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We report the synthesis and self-assembly of a new p-conjugated dichalcone substituted
carbazole-based low molecular mass organogelator. It could form stable gels in most halogen-aromatic
solvents. The transmission electron microscopy (TEM) images revealed that the gel formed fibrous
structures with diameter of 50–100 nm, which consisted of several thinner fibers. The FT-IR, UV-vis
and XRD results suggested that the H-bonds and p–p interactions were the main driving forces for the
formation of the self-assembled gel, in which the U-shaped molecules were stacked into lamellar
structures. The fluorescent spectra showed that the emission of the xerogel red-shifted markedly
compared with the sol state, which resulted from the aggregation of the molecules.


Introduction


Gels are always thought to be generated through the initial
assembly of the gelator molecules into fibrous nanostructures
which then further organize into a three dimensional lattice,
trapping the solvent within the free space of the network. The
gels formed from small organic molecules in organic solvents are
often called physical gels or supramolecular gels.1 The following
general guidelines for the design principles are accepted: i) the
presence of strong self-complementary and unidirectional interac-
tions to enforce one-dimensional self-assembly; ii) control of the
interfacial energy between the fibers and solvent to counterpoise
the solubility and crystallisation; and iii) some factor to induce
fibers to form cross-linking network. In these low molecular mass
organogel systems, the three-dimensional network is held together
by noncovalent forces, such as hydrogen bonding, p–p stacking,
electrostatic forces, and van der Waals interactions. Low molecular
mass organogels have received considerable attention recently on


Key Laboratory of Supramolecular Structure and Materials, College of
Chemistry, Jilin University, Changchun, 130012, P. R. China. E-mail:
luran@mail.jlu.edu.cn; Fax: +86 431 8923907


Scheme 1 The synthetic route for the dichalcone substituted carbazole-based organogel.


account of their unique features and potential applications for
new soft organic materials,2 template synthesis,3 drug delivery,4


separations and biomimetics.5


Well-known organogelators including, for instance, certain
derivatives of carbohydrates,6,7 amino acids,8,9 urea10,11 and
cholesterol12–15 have been prepared and their self-assembling prop-
erties have been well studied. Nowadays, there has been increasing
interest in the development of functional gels with p-conjugated
systems due to their potential applications in various optoelec-
tronic fields, such as enhanced charge transport, fluorescence and
sensing abilities.16 As an attempt to obtain a new functional
organogelator with potential photonics applications, we have
designed and synthesized a p-conjugated dichalcone substituted
carbazole derivative 1, which can form stable gels in halogen-
aromatic solvents, and cannot be destroyed for several months. To
the best of our knowledge such a carbazole-based organogel is the
firs reported among the limited previous functional organogels.


Compound 1 was synthesized from dialdehyde carbazole 2 and
4-N-lauroylamino-acetophenone 4 (Scheme 1). It was found that
1 could form a stable gel in halogen-aromatic solvents via the
lamellar stacking of the molecules with U-shaped configuration.
The fluorescence emission of the xerogel 1 red-shifted markedly
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Table 1 Gelation test of 1 in different solvents


Entry Solvent Gelationa Entry Solvent Gelationa


1 Toluene I 5 Chlorobenzene G
2 THF S 6 Bromobenzene G
3 Benzene I 7 Acetonitrile P
4 Xylene G 8 Ethyl acetate I


a Gelator = 2.0% (wt/vol); G, stable gel formed at room temperature; S,
soluble; I, insoluble; P, precipitate.


compared with the sol state, which resulted from the aggregation
of the molecules.


Results and discussion


The gelation ability of compound 1 was estimated in different sol-
vents. As summarized in Table 1, we found that 1 could form stable
gels in xylene and halogen-benzene, and the self-assembled gels
were thermoreversible in these solvents, for example, the gelator
was insoluble at room temperature, and then turned into a clear so-
lution by heating to reflux, upon cooling to room temperature, the
immobilized gels appeared. The morphologies of the gels were ex-
amined by TEM, which showed fibers with diameters of 50–100 nm
and the fibers consisted of several thinner fibers with diameters of
15–20 nm (as shown in Fig. 1). In the previous gel system, hydrogen
bonding-directed self-assembly is a well studied mechanism for the
formation of the superstructure in an arranged system, whereas
for compound 1, p–p interactions may also play a key role on
the formation of the organogel due to the extended p-conjugated
moiety. To study the driving forces for the self-organization of
organogelator 1, FT-IR and UV-vis spectra were measured.


Fig. 1 TEM images of 1 in chlorobenzene gel at 2.0 (wt/vol)%. (a), the
whole image; (b), the magnified image of a single fiber.


The FT-IR spectra (as shown in Fig. 2) for the xerogel 1 from
chlorobenzene showed an absorption at 3355 cm−1 for the N–H
stretching vibration, 1650 cm−1 for amide I and 1564 cm−1 for
amide II, which suggested that weak hydrogen bonding between
amide units was formed in the gel state.17 Fig. 3 shows the UV-
vis absorption of the gel and the corresponding dilute solution at
the concentration of 1 × 10−6 M, in which the molecules may be
considered as monomers. The absorption band of 1 red-shifted


Fig. 2 The FT-IR spectra of xerogel 1 from chlorobenzene.


Fig. 3 The UV-vis spectra for the chlorobenzene solution at 10−6 M (the
solid line), and at 10−5M (the dashed line), and the chlorobenzene gel at
2.0 (wt/vol)% (the dotted line).


to 420 nm with a shoulder at 449 nm in the gel phase compared
with that at 395 nm (with a shoulder at 422 nm) for the sol state.
It illustrated that p–p interactions happened and J-aggregation
was formed in the gel state.18 Therefore, it indicated that the H-
bonds and p–p interactions were the main driving forces for the
formation of self-assembled gel.


To reveal how the molecules packed into the fibrous self-assem-
blies, XRD was investigated for the xerogel 1 obtained from chloro-
benzene. In Fig. 4, the small-angle diffraction pattern of the xerogel
showed two peaks at a d-spacing of 3.35 nm and 1.64 nm, which is
close to 1 : 1


2
, indicating the layered stacking of the molecules with


a period of 3.35 nm. The optimized structure for the molecule by
CPK molecular modeling showed that the molecule was present
as a U-shaped configuration with a length of 3.4 nm, which was
similar to the result from XRD. Therefore, we could conclude that
the U-shaped molecules formed lamellar packing of J-aggregates
in favor of H-bonding and p–p interactions. The stacking model
is shown in Scheme 2 (edge-on view and top-on view) based on
the above results and the optimized molecular structure.


Fluorescence spectra also provide important information on
the molecular organization of fluorophores.19 Fig. 5 shows the
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Fig. 4 The XRD diffraction of the xerogel 1 from chlorobenzene.


Scheme 2 The stacking model for 1 in the gel state based on the
CPK optimized configuration from the edge-on view and top-on view,
respectively.


Fig. 5 The fluorescent spectra for 1 at different concentrations (a), 10−6 M;
(b), 10−5 M; (c), 10−4 M; and (d), gel state at 2.0 (wt/vol)% in chlorobenzene.


fluorescence spectra of compound 1 in chlorobenzene solutions
at different concentration and in the chlorobenzene gel state,
respectively. When excited at 325 nm, compound 1 showed an
emission peak at 460 nm under lower concentrations at 10−6 M


and 10−5 M, and gave a red-shifted emission peak (around 500 nm)
at 10−4 M and a more red-shifted emission peak (around 520 nm) in
the gel state. The UV-vis spectra depending on the concentration
in the Fig. 3 also showed a red-shift, which suggested that the
molecules would aggregate when the concentration increased, and
the large degree of p-aggregations induced the great red-shift of
the fluorescence emission for the gel. Therefore, the fluorescence
could be modulated by controlling the aggregated degree of the
molecules, which may be useful for some sensors and some other
optical devices.


Conclusion


A new organogelator with good gelated capability in halogen-
aromatic solvents based on dichalcone substituted carbazole
derivative was prepared. From the TEM images, FT-IR and UV-
vis results, it suggested that the molecules stacked into a fibrous
structure in favour of H-bonds and p–p interactions, and J-
aggregates formed. Combining the XRD result and the optimized
molecular configuration, the U-shaped molecules were stacked
into lamellar structures. The fluorescent spectra indicated that
the emission could red-shift obviously with increasing of the
aggregated degree of molecules, which provided a simple way to
modulate the emission band by controlling the aggregated degree
of the molecules.


Experimental


The dry tetrahydrofuran (THF) was distilled after refluxing in
Na–benzophenone for 3 h. The lauroyl chlorides were prepared
according to the general procedure and were used without any
further distillation. Other chemicals were used as received.


Measurements


1H nuclear magnetic resonance (1H NMR) spectra were deter-
mined with a Varian-300 EX spectrometer. UV-visible absorption
spectra were recorded with a Shimadzu UV-2201 UV-visible
spectrophotometer. Fourier transform infrared (FT-IR) spectra
were measured at room temperature on a Nicolet Impact 410 FT-
IR spectrometer. X-Ray diffraction (XRD) patterns were carried
out on a Japan Rigaku D/max-cA instrument. XRD was equipped
with graphite monochromatized Cu-Ka radiation (k = 1.5418 Å),
employing a scanning rate of 0.02◦ s−1 in the 2h range from 0.7◦


to 10◦. Transmission electron microscopy (TEM) was taken with
a Hitachi modes H600A-2 apparatus by wiping the samples onto
a 200-mesh copper grid followed by naturally evaporating the
solvent. Fluorescence spectra were measured on a Japan Hitachi
850 fluorescence spectrophotometer at room temperature.


Synthesis of compounds


4-N-Lauroylamino-acetophenone (4). A mixture of 4-amino-
acetophenone (1.62 g, 0.012 mol) and triethylamine (4 mL,
0.03 mol) in dry THF (10 mL) was added dropwise to a solution
of lauroyl chloride (2.6 g, 0.012 mol) in THF (10 mL) at
0 ◦C. After stirring overnight at room temperature the solution
was poured into water (100 mL), and the precipitate was filtered
and recrystallized in ethanol. Yield: 3.2 g, 85%. Mp 109.0–
110.0 ◦C. FT-IR (cm−1): 3324, 2917, 2848, 1678, 1658, 1606, 1536;
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1H NMR (CDCl3, 300 MHz, ppm): d 0.87 (t, 3H, CH3), 1.26 (m,
16H, CH2), 1.73 (m, 2H, CH2), 2.58 (s, 3H, COCH3), 2.90 (m, 2H,
CH2), 7.63 (d, 2H, ArH), 7.94 (d, 2H, ArH).


9-Butylcarbazole (3). Carