-soluble nucleopeptides which are easily taken up by the
cells without toxic effects. Very importantly, they are able to
pass the nuclear membrane thus paving the way for their use as
DNA modulators. The improvement of cell penetration is certainly
extremely beneficial for increasing the diagnostic and therapeutic
efficacy of nucleopeptide-based drugs.
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2,2,5-Trisubstituted pyrrolidines are available from allylic
pyroglutamates by Ireland–Claisen ester rearrangement fol-
lowed by Eschenmoser sulfide contraction and reduction in a
highly diastereoselective and efficient sequence. Some of the
products from this sequence exhibit activity against S. aureus,
but are much less active against E. coli.


We recently reported that 2,5-disubstituted pyrrolidines were avail-
able from pyroglutamic acid 1a, by application of an Eschenmoser
sulfide contraction1 to give an enamine intermediate 1b followed
by reduction (Scheme 1); depending on the nature of the R
group, either cis- or trans-2,5-disubstituted pyrrolidines 2 could
be accessed.2,3 We have also shown that trans-2,5-disubstituted
pyrrolidines 4 are readily available by Grignard displacement of
the sulfone 3,4 but interestingly using both of these methods,
further manipulation of either the C-2 or C-6 positions via enolate
formation proved to be problematic, probably on steric grounds.
The development of stereoselective approaches to functionalised
pyrrolidines is a topic of considerable interest in the context
of natural product and small molecule synthesis, and medicinal
chemistry.5–7 Of interest to us were the recent reports of the
application of Ireland–Claisen ester rearrangements on furyl8,9


and pyrrolidinyl10,11 substrates, and we wondered if this approach
might provide rapid access to 2,2,5-trisubstituted pyrrolidine
derivatives from pyroglutamic acid. Such a substitution pattern
occurs in a range of natural products, including brevianamide
C,12 fusarin,6 azaspirene,13,14 lepadiformine,15 and kaitocephalin.16


We report here the successful application of this strategy for the
preparation of 2,2,5-trisubstituted pyrrolidines using a short and
high yielding sequence, which is highly diastereoselective.


Esterification of pyroglutamic acid 5 under acidic or DCC con-
ditions conveniently gave the allylic esters 6a–c in excellent yield
(Scheme 2), and rearrangement using Kazmaier’s conditions11


efficiently gave the rearranged products 7a–c again in high yield;
this reaction was highly diastereoselective, giving 7a, 7b and 7c as
single diastereomers. Interestingly, the Claisen rearrangement only
occurred in the presence of the quinine ligand, but in its absence,
unreacted starting material was recovered from the reaction.17 The
relative stereochemistry of the new stereocentres of 7b and 7c was
established by single crystal X-ray analysis (Fig. 1, ESI†)18 and
found to be syn- in both cases, consistent with a chair transition
state in which the phenyl and methyl substituents respectively
occupy an equatorial position,19 an outcome which has been
reported in a related system.20 Esterification of the acid with acidic


The Department of Chemistry, Chemistry Research Laboratory, The Univer-
sity of Oxford, 12 Mansfield Road, Oxford, UK OX1 3TA
† Electronic supplementary information (ESI) available: Thermal ellipsoid
plots for compounds 7a–c. CCDC reference numbers 689197–689199. For
ESI and crystallographic data in CIF or other electronic format see DOI:
10.1039/b811642c


Scheme 1


methanol gave the methyl esters 8a–c in high yield, and conversion
of these lactams 8a–c to thiolactams 9a–c with Lawesson’s reagent
and reaction with diethyl bromomalonate–sodium bicarbonate to
effect an Eschenmoser sulfide contraction1 gave enamines 10a–c in
excellent yield, which could be reduced to the 2,2,5-trisubstituted
pyrrolidine system using sodium cyanoborohydride or sodium
borohydride–ruthenium trichloride giving vinyl lactams 11a–c or
propyl lactam 12 respectively in good yield. Pyrrolidines 11b and
11c were obtained as single diastereomers, but 11a as a 4 : 1 ratio of
cis-/trans- diastereomers. Noteworthy is the reduction of the vinyl
double bond in the latter case;21 this borohydride-type reduction of
enamines compares very favourably with the diastereoselectivity
of our earlier approaches2,3,22 but is significantly superior in terms


Table 1 Bioactivity of lactams against S. aureus and E. coli (hole plate
bioassay) at 4 mg ml-1


Activity/mma (relative potency%b)


Substrate S. aureus E. coli


7a Inactive 15 (0.024)
7b Inactive 16 (0.031)
7c Inactive 16 (0.042)
8a Inactive Inactive
8b Inactive 14 (0.024)
8c Inactive 15 (0.037)
9a 14 (3.8) Inactive
9b Inactive 14 (0.026)
9c 15 (5.9) 16 (0.047)


10a 16 (7.9) 13 (0.033)
10b 16 (8.2) 15 (0.049)
10c 15 (8.7) 14 (0.051)
11a 14 (6.3) 12 (0.029)
11b 14 (6.6) 12 (0.030)
11c 12 (5.9) 14 (0.050)


a Zone size (mm) measured from hole plate bioassay at 4 mg ml-1 (7 :
3 DMSO–H2O).29 b Expressed as zone size per mg ml-1, relative to
cephalosporin C standard.
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Scheme 2


Fig. 1 Thermal ellipsoid plots (ORTEP-34) at 40% probability level for compounds 7a–c.


of experimental execution, avoiding forcing reductive conditions.23


The establishment of 2,5-relative stereochemistry as that arising
by entry of hydride syn- to the C-2 ester, probably as a result of
steric control, was confirmed by careful nOe analysis (Scheme 2),
which showed that H-5 (multiplet at d3.83) gave a small but
observable nOe to the C-2 methyl ester as did the facially co-
located H-4. H-6 (doublet at d3.35) also gave a weak nOe to
the terminal vinylic hydrogens, as did proR H-4 to the remaining
vinylic hydrogen. Enhancements over this distance were suggestive
of a well-defined conformation in which the bulky C-2 and C-5
substituents adopted a pseudodiequatorial conformation and the
smaller ethoxycarbonyl group a pseudoaxial position, with the
long chain allyl group folded over the molecule; conformations in
simpler a-substituted prolines have recently been determined.24


In view of the known antibacterial activity of pyrrolidine-
and piperidine-containing natural products (such as monomorine,
anisomycin and solenopsine)25–27 and their importance in synthetic
antibiotics,28 bioassays of compounds against S. aureus and E. coli
(hole plate method) at 4 mg ml-1 were made (Table 1); this showed
that compounds 9, 10 and 11 were active against both organisms.
Although only giving weak antibacterial activity against E. coli,
these compounds are much more active against S. aureus, and this
structurally novel template offers a platform suitable for further
optimisation of this starting activity.


We have shown that rapid diastereoselective elaboration of
pyroglutamic acid to 2,2,5-trisubstituted pyrrolidines is possible in
a short, reliable sequence and in good overall yield, and that these
products exhibit antibacterial activity against S. aureus and E. coli.
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p-Acidic alkene (olefin) ligands positively influence Pd-catalysed cross-coupling processes, interacting
with both palladium(0) and palladium(II) species, in some cases stabilising key catalytic intermediates.
Rates of oxidative addition and reductive elimination are both affected. In certain cases, b-hydrogen
elimination can be slowed down by p-acidic alkenes, which opens up new reaction pathways (e.g.
interception of s-alkylpalladium(II) species by appropriate nucleophiles). p-Acidic alkene ligands can
act independently or in a synergistic fashion with another two-electron donor ligand (e.g. amine,
phosphine or N-heterocyclic carbene). The purpose of this perspective article is to highlight the
impressive results that can be obtained using p-acidic alkene ligands, with a particular focus on
dibenzylidene acetone (dba) derivatives. Other types of alkene ligands, e.g. macrocyclic alkenes,
are also discussed.


Introduction


There is significant interest in the application of Pd◦-catalysed
cross-coupling processes in drug discovery and complex target-
directed synthesis (natural products and advanced materials).1


Much effort has been placed on the design of strongly activated
donor ligands (e.g. phosphines and N-heterocyclic carbenes) to
assist Pd◦ to activate strong C–X bonds in aromatic and related
compounds.2 Furthermore, heteroaromatic substrate scope has
been dramatically improved by the use of such ligands. The design
of other types of ligands, e.g. alkenes, has lagged behind, this
despite the established beneficial effects of structurally distinct
alkene ligands.3,4 This can be explained in part by considering the
lability of alkene ligands, their chemical conversion and presumed
innocence in cross-coupling processes.
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The principal aim of this perspective article is to highlight
alkene ligand effects in Pd-mediated cross-coupling reactions (and
related processes). There is a particular focus on dibenzylidene
acetone (dba) type ligands, which is compared, where appropriate,
with other alkenes. Before elaborating further it is instructive to
consider alkene bonding interactions at both Pd◦ and PdII centres.
Lin and co-workers concluded that the frontier molecular orbital
(FMO) interactions involved in alkene binding to Pd◦ and PdII


are distinctly different (Fig. 1).5 At Pd◦ (strongly p-basic; soft) the
alkene ligand predominantly acts as a p-acceptor ligand. At PdII


(weakly p-basic; hard) the alkene ligand acts predominantly as
a two-electron p-donor ligand. The binding of non-symmetrical
alkenes (e.g. terminal alkenes) to Pd is dependent on the nature
of the alkene substituent(s). Consideration of the FMOs for p-
donor and p-acceptor alkenes allows one to visualise differences
in Pd◦ and PdII alkene complexes: PdII complexes show non-
symmetric alkene coordination, whereas Pd0 complexes exhibit
near symmetrical alkene coordination.


This outcome can be rationalised by the fact that s-donation is
more important than p-back-donation in the interactions between
substituted alkenes and PdII. In contrast, while p-back-donation
plays a dominant role in Pd◦–alkene bonding interactions, s-
donation also plays a principal role. Correlations can be drawn
between the dissociation energies and partial charges of the alkene
ligands. For PdII, dissociation energies are greater for those alkenes
possessing a p-donating substituent (e.g. NMe2 or OMe). The
converse is true for Pd◦ complexes, where the dissociation energies
are greater for alkenes bearing a p-accepting substituent (e.g. CN).
Crucially, for PdII–alkene complexes there is a linear correlation
between alkene partial charge and dissociation energy (as expected
for only one dominating bonding interaction), whereas for Pd◦–
alkene complexes there is a non-linear correlation (indicating two
bonding interactions).


When delineating alkene ligand effects it is instructive to
consider alkene substitution reactions by other ligands (e.g. O2,
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Fig. 1 Relative alkene dissociation energies and molecular orbitals.


CO, CO2 or a different alkene). Stahl and Landis et al. studied
the alkene-substitution reactions in a series of bathocuproine–
Pd◦ complexes bearing trans-b-nitrostyrene ligands (Scheme 1).6


Perhaps surprisingly the reactions proceed by an inverse-electron-
demand associative mechanism, where a Pd◦-based lone pair
reacts (dx2-y2 ) with the p*-orbital of the incoming alkene. The angle
of attack of Pd◦ to the C=C bond should be near to 105–110◦,
which can be compared with the Bürgi–Dunitz trajectory7 (attack
of appropriate nucleophile at the p*-orbital of carbonyl groups).
Cross-reactions reveal that electron-deficient alkenes react more
rapidly than electron-rich (relative) alkenes, e.g. the HOMO of the
metal and LUMO of the alkene appear to lead the bond forming
process.


These findings stand in contrast to traditional ligand-
substitution reactions, where the incoming ligand (acting as a
nucleophile) donates a pair of electrons to a vacant metal-based
orbital. Ligand substitution at Pd◦ ultimately proceeds by a
mechanism resembling oxidative addition (e.g. addition of H2 or
RX to M◦ complexes to give “MIIH2” and “MIIRX”, respectively).
Thus, there are implications for all electron-rich d10 transition
metals which activate ligands such as O2, CO, CO2 and a,b-
unsaturated carbonyl compounds.


Scheme 1 Alkene exchange in bathocuproine–Pd◦ complexes bearing
trans-b-nitrostyrene ligands.


Alkene ligand effects: oxidative addition and reductive
elimination


Early on in the development of cross-coupling processes, alkene
ligands were found to exert profound effects on elementary
steps found in common cross-coupling catalytic cycles. Rovis and
Johnson8 recently covered the effect of these ligands at various
transition metals, and prior to analysing the direct effects of
such ligands in Pd-catalysed cross-coupling processes, only a brief
discussion is given below.


The interaction of alkene ligands9 in a general cross-coupling
catalytic cycle is shown in Scheme 2. Coordination of a p-acidic
alkene to Pd◦ can be viewed as stabilising (towards aggregation
and ultimately precipitation), which may affect catalyst longevity
vide infra. It is established that the rate of oxidative addition
of aryl halides to Pd◦Ln(h2-alkene) complexes is slower than to
Pd◦LnS complexes (S = solvent; n = 1 or 2).10 Transmetallation
can in principle be assisted by a labile alkene ligand at PdII;
however, it is not yet clear what influence alkenes exert during
this step. The rate of reductive elimination will be accelerated by
a p-acidic alkene, simply by removing electron-density from PdII.
Furthermore, one could argue that removal of electron-density
at Pd◦ (the ‘final’ product) provides a thermodynamic driving
force.


The mechanistic picture illustrated in Scheme 2 highlights
the opportunities for alkene ligand design in general cross-
coupling strategies involving Pd◦ and PdII intermediates. Fur-
thermore, related processes ought to be influenced where such
intermediates are formed, particularly in re-directing b-hydrogen
elimination towards cyclisation or in Csp3-X functionalisation.
Given the resurgence of interest in PdIV coordination chemistry
and catalysis,11 it is worth noting that effects attributable to
alkene ligands at this higher oxidation state remain unreported
(“h5-CpPdIV” complexes12 are known). However, alkene ligation
(including substrate activation) at isoelectronic AuIII is known,13


so effects at PdIV could emerge in the coming years (particularly
for p-donor alkenes).
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Scheme 2 Alkene effects in a general cross-coupling catalytic cycle.


Non-innocent dibenzylidene acetone (dba-H) ligand effects


A convenient method for generating “Pd◦Ln” complexes in situ
is to premix a donor ligand (L, e.g. PR3 or N-heterocyclic
carbene) with the relatively air and moisture stable Pd◦ precursor
complexes, Pd2(dba-H)3 or Pd◦(dba-H)2 (dba-H = trans,trans-
dibenzylidene acetone14). For the vast majority of cases the dba-H
ligand15 remains ligated to Pd◦ (a phosphole ligand remains the
only documented exception16). For Pd◦, h2-C=C coordination is
most common (Fig. 2, modes I-III).17 Note that intramolecular
alkene exchange, via C=O coordination, occurs freely in solution
for dba-H.18 For other late metals, e.g. RhI and Fe◦, alternative
coordination modes (e.g. IV19 and V20) are well established.


Fig. 2 Coordination modes of dba-H to various metal centres.


With dba-H ligation to Pd◦ being favoured it is anticipated that
the rates of oxidative addition with aryl halides will be affected.
In the early 1990s, Amatore and Jutand et al. comprehensively
studied21 the non-innocent behaviour of dba-H in the oxidative
addition reactions of in situ generated Pd◦Ln species with aryl
iodides (Scheme 3). Here, there is an antagonistic effect of the
high reactivity of solvated Pd◦L2 species and its concentration
in equilibrium with unreactive Pd◦(h2-dba-H)L2 species (where L
is a monodentate ligand). For more electron-rich donor ligands,
e.g. N-heterocyclic carbenes and phosphines, this emerges as a
potential issue. So, whilst electron-rich ligands activate strong C–
Cl bonds, dba-H is likely to diminish the concentration of active
catalytic Pd◦Ln species (slowing the rate-determining step for aryl
chlorides in cross-couplings). It should be noted, however, that
there is limited kinetic data available concerning the reactivity
of Pd◦(h2-dba-H)L1 species in oxidative addition reactions with
aryl halides, particularly where L is an electron-rich and sterically
hindered N-heterocyclic carbene.22


Scheme 3 Ligation of dba-H to Pd◦ phosphine complexes.


Generally, one could view dba-H ligation to Pd◦ as a hindrance
for both aryl bromides and iodides, e.g. oxidative addition being
slowed down. However, it serves to bring the rate of oxidative
addition in line with the rate of subsequent steps in a catalytic
cycle (e.g. transmetallation or carbopalladation), lowering the
concentration of PdII species which would otherwise lead to side
reactions (e.g. homocoupling and hydrodehalogenation etc.).23


The situation is different for bidentate phosphine ligands, in that
oxidative addition of iodobenzene can occur at either Pd◦(h2-dba-
H)(P-P) or Pd◦S(P-P) (S = solvent), but dba-H ligation reduces
the reactivity of Pd◦ – Pd◦S(P-P) being more reactive (P-P =
BINAP).24 For BINAP it also worth noting that other “Pd-
BINAP–dba-H” complexes25 can be formed as the concentration
of dba-H is lowered, by chemical conversion of dba-H to other
products (see inset in Scheme 3).


Whilst more is known about the effects of dba-H on ox-
idative addition, there are only scattered reports of dba-H
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enhancing other steps in cross-coupling catalytic cycles. How-
ever, an interesting example is the oxidative cross-coupling of
alkylzinc and alkynylstannanes using the oxidant, 2-phenyl-
2-chloroacetophenone (representative examples are given in
Scheme 4).26 The unexpected rate enhancement of “Csp-Pd-Csp3”
reductive elimination was attributed to dba-H acting as a p-
acceptor ligand (removing electron density from the relatively
electron-rich PdII centre).


Scheme 4 Oxidative cross-coupling promoted by dba-H.


Well characterised PdII complexes ligated by dba-H remain
rare,27 but isoelectronic Fe◦ and RhI (vide supra) and Ru◦–dba-
H complexes28 are known. Interestingly though, dba-H ligation to
PdII has been revealed by ESI-MS experiments,29 a technique which
is particularly useful for characterising transient catalytic reaction
intermediates. Eberlin and co-workers were probing the Heck
reactions of an aryl diazonium salt, namely 4-MeOC6H4N2


+BF4
-,


with Pd◦(dba-H)2 in acetonitrile. After only 5 minutes, two dba-
H ligated PdII species I and II were detected (Scheme 5). The
dba-H ligation likely aids catalyst stability, carbopalladation rates
and b-hydrogen elimination steps. Crucially, this study, and others,
highlights that detailed kinetic analyses need to take into consider-
ation the influence of dba-H. Other reactions, e.g. allylic alkylation
(substitution) processes,30 are likely affected by the presence of
dba-H {Pd◦(dba-H)2 is a common Pd◦ precursor complex for use
with chiral ligands in asymmetric allylic alkylations}.31


Scheme 5 Detection of PdII–dba-H species by ESI-MS.


Some unusual effects of Pd◦
n(dba-H)n+1 complexes, as catalyst


or catalyst precursor, are often commented upon, particularly in
industry, but such effects are not so well documented. From our
experience in York, the activity of these complexes tend to slowly
degrade over time. The complexes sometimes carry an acetic acid
odour, produced by degradation of trace NaOAc, which likely
remains from their synthesis, particularly on a large scale. It is not
clear whether dba-H {either in free-form or in Pd◦


n(dba-H)n+1} is
affected by photooxidation processes32 in natural light.


Dibenzylidene acetone ligand design


On considering the equilibria depicted in Scheme 3, we developed
a ligand design concept based on tuning the C=C bonds in dba-
type ligands. One is able to retain the core dba-type structure
in tuning the C=C bonds, simply by making remote substituent
modifications to the aryl groups (e.g. dba-n,n¢-Z; n/n¢ = 3, 4
or 5; Z = OMe, t-Bu, Br, H, F, CF3, NO2). It is instructive
to consider the calculated total electron densities, HOMOs and
LUMOs for several dba-n,n¢-Z ligands (Table 1).33 These provide
an immediate qualitative visualisation of charge variations within
the alkene function, which agrees with our intuitive chemical
prediction that electron-releasing substituents, e.g. OMe, on the
aryl groups of dba-type ligands should destabilise the Pd◦–
alkene interactions, relative to dba-H. Conversely, an electron-
withdrawing substituent, e.g. CF3, will strengthen any Pd◦–alkene
interaction. The non-innocent behaviour associated with dba-H,


Table 1 Total electron densities, HOMOs and LUMOs for selected dba-
n,n¢-Z ligandsa


a Total electron density mapped against electrostatic potentials (A). Colour
scale (± 0.02 electrons): red areas are electron-rich. The HOMOs (B) and
LUMOs (C) are also shown for each dba-n,n¢-Z ligand.
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and the electronic differences between ligands, has thus been
exploited in several cross-coupling processes.34


In terms of the ligand synthesis, symmetrical35 and
unsymmetrical36 “dba” structures may be accessed using a number
of methods, the most simple of which involves Claisen–Schmidt
condensation of two equivalents of the requisite arylaldehyde
and acetone (Scheme 6). Various stoichiometries of Pd:dba-n,n¢-
Z ligand are produced from these reactions, best determined
by elemental analysis. Several Pd◦


x(dba-n,n¢-Z)y complexes can
be crystallised from CHCl3 or CH2Cl2 to give Pd◦


2(dba-n,n¢-
Z)3·solvent (solvent can be subsequently removed in vacuo).37


Scheme 6 Synthesis of dba-n,n¢-Z ligands and Pd◦ complexes.


A series of Pd◦
x(dba-n,n¢-Z)y complexes were benchmarked


in Suzuki–Miyaura cross-couplings using aryl chlorides as a
stern test (Scheme 7). The reaction of chlorotoluene 1 with
phenylboronic acid 2, reported to be catalyzed by Pd◦


2(dba-4,4¢-
H)3 (3 mol %)/NHC ligand (derived from imidazolium salt 4)
(3 mol %), affords 3. The major outcome is that more electron-
rich Pd◦


x(dba-n,n¢-Z)y complexes give high rates and conversions
to 3. A rate-determining oxidation addition is thus implied by
these findings. A Hammett plot, utilising s+ values, exhibits a


Scheme 7 Suzuki–Miyaura cross-coupling.


linear trend for the para-substituted Pd◦
2(dba-4,4¢-Z)3 complexes


(Z = OMe, t-Bu, H, F or CF3). An excellent correlation is also seen
between the rates and the calculated C=C charge in the dba-4,4¢-
Z ligands.33 Furthermore, related chalcone (p-Z-C6H4CH=CHPh)
ligands show similar electronic effects at Fe◦,38 demonstrating that
such ligands39 could be used in the future to influence steps in
classical cross-coupling processes.


In an alternative cross-coupling, namely the a-arylation of t-
butyl acetate 6 with bromobenzene 5 using LHMDS as the base
to give the a-arylated product 7, a similar trend in reactivity for
Pd◦


2(dba-n,n¢-Z)3 precatalysts was revealed (Scheme 8).34c


Scheme 8 a-Arylation of esters.


Heck arylations emphasise that dba-n,n¢-Z ligands compete with
the alkene substrate, particularly with n-butyl acrylate (Fig. 3). The
extent of ‘dba-n,n¢-Z participation¢ is diminished on switching to
styrene and methyl 2-acetamido acrylate substrates. It is therefore


Fig. 3 Heck arylation of various n-butyl acrylates, styrenes and
methyl 2-acetamido acrylates. Conditions used: (reactions I and II)
Pd◦


2(dba-4,4¢-Z)3 (3 mol% Pd), P(t-Bu)3·HF4 (3.6 mol%), Cs2CO3,
dioxane, 100 ◦C, 12 h; (reaction III) Pd◦


2(dba-4,4¢-Z)3 (0.3 mol% Pd),
BnNEt3Br, (i-Pr)2Net, NMP, 125 ◦C, 3 h.


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 3645–3656 | 3649







important to consider the electronic character of the alkene
coupling partner in these reactions, with electron-rich or sterically
demanding alkenes being more affected by dba-n,n¢-Z ligands than
electron-deficient alkenes.34c


The mechanism outlined in Scheme 9 illustrates the roles of
the alkene ligands in the catalytic cycle. The reactive Pd species
I (solvated) is assumed to be monoligated by P(t-Bu)3, the
concentration of which will be diminished by both the dba-n,n¢-Z
ligand and alkene substrate, to give II and III. The concentration
of II and III will be governed by the strength of alkene interaction
with Pd◦. Crucially, for mono-phosphine ligated species III, direct
oxidative addition gives complex VII, which can either undergo
carbopalladation to give V or alkene ligand loss to give IV. For
styrene and methyl 2-acetamido acrylate, the relative conversions
indicate that there is a delicate balance between the equilibria of
I and II and I and III (II and III also being in equilibrium). To
maximise a dba-n,n¢-Z ligand effect, the alkene substrate needs to
be carefully considered.


Scheme 9 Competing alkene ligands in Heck arylation.


For most Buchwald–Hartwig type aryl amination processes,
there is no real advantage in employing the Pd◦


x(dba-n,n¢-Z)y


complexes. Here the dba-n,n¢-Z ligands can be consumed by amine,
base or a combination of both.25 Indeed, for the majority of
these aryl amination reactions, Pd(OAc)2 is arguably the preferred
palladium source (precatalyst).


In developing the tuneable dba-n,n¢-Z ligand concept, the
theoretical calculations33 allowed a linear relationship to be
discerned between the calculated carbonyl stretching frequency
(bond strength) for each dba-n,n¢-Z ligand (in the gas-phase) and
the associated rates determined for aryl halide consumption in
the Suzuki–Miyaura, a-arylation and Heck arylation reactions
detailed above (Fig. 4). This offers a simple but rapid experimental
tool for verifying the electronic properties of future, new dba-n,n¢-
Z ligand variants, as expressed in the equation below.


k¢ = (-4.039 ¥ 10-6 uC=O) + 7.045 ¥ 10-3


Fig. 4 Relationship of C=O stretching frequency in dba-n,n¢-Z ligands
with rates of aryl halide consumption (green circles = Suzuki–Miyaura
cross-coupling; blue circles = a-arylation; red circles = Heck arylation).


Kinetic studies: reactivity of Pd◦ complexes generated from
Pd◦


2(dba-n,n¢-Z)3 or Pd◦(dba-n,n¢-Z)2 and PPh3 in oxidative
addition with iodobenzene


In collaboration with Jutand, we have been able to establish that
the rate of the oxidative addition of iodobenzene to “Pd◦L(PPh3)2”
(L = solvent or dba-n,n¢-Z) complexes, generated by addition
of PPh3 (PPh3/Pd = 2) to DMF, was affected by the electron-
donating or accepting properties of Z substituents attached to the
aryl groups of the dba motif.34b


The rate of oxidative addition is faster when Z is an electron-
donating group.40 The dba-n,n¢-Z ligand plays a crucial role in the
kinetics of oxidative additions by controlling the concentration
of the reactive Pd◦(PPh3)2 in its equilibrium with the major
but unreactive complex Pd◦(h2-dba-n,n¢-Z)(PPh3)2 (equilibrium
constant KZ in Scheme 10). As the Z group becomes more electron-
releasing, there is a lower affinity of dba-n,n¢-Z for the electron
rich Pd◦(PPh3)2. Therefore KZ is higher and oxidative addition is
faster. Consequently, the rate of oxidative additions is modulated
by altering the electronic properties of the dba-n,n¢-Z ligands.


Scheme 10 Effect of dba-n,n¢-Z ligands on the rate of oxidative addition
of PhI to “Pd◦(PPh3)2” species.


The order of reactivity of dba-4,4¢-X ligands (F > Cl > Br; X =
halogen) highlights that p-donor effects dominate over s-electron-
withdrawing effects, a trend also seen in BX3 Lewis acidities.41


Under ‘ligand-free’ reactions, loosely defined as those which
do not require additional phosphine (e.g. a strong 2-electron
donor ligand), cross-coupling of a halogenated 2-pyrone 12
with arylboronic acid 13 to give 14, a dba-n,n¢-Z ligand effect
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was uncovered (Scheme 11). Addition of PPh3 slows down this
particular reaction. The degree of nakedness of the Pd◦ catalyst is
debatable, but one can envisage that dba-n,n¢-Z ligands influence
both mononuclear {e.g. PdSn(dba-n,n¢-Z)n-1} and higher order Pd
species (e.g. clusters/colloids/nanoparticles) vide infra.


Scheme 11 Suzuki–Miyaura cross-couplings under phosphine-free
conditions.


Catalyst longevity is important in the intermolecular asym-
metric Heck reaction of 2,3-dihydrofuran 16 with phenyltriflate
15 to give 17, which are generally very slow processes (ca. 7
days). It has been established that Pd◦


2(dba-4,4¢-F)3 was the
most effective Pd◦ precursor complex using (R)-BINAP as the
chiral ligand (Table 2). Whilst the enantioselectivity for the major
regioisomeric product was near identical to Pd◦


2(dba-H)3, the
overall conversion was significantly higher. The long reaction
time (7 days) appears to benefit from a Pd◦ catalyst that is long-
lived, dba-4,4¢-F being more electron-deficient than dba-H.34b


Alternatively, 2,3-dihydrofuran 16 may compete effectively with
the dba-4,4¢-F ligand (at PdII).


Pregosin and co-workers showed that dba-H slows/inhibits
catalytic turnover in the same asymmetric Heck reaction using
MeO-Biphep ligand 18 under similar reaction conditions (Fig. 5).42


The catalyst generated from PdCl2(18)–NaBH4 was found to be
active for this reaction, however Pd(h2-dba-H)(18) was not. In


Table 2 Heck reaction of 2,3-dihydrofuran with phenyltriflate


Pd◦ Precursor Pd◦
2(dba-4,4¢-Z)3 Yield (%)a e.e. (%)b


H 51 63
CF3 42 61
F 69 68
OMe 63 62


a Percentage yield after column chromatography on silica-gel (average of
at least two runs). b The enantiomeric excess (e.e.) was determined on a
b-cyclodextrin chiral column by GC.


Fig. 5 The case against dba-H.


addition, Pd(h2-dba-H)(18) does not react even with activated
aryl halides (e.g. iodobenzene). Clearly dba-H ligation in this
case reduces the nucleophilicity of the Pd◦ centre (via p-back-
bonding—a resonance structure43 for this complex would go
some way to explaining its apparent lack of reactivity towards
activated aryl halides). It ought to be borne in mind that the
borohydride reduction route affords chloride ions, which can
lead to more electron-rich Pd◦ anions being generated under the
reaction conditions (e.g. PdClx(18)x-1 (x = 1 or 2). The cautionary
message here is that for certain bidentate phosphine ligands, dba-
H can hinder catalysis.


Firmansjah and Fu recently reported intramolecular Heck reac-
tions of unactivated alkyl halides, which showed a remarkable dba-
effect.44 Generally, oxidative addition of alkyl bromides to Pd◦Ln


is a feasible process, but b-hydrogen elimination from the resultant
“PdII(s-alkyl)Br” intermediate species usually reveals a terminal
alkene and “PdII(H)Br”, making intermolecular Heck reaction
processes difficult to develop. However, the intramolecular Heck
reaction of a primary alkyl bromide 19 possessing a pendant
alkene, mediated by a Pd◦


2(dba-H)3–NHC catalyst system, which
likely generates 23a45 or 23b34c as Pd◦ intermediates, highlights
that cyclisation to give 20 is possible (Scheme 12). Perhaps the b-
hydrogen elimination 1,5-diene side-product 21 is to be expected,
being an equi-competitive path. It is then quite remarkable that
the use of Pd◦


2(dba-4,4¢-OMe)3 as the palladium source resulted
in cyclisation becoming the dominant reaction pathway. The
substrate scope in these reactions is very good, and both alkyl
bromides and chlorides participate well (Scheme 13). There is
thus much potential for this methodology to be applied in target-
orientated synthesis.


It can be hypothesised that dba-4,4¢-OMe slows down b-
hydrogen elimination from the “PdII(s-alkyl)Br” oxidative addi-
tion species (as proposed in I, Fig. 6), allowing carbopalladation
(cyclisation) to take place; note that b-hydrogen elimination in
II, a three-coordinate PdII species, would be facile, giving the 1,5-
diene side-product (e.g. 21). b-Hydrogen elimination from a cyclic
s-alkylpalladium(II) intermediate, possessing less conformational
freedom, must occur with the dba-4,4¢-OMe ligand present.
Relative to dba-H, dba-4,4¢-OMe is more electron-rich, preferring
PdII to Pd◦.
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Scheme 12 Redirecting b-hydrogen elimination at PdII.


Scheme 13 Substrate scope (representative examples).


Fig. 6 Hindering b-hydrogen elimination.


On probing the reaction mechanism, it was elegantly shown
that cyclisation of deuterium-labelled substrate 24 affords a single
diastereomer 25, the stereochemistry of which is consistent with


oxidative addition occurring in an SN2 fashion, e.g. the reaction
does not proceed through a radical pathway (Scheme 14).44


Scheme 14 Probing a radical pathway.


Meadows and Woodward reported that a catalyst composed of
X-Phos–Pd◦


2(dba-H)3 was optimal for the model reaction of aryl
triflates (on nonaflates) with benzyl amine.46 Crucially, Pd◦


2(dba-
H)3 is uniquely superior to Pd(OAc)2. Substituting the amine for
chiral (R)-PhCH(Me)NH2 26 in a reaction with naphthyl triflate
27 to give 28 led to only small degrees of racemisation (Scheme 15).
It is proposed that X-Phos does not act as a simple monodentate
phosphine, which likely adopts a P,C=C chelate bidentate binding
mode (as in 29),47 which slows down b-hydride elimination, a
prerequisite for amine racemisation. It is also possible that dba-H
plays a similar role, akin to that observed in the intramolecular
Heck reactions of unactivated alkyl halides vide supra.


Scheme 15 Aryl amination of chiral amines.


The Pd-catalysed arylation of adenosine in the presence of
stoichiometric CuI reveals that Pd◦(dba-3,5,3¢,5¢-OMe)2 is a
more active Pd source than Pd◦(dba-H)2 (Scheme 16).48 Whilst
Pd(OAc)2 exhibits similar activity to Pd◦(dba-3,5,3¢,5¢-OMe)2, it is
interesting to note that the dba-n,n¢-Z ligands appear to hinder N-
arylation.49 The beneficial effect of dba-H in the copper-catalyzed
N-arylation of imidazoles using (CuOTf)2, reported by Buchwald
and co-workers, is certainly worth mentioning here (Scheme 17).50


It was proposed that dba-H (5 mol%) prevents disproportionation
to give Cu◦ or CuII species, a particular problem running the
reactions under ambient conditions. Alternatively, the dba-H
ligand could stabilise the catalytically active CuI species. There
is possibly an opportunity here for exploiting the differential
reactivity of dba-n,n¢-Z ligands in these reactions.
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Scheme 16 Direct arylation of adenosine.


Scheme 17 A dba-H effect in copper-catalyzed N-arylation.


Other alkene ligands8


Moreno-Mañas, Pleixats, Roglans and co-workers51 have devel-
oped macrocyclic trialkene ligands (e.g. 36 and 37) for Pd◦ over
the last five or so years (Fig. 7). The Pd◦ complexes containing
these ligands provide a more stable ligand environment than, for
example that offered by the three alkene ligands in Pd◦(dba-H)3 38.
The ferrocenyl group(s) in macrocyclic ligand 36 (and 37) appear
to strongly influence the Pd(0) redox properties,52 perhaps in a
mode similar to 1,1¢-bis(diphenylphosphino)ferrocene (dppf).53


Fig. 7 Macrocyclic trialkene Pd◦ complexes.


The Heck arylation reactions of aryl diazonium salts are effec-
tively mediated by recoverable catalyst 36 at room temperature
(Scheme 18).54 In contrast to aryl bromides and iodides, oxidative
addition is not thought to be rate-limiting for aryl diazonium salts
and a superior activity of the nucleofuge (formation of N2) is
expected over both bromide and iodide ions.


Scheme 18 Heck arylation using aryl diazonium salts.


Electrospray-mass spectrometric studies provided evidence for
the accumulation of the oxidative addition species ([36/C6H4R]+,
where R = H, m/z = 946; R = 4-NO2, m/z = 991; R = 4-Me,
m/z = 960; R = 4-F, m/z = 964) formed in the catalytic cycle
immediately before the alkene insertion step. Similar intermediates
were observed for dba-H ligands by Eberlin and co-workers29 vide
supra. On addition of alkene to these reactions, no transient alkene
insertion intermediates were detected. However, the detection of
oxidative addition intermediates ligated by alkene ligand once
again highlights the potential for alkene tuning.


The catalytic activity of many Pd◦ complexes containing
macrocyclic alkene ligands has been reported: selected examples
(39 and 40, Fig. 8) are described here.


Fig. 8 Macrocyclic trisalkene Pd◦ catalysts.


Complex 39 is an effective catalyst for Suzuki–Miyaura cross-
coupling55 (Scheme 19), which is also recoverable by chromatog-
raphy on silica-gel. The polymeric variant 40 is equally effective at
catalysing this reaction—similar yields and five runs were possible
using this easily separated palladium catalyst.


Scheme 19 Macrocyclic trisalkene Pd0 catalysts in Suzuki–Miyaura
cross-coupling.


Structurally defined Pd nanoparticles can be generally useful
catalytic palladium sources for cross-coupling processes, mainly
due to their high specific surface area.56 Several macrocyclic alkene
Pd◦ complexes (e.g. 41) have been shown to form Pd nanoparticles
42 when treated with excess Pd◦ (Scheme 20).57


Heating 42 in THF results in the loss of Pd from the periphery
of the nanoparticle, resulting in stabilisation of an inner core of
Pd◦ atoms by the alkene ligand, giving 43. This process is likely
mirrored in catalytic reactions heated to higher temperatures.
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Scheme 20 Aggregation of macrocyclic-Pd◦ complexes.


It was shown that 42 is an effective reusable Pd◦ catalyst for
Heck arylation of n-butyl acrylate with iodobenzene (Scheme 21).
For highly activated substrates, it is advantageous to use high
substrate : Pd ratios. In the case of 42, the alkene ligand(s) serves to
stabilise a Pd◦-reservoir,56 trickle-feeding58 in low concentrations
of highly active mononuclear Pd◦ species.


Scheme 21 Heck arylation using Pd nanoparticles 42.


Moreno-Mañas and co-workers have also prepared Pd nanopar-
ticles (45) stabilised by “fluorous-dba” 44, which are 4–5 nm in
diameter (Fig. 9).59 In a near identical reaction to that shown in
Scheme 19, in a perfluoroctylbromide–benzene solvent, similar
product yields, recovery of catalyst and reusability was found for
these Pd nanoparticles. These studies show that dba-type ligands
can also stabilise Pd nanoparticles.


Kinetic studies: reactivity of Pd◦ complexes generated from
Pd◦(46) and PR3 in oxidative addition with aryl halides


Jutand and Pleixats investigated the reaction kinetics (monitored
by electrochemical techniques) of oxidative addition of aryl halides
(PhI and PhBr) to Pd◦ complexes generated in situ from Pd◦(46)
and monophosphines L (L = PPh3 and PnBu3) in THF or DMF
(Fig. 10).60


The macrocyclic ligand 46 was shown to play an important role
in diminishing the concentration of the most reactive catalytic
Pd◦L2 species in oxidative addition (as stated in Scheme 3).


Fig. 9 Pd nanoparticles stabilised by fluorous-dba.


Fig. 10


A reactivity order with PhI was established as:
Pd◦(46) + 2 PnBu3 in DMF > Pd◦(46) + 2 PPh3 in THF >


Pd◦(PPh3)4 in THF > Pd◦(46) + 4 PPh3 in THF
For PPh3, ligand 46 is in equilibrium with Pd◦(PPh3)2 via


Pd◦(PPh3)3, whose concentrations are controlled by the concen-
tration of 46 (Scheme 22).


Scheme 22


It is interesting to note that addition of n (>2) equivalents of
PnBu3 to Pd◦(46) in DMF leads to the formation of both Pd◦(h2-
46)(PnBu3)2 and Pd◦(PnBu3)3, which were characterised by 31P
NMR spectroscopy (Scheme 23). At equal phosphine–Pd loading,
the Pd◦ complexes generated by addition of PnBu3 to Pd◦(46)
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Scheme 23


are more reactive than that ligated by PPh3, allowing reaction
of PhBr at 25 ◦C. The rate of oxidative addition of PhBr (at
high concentration) was found to be limited by dissociation of
Pd◦(PnBu3)2 from Pd◦(h2-46)(PnBu3)2. Furthermore, the reaction
with PhI was found to also involve Pd◦(h2-46)(PnBu3)2 as the
reactive species.


The global point, as was the case for the dba-n,n¢-Z ligands,
is that the decelerating effect induced by 46 is useful where
oxidative addition is fast, since slowing this step brings its rate
nearer to the rate of the subsequent step which is slower (e.g.,
transmetalation or carbopalladation). Ligand 46 also serves to
stabilise Pd◦, improving catalyst longevity.


Future perspectives


From the results detailed in this perspective article, and other
recent review articles in this area,3,61 there can be no doubt that
alkene ligands offer much potential in terms of opening up new
reaction pathways or simply improving the general efficacy of
cross-coupling processes. Pd◦-complexes possessing dba-n,n¢-Z
ligands can be used for a raft of Pd-catalysed coupling processes
and it is anticipated that new practical methodologies will emerge
over the coming years. One practical issue that emerges for dba-
n,n¢-Z, and related ligands, is that the polarity of these ligands
is often similar to the organic products being produced. Whilst
fluorous-dba type ligands go some way to addressing this issue, it
would be useful to prepare alkene ligands that can be tuned to in-
crease catalyst efficacy, which can subsequently be easily separated
(and recycled) from the desired organic product (avoiding column
chromatography on silica-gel). A potential ligand system would be
one possessing a suitable p-acidic ligand tethered to an ionic arm,
which could be easily dosed into compatible ionic liquids (IL), e.g.
[BMIM]PF6. The products could then be extracted from the IL–
catalyst–ligand mixture using a suitable solvent or by utilising the
low vapour pressures of ILs to separate the products using vacuum
distillation. Such catalyst-doped ILs have significant potential for
recycling and re-use.
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dATP derivatives bearing Br, Me or Ph groups in position 8
were prepared and tested as substrates for DNA polymerases
to show that 8-Br-dATP and 8-Me-dATP were efficiently
incorporated, while 8-Ph-dATP was a poor substrate due to
its bulky Ph group.


DNA methylation plays crucial roles in a large variety of biological
processes, i.e. regulation of gene expression, protection against en-
dogenous restriction endonucleases, DNA repair and replication.1


In higher eukaryotes, the methylation only occurs at C as 5-
methylcytosine. However, in bacterial DNAs, N6-methyladenine
is observed as well. An even larger variety of methylated purine
bases occurs in RNA. Apart from N2 and N7-methylated G and
N1 and N6-methylated A, C-2 methylated A was also observed.2


However, to the best of our knowledge, no natural occurrence of
methylation in position 8 of purine has been reported.


8-Methyl-2¢-deoxyadenosine (8-Me-dA) was prepared by the
reaction of the corresponding protected 8-bromo-dA with methyl-
magnesium iodide,3 trimethylaluminium4 or tetramethylstannane5


and it was chemically incorporated into oligonucleotides (ONs)
forming stable quadruplexes with syn-conformation of the
nucleobase.6 8-MeG7 and 8-Me-7-deazaG8 containing ONs were
prepared by chemical synthesis to show that the presence of
methyl groups facilitated the B–Z transition of DNA. 8-Me-A
ribonucleoside showed antiviral activity against vaccinia virus5


and 8-Me-ATP was studied as a substrate for actomyosine.9


Base-modified nucleic acids are of great current interest due
to potential applications in chemical biology, bioanalysis or
nanotechnology and material science.10 Apart from chemical
synthesis, base-modified DNA can be prepared enzymatically by
incorporation of modified 2¢-deoxyribonucleoside triphosphates
(dNTPs) by DNA polymerases. This approach has been used11,12


for construction of functionalized nucleic acids bearing diverse
functional groups. Recently, we have combined aqueous-phase
cross-coupling reactions of unprotected dNTPs with polymerase
incorporation into a two-step methodology13 of construction
of modified nucleic acids containing amino acids,14 ferrocene15


or amino- and nitrophenyl groups.16 It was shown by us14


and others12 that 8-substituted dATP derivatives are not good
substrates for DNA polymerases, neither in primer extension
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(PEX) nor in PCR (presumably due to their preference for
syn-conformation and steric hindrance between the substituent
and DNA backbone). Therefore, 7-substituted 7-deazapurine
dNTPs are used as surrogates of purines.12–16 Most works dealing
with enzymatic incorporation of 8-modified purine nucleotides
into DNA have been focused on 8-oxo-dGTP (for studying
oxidative damage of DNA) to show that it is a poor sub-
strate for DNA polymerases and reverse transcriptases.17 Enzy-
matic incorporation of 8-NH2-dGTP was more feasible.18 Perrin
et al. reported incorporation of 8-[2-(4-imidazolyl)ethylamino]-
deoxyriboadenosine-5¢-triphosphate by Sequenase V2.0 or Dpo4
polymerases in construction of novel DNAzymes.19 Even the Dpo4
polymerase, which is a Y-family enzyme capable of bypassing
lesions, was unable to incorporate 8-substituted dATP linked via
a C–C bond, but it successfully incorporated two examples of
8-[(imidazolylalkyl)amino]-dATPs.19d


We wanted to look into the polymerase incorporation of 8-
substituted dATPs bearing either smaller Br or Me substituents
or a bigger phenyl (Ph) substituent in order to define the scope
and limitations of the polymerase incorporation of purine dNTPs,
depending on the bulkiness of the substituent. We also wanted, if
possible, to develop construction of DNA containing Br atoms for
postsynthetic modifications (e.g. via cross-coupling) or containing
8-MeA for studying the influence of such unnatural methylation
on DNA repair and gene expression.


Scheme 1 Reagents and conditions: methylboronic acid (a) or
phenylboronic acid (b) and Cs2CO3, Pd(OAc)2, P(C6H4-3-SO3Na)3,
H2O–CH3CN (2 : 1).


Bromination of dATP was used for the synthesis of 8-bromo-
2¢-deoxyadenosine 5¢-O-triphosphate (8-Br-dATP).20 8-Methyl-2¢-
deoxyadenosine 5¢-O-triphosphate (8-Me-dATP) and 8-phenyl-
2¢-deoxyadenosine 5¢-O-triphosphate (8-Ph-dATP) were prepared
by the single-step aqueous-phase cross-coupling reactions of 8-
Br-dATP (Scheme 1),‡ in analogy to our previously developed
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procedures.14–16 The Suzuki–Miyaura cross-coupling reaction of
8-Br-dATP with methylboronic or phenylboronic acid in the
presence of Pd(OAc)2 and P(C6H4-3-SO3Na)3 in a mixture of water
and CH3CN for 30 min gave the corresponding 8-modified dATP
in acceptable yields after purification by HPLC (40% for 8-Me-
dATP and 65% for 8-Ph-dATP). The former reaction was the first
example of direct attachment of an sp3 hybridized alkyl group to
nucleoside triphosphate by aqueous cross-coupling. The yield of
the reaction with MeB(OH)2 was somewhat lower than that for
the PhB(OH)2, but it is still a practical method for introduction of
the methyl group.


Four types of polymerases—E. coli polA (Klenow fragment
(3¢→5¢ exo-)), Thermus brockianus (Dynazyme II), Thermococcus
litoralis (Vent(exo-)) and Pyrococcus woesei (Pwo)—have been
tested for incorporation of 8-Br-dATP, 8-Me-dATP and 8-Ph-
dATP into different sequences of DNA by PEX (Chart 1,
Scheme 2).§


Scheme 2 PEX with template temp2A and 8-modified dATP.


Chart 1 Templates and primer used in this study.


8-Br-dATP was successfully incorporated into all four tested
sequences of DNA and was a good substrate for all four enzymes.
8-Me-dATP was still successfully incorporated into sequences
bearing one, two or four modifications in one molecule DNA
(tempA, temp2A, temp 4A). However, using a more complex
repetitive sequence with high density of modifications (tempATr),
the full extension was not achieved. Synthesis of ONs containing
8-PhA was the most difficult. It was shown that 8-Ph-dATP is a
poor substrate for all the tested polymerases. Fig. 1 shows the
incorporation of 8-modified dATP by PEX using temp4A and
all four tested polymerases. 8-Br-dATP (lines 4, 9, 14, 19) as
well as 8-Me-dATP (lines 5, 10, 15, 20) were accepted by all
polymerases as good substrates instead of natural dATP. Only
partial incorporations of 8-Ph-dATP were observed in reactions
with polymerases from Family B (Vent(exo-) and Pwo).


Melting temperatures and CD spectra of our modified DNAs
containing 8-BrA or 8-MeA were also studied. The ONs for
these measurements were prepared by PEX on a large scale
using Vent(exo-) as polymerase, templates tempA, temp2A and
temp4A, dCTP, dGTP, dTTP and dATP (positive control) or 8-
Br-dATP and 8-Me-dATP as surrogates of natural dATP. Higher
concentrations of the template and primers have been used to get
cleaner products. The melting temperatures of the natural and


Table 1 Melting temperatures of DNA duplexesa


tempA temp2A temp4A


Tm/◦C DTm
b Tm/◦C DTm


b Tm/◦C DTm
b


dATP 76 0 86 0 86 0
8-Br-dATP 76 0 84 -1 81 -1.25
8-Me-dATP 71 -5 79 -3.5 74 -3


a Prepared by PEX with tempA, temp2A, temp4A, Vent(exo-), dCTP, dGTP,
dTTP, dATP or 8-Br-dATP, 8-Me-dATP. b DTm= (Tmmod. - Tmnat.)/nmod.


Fig. 1 PEX with temp4A, dCTP, dGTP, dTTP, dATP (lines 2, 7, 12, 17);
dCTP, dGTP and dTTP (lines 3, 8, 13, 18), dCTP, dGTP, dTTP and 8-mod.
dATP (lines 4, 5, 6, 9, 10, 11, 14, 15, 16, 19, 20, 21), line 1—32P radiolabeled
primer.


modified DNAs are summarized in Table 1.¶ The presence of
the 8-Br substituent caused only very low destabilization (DTm =
-1.25 to 0 ◦C), while the methyl group resulted in more significant
destabilization (DTm = -5 to -3 ◦C). In CD spectra, the classical
B structure was observed in all cases with all the sequences studied
(Fig. 2).


Fig. 2 CD spectra of PEX products with tempA (+: natural DNA, Br:
DNA bearing one bromine on A, Me: DNA bearing one methyl on A).


The successful incorporation of our 8-modified dATPs was
proved by MALDI-TOF analysis (see the ESI†).‖ Single stranded
DNA was prepared by PEX with biotinylated template temp2A and
then by using magnetoseparation.16 Peaks at 8859.5 (calculated
mass 8855.8 [M + H+]), 8879.8 [M + Na+] and 8897.9 [M + K+]
of natural ssDNA were observed. By analysis of methylated DNA
(2 Me groups in one strand), the peak 8882.5 (calculated mass
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8883.8 [M + H+]) was observed to confirm successful incorpora-
tion of the two modifications.


In conclusion, aqueous cross-couplings were efficiently used
for attachment of a methyl or phenyl group to position 8 of
dATP. The modified dATPs bearing Br, Me or Ph groups were
tested as substrates for DNA polymerases to study the scope and
limitations of enzymatic incorporations of 8-substituted dATPs.
The results showed that 8-Br-dATP is a very good substrate,
suitable for incorporation to any sequence. 8-Me-dATP is a
somewhat worse substrate, but is still capable of incorporation
into most sequences, while the phenyl group in 8-Ph-dATP is too
bulky for the polymerase to accept this dNTP as a substrate. The
resulting ONs containing 8-BrA can be further used for postsyn-
thetic modifications (e.g. by nucleophilic substitutions or cross-
couplings), while the methylated DNA is interesting for studying
the epigenetic consequences of the unnatural methylation. Studies
in both these directions will follow in the future. Despite some
previous, rather scattered, examples of successful polymerase
incorporations of some 8-alkylamino dATPs reported by Perrin,19


these results confirm that 8-substituted dATP derivatives bearing
bulky groups (bigger than amino, bromo or methyl) are generally
poor substrates for DNA polymerases. Their replacement by 7-
substituted 7-deazapurine dNTPs12–16,21 is a much more efficient
way to introduce modifications to purines in DNA by PEX or
PCR.
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Notes and references


‡ Suzuki cross-couplings of 8-Br-dATP: a water–acetonitrile mixture (2 : 1,
0.4 ml) was added through a septum to an argon-purged vial containing
8-Br-dATP sodium salt (22 mg, 0.034 mmol), methylboronic acid (4.1 mg,
0.068 mmol) or phenylboronic acid (8.3 mg, 0.068 mmol), and Cs2CO3


(55.4 mg, 0.17 mmol). After the solids had dissolved, a solution of
Pd(OAc)2 (0.8 mg, 0.0034 mmol) and TPPTS (9.7 mg, 0.017 mmol) in
water–acetonitrile (2 : 1, 0.3 ml) was added and the mixture was stirred
and heated up to 120 ◦C for 30 minutes. Products were isolated from
the crude reaction mixture by HPLC on a C18 column with the use of a
linear gradient of 0.1 M TEAB (triethylammonium bicarbonate) in H2O
to 0.1 M TEAB in H2O–MeOH (1 : 1) as eluent. Several co-distillations
with water and conversion to sodium salt form (Dowex 50WX8 in Na+
cycle) followed by freeze-drying from water gave white solid products.
8-Me-dATP: yield 40%. MS(ESI-): 504.1 (100, M - 1), 526.1 (M + Na),
HRMS: for C11H17N5O12P3 calculated 504.0087, found 504.0098. 1H NMR
(500 MHz, D2O, refdioxane = 3.75 ppm, pH = 7.1): 2.40 (ddd, 1H, Jgem =
14.1, J2¢b,1¢ = 7.0, J2¢b,3¢ = 3.7, H-2¢b); 2.69 (s, 3H, CH3); 3.10 (dt, 1H, Jgem =
14.1, J2¢a,1¢ = J2¢a,3¢ = 7.6, H-2¢a); 4.19–4.32 (m, 3H, H-4¢ and H-5¢); 4.84
(bm, 1H, H-3¢); 6.48 (dd, 1H, J1¢2¢ = 7.6, 7.0, H-1¢); 8.19 (s, 1H, H-2). 31P
(1H dec.) NMR (202.3 MHz, D2O, refH3PO4 = 0 ppm, pH = 7.1): -21.28
(dd, J = 19.4, 19.2, Pb); -10.32 (d, J = 19.2, Pa); -6.73 (d, J = 19.4, Pg ).
8-Ph-dATP: yield 65%. MS(ESI-): 566.4 (25, M - 1), 486.4 (100, M -
PO3H2 - 1), 588.4 (25, M + Na), HRMS: for C16H19N5O12P3 calculated
566.0243, found 566.0245. 1H NMR (500 MHz, D2O, refdioxane = 3.75 ppm,
pH = 7.1): 2.23 (ddd, 1H, Jgem = 14.1, J2¢b,1¢ = 7.2, J2¢b,3¢ = 4.1, H-2¢b); 3.26
(dt, 1H, Jgem = 14.1, J2¢a,1¢ = J2¢a,3¢ = 7.5, H-2¢a); 4.12–4.22 (m, 2H, H-4¢
and H-5¢b); 4.29 (dt, 1H, Jgem = 10.5, J5¢a,4¢ = JH,P = 4.0, H-5¢a); 4.64 (ddd,
1H, J3¢,2¢ = 7.5, 4.1, J3¢,4¢ = 3.8, H-3¢); 6.33 (dd, 1H, J1¢2¢ = 7.5, 7.2, H-1¢);
7.57–7.66 (m, 3H, H-m,p-Ph); 7.69 (m, 2H, H-o-Ph); 8.26 (s, 1H, H-2). 31P
(1H dec.) NMR (202.3 MHz, D2O, refH3PO4 = 0 ppm, pH = 7.1): -21.41
(dd, J = 19.1, 17.9, Pb); -10.22 (d, J = 19.1, Pa); -7.46 (d, J = 17.9, Pg ).


§ PEX: the reaction mixture (20 ml) contained a polymerase (0.1 unit),
8-modified dATP (1 mM), dTTP, dCTP and dGTP (0.1 mM), primer
(0.15 mM), template (0.225 mM) in polymerase reaction buffer supplied
by the manufacturer. Primer was labeled by use of [g32P]-ATP. The
mixtures were incubated for 30 min at 37 ◦C (Klenow(exo-)) or 60 ◦C
(other polymerases) in a thermal cycler and were stopped by addition
of stop solution (40 mL, 80% [v/v] formamide, 20 mM EDTA, 0.025%
[w/v] bromophenol blue, 0.025% [w/v] xylene cyanol). Reaction mixtures
were separated by use of a 12.5% denaturing PAGE. Visualization was
performed by phosphoimaging.
¶Tm: for preparative purposes, a total volume of 500 ml PEX using
higher concentrations of primer (2 mM) and template (2 mM) was run
and purification was carried out with a QIAquick Nucleotide Removal
Kit (Qiagen). Samples were eluted with 100 ml H2O (pH 7.5) and then
freeze-dried. DNA duplexes were first dissolved in 160 ml of phosphate
buffer (10 mM) and 1 M NaCl (pH 7) and further diluted with the
buffer to optimum concentration – OD260 between 0.08 and 0.1. Thermal
denaturation studies were performed on a Cary 100 Bio (UV–Visible
spectrometer with temperature controller, Varian). Data were obtained
from six individual cooling–heating cycles. Melting temperatures (Tm


values in ◦C) were obtained by plotting temperature versus absorbance
and by applying a sigmoidal curve fit.
‖ Preparation of samples for MALDI-TOF analysis: PEX on a large scale
followed by magnetoseparation.16 For desalting of samples, we used the
ZipTip technique.22
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An exploration of the chemistry of the spiro-mamakone system, exemplified by the cytotoxic, fungal
metabolite spiro-mamakone A, is presented. The first reported synthesis of the spiro-mamakone carbon
skeleton was achieved, as well as the synthesis of a variety of closely related analogues of the natural
product. Biological testing of the synthetic analogues generated a structure–activity profile for the
natural product, establishing the importance of the enedione moiety to biological activity.


Introduction


As part of on-going studies on biologically active fungal metabo-
lites from New Zealand sources, our group recently disclosed
the structure of spiro-mamakone A, 1, isolated from a non-
sporulating, endophytic fungus of the New Zealand native tree
Knightia excelsa (rewarewa).1 This compound, and related natural
products,2 represent new members of the spirobisnaphthalene
family of natural products.3 The spirobisnaphthalenes are a
relatively new and diverse class of compounds in which two
naphthalene-derived C10 units are bridged by a spiro-acetal linkage
with, in some cases, further bridging bonds: an additional oxygen
bridge for the preussomerins and a C–C bond in the case of the
spiroxins.4,5 This class displays a variety of biological activities,
with many possessing antimicrobial, herbicidal and antitumour
properties.


spiro-Mamakone A displays potent cytotoxicity (IC50 of
0.33 lM against the murine leukaemia cell line P388) and an-
timicrobial activity. It is particularly interesting from a structural
perspective, containing an unprecedented spiro-nonadiene motif
which features a high degree of oxidation and unsaturation. This
entity has been shown by our group to be derived biosynthetically
from one of the naphthalene units via oxidative rearrangement
of an epoxide followed by decarboxylation and ring-closure.6


Interestingly, spiro-mamakone A was isolated as a racemate, which
is accounted for by the proposed biosynthetic pathway. The
relationship between the chemical structure of this unusual motif
and the biological activity of 1 is of interest, and an exploration of
the chemistry of the spiro-mamakone system was undertaken. The
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preparation of a series of spiro-mamakone analogues is presented
here, along with their observed biological activities.


Results and discussion


Synthetic studies


The carbon skeleton of the spiro-mamakone system was assembled
via modification of the synthetic strategy reported by Taylor
and co-workers in their synthesis of palmarumycin CP1, CP2


and other spirobisnaphthalenes.7,8 Thus, the spiro-acetal linkage
between 1,8-dihydroxynaphthalene and an appropriate ketone
was to be generated. The known spiro[4.4]nonadione, 3,9 was
chosen as the precursor as it has the appropriate C9 skeleton and
contains orthogonal functionality in each ring. The synthesis of
3 was undertaken, with minor changes to the original literature
protocol (Scheme 1). Thus, diallylation of cyclopentanone was
accomplished via the recent procedure reported by Kayaki et al.10


and ring-closing metathesis was carried out using Grubbs′ 2nd,
rather than 1st, generation catalyst. It was found that the yield
of the spiro-annulated adduct 3 could be improved if crude 2
was subjected directly to ring-closing metathesis, such that near
quantitative yields could be obtained over two steps.


Scheme 1 Preparation of starting materials: (a) allyl alcohol, Pd2(dba)3,
P(OC6H5)3; (b) Grubbs′ 2nd generation catalyst; (c) KOH, D.


1,8-Dihydroxynaphthalene, 4, was synthesised following the
protocol employed by Taylor and co-workers, and first described
by Erdmann (Scheme 1).11 Next, coupling of 3 and 4 to form
a spiro-acetal linkage was investigated. A variety of acids and
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dehydration conditions were surveyed but without success. The
oxidative autopolymerisation of 1,8-dihydroxynaphthalene to give
a black tar competed with acetal formation under these conditions,
despite efforts to preclude oxygen.


An acetal exchange method was successfully employed
to form the crucial spiro-acetal linkage (Scheme 2). 1,8-
Dihydroxynaphthalene was converted to the acetonide, 5, and an
acetal exchange with 3 yielded 6 in the presence of triflic acid
under gentle heating, albeit in a modest 15% yield (60%, based on
recovered starting material).


Scheme 2 Preparation of spiro-mamakone skeleton: (d) dimethoxy-
propane, pTSA; (e) triflic acid.


With the spiro-mamakone carbon skeleton in hand, attention
was turned to exploring the oxidation level of the northern hemi-
sphere (Scheme 3). Manipulation of ring A was first examined.
Ketone 6 was reduced to racemic alcohol 7. Whilst treatment of 6
with DDQ (in refluxing benzene or dioxane) returned only starting
material, reaction with IBX, with N-methoxypyridine-N-oxide
hydrate as an additive, at elevated temperatures afforded enone 9
in moderate yield (42%).12 Enone 9 was selectively reduced to the
allylic alcohol 10 under Luche reduction conditions.13 Alcohols
7 and 10 were converted to acetates, 8 and 11 respectively, to
facilitate further chemical modifications.


Having prepared analogues with varying degrees of oxidation in
ring A, including allylic alcohol 10 which is directly analogous to
the natural product, manipulation of ring B was next examined.
Analogues featuring an enone in place of the enedione of the
parent natural product, such as 12, would be useful for comparison
in a structure–activity profile. A single allylic oxidation was
therefore investigated with analogues 6, 8, 9 and 11. The rhodium-
catalysed, allylic oxidant system developed by Catino et al.
successfully oxidized these substrates to yield enones.14 However,
1H and 2D NMR spectroscopy suggested that the enones formed
were not analogous to enone 12, and were instead enones formed
with olefin migration (Scheme 4). Specifically, it was observed
that the COSY coupling between the down-field enone protons
(for example 7.55 ppm in enone 13) and the methylene protons
(2.94 and 2.50 ppm) which would be anticipated, was absent.
To unambiguously distinguish between the regioisomeric enone
possibilities, 18 and its enantiomer were reduced under Luche
reduction conditions (Scheme 5). This yielded one major isomer,
whose 1H and COSY NMR data corresponded to 19, confirming
that allylic oxidation had occurred with olefin migration. Several
alternative allylic oxidant systems were also examined (Pd(OH)2–


Scheme 3 Manipulation of the degree of oxidation of ring A: (f) NaBH4;
(g) Ac2O, pyridine; (h) IBX, MPO; (i) NaBH4, CeCl3, MeOH.


tBuOOH,15 CrO3–DMP,16 PDC–tBuOOH17 and Bi(NO3)3·5H2O–
tBuOOH18), but these also yielded enones with olefin migration
and furthermore, were slower in achieving the oxidation than the
rhodium-catalysed oxidation. Allylic oxidation of olefins 8 and 11
yielded separable mixtures of enones 14 and 15 (ratio of 1 : 1.3, as
judged by 1H NMR of the crude mixture), and 17 and 18 (ratio of
1 : 2.4) respectively.


The generation of allylic alcohol 19 led to the consideration of a
cyclopentadiene analogue of spiro-mamakone A, via dehydration
(Scheme 6), as a target. Luche reduction of the mixture of
diastereoisomers 17 and 18 gave a complex mixture of diastereoiso-
meric allylic alcohols, 20. Dehydration of this mixture using
Burgess′ reagent yielded the cyclopentadiene analogue, 21.19,20 The
unprotected analogue of 20, 22, was also obtained, via the selective
1,2 enone reduction of both enones of 16 (Scheme 7), and its fully
protected analogue, 23 was generated via acetylation of 22.


Finally, the introduction of halogens on ring B was briefly
examined, via allylic bromination of the olefin using enone 9 as a
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Scheme 4 Allylic oxidation of ring B of synthetic spiro-mamakone
analogues: (j) Rh2(cap)4, tBuOOH, NaHCO3.


Scheme 5 Confirmation of enone regiochemistry.


model system. However, the activated naphthalene moiety proved
more reactive towards the bromine generated in situ, yielding
analogue 24 (Scheme 8). Interestingly, the product of an olefin
migration, analogue 25, was also obtained from the reaction
mixture.


Scheme 6 Preparation of a cyclopentadiene analogue: (k) Burgess′


reagent.


Scheme 7 Synthesis of further analogues.


Scheme 8 Reactivity under bromination conditions: (l) NBS, AIBN.
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With a variety of compounds based on the spiro-mamakone
skeleton prepared, their biological activities were next explored.


Biological testing


The potent cytotoxicity displayed by spiro-mamakone A (IC50


of 0.33 lM in the murine leukaemia cell line P388 assay)
prompted the testing of all synthetic analogues described above
for equivalent biological activity, in order to develop a structure–
activity profile for the spiro-mamakone system. The results are
presented in Table 1. The most striking conclusion which can be
drawn from these results is that spiro-mamakone A represents a
highly refined entity with respect to its biological activity. The
synthetic analogues tested all share the carbon skeleton of spiro-
mamakone A, but vary widely in the degree and positions of
oxidation on the northern hemisphere. Most analogues displayed
at least 100-fold lower biological activity than the natural product,
including some which feature very similar substitution. The
lack of, or weak activity of analogues 10 and 22, which differ
from the natural product only in the substitution of the right-
hand ring, highlights the importance of the enedione moiety to
biological activity. Interestingly, two synthetic analogues, enones
9 and 16, display cytotoxicity of the same order of magnitude as
the natural product. Brominated enones 24 and 25 also display
significant biological activity. Since enones are known biological
pharmacophores, and are not present in the natural product, it
is possible that the biological activity of these analogues is due
to a different biological mechanism. However, the low activities
of enones 13 to 15, 17 and 18 indicate that an enone moiety
is not sufficient to induce potent cytotoxicity in this class of
compounds. It is interesting to note that the biologically active
analogues have an enone located in ring A, but when the enone
is located in ring B they are inactive. This suggests that the
biologically active form of spiro-mamakone A may possibly
require an enone or equivalent in ring A. Biosynthetic studies6


established that the most likely final step in the biosynthesis
of spiro-mamakone A was the aldol type formation of the
C4-C5 bond to form ring A from the likes of the a,b-unsaturated
aldehyde 26 (Scheme 9) and that this step was possibly freely
reversible (as the enedione motif is a stable leaving group). We
therefore speculate that an enone in ring A may mimic this ring-
opened isomer of spiro-mamakone A, and may also explain the
low activities of allylic alcohols 10 and 22, which do not contain
an enedione, and therefore cannot isomerise to an a,b-unsaturated
aldehyde.


Conclusion


The carbon skeleton of spiro-mamakone A has been success-
fully assembled and manipulated, yielding a series of synthetic
analogues of the natural product. These analogues feature a
wide variety of oxidation patterns in the northern hemisphere.
Biological testing of the synthetic analogues allowed a structure–
activity relationship profile to be developed, and thereby allow
speculation on the active form of the natural product and its
chemical reactivity at its biological target. The significant bio-
logical activities of several synthetic analogues prepared suggests
that the natural product may prove to be a useful platform for lead
optimisation.


Table 1 Summary of biological activity against murine leukaemia cell-
line P388 displayed by spiro-mamakone A and synthetic analogues


IC50/lM


1 0.33
6 >42
7 >42
8 >37
9 0.9


10 43
11 >37
13 36
14 >36
15 30
16 0.7
17 >36
18 30
20 >36
21 >38
22 >41
23 25
24 10
25 9


Scheme 9 Biosynthetic precursor of spiro-mamakone A.


Experimental


General experimental


Anhydrous CHCl3 and DCM were distilled under nitrogen over
calcium hydride, while anhydrous benzene was distilled under ni-
trogen over sodium. Reagents obtained from commercial suppliers
were used without further purification. Column chromatography
was performed using silica gel (230–400 mesh, 60 Å pore size)
and commercial grade solvents. IR measurements were taken on
a Shimadzu FTIR-8201PC spectrophotometer or a Perkin Elmer
Spectrum One FTIR spectrophotometer. 1H NMR (500 MHz)
and 13C NMR (125 or 75 MHz) spectra were recorded on Varian
NMR instruments in CDCl3 (referenced using tetramethylsilane).
Samples were analysed on a Micromass LCT mass spectrometer
equipped with an electrospray ionisation (ESI) probe or on a high
resolution VG-70SE mass spectrometer equipped with electron
ionisation or chemical ionisation (using ammonia gas) probes.
Where noted, flash chromatography was carried out on silica
which was first deacidified by addition of triethylamine (∼1–2%)
to a suspension of silica in the initial eluent. Analytical high
pressure liquid chromatography (HPLC) was carried out on a
Dionex HPLC instrument. For the P388 cytotoxicity assays, two-
fold dilution series for each synthetic analogue were incubated for
72 h with fast-growing murine leukaemia cells (ATCC CCL 46
P388D1). The concentration of the sample required to inhibit cell
growth to 50% of the growth of a cell control (IC50) was determined
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by interpolation from the absorbances obtained upon staining
with MTT tetrazolium. The positive control was mitomycin C
(0.06 lg mL−1), which inhibited cell growth by 43–75%.


spiro[4.4]Nona-7-ene-1,4-dione, 3. Crude 2,2-diallylcyclopen-
tane-1,3-dione (2, ∼1.8 g, ∼10 mmol)10 was dissolved in anhydrous
DCM (30 mL), Grubbs′ 2nd generation catalyst was added (350 mg,
0.41 mmol, 4 mol%) and the reaction was stirred under an inert
atmosphere for 18 h. Removal of solvents in vacuo and silica
chromatography using a gradient of 20 to 30% diethyl ether in
petroleum ether gave 3 as an off-white crystalline solid (1.48 g,
9.88 mmol, 97% over two steps). Rf 0.18 (silica, 4 : 1 petroleum
ether–EtOAc, PMA); mp 91–93 ◦C (diethyl ether, lit. 89–90 ◦C);9


IR (diffuse reflectance) mmax/cm−1 1751, 1713, 1443, 1273, 1227,
1111; dH (500 MHz, CDCl3, Me4Si) 5.62 (2H, br s), 2.83 (4H, s),
2.67 (4H, br s);9 dC (75 MHz, CDCl3) 214.4, 127.4, 61.3, 41.1,
34.9; HRCIMS m/z = 150.0684 [M]+• 2.0 ppm (150.0681 calcd for
C9H10O2).


1,8-Dihydroxynaphthalene acetonide, 5. 1,8-Dihydroxynaph-
thalene (4, 640 mg, 4.0 mmol)8,11 was dissolved in
dimethoxypropane (10 mL) and pTSA (10 mg, 0.06 mmol)
added. The reaction was refluxed for 16 h, then cooled to room
temperature. Diethyl ether (10 mL) was added and the mixture was
washed with NaHCO3(aq) (1 M, 2 × 10 mL). The organic phase
was dried over MgSO4 and filtered. The crude residue was passed
through a short silica column eluting with petroleum ether and the
solvent removed in vacuo to give a yellow solid. The residue was
then passed through a C18 reverse phase pad with a solution of 60%
MeCN in H2O. Removal of MeCN in vacuo yielded an aqueous
suspension which was extracted exhaustively using diethyl ether.
The combined organic phases were dried over MgSO4, filtered and
the solvent removed in vacuo to yield 5 as a white crystalline solid
(590 mg, 2.95 mmol, 74%). Mp 61–64 ◦C (petroleum ether); Rf


0.75 (silica, 4 : 1 petroleum ether–EtOAc, UV/PMA); IR (thin
film) mmax/cm−1 1608, 1411, 1385, 1375, 1281, 1265; dH (500 MHz,
CDCl3, Me4Si) 7.44–7.36 (4H, m, 3/4/5/6-H), 6.86 (2H, dd, 6.8
Hz, 1.4 Hz, 2/8-H), 1.66 (6H, s, C(CH3)2); dC (75 MHz, CDCl3)
148.0 (C-1/8), 134.2 (C-4a), 127.3 (C-3/6), 120.0 (C-4/5), 113.5
(C-8a), 108.7 (C-2/7), 101.7 (C(CH3)2), 25.2 (C(CH3)2); HREIMS
m/z = 200.0835 [M]+• 1.0 ppm (200.0837 calcd for C13H12O2).


spiro[4.4]Nona-7-ene-1,4-dione-1,1-[1,8-dihydroxynaphthalene]-
acetal, 6. 1,8-Dihydroxynaphthalene acetonide (5, 900 mg,
4.50 mmol, 1.7 eq) and spiro[4.4]nona-7-ene-1,4-dione (3, 400 mg,
2.66 mmol) were dissolved in anhydrous CHCl3 (6 mL) and triflic
acid (40 lL, 0.45 mmol, 0.17 eq) was added. The reaction mixture
became a dark brown colour upon addition of the acid and was
stirred at 45 ◦C for 48 h. The reaction mixture was then diluted with
diethyl ether (2 mL) and washed with NaHCO3(aq) (1 M, 2 × 1 mL).
The organic phase was dried over MgSO4, filtered and the solvent
removed in vacuo. The crude residue was purified on Florisil R© using
a gradient of 0 to 20% diethyl ether in petroleum ether. This gave 6
as an off-white solid (120 mg, 0.41 mmol, 15%). Starting material,
3, was also recovered (180 mg, 1.20 mmol, 45%). Mp 150–151
◦C (diethyl ether); Rf 0.46 (silica, 4 : 1 petroleum ether–EtOAc,
UV/PMA); IR (diffuse reflectance) mmax/cm−1 1744, 1611, 1414,
1275, 1248; dH (500 MHz, CDCl3, Me4Si) 7.49 (2H, dd, 8.4 Hz, 0.7
Hz, 13/15-H), 7.41 (2H, dd, 8.4 Hz, 7.5 Hz, 12/16-H), 6.91 (2H,
dd, 7.5 Hz, 0.7 Hz, 11/17-H), 5.70 (2H, br m, 7/8-H), 3.05 (2H,


br d, 14.0 Hz, 6/9-H), 2.61 (2H, br d, 14.0 Hz, 6/9-H), 2.53 (2H,
dd, 8.2 Hz, 7.7 Hz, 2-H or 3-H), 2.17 (2H, dd, 8.2 Hz, 7.7 Hz, 2-H
or 3-H); dC (75 MHz, CDCl3) 214.3 (C, C-4), 147.5 (C, C-10/18),
134.2 (C, C-14), 128.1 (CH, C-7/8), 127.3 (CH, C-12/16), 120.6
(CH, C-13/15), 113.9 (C, C-19), 109.3 (CH, C-11/17), 108.1 (C,
C-1), 62.0 (C, C-5), 36.4 (CH2, C-6/9), 33.7 (CH2, C-2 or C-3),
28.1 (CH2, C-2 or C-3); HRESIMS m/z = 293.1187 [M + H]+


3.1 ppm (293.1178 calcd for C19H17O3).


4-Hydroxy-spiro[4.4]nona-7-ene-1-one-1,1-[1,8-dihydroxynaph-
thalene]-acetal, 7. spiro[4.4]Nona-7-ene-1,4-dione-1,1-[1,8-dihy-
droxynaphthalene]-acetal (6, 10 mg, 0.034 mmol) was dissolved
in MeOH (1 mL) and NaBH4 (7.5 mg, 0.20 mmol, 5.9 eq) was
added. The reaction was stirred at room temperature for 16 h,
then NaHCO3(aq) (1 M, 2 mL) was added and the reaction extracted
with EtOAc (3 × 2 mL). After drying over MgSO4, filtration and
removal of solvent in vacuo, the crude product was purified on
deacidified silica using a gradient of 0 to 10% diethyl ether in
petroleum ether, to give 7 as a colourless oil (4.8 mg, 0.016 mmol,
47%). Rf 0.26 (4 : 1 petroleum ether–EtOAc, UV/PMA); IR (thin
film) mmax/cm−1 3406, 2926, 1609, 1411, 1381, 1275; dH (500 MHz,
CDCl3, Me4Si) 7.47 (1H, dd, 8.3 Hz, 0.9 Hz, 13-H or 15-H), 7.46
(1H, dd, 8.3 Hz, 0.9 Hz, 13-H or 15-H), 7.40 (1H, dd, 8.3 Hz, 7.4
Hz, 12-H or 16-H), 7.395 (1H, dd, 8.3 Hz, 7.4 Hz, 12-H or 16-H),
6.89 (1H, dd, 7.4 Hz, 0.9 Hz, 11-H or 17-H), 6.88 (1H, dd, 7.4
Hz, 0.9 Hz, 11-H or 17-H), 5.77 (1H, m, 7-H or 8-H), 5.69 (1H,
m, 7-H or 8-H), 4.08 (1H, m, 4-H), 3.05 (1H, m, 6-H or 9-H),
2.86 (1H, m, 6-H or 9-H), 2.76 (1H, m, 6-H or 9-H), 2.48 (1H, d,
9.3 Hz, OH), 2.31 (1H, m, 3-H), 2.15 (1H, m, 6-H or 9-H), 2.06
(1H, m, 2-H), 1.80 (2H, m, 2/3-H); dC (75 MHz, CDCl3) 148.4
(C, C-10 or C-18), 147.6 (C, C-10 or C-18), 134.4 (C, C-14), 129.9
(CH, C-7 or C-8), 127.8 (CH, C-7 or C-8), 127.3 (CH, C-12 or
C-16), 127.2 (CH, C-12 or C-16), 120.6 (CH, C-13 or C-15), 120.4
(CH, C-13 or C-15), 114.0 (C, C-19), 112.0 (C, C-1), 109.3 (CH,
C-11 or C-17), 109.2 (CH, C-11 or C-17), 77.8 (CH, C-4), 58.9 (C,
C-5), 39.2 (CH2, C-6 or C-9), 32.7 (CH2, C-6 or C-9), 30.7 (CH2,
C-2), 29.7 (CH2, C-3); HRESIMS m/z 295.1339 [M + H]+ 1.7 ppm
(295.1334 calcd for C19H19O3).


O-Acetyl-4-hydroxy-spiro[4.4]nona-7-ene-1-one-1,1-[1,8-dihy-
droxynaphthalene]-acetal, 8. 4-Hydroxy-spiro[4.4]nona-7-ene-1-
one-1,1-[1,8-dihydroxynaphthalene]-acetal (7, 20 mg, 0.068 mmol)
was dissolved in pyridine (500 lL) and acetic anhydride was added
(200 lL, 2.1 mmol, 31 eq). The reaction was stirred at room
temperature for 16 h. Deionised H2O (3 mL) was added and the
mixture extracted with diethyl ether (4 × 3 mL). The combined
organic phases were dried over MgSO4, filtered and the solvents
removed in vacuo. No further purification was required. The
product (8, 19 mg, 0.056 mmol, 82%) was obtained as a colourless
oil. IR (thin film) mmax/cm−1 1738, 1609, 1412, 1381, 1243; dH


(500 MHz, CDCl3, Me4Si) 7.45–7.36 (4H, m, 12/13/15/16-H),
6.90 (1H, d, 7.5 Hz, 11-H or 17-H), 6.88 (1H, d, 7.5 Hz, 11-H or
17-H), 5.71–5.65 (2H, m, 7/8-H), 5.41 (1H, dd, 8.2 Hz, 6.7 Hz, 4-
H), 3.05 (1H, m, 6-H or 9-H), 2.85 (1H, m, 6-H or 9-H), 2.68 (1H,
m, 6-H or 9-H), 2.42 (1H, m, 6-H or 9-H), 2.28 (1H, m, 3-H), 2.09
(3H, s, 21-H), 1.93 (2H, m, 2-H), 1.72 (1H, m, 3-H); dC (75 MHz,
CDCl3) 171.3 (C, C-20), 148.5 (C, C-10 or C-18), 148.4 (C, C-10
or C-18), 134.5 (C, C-14), 129.01 (CH, C-7 or C-8), 128.97 (CH,
C-7 or C-8), 127.6 (CH, C-12 or C-16), 127.5 (CH, C-12 or C-16),
120.6 (CH, C-13 or C-15), 120.5 (CH, C-13 or C-15), 114.4 (C,
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C-19), 110.0 (C, C-1), 109.7 (CH, C-11 or C-18), 109.4 (CH, C-11
or C-18), 79.3 (CH, C-4), 57.8 (C, C-5), 38.2 (CH2, C-6 or C-9),
34.4 (CH2, C-6 or C-9), 30.9 (CH2, C-2), 26.3 (CH2, C-3), 21.5
(CH3, C-21); HREIMS m/z = 336.1366 [M]+• 1.2 ppm (336.1362
calcd for C21H20O4).


spiro[4.4]Nona-2,7-diene-1,4-dione-1,1-[1,8-dihydroxynaphtha-
lene]-acetal, 9. spiro[4.4]Nona-7-ene-1,4-dione-1,1-[1,8-dihy-
droxynaphthalene]-acetal, (6, 95 mg, 0.33 mmol), IBX (380 mg,
1.36 mmol, 4.1 eq) and N-methoxypyridine-N-oxide hydrate
(170 mg, 1.36 mmol, 4.1 eq) were dissolved in DMSO (1.4 mL)
at 70 ◦C (over 15 min) to form a clear reddish solution. The
reaction was then stirred at 70 ◦C for 20 h during which time
a white precipitate formed. NaHCO3(aq) was slowly added (1 M,
approximately 2 mL) and the resulting mixture was extracted with
diethyl ether (4 × 3 mL). The combined organic phases were dried
over MgSO4, filtered and the solvent removed in vacuo. The crude
product was purified by chromatography on deacidified silica
using a gradient of 0 to 2% diethyl ether in petroleum ether. The
product, 9, was obtained as a white solid (40 mg, 0.14 mmol, 42%)
and remaining starting material, 6, eluted after. Mp 142–144 ◦C
(diethyl ether); Rf 0.56 (4 : 1 petroleum ether–EtOAc, UV/PMA);
IR (diffuse reflectance) mmax/cm−1 1725, 1611, 1411, 1278, 1262,
1250; dH (500 MHz, CDCl3, Me4Si) 7.51 (2H, dd, 8.4 Hz, 0.7 Hz,
13/15-H), 7.43 (2H, dd, 8.4 Hz, 7.5 Hz, 12/16-H), 7.38 (1H, d, 6.1
Hz, 2-H or 3-H), 6.93 (2H, dd, 7.5 Hz, 0.7 Hz, 11/17-H), 6.39 (1H,
d, 6.1 Hz, 2-H or 3-H), 5.65 (2H, br s, 7/8-H), 3.22 (2H, br d, 16.0
Hz, 6/9-H), 2.64 (2H, br d, 16.0 Hz, 6/9-H); dC (75 MHz, CDCl3)
206.6 (C, C-4), 153.3 (CH, C-2), 147.6 (C, C-10/18), 135.2 (CH,
C-3), 134.2 (C, C-14), 128.0 (CH, C-7/8), 127.5 (CH, C-12/C16),
120.9 (CH, C-13/C15), 113.7 (C, C-19), 109.3 (CH, C-11/17),
105.8 (C, C-1), 61.2 (C, C-5), 38.0 (CH2, C-6/9); HRESIMS
m/z = 291.1030 [M + H]+ 3.1 ppm (291.1021 calcd for C19H15O3).


4-Hydroxy-spiro[4.4]nona-2,7-diene-1-one-1,1-[1,8-dihydroxy-
naphthalene]-acetal, 10. spiro[4.4]Nona-2,7-diene-1,4-dione-1,1-
[1,8-dihydroxynaphthalene]-acetal (9, 10 mg, 0.034 mmol) and
CeCl3 (anhydrous, 9 mg, 0.036 mmol, 1.1 eq) were dissolved in
MeOH (500 lL) and cooled to 0 ◦C. NaBH4 (1.3 mg, 0.034 mmol, 1
eq) was added and the reaction stirred at 0 ◦C for 1 h. NaHCO3(aq) (1
M, 1 mL) was added and the reaction extracted with diethyl ether
(4 × 1 mL). The combined organic phases were dried over MgSO4,
filtered and the solvent removed in vacuo. The crude product was
purified by chromatography on deacidified silica using a gradient
of 0 to 12% diethyl ether in petroleum ether, to give 10 as a
colourless oil (10 mg, 0.034 mmol, ∼100%). Rf 0.31 (4 : 1 petroleum
ether–EtOAc, UV/PMA); IR (thin film) mmax/cm−1 1607, 1413,
1382, 1277, 1100; dH (500 MHz, CDCl3, Me4Si) 7.47 (1H, dd, 8.3
Hz, 0.8 Hz, 13-H or 15-H), 7.45 (1H, dd, 8.3 Hz, 0.8 Hz, 13-H or
15-H), 7.40 (1H, dd, 8.3 Hz, 7.5 Hz, 12-H or 16-H), 7.38 (1H, dd,
8.3 Hz, 7.5 Hz, 12-H or 16-H), 6.91 (1H, dd, 7.5 Hz, 0.8 Hz, 11-H
or 17-H), 6.83 (1H, dd, 7.5 Hz, 0.8 Hz, 11-H or 17-H), 6.35 (1H,
dd, 6.0 Hz, 2.7 Hz, 3-H), 6.02 (1H, d, 6.0 Hz, 2-H), 5.76 (1H, m,
7-H or 8-H), 5.69 (1H, m, 7-H or 8-H), 4.39 (1H, d, 2.7 Hz, 4-H),
3.19 (1H, ddd, 16.9 Hz, 2.6 Hz, 2.4 Hz, 6-H or 9-H), 2.85 (2H,
m, 6/9-H), 2.09 (1H, 16.9 Hz, 1.9 Hz, 1.6 Hz, 6-H or 9-H); dC (75
MHz, CDCl3) 148.6 (C, C-10 or C-18), 148.3 (C, C-10 or C-18),
140.3 (CH, C-3), 134.3 (C, C-14), 132.9 (CH, C-2), 129.5 (CH, C-7
or C-8), 128.2 (CH, C-7 or C-8), 127.3 (CH, C-12/16), 120.5 (CH,
C-13 or C-15), 120.4 (CH, C-13 or C-15), 114.1 (C, C-19), 111.0


(C, C-1), 109.2 (CH, C-11 or C-17), 108.8 (CH, C-11 or C-17), 81.1
(CH, C-4), 59.9 (C, C-5), 40.3 (CH2, C-6/9); HRESIMS m/z =
293.1186 [M + H]+ 2.7 ppm (293.1178 calcd for C19H17O3).


O-Acetyl-4-hydroxy-spiro[4.4]nona-2,7-diene-1-one-1,1-[1,8-
dihydroxynaphthalene]-acetal, 11. 4-Hydroxy-spiro[4.4]nona-2,
7-diene-1-one-1,1-[1,8-dihydroxynaphthalene]-acetal (10, 5 mg,
0.017 mmol) was dissolved in pyridine (500 lL) and acetic
anhydride was added (200 lL, 2 mmol, 120 eq). The reaction
was stirred at room temperature for 20 h, then diethyl ether was
added (2 mL) and the mixture extracted with NaHCO3(aq) (1 M,
3 × 2 mL). After drying over MgSO4, filtration and removal of
solvent in vacuo, the crude product was purified on deacidified
silica using a gradient of 0 to 12% diethyl ether in petroleum ether,
to give 1 as a colourless oil (5.5 mg, ∼0.017 mmol, ∼100%). Rf 0.69
(4 : 1 petroleum ether–EtOAc, UV/PMA); IR (thin film) mmax/cm−1


1738, 1607, 1412, 1381, 1279, 1219; dH (500 MHz, CDCl3, Me4Si)
7.46 (1H, dd, 8.4 Hz, 0.9 Hz, 13-H or 15-H), 7.45 (1H, dd, 8.4 Hz,
0.9 Hz, 13-H or 15-H), 7.40 (1H, dd, 8.4 Hz, 7.5 Hz, 12-H or 16-
H), 7.39 (1H, dd, 8.4 Hz, 7.5 Hz, 12-H or 16-H), 6.91 (1H, dd, 7.5
Hz, 0.9 Hz, 11-H or 17-H), 6.86 (1H, dd, 7.5 Hz, 0.9 Hz, 11-H or
17-H), 6.17 (1H, dd, 6.0 Hz, 2.2 Hz, 3-H), 6.05 (1H, dd, 6.0 Hz, 1.2
Hz, 2-H), 5.74 (1H, dd, 2.2 Hz, 1.2 Hz, 4-H), 5.68 (2H, m, 7/8-H),
3.18 (1H, m, 6-H or 9-H), 2.97 (1H, m, 6-H or 9-H), 2.60 (1H, m,
6-H or 9-H), 2.45 (1H, m, 6-H or 9-H), 2.11 (3H, s, 21-H); dC (75
MHz, CDCl3) 170.8 (C, C-20), 148.8 (C, C-10 or C-18), 148.5 (C,
C-10 or C-18), 136.8 (CH, C-3), 134.3 (C, C-14), 133.2 (CH, C-2),
128.7 (CH, C-7 or C-8), 128.4 (CH, C-7 or C-8), 127.32 (CH, C-12
or C-16), 127.28 (CH, C-12 or C-18), 120.4 (CH, C-13 or C-15),
120.3 (CH, C-13 or C-15), 114.1 (C, C-19), 109.9 (C, C-1), 108.9
(CH, C-11/17), 82.1 (CH, C-4), 60.5 (C, C-5), 38.9 (CH2, C-6 or
C-9), 34.3 (CH2, C-6 or C-9), 21.1 (CH3, C-21); HRESIMS m/z =
335.1293 [M + H]+ 3.0 ppm (335.1283 calcd for C21H19O4).


spiro[4.4]Nona-6-ene-1,4,8-trione-1,1-[1,8-dihydroxynaphtha-
lene]-acetal, 13. spiro[4.4]Nona-7-ene-1,4-dione-1,1-[1,8-dihy-
droxynaphthalene]-acetal (6, 12 mg, 0.041 mmol) was dissolved in
anhydrous DCM (1 mL) and dirhodium(II)tetrakis(caprolactam)
(0.3 mg, 0.45 lmol, 1 mol%) and NaHCO3 (1.5 mg, 0.018 mmol,
0.4 eq) were added. tButyl hydroperoxide (anhydrous, 5 M in
decanes, 40 lL, 0.20 mmol, 5 eq) was added and an immediate
colour change from light purple to deep pink was observed. The
reaction was stirred at room temperature for 16 h, then filtered
through a deacidified silica pad using DCM. The crude product
was purified on deacidified silica using a gradient of 0 to 24%
diethyl ether in petroleum ether to give 13 as a colourless oil
(5.5 mg, 0.018 mmol, 44%) and recovered starting material (6,
3 mg, 0.010 mmol, 24%). Rf 0.23 (4 : 1 petroleum ether–EtOAc,
UV/PMA); IR (thin film) mmax/cm−1 1750, 1718, 1609, 1270; dH


(500 MHz, CDCl3, Me4Si) 7.55 (1H, d, 5.7 Hz, 6-H), 7.523 (1H, dd,
8.3 Hz, 0.8 Hz, 13-H or 15-H), 7.518 (1H, dd, 8.3 Hz, 0.8 Hz, 13-H
or 15-H), 7.44 (1H, dd, 8.3 Hz, 7.6 Hz, 12-H or 16-H), 7.43 (1H,
dd, 8.3 Hz, 7.6 Hz, 12-H or 16-H), 6.93 (1H, dd, 7.6 Hz, 0.8 Hz,
11-H or 17-H), 6.92 (1H, dd, 7.6 Hz, 0.8 Hz, 11-H or 17-H), 6.36
(1H, d, 5.7 Hz, 7-H), 2.94 (1H, d, 18.3 Hz, 9-H), 2.69 (2H, m, 2-H
or 3-H), 2.50 (1H, d, 18.3 Hz, 9-H), 2.46 (1H, ddd, 14.0 Hz, 9.4 Hz,
6.0 Hz, 2-H or 3-H), 2.33 (1H, ddd, 14.0 Hz, 9.4 Hz, 7.4 Hz, 2-H
or 3-H); dC (75 MHz, CDCl3) 210.4 (C, C-4), 205.9 (C, C-8), 157.6
(CH, C-6), 146.8 (C, C-10 or C-18), 146.6 (C, C-10 or C-18), 136.6
(CH, C-7), 134.2 (C, C-14), 127.5 (CH, C-12 or C-16), 127.4 (CH,
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C-12 or C-16), 121.2 (CH, C-13/15), 113.5 (C, C-19), 109.6 (CH,
C-11 or C-17), 109.4 (CH, C-11 or C-17), 107.1 (C, C-1), 66.8 (C,
C-5), 38.3 (CH2, C-9), 35.1 (CH2, C-2 or C-3), 29.1 (CH2, C-2 or C-
3); HRESIMS m/z = 307.0979 [M + H]+ 2.9 ppm (307.0970 calcd
for C19H15O4).


O-Acetyl-4-hydroxy-spiro-nona-6-ene-1,8-dione-1,1-[1,8-dihy-
droxynaphthalene]-acetal, 14 ([4R,5S] and [4S,5R]), and 15
([4R,5R] and [4S,5S]). O-Acetyl-4-hydroxy-spiro-nona-7-ene-1-
one-1,1-[1,8-dihydroxynaphthalene]-acetal (8, 19 mg,
0.056 mmol) was dissolved in DCM (1 mL) and dirhodium-
(II)tetrakis(caprolactam) (0.4 mg, 0.56 lmol, 1 mol%) and
NaHCO3 (2.3 mg, 0.028 mmol, 0.5 eq) were added. tButyl
hydroperoxide (anhydrous, 5 M in decanes, 0.5 mL, 2.5 mmol,
45 eq) was added and an immediate colour change from light
purple to deep pink was observed. The reaction was stirred at
room temperature for 16 h then filtered through a deacidified
silica pad using DCM. The crude product was further purified
on deacidified silica using a gradient of 0 to 20% diethyl ether
in petroleum ether to give the isomeric products 14 (4.1 mg,
0.012 mmol, 21%) and 15 (8.7 mg, 0.025 mmol, 45%) as colourless
oils.


14. Rf 0.14 (4 : 1 petroleum ether–EtOAc, UV/PMA); IR (thin
film) mmax/cm−1 1738, 1721, 1609, 1412, 1379, 1276, 1236, 1054; dH


(500 MHz, CDCl3, Me4Si) 7.65 (1H, d, 5.9 Hz, H9), 7.48 (2H, d,
8.1 Hz, H13 and H15), 7.41 (1H, t, 7.4 Hz, H12 or H16), 7.39 (1H,
t, 7.4 Hz, H12 or H16), 6.91 (1H, d, 7.5 Hz, H11 or H17), 6.87 (1H,
d, 7.5 Hz, H11 or H17), 6.31 (1H, d, 5.8 Hz, H8), 5.46 (1H, dd,
8.1 Hz, 6.3 Hz, H4), 3.06 (1H, d, 18.9 Hz, H6), 2.45 (1H, m, H3),
2.43 (1H, d, 18.8 Hz, H6), 2.21 (1H, m, H2), 2.10 (1H, m, H2),
2.09 (3H, s, H21), 1.95 (1H, m, H3); dC (75 MHz, CDCl3) 207.5
(C, C6), 170.7 (C, C20), 160.6 (CH, C9), 147.8 (C, C10 or C18),
147.5 (C, C10 or C18), 136.2 (C, C14), 134.5 (C, C8), 127.7 (CH,
C12 or C16), 127.6 (CH, C12 or C16), 121.2 (CH, C13 or C15),
121.1 (CH, C13 or C15), 114.0 (C, C19), 109.9 (CH, C11 or C17),
109.6 (CH, C11 or C17), 108.9 (C, C1), 78.8 (CH, C4), 61.7 (C,
C5), 40.7 (CH2, C9), 31.9 (CH2, C2), 27.3 (CH2, C3), 21.2 (CH3,
C21); HRESIMS m/z = 351.1242 [M + H]+ 2.8 ppm (351.1232
calcd for C21H19O5).


15. Rf 0.19 (4 : 1 petroleum ether–EtOAc, UV/PMA); IR (thin
film) mmax/cm−1 1741, 1721, 1610, 1411, 1380, 1276, 1236, 1053; dH


(500 MHz, CDCl3, Me4Si) 7.67 (1H, d, 5.8 Hz, H6), 7.49–7.36 (4H,
m, H12, H13, H15 and H16), 6.97 (1H, d, 7.4 Hz, H11 or H17),
6.86 (1H, d, 7.4 Hz, H11 or H17), 6.18 (1H, d, 5.8 Hz, H7), 5.72
(1H, t, 8.5 Hz, H4), 2.86 (1H, d, 18.1 Hz, H9), 2.66 (1H, d, 18.1
Hz, H9), 2.43 (1H, m, H3), 2.16 (1H, m, H2), 2.05 (1H, m, H2),
2.04 (3H, s, H21), 1.82 (1H, m, H3); dC (75 MHz, CDCl3) 207.4
(C, C8), 170.7 (C, C20), 162.6 (CH, C6), 147.6 (C, C10 or C18),
147.4 (C, C10 or C18), 136.5 (C, C14), 134.5 (CH, C7), 127.7 (CH,
C12 or C16), 127.6 (CH, C12 or C16), 121.2 (CH, C13 or C15),
121.1 (CH, C13 or C15), 114.0 (C, C19), 109.8 (CH, C11 or C17),
109.6 (CH, C11 or C17), 108.9 (C, C1), 74.9 (CH, C4), 61.7 (C,
C5), 36.8 (CH2, C9), 32.1 (CH2, C2), 26.8 (CH2, C3), 21.2 (CH3,
C21); HRESIMS m/z = 351.1235 [M + H]+ 0.9 ppm (351.1232
calcd for C21H19O5).


spiro[4.4]Nona-2,6-diene-1,4,8-trione-1,1-[1,8-dihydroxynaph-
thalene]-acetal, 16. spiro[4.4]Nona-2,7-diene-1,4-dione-1,1-
[1,8-dihydroxynaphthalene]-acetal (9, 10 mg, 0.034 mmol)


was dissolved in anhydrous DCM (1 mL) and dirho-
dium(II)tetrakis(caprolactam) (0.2 mg, 0.3 lmol, 1 mol%)
and NaHCO3 (1.4 mg, 0.017 mmol, 0.5 eq) were added. tButyl
hydroperoxide (anhydrous, 5 M in decanes, 35 lL, 0.17 mmol,
5 eq) was added and an immediate colour change from light
purple to deep pink was observed. The reaction was stirred at
room temperature for 20 h, then filtered through a deacidified
silica pad using DCM. The crude product was further purified
on deacidified silica using a gradient of 0 to 16% diethyl ether in
petroleum ether, to give 16 as a colourless oil (3.4 mg, 0.011 mmol,
33%). Rf 0.20 (4 : 1 petroleum ether–EtOAc, UV/PMA); IR
(thin film) mmax/cm−1 1732, 1725, 1609, 1581, 1411, 1378, 1270; dH


(500 MHz, CDCl3, Me4Si) 7.59 (1H, d, 6.0 Hz, 2-H), 7.56 (1H, d,
5.6 Hz, 6-H), 7.55 (2H, m, 13/15-H), 7.454 (1H, dd, 8.4 Hz, 7.6
Hz, 12-H or 16-H), 7.448 (1H, dd, 8.4 Hz, 7.6 Hz, 12-H or 16-H),
6.97 (1H, dd, 7.6 Hz, 0.8 Hz, 11-H or 17-H), 6.95 (1H, dd, 7.6 Hz,
0.8 Hz, 11-H or 17-H), 6.52 (1H, d, 6.0 Hz, 3-H), 6.33 (1 H, d, 5.6
Hz, 7-H), 3.09 (1H, d, 18.7 Hz, 9-H), 2.62 (1H, d, 18.7 Hz, 9-H);
dC (75 MHz, CDCl3) 206.5 (C, C-8), 201.5 (C, C-4), 159.1 (CH,
C-6), 154.3 (CH, C-2), 146.6 (C, C-10/18), 135.4 (CH, C-7), 135.1
(CH, C-3), 134.2 (C, C-14), 127.6 (CH, C-12 or C-16), 127.5 (CH,
C-12 or C-16), 121.52 (CH, C-13 or C-15), 121.49 (CH, C-13 or
C-15), 109.6 (CH, C-11/17), 105.3 (C, C-1), 65.0 (C, C-5), 39.0
(CH2, C-9), C-19 not observed; HRESIMS m/z = 305.0821 [M +
H]+ 2.3 ppm (305.0814 calcd for C19H13O4).


O-Acetyl-4-hydroxy-spiro[4.4]nona-2,6-diene-1,8-dione-1,1-[1,
8-dihydroxynaphthalene]-acetal, 17 ([4R,5R] and [4S,5S]) and
18 ([4R,5S] and [4S,5R]). O-Acetyl-4-hydroxy-spiro[4.4]nona-
2,7-diene-1-one-1,1-[1,8-dihydroxynaphthalene]-acetal (11, 5 mg,
0.015 mmol) was dissolved in anhydrous DCM (1 mL) and
dirhodium(II)tetrakis(caprolactam) (0.1 mg, 0.15 lmol, 1 mol%)
and NaHCO3 (0.7 mg, 0.008 mmol, 0.5 eq) were added. tButyl
hydroperoxide (anhydrous, 5 M in decanes, 20 lL, 0.08 mmol,
5 eq) was added and an immediate colour change from light
purple to deep pink was observed. The reaction was stirred at room
temperature for 16 h, then filtered through a deacidified silica pad
using DCM. The crude product was purified on deacidified silica
using a gradient of 8 to 16% diethyl ether in petroleum ether, to
give 17 (0.8 mg, 0.0023 mmol, 15%) and 18 (2.1 mg, 0.0060 mmol,
40%) as colourless oils.


17. Rf 0.16 (4 : 1 petroleum ether–EtOAc, UV/PMA); IR
(thin film) mmax/cm−1 1740, 1722, 1608, 1412, 1221; dH (500 MHz,
CDCl3, Me4Si) 7.58 (1H, d, 5.8 Hz, 6-H), 7.50 (1H, dd, 8.3 Hz, 0.8
Hz, 13-H or 15-H), 7.48 (1H, dd, 8.3 Hz, 0.8 Hz, 13-H or 15-H),
7.41 (1H, dd, 8.3 Hz, 7.6 Hz, 12-H or 16-H), 7.40 (1H, dd, 8.3
Hz, 7.6 Hz, 12-H or 16-H), 6.89 (1H, dd, 7.6 Hz, 0.8 Hz, 11-H or
17-H), 6.87 (1H, dd, 7.6 Hz, 0.8 Hz, 11-H or 17-H), 6.28 (1H, d,
5.8 Hz, 7-H), 6.24 (1H, dd, 6.1 Hz, 1.6 Hz, 2-H or 3-H), 6.13 (1H,
dd, 6.1 Hz, 1.6 Hz, 2-H or 3-H), 5.95 (1H, t, 1.6 Hz, 4-H), 3.2 (1H,
d, 19.0 Hz, 9-H), 2.74 (1H, d, 19.0 Hz, 9-H), 2.07 (3H, s, 21-H); dC


(125 MHz, observed by 2D NMR, CDCl3) 207.8 (C, C-8), 170.4
(C, C-20), 161.8 (CH, C-6), 147.8 (C, C-10/18), 136.6 (CH, C-2
or C-3), 135.1 (CH, C-7), 134.5 (C, C-14), 132.3 (CH, C-2 or C-3),
127.6 (CH, C-12/16), 121.0 (CH, C-13/15), 113.9 (C, C-19), 109.5
(CH, C-11/17), 109.3 (C, C-1), 81.6 (CH, C-4), 63.4 (C, C-5), 40.3
(CH2, C-9), 21.0 (CH3, C-21); HRESIMS m/z = 349.1082 [M +
H]+ 1.7 ppm (349.1076 calcd for C21H17O5).
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18. Rf 0.18 (4 : 1 petroleum ether–EtOAc, UV/PMA); IR
(thin film) mmax/cm−1 1742, 1723, 1607, 1412, 1225; dH (500 MHz,
CDCl3, Me4Si) 7.80 (1H, d, 5.7 Hz, 6-H), 7.49 (1H, dd, 8.4 Hz, 0.9
Hz, 13-H or 15-H), 7.48 (1H, dd, 8.4 Hz, 0.9 Hz, 13-H or 15-H)
7.41 (2H, dd, 8.4 Hz, 7.5 Hz, 12/16-H), 6.93 (1H, dd, 7.5 Hz, 0.9
Hz, 11-H or 17-H), 6.89 (1H, dd, 7.5 Hz, 0.9 Hz, 11-H or 17-H),
6.24 (1H, dd, 6.1 Hz, 1.8 Hz, 3-H), 6.21 (1H, d, 5.7 Hz, 7-H), 6.11
(1H, dd, 6.1 Hz, 1.8 Hz, 2-H), 6.05 (1H, t, 1.8 Hz, 4-H), 3.06 (1H,
d, 18.8 Hz, 9-H), 2.63 (1H, d, 18.8 Hz, 9-H), 2.11 (3H, s, 21-H); dC


(125 MHz, observed by 2D NMR, CDCl3) 207.6 (C, C-6), 170.5
(C, C-20), 162.2 (CH, C-6), 148.3 (C, C-10 or C-18), 147.6 (C, C-10
or C-18), 137.1 (CH, C-3), 136.0 (CH, C-7), 134.4 (C, C-14), 132.5
(CH, C-2), 127.5 (CH, C-12/16), 121.1 (CH, C-13/15), 113.8 (C,
C-19), 109.5 (C/CH, C-11/17/1), 78.0 (CH, C-4), 63.5 (C, C-5),
37.3 (CH2, C-9), 20.9 (CH3, C-21); HRESIMS m/z = 349.1081
[M + H]+ 1.4 ppm (349.1076 calcd for C21H17O5).


O4 -Acetyl-4,8-dihydroxy-spiro[4.4]nona-2,6-diene-1-one-1,1-
[1,8-dihydroxynaphthalene]-acetal, 19. O-Acetyl-4-hydroxy-
spiro[4.4]nona-2,6-diene-1,8-dione-1,1-[1,8-dihydroxynaphtha-
lene]acetal (18, 2 mg, 0.006 mmol) was dissolved in MeOH (1 mL)
with CeCl3 (anhydrous, 3 mg, 0.012 mmol, 2 eq). The mixture
was cooled in an ice-bath and NaBH4 (0.3 mg, 0.008 mmol, 1.3
eq) was added. The mixture was stirred at 0 ◦C for 1 h, then
NaHCO3(aq) (1 M, 2 mL) was added. The mixture was extracted
with diethyl ether (4 × 2 mL) and the combined organic phases
dried over MgSO4, filtered and the solvent removed in vacuo.
The residue was purified on deacidified silica using a gradient
of 10 to 24% diethyl ether in petroleum ether to obtain 19 as a
colourless oil (0.9 mg, 0.003 mmol, 42%). Rf 0.21 (2 : 1 petroleum
ether–EtOAc, UV/PMA); IR (thin film) mmax/cm−1 3400–3200,
1738, 1606, 1413, 1381, 1226; dH (500 MHz, CDCl3, Me4Si) 7.50
(1H, d, 8.3 Hz, 13-H or 15-H), 7.47 (1H, d, 8.3 Hz, 13-H or 15-H),
7.41 (1H, dd, 8.3 Hz, 7.6 Hz, 12-H or 16-H), 7.40 (1H, dd, 8.3 Hz,
7.6 Hz, 12-H or 16-H), 6.96 (1H, d, 7.6 Hz, 11-H or 17-H), 6.87
(1H, d, 7.6 Hz, 11-H or 17-H), 6.20 (1H, dd, 6.1 Hz, 1.8 Hz, 2-H
or 3-H), 6.12 (1H, d, 5.7 Hz, 6-H), 6.08 (1H, dd, 5.7 Hz, 2.3 Hz,
7-H), 6.05 (1H, dd, 6.1 Hz, 1.8 Hz, 2-H or 3-H), 5.92 (1H, t, 1.8
Hz, 4-H), 4.81 (1H, ddd, 7.1 Hz, 2.6 Hz, 2.3 Hz, 8-H), 2.50 (1H,
dd, 14.7 Hz, 7.1 Hz, 9-H), 2.25 (1H, dd, 14.6 Hz, 2.6 Hz, 9-H),
2.14 (3H, s, 21-H); dC (75 MHz, CDCl3) 170.4 (C-20), 148.3 (C,
C-10 or C-18), 147.8 (C, C-10 or C-18), 137.7 (CH, C-6 or C-7),
137.4 (CH, C-2 or C-3), 134.3 (CH, C-6 or C-7), 134.1 (C, C-14),
131.9 (CH, C-2 or C-3), 127.5 (CH, C-12 or C-16), 127.2 (CH,
C-12 or C-16), 121.0 (CH, C-13 or C-15), 120.6 (CH, C-13 or
C-15), 114.0 (C, C-19), 109.20 (CH, C-11 or C-17), 109.17 (CH,
C-11 or C-17), 109.0 (C, C-1), 78.9 (C, C-4), 75.9 (C, C-8), 67.0
(C, C-5), 35.5 (CH2, C-9), 21.1 (CH3, C-21); HRESIMS m/z =
333.1120 [M − OH]+ 2.1 ppm (333.1127 calcd for C21H17O4).


O4 -Acetyl-4,8-dihydroxy-spiro[4.4]nona-2,6-diene-1-one-1,1-
[1,8-dihydroxynaphthalene]-acetal, 20 (stereoisomeric mixture).
A mixture of O-acetyl-4-hydroxy-spiro[4.4]nona-2,6-diene-1,8-
dione-1,1-[1,8-dihydroxynaphthalene]-acetal stereoisomers (17
and 18, 12 mg, 0.034 mmol) were dissolved in MeOH (1 mL) with
CeCl3 (anhydrous, 10 mg, 0.041 mmol, 1.2 eq). The mixture was
cooled in an ice-bath and NaBH4 (1.3 mg, 0.034 mmol, 1 eq) was
added. The mixture was stirred at 0 ◦C for 1 h, then NaHCO3(aq) (1
M, 3 mL) was added. The mixture was extracted with diethyl ether
(4 × 3 mL) and the combined organic phases dried over MgSO4,


filtered and the solvent removed in vacuo. The residue was purified
on deacidified silica using a gradient of 10 to 24% diethyl ether in
petroleum ether. 20 was obtained as a mixture of stereoisomers as a
colourless oil (11 mg, 0.031 mmol, 91%). IR (thin film) mmax/cm−1


3400–3100, 2916, 1729, 1719, 1607, 1412, 1379; dH (500 MHz,
CDCl3, Me4Si) 7.51–7.36 (4H, m, 12/13/15/16-H), 6.98–6.82 (2H,
m, 11/17-H), 6.22–5.75 (5H, m, 2/3/4/6/7-H), 4.84–4.79 (1H, m,
8-H), 3.52–1.77 (2H, m, 9-H), 2.14 (∼2H, s, 21-H), 2.10 (∼1H, s,
21-H); HRESIMS m/z = 333.1124 [M − OH]+ 0.9 ppm (333.1127
calcd for C21H17O4).


O-Acetyl-4-hydroxy-spiro[4.4]nona-2,6,8-triene-1,1-[1,8-dihy-
droxynaphthalene]-acetal, 21. Allyl alcohol 20 (mixture of iso-
mers, 11 mg, 0.031 mmol) was dissolved in anhydrous benzene
(2 mL) and Burgess′ reagent (15 mg, 0.063 mmol, 2 eq) was
added.21 The reaction was stirred at 50 ◦C for 16 h, then cooled to
room temperature. Diethyl ether (3 mL) was added and the mixture
was extracted with NaHCO3(aq) (1 M, 2 × 3 mL). The organic phase
was dried over MgSO4, filtered and the solvent removed in vacuo.
The crude residue was purified by chromatography on deacidified
silica using a gradient of 0 to 6% diethyl ether in petroleum ether,
which gave 21 as a colourless oil (3 mg, 0.01 mmol, 29%). Rf


0.41 (4 : 1 petroleum ether–EtOAc, UV/PMA); IR (thin film)
mmax/cm−1 1739, 1607, 1412, 1380, 1274, 1233, 1222, 1025; dH


(500 MHz, CDCl3, Me4Si) 7.42 (1H, d, 8.4 Hz, 13-H or 15-H),
7.41 (1H, d, 8.4 Hz, 13-H or 15-H), 7.37–7.33 (2H, m, 12/16-H),
6.85 (1H, dd, 7.6 Hz, 0.9 Hz, 11-H or 17-H), 6.80 (1H, dd, 7.6
Hz, 0.9 Hz, 11-H or 17-H), 6.38 (1H, dd, 5.9 Hz, 2.2 Hz, 3-H),
6.31 (1H, ddd, 5.3 Hz, 2.2 Hz, 1.5 Hz, 6-H, 7-H, 8-H or 9-H),
6.29–6.26 (2H, m, 2-H and 6-H, 7-H, 8-H or 9-H), 6.18–6.14 (2H,
m, 6-H, 7-H, 8-H or 9-H), 6.00 (1H, dd, 2.2 Hz, 1.1 Hz, 4-H),
2.03 (3H, s, 21-H); dC (75 MHz, CDCl3) 170.3 (C, C-20), 148.3 (C,
C-10 or C-18), 148.1 (C, C-10 or C-18), 136.4 (CH, C-3), 135.9
(CH, C-6, C-7, C-8 or C-9), 134.4 (CH, C-2, C-6, C-7, C-8 or C-9),
134.3 (CH, C-2, C-6, C-7, C-8 or C-9), 132.6 (CH, C-6, C-7, C-8
or C-9), 132.2 (CH, C-6, C-7, C-8 or C-9), 127.1 (CH, C-12 and
C-16), 120.4 (CH, C-13 or C-15), 120.3 (CH, C-13 or C-15), 113.9
(C, C-19), 111.6 (C, C-1), 108.8 (CH, C-11 or C-17), 108.7 (CH,
C-11 or C-17), 78.3 (CH, C-4), 72.8 (C, C-5), 21.0 (CH3, C-21);
HRESIMS m/z = 333.1117 [M + H]+ 3.0 ppm (333.1127 calcd for
C21H17O4).


4,8-Dihydroxy-spiro[4.4]nona-2,6-diene-1-one-1,1-[1,8-dihydro-
xynaphthalene]-acetal, 22 (mixture of diastereoisomers). spiro-
[4.4]Nona-2,7-diene-1,4,6-trione-1,1-[1,8-dihydroxynaphtha-
lene]-acetal (16, 3.2 mg, 0.010 mmol) and CeCl3 (anhydrous, 5.4
mg, 0.022 mmol, 2.1 eq) were dissolved in MeOH (500 lL) and
cooled to 0 ◦C. NaBH4 (0.8 mg, 0.022 mmol, 2.1 eq) was added and
the reaction stirred at 0 ◦C for 1 h. NaHCO3(aq) (1 M, 1 mL) was
added and the reaction extracted with diethyl ether (4 × 1 mL).
The combined organic phases were dried over MgSO4, filtered
and the solvent removed in vacuo. The crude product, obtained
as a colourless oil (22, mixture of isomers, 3.2 mg, 0.010 mmol,
98%), was used directly in the next step. IR (thin film) mmax/cm−1


3400–3200, 1607, 1412, 1381, 1275; dH (500 MHz, CDCl3, Me4Si)
7.55–7.34 (4H, 12/13/15/16-H), 7.0–6.82 (2H, 11/17-H), 6.38–
5.94 (4H, 2/3/7/6-H), 4.98–4.62 (2H, 4/8-H), 2.91–2.63 (1H, 9-
H), 2.32–1.96 (1H, 9-H); HRESIMS m/z = 331.0961 [M + Na]+


4.5 ppm (331.0946 calcd for C19H16O4Na).
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O,O-Diacetyl-4,8-dihydroxy-spiro[4.4]nona-2,6-diene-1-one-1,
1-[1,8-dihydroxynaphthalene]-acetal, 23. 4,8-Dihydroxy-spiro-
[4.4]nona-2,6-diene-1-one-1,1-[1,8-dihydroxynaphthalene]-acetal
(22, 3.2 mg, 0.010 mmol) was dissolved in pyridine (500 lL) and
acetic anhydride was added (200 lL). The reaction was stirred
at room temperature for 16 h, then diethyl ether was added
(2 mL) and the mixture extracted with NaHCO3(aq) (1 M, 3 ×
2 mL). After drying the organic phase over MgSO4, filtration
and removal of solvent in vacuo, the crude product was purified
on deacidified silica using a gradient of 0 to 12% diethyl ether in
petroleum ether, to give 23 as a colourless oil (mixture of isomers,
3.1 mg, 79%). Rf 0.35 (4 : 1 petroleum ether–EtOAc, UV/PMA);
IR (thin film) mmax/cm−1 1735, 1607, 1412, 1372, 1238; dH (500
MHz, CDCl3, Me4Si) 7.49–7.35 (4H, 12/13/15/16-H), 6.95–6.82
(2H, 11/17-H), 6.22–5.72 (6H, 2/3/4/6/7/8-H), 3.15–2.41 (2H,
9-H), 2.17–2.04 (6H, 21/23-H); HRESIMS m/z = 415.1167 [M +
Na]+ 2.2 ppm (415.1158 calcd for C23H20O6Na).


spiro-Nona-2,7-diene-1,4-dione-1,1-[1,8-dihydroxy-4-bromona-
phthalene]-acetal, 24, and spiro-nona-2,6-diene-1,4-dione-1,1-[1,8-
dihydroxy-4-bromo-naphthalene]-acetal, 25. spiro-Nona-2,7-
diene-1,4-dione-1,1-[1,8-dihydroxynaphthalene]-acetal (9, 5 mg,
17 lmol) was dissolved in CCl4 (500 lL), NBS (3.3 mg,
0.019 mmol, 1.1 eq) and AIBN (trace) were added and the
reaction was stirred at room temperature for 20 h. Additional
NBS (1.1 eq) was then added and the reaction stirred for a further
24 hours. After removal of the solvent in vacuo, the crude mixture
was partially purified on deacidified silica using a gradient of 0
to 6% diethyl ether in petroleum ether, giving a crude mixture of
products. 25 (Rt 16.96 min, 0.6 mg, 1.6 lmol, 9%) was purified by
separation on an analytical C18 HPLC column using 70% MeCN
in H2O (isocratic), then 24 (Rt 17.29 min, 0.9 mg, 2.4 lmol,
14%) was separated from an impurity on an analytical C18 HPLC
column using 80% MeOH in H2O (isocratic).


Mixture—Rf 0.54–0.63 (4 : 1 petroleum ether–EtOAc,
UV/PMA).


24. IR (thin film) mmax/cm−1 1732, 1609, 1413, 1365, 1268; dH


(500 MHz, CDCl3, Me4Si) 7.81 (1H, dd, 8.6 Hz, 0.7 Hz, H15),
7.70 (1H, d, 8.1 Hz, H12), 7.56 (1H, dd, 8.5 Hz, 7.7 Hz, H16),
7.35 (1H, d, 6.1 Hz, H2), 7.01 (1H, dd, 7.7 Hz, 0.7 Hz, H17),
6.83 (1H, d, 8.1 Hz, H11), 6.41 (1H, d, 6.1 Hz, H3), 5.65 (2H,
br s, H7/H8), 3.18 (2H, m, H6/H9), 2.63 (2H, m, H6′/H9′); dC


(125 MHz, observed by 2D NMR, CDCl3) 206.5 (C, C4), 152.9
(CH, C2), 147.6 (C, C18), 147.3 (C, C10), 135.9 (CH, C3), 132.8
(C, C14), 131.1 (CH, C12), 129.1 (CH, C16), 128.2 (CH, C7/C8),
121.0 (CH, C15), 114.3 (C, C19), 114.0 (C, C13), 110.8 (CH, C17),
110.5 (CH, C11), 106.4 (C, C1), 61.4 (C, C5), 38.3 (CH2, C6/C9);
HRESIMS m/z = 369.0131 [M + H]+ 1.4 ppm (369.0126 calcd for
C19H14


79BrO3).


25. IR (thin film) mmax/cm−1 1729, 1609, 1413, 1365, 1269; dH


(500 MHz, CDCl3, Me4Si) 7.80 (1H, dd, 8.6 Hz, 0.7 Hz, H15),


7.69 (1H, d, 8.1 Hz, H12), 7.56 (1H, dd, 8.6 Hz, 7.6 Hz, H16),
7.45 (1H, d, 6.1 Hz, H2), 7.01 (1H, dd, 7.6 Hz, 0.7 Hz, H17), 6.80
(1H, d, 8.1 Hz, H11), 6.47 (1H, d, 6.1 Hz, H3), 6.01 (1H, m, H7
or H8), 5.60 (1H, m, H7 or H8), 2.51 (2H, m, H6/9), 2.17 (2H,
m, H6′/9′); dC (125 MHz, observed by 2D NMR, CDCl3) 206.5
(C, C4), 153.7 (CH, C2), 147.8 (C, C18), 147.4 (C, C10), 137.0
(CH, C7 or C8), 136.2 (CH, C3), 133.0 (C, C14), 131.2 (CH, C12),
129.0 (CH, C16), 128.7 (CH, C7 or C8), 120.9 (CH, C15), 114.5
(C, C19), 110.6 (CH, C17), 110.5 (CH, C11), 69.9 (C, C5), 32.5
(CH2, C6 or C9), 29.4 (CH2, C6 or C9), C1/C13 not observed;
HRESIMS m/z = 369.0115 [M + H]+ 3.0 ppm (369.0126 calcd for
C19H14


79BrO3).
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N-(1-Aryl-2,2-dichloropent-4-enylidene)amines were effi-
ciently transformed into 5-bromomethyl-1-pyrrolinium bro-
mides via electrophile-induced bromocyclization. The latter
pyrrolinium salts were converted into novel 5-alkoxymethyl-
2-aryl-3-chloropyrroles by reaction with alkoxides in the cor-
responding alcohol or in THF. This chemistry clearly deviates
from the corresponding c,d-unsaturated a,a-dialkylaldimines
under similar conditions. Furthermore, treatment of 5-
bromomethyl-1-pyrrolinium bromides with sodium hydrox-
ide in water afforded a new entry into 2-aroylpyrroles by
an unexpected ring transformation of intermediate aziridine
derivatives, which could be isolated as well.


Halogenated pyrroles have received considerable attention in the
literature since the isolation of a large variety of functionalized
derivatives from natural sources, often associated with a range of
biological activities. In particular, 3-halopyrroles have been shown
to possess pronounced bioactivities in the fields of pharmacy
and crop protection, although the 2-halopyrrole moiety is also
often encountered as part of the molecule. A few examples
of relevant 3-chloropyrroles comprise the antibacterial pyolute-
orin, isolated from Pseudomonas aeruginosa,1 the antileukemic
roseophillin, isolated from Streptomyces griseoviridis,2 and the
antifungal pyrrolnitrin, isolated from the bacterium Pseudomonas
pyrociniae.3 Pyrrolnitrin has also served as a lead for the develop-
ment of a number of novel fungicides,4 insecticides,5 nematicides6


and molluscicides.7 Besides halo atoms, the presence of oxymethyl
groups is often observed in biologically relevant pyrroles. For
example, 2-(hydroxymethyl)pyrroles have been described as a new
class of inhibitors of a-chymotrypsin, a member of serine protease
enzymes.8


Although chlorinated 2-(oxymethyl)pyrroles—in which both
above-mentioned structural features are combined—might play a
significant role in the discovery of novel bioactive compounds, lit-
tle efforts have been devoted to the development of useful synthetic
approaches towards this class of compounds. Known methods in
that respect involve chlorination of pyrroles with sulfuryl chlo-
ride towards 3,4-dichloro-2-(hydroxymethyl)pyrroles,9 domino
reactions of 1-aminocarbonyl-1,2-diaza-1,3-butadienes with
a,a-dichloroacetophenone towards 4-chloro-2-methoxymethyl-5-
phenyl-1H-aminopyrrole-3-carboxylates,10 and aromatization of
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2-aryl-5-bromomethyl-3,3-dichloropyrrolines and reduction of 2-
formyl- and 2-cyanopyrroles.11


In the present paper, the electrophile-induced cyclization of g,d-
unsaturated a,a-dichlorinated arylketimines into 5-bromomethyl-
1-pyrrolinium bromides and the reactivity of the latter with
regard to alkoxides is evaluated as a new and efficient
approach towards 5-alkoxymethyl-2-aryl-3-chloropyrroles. This
chemistry deviates from the corresponding g,d-unsaturated a,a-
dialkylaldimines which, under similar conditions, are convertible
into 3-alkoxypiperidines. Furthermore, hydroxide is also used in-
stead of alkoxide, providing a new entry into 2-aroylpyrroles via an
unexpected rearrangement of intermediate aziridine derivatives.


Electrophile-induced cyclizations constitute a powerful
methodology for the synthesis of a large variety of functionalized
azaheterocyclic compounds.12 In that respect, g,d-unsaturated
imines comprise suitable substrates for seleno- and halocy-
clization towards highly electrophilic 1-pyrrolinium salts, thus
affording useful approaches towards aziridines,13 pyrrolidines
and piperidines.14,15 Previously, the synthesis of 5-bromomethyl-
1-pyrrolinium bromides 2 through electrophile-induced bromo-
cyclization of g,d-unsaturated aldimines 1 upon treatment with
bromine and subsequent rearrangement of these 1-pyrrolinium
salts 2 to oxygenated piperidines 3 by reaction with sodium alkox-
ides in the corresponding alcohol has been described (Scheme 1).16


The latter transformation proceeded via addition of the alkoxide
across the iminium moiety, followed by cyclization towards inter-
mediate 1-azoniabicyclo[3.1.0]hexanes upon expulsion of bromide
and subsequent ring opening of the latter aziridinium salts by
alkoxide towards piperidines 3.


Scheme 1 (Ref. 16).


In the present work, the deviating behaviour of N-(1-aryl-
2,2-dichloropent-4-enylidene)amines 7 towards five-membered
instead of six-membered azaheterocycles is highlighted.


N-(1-Aryl-2,2-dichloropent-4-enylidene)amines 7 were pre-
pared via a three-step procedure starting from the required
acetophenone derivatives 4. Imination of the latter ketones 4
using 5 equivalents of a primary amine in diethyl ether in the
presence of 0.7 equivalents of titanium(IV) chloride afforded the
corresponding imines 5 after two hours, which were subsequently
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a-allylated towards imines 6 utilizing 1.2 equivalents of lithium
diisopropylamide (LDA) and 1.2 equivalents of allylbromide in
THF (Scheme 2). A final a,a-dichlorination by means of 2.2
equivalents of N-chlorosuccinimide (NCS) in tetrachloromethane
upon reflux for 3 hours afforded g,d-unsaturated a,a-dichlorinated
arylketimines 7 in high yields (Scheme 2). This method comprises
a slightly modified and improved alternative for a previously
reported approach,17 in which acetophenone was first a,a-
dichlorinated, followed by imination and a-allylation.


Scheme 2


Treatment of g,d-unsaturated imines 7 with 1.02 equivalents
of bromine in dichloromethane at 0 ◦C for 10 minutes afforded
5-bromomethyl-3,3-dichloro-1-pyrrolinium bromides 8 quantita-
tively, which were used immediately and as such for further
elaboration due to their instability. Reaction of pyrrolinium salts 8
with 5 equivalents of sodium alkoxide (methoxide or isopropoxide)
in the corresponding alcohol (2 M) or with 5 equivalents of
potassium tert-butoxide in THF resulted in the formation of 5-
alkoxymethyl-2-aryl-3-chloropyrroles 9 after reflux for one hour
(Table 1, Scheme 3). When sodium ethoxide was used, rather
complex reaction mixtures were obtained in which only 10% of
the desired pyrroles were present, together with unidentified side
products.


Scheme 3


Table 1 Synthesis of 5-alkoxymethyl-2-aryl-3-chloropyrroles 9


Entry R1 R2 R3 Compound (yield)


1 iPr H Me 9a (86%)
2 iPr OMe Me 9b (83%)
3 cHex H Me 9c (50%)
4 iPr H tBu 9d (93%)
5 iPr Cl tBu 9e (81%)
6 iPr Cl iPr 9f (85%)
7 iPr Cl Me 9g (91%)


From a mechanistic point of view, two different pathways can be
considered in order to explain the transformation of pyrrolinium
salts 8 into pyrroles 9 (Scheme 4). Dehydrochlorination of 3,3-
dichloropyrrolinium bromides 8 can occur in either a 1,4-fashion
(pathway a) or a 1,2-fashion (pathway b), giving rise to interme-
diates 10 or 11, respectively, followed by aromatization towards
5-(bromomethyl)pyrroles 12 via a second deprotonation. In a final
step, nucleophilic displacement of bromide by alkoxide in pyrroles
12 furnished the corresponding 5-(alkoxymethyl)pyrroles 9. The
intermediacy of 5-(bromomethyl)pyrroles 12 in this transforma-
tion was further supported by the presence of small quantities in
the crude reaction mixtures (based on 1H NMR analysis).


Scheme 4


It should be noted that ring expansion of 2-aryl-5-bromomethyl-
3,3-dichloropyrrolidinium bromides 8 into oxygenated piperidines
upon treatment with alkoxides was never observed, in contrast
with the reactivity of 3,3-dialkyl-5-(bromomethyl)pyrrolidinium
bromides 2, which completely underwent ring expansion to
piperidines 3 (cf. Scheme 1).16 These observations point to a
distinct difference in reactivity between aldiminium bromides 2
and ketiminium bromides 8 upon treatment with alkoxides, as
aldiminium salts 2 easily undergo nucleophilic addition across
the C=N bond, followed by further transformation towards
oxygenated piperidines, whereas ketiminium salts 8 suffer from
dehydrohalogenation leading to pyrroles instead of nucleophilic
addition.


The methodology described above enables the regioselective
preparation of substituted 3-chloropyrroles in a convenient way.
From a synthetic point of view, the access to halopyrroles in a
regiospecific way is limited due to problems associated with the
halogenation of pyrroles, i.e. the problem of overhalogenation,
the instability of reaction products, the formation of oxidation
products and the solvent dependency.18 Thus, the preparation of
3-chloropyrroles via intermediate 3,3-dichloro-1-pyrrolinium salts
is of synthetic importance, in analogy with the previously reported
transformation of 2-aryl-3,3-dichloropyrrolines upon treatment
with sodium methoxide in methanol.19


Surprisingly, different types of pyrroles, i.e. 2-aroylpyrroles 14,
were isolated when pyrrolinium bromides 8 were treated with 4
equivalents of sodium hydroxide (2 M in H2O) under reflux for
one hour (Scheme 5). On the other hand, functionalized aziridines
13a–b were obtained in high yields upon treatment of pyrrolinium
salts 8 with NaOH in a H2O–CH2Cl2 (1 : 1) solvent mixture for 10
minutes at room temperature (Scheme 5). Previously, the transfor-
mation of 5-bromomethyl-3,3-dimethyl-1-pyrrolinium salts into 3-
(aziridin-2-yl)-2,2-dimethylpropanals has been described as a new
and efficient method for the intramolecular aziridination of olefins
by transfer of alkylamine moieties (N–R) from a remote position
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Scheme 5


in the molecule to the alkene.13 The net result comprises the elegant
conversion of an unactivated carbon–carbon double bond into an
aziridine. Most likely, aziridines 13 participate in the transforma-
tion of pyrrolinium salts 8 into 2-aroylpyrroles 14, as treatment of
these aziridines 13 with 4 equivalents of sodium hydroxide (2 M in
H2O) under reflux for one hour furnished pyrroles 14 in excellent
yield (Scheme 5). Aroylpyrroles are of biological interest, as for
example aminoacyl substituted 2- and 4-aroylpyrroles have been
reported as a new class of anticonvulsant agents.20


A plausible mechanistic rationale for the ring transformation
of pyrrolinium salts 8 into 2-aroylpyrroles 14 is suggested in
Scheme 6. Considering the electrophilic nature of 1-pyrrolinium
salts 8, nucleophilic addition of hydroxide across the C=N double
bond results in hemi-aminals 15, which rearrange into aziridines
13 via ring opening and subsequent cyclization upon expulsion of
bromide. The presence of two chloro atoms in aziridines 13 enables
further transformation of these substrates. a,a-Dichloroalkyl aryl
ketones are known to be very poor substrates for direct a-
substitution reactions (even intramoleculary),21 as nucleophilic
addition across the carbonyl moiety followed by epoxide formation
and further transformation is usually observed.22 Accordingly,
the intermediate epoxides 16 can be formed through addition of
hydroxide. The highly unstable epoxides 16 are then converted
into 1-aryl-3-(aziridin-2-yl)propane-1,2-diones 17, which undergo
ring opening due to the abstraction of proton by hydroxide in
a-position with respect to the carbonyl group and the aziridine
moiety. Nucleophilic addition of the resulting nitrogen anion in
acyclic diones 18 across the most reactive carbonyl group furnishes
3-pyrrolines 19, which are smoothly aromatized towards pyrroles
14 via iminium salts 20.


Scheme 6


In summary, a new and convenient approach towards novel
5-alkoxymethyl-2-aryl-3-chloropyrroles is disclosed based on the
electrophile-induced bromocyclization of N-(1-aryl-2,2-dichloro-
pent-4-enylidene)amines into 5-bromomethyl-1-pyrrolinium bro-


mides and subsequent treatment with alkoxides in the corre-
sponding alcohol or in THF. The deviating behaviour of N-(1-
aryl-2,2-dichloropent-4-enylidene)amines towards five-membered
instead of six-membered azaheterocycles was thus highlighted.
Furthermore, reaction of the afore-mentioned pyrrolinium salts
with sodium hydroxide in water afforded a new entry into 2-
aroylpyrroles via unexpected ring transformation of 1-aryl-2,2-
dichloro-3-(aziridin-2-yl)propan-1-ones, which could be isolated
as well.
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Halogenated analogues of ethyl diazoacetate are synthesised
by a novel and highly efficient procedure and give halocyclo-
propanes in good to excellent yields when exposed to a Rh(II)
catalyst in the presence of alkenes.


Halogenated molecules are widely distributed in the biosphere;1,2


more than 4500 halogenated natural products are currently
known, many of them chiral. Several halogenated natural products
have therapeutic interest,3 and new examples are continuously
discovered. The frequent utilisation of chlorine and fluorine
substituents in drug design further illustrates the ability of
halogens to modulate selectivity, enzymatic stability and/or
affinity of pharmaceutically active compounds. Within the field of
organic chemistry, halogenation reactions are not only among the
most historically significant reactions, but also of great practical
importance. Alkyl halides can serve as precursors in numerous
useful reactions, including the synthesis of carbon–carbon bonds
and introduction of a wide range of functional groups. The
desirable biological as well as chemical properties of halogenated
molecules have spurred renewed effort in the synthetic community
to develop methodologies that will allow selective introduction of
halogen atoms. The most recent noticeable advances have been
made in the area of a-halogenation,4 a current example being the
asymmetric, organocatalytic introduction of F, Cl and Br in the
a-position to aldehydes and ketones.5


Diazo compounds undergo a variety of useful synthetic
transformations, such as cyclopropanation and C–H inser-
tion reactions.6 We started looking into the synthesis of a-
halodiazoacetates for utilisation in the selective formation of a-
halocyclopropanecarboxylates, as a complementary approach to
the already developed methodologies for selective introduction of
halogens. The first syntheses of a-halodiazoacetates were reported
in the literature around 1970.7–12 These syntheses were based
on mercury or silver chemistry. Diethyl mercurybisdiazoacetate
was generated from ethyl diazoacetate (EDA) by treatment with
mercury oxide, whereas ethyl silverdiazoacetate was synthesised
by treatment of EDA with silver(I) oxide. Either of these were then
treated with an electrophilic halogen source to give the desired
halodiazoacetates. Decomposition, thermally or by irradiation,
gave low to moderate yields and poor stereocontrol in cyclopropa-
nation and C–H insertion reactions.


University of Oslo, Department of Chemistry, Sem Sælands vei 26, 0315 Oslo,
Norway. E-mail: torehans@kjemi.uio.no; Fax: +47 22855386; Tel: +47
22855441
† Electronic supplementary information (ESI) available: Experimental
and spectroscopic data for all compounds; experimental protocol for
experiments in Table 3. See DOI: 10.1039/b814374a


The introduction of rhodium(II) catalysts has since the mid
1970’s allowed tremendous progress within the field of carbene
chemistry, greatly improving the synthetic use of carbene reactions
through increased chemo-, regio- and stereoselectivity. The new
advances in both carbene chemistry and the synthesis of diazo
compounds prompted us to go back and revisit the synthesis of
halodiazoacetates and explore their reactivity in metal catalysed
cyclopropanation reactions.


Because of the toxicity and environmental hazards associ-
ated with mercury chemistry, and the explosive nature of ethyl
silverdiazoaceate,7 we wanted to pursue a new way of synthesising
a-halodiazoacetates. We started our investigations by searching
for a mild base that would be strong enough to deprotonate
EDA, as the use of strong bases such as LDA and n-BuLi
typically requires low reaction temperatures. DBU, recently used
to promote aldol and Mannich reactions with EDA,13 proved to be
a good choice. N-Halosuccinimides were selected as electrophilic
halogenation reagents. In our first attempt to synthesise ethyl
diazobromoacetate (1) from EDA we used DBU and NBS in
dichloromethane at 0 ◦C (Scheme 1).


Scheme 1 Formation of halogenated EDA-analogues.


These reaction conditions gave quantitative conversion of EDA
to 1 in less than 5 min. After some screening, we were able to
obtain quantitative yields of 1, 2 and 3 using 1.4–1.6 equiv. of
DBU and 1.3–1.5 equiv. of NBS, NCS, NIS or I2. Triethylamine
could also be used as a base, but the reaction was much slower,
and it was difficult to reach full conversion of EDA.


One potential problem with diazo compounds is their thermal
instability and decomposition when exposed to heat and light.
Commercially available EDA itself is relatively stable when neat
and can be stored in the fridge for months. The halogenated EDA-
analogues are less stable, and decompose within hours at room
temperature, both as neat compounds and in solution. However,
all three halogenated EDA-analogues can be conveniently handled
in solution at 0 ◦C.9


After having established an efficient procedure for the synthesis
of the halogenated EDA-analogues, we turned to the use of these
diazo compounds in the cyclopropanation of alkenes. Styrene
was selected as the alkene in our initial attempts to make 1-
bromocyclopropanecarboxylates 4 (Scheme 2). Selected results
from experiments with different reaction conditions are shown in
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Table 1 Cyclopropanation of styrene with 1. Screening of reaction conditions


Entry Catalyst loading (mol%) Solvent Additive Yield of 4 (%)a Diastereomeric ratio (4a : 4b)f


1 5 CH2Cl2
c — 17 6 : 1


2 1 CH2Cl2
c 15 mol% Na2S2O3 11 6 : 1


3 1 CH2Cl2
c 15 mol% Cu 25 7 : 1


4 1 CH2Cl2
c 1 equiv. Cu 24 6 : 1


5 1 CH2Cl2
d 15 mol% Cu 33 6 : 1


6 1 CH2Cl2
e 15 mol% Cu 20 ND


7 1 Dry CH2Cl2
d 15 mol% Cu 58 7 : 1


8 1 Dry toluened 15 mol% Cu 86b 9 : 1
9 1 Dry toluened — 91b 9 : 1


10 0.5 Dry toluened — 90 7 : 1
11 0.1 Dry toluened — 81 7 : 1


a Measured by internal standard (2-naphthaldehyde) in 1H NMR analysis of crude reaction mixture. b Isolated yield. c Dropwise addition of dilute solution
of 1 to styrene and Rh2esp2 in DCM over 3 h at rt; total reaction volume ca. 50 mL; stirring for additional 15 min. d Bulk addition of solution of Rh2(esp)2


to dissolved 1 and styrene at rt; stirring for 15 min. e Bulk addition of solution of Rh2(esp)2 to dissolved 1 and styrene at 0 ◦C, stirring for 15 min.
f Measured by 1H NMR analysis of crude reaction mixture.


Scheme 2 Synthesis of ethyl 1-bromo-2-phenylcyclopropanecarboxylate.


Table 1. Freshly prepared 1 was used in all the experiments since
formation of 1 from EDA was quantitative within 5 min reaction
time. The dichloromethane solution of 1 was washed with aq.
Na2S2O3 and passed quickly through a plug of silica gel before
the cyclopropanation reaction was initiated. Our earlier positive
experiences14,15 with commercially available Rh2(esp)2,16 a robust
Rh(II) catalyst with bidentate ligands, made this catalyst a natural
choice.


Our starting point was the common procedure for cyclopropa-
nation with EDA and many other diazo compounds,6 dropwise
addition (3 h) of a cold, diluted dichloromethane solution of
the diazo compound to alkene and catalyst (entry 1). We were
delighted to find that formation of 4 had taken place. However, the
yield was low, and products from carbene dimerisation abundant.
Copper powder or Na2S2O3, both additives known to stabilise
alkyl halides, were added to the reaction mixture in attempts
to prevent any undesired decomposition of the diazo compound
(entries 2–8). Whereas Na2S2O3 gave a slight reduction in yield, the
copper powder had a minor positive effect. The main reason for
doing a dropwise addition of the diazo compound to the catalyst
solution is to prevent dimer formation. In a simplification of the
experimental procedure, the time consuming dropwise addition
of the diazo compound was proved unnecessary. Addition of the
dissolved catalyst to a solution of diazo compound and styrene,
followed by stirring for 15 minutes at room temperature, was just
as effective. Addition of the catalyst at room temperature (entry 5)
was more advantageous than addition at 0 ◦C (entry 6). The yields
were not significantly improved, however, demonstrating that the
main competing reaction, the carbene dimerisation, happened
quickly in the reaction mixture and not in the dichloromethane
solution of 1 during the slow addition.


Performing the reaction under dry conditions drastically im-
proved yields (entry 7). As Kim et al. have noted,17 the efficiency
of Rh2(esp)2 may in certain cases be improved by the use of


toluene as solvent. This solvent effect was observed in our case
as well; switching from dichloromethane to toluene gave another
large improvement in yield (entry 8). Only traces of the carbene
dimerisation products could be detected. Eliminating the copper
additive took the yield of 4 from 86% to 91% (entry 9), and it
was also shown that lower catalyst loadings could be used with
satisfactory results (entries 10 and 11).


The diastereomeric ratio of the products from the cyclo-
propanation reaction was persistently in the area 6 : 1–9 : 1,
which is consistent with cyclopropanation reactions with diazo
compounds bearing two electron withdrawing groups.6 The major
diastereomer, mirroring the results of cyclopropanation with
EDA, was the diastereomer with the phenyl group and the ester
function in a trans relationship (4a).


Cyclopropanation of styrene with the chlorinated and iodinated
EDA-analogues 2 and 3 also worked very well, giving cyclo-
propanes analogous to 4, with yields and diastereomeric ratios
comparable to the results observed in the reactions with 1. Table 2
shows the results from cyclopropanation using the conditions
described in Table 1, entry 9.


The scope of the cyclopropanation reaction was examined by
reaction between 1 and a range of alkenes with varying electronic
and steric properties, using the same reaction conditions (Table 3).


Table 2 Cyclopropanation of styrene with compounds 1–3


Entry Diazo compound Yield (%)a Dr (a : b)b


1 Ethyl diazobromoacetate (1) 91 9 : 1
2 Ethyl diazochloroacetate (2) 87 7 : 1
3 Ethyl diazoiodoacetate (3) 85 9 : 1


a Isolated yield after silica gel chromatography. b Measured by 1H NMR
analysis of crude reaction mixture.
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Table 3 Scope of cyclopropanation reaction with 1


Entry Alkene Yield (%)a Dr (a : b)b


1 Styrene 91 9 : 1
2 2-Vinylnaphthalene 99 9 : 1
3 Indene 99c —
4 N-Vinylphthalimide 90 > 20 : 1
5 4-MeO-styrene 87 9 : 1
6 4-Me-styrene 84 7 : 1
7 4-CF3-styrene 83 6 : 1
8 1,1-Diphenylethene 79 —
9 4-Cl-styrene 77 6 : 1


10 cis-Stilbene 0 —
11 trans-Stilbene 0 —


a Isolated yield after two steps from EDA. Products purified by silica
gel chromatography. b Measured by 1H NMR analysis of crude reaction
mixture. c Isolated as ethyl 2-naphthoate after 3 steps.


The alkenes of entries 1–9 gave good to excellent yields, with
both 2-vinylnapththalene and indene reacting quantitatively. For
indene, the cyclopropane products underwent a further, sponta-
neous reaction (Scheme 3), resulting in ethyl 2-naphthoate.18 The
reaction went to completion after treatment with K2CO3.


Scheme 3 Further reaction of products formed in cyclopropanation
reaction with indene.


Five different styrene derivatives with electron-donating or
electron-withdrawing substituents in the 4-position were screened
(entries 5–7, 9). There seemed to be a slight correlation between
the electronic effects of the substituents and the yields, the styrenes
with electron-donating substituents giving somewhat higher yields
than the styrenes with electron-withdrawing substituents. 1,1-
Diphenylethene was a relatively good substrate in the reaction,
but cis-stilbene and trans-stilbene (entries 10 and 11) were
completely unreactive towards cyclopropanation, perhaps due to
the more sterically encumbered double bonds of the latter. The
diastereomeric ratios (dr) of the cyclopropanation products from
all the reactions were between 6 : 1 and 9 : 1, except for the case of
N-vinylphthalimide (entry 4), where the dr was higher than 20 : 1.


The relative stereochemistry of the major diastereomer of 4 was
determined by NOESY experiments. We probed the possibility for
an asymmetric version of this cyclopropanation reaction by using


two chiral Rh(II) catalysts, Rh2(DOSP)4 and Rh2(PTTL)4.19 Both
catalysts gave good yields of 4, but the asymmetric induction was
below 10% ee.


In summary, we have developed a novel procedure for the
synthesis of halogenated analogues of EDA, employing EDA,
DBU and a mild halogenating agent. Ethyl diazobromoacetate (1),
-chloroacetate (2) and -iodoacetate (3) are generated quantitatively
from EDA in only 5 minutes. The halogenated diazo compounds
have been used in Rh(II) catalysed cyclopropanation of a range
of olefins. The experimental procedure for the cyclopropanation
is quick and simple, with no need for dropwise addition of
the diazo compound, and the reaction gives good to excellent
yields and a diastereomeric ratio of up to 20 : 1 with electron-
rich, sterically unencumbered alkenes. This new synthesis of
1-halocyclopropanecarboxylates represents a novel method for
stereoselective introduction of halogens and broadens the range
of easily accessible a-halo carbonyl compounds.
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9 U. Schöllkopf, F. Gerhart, M. Reetz, H. Frasnelli and H. Schumacher,


Justus Liebigs Ann. Chem., 1968, 716, 204–206.
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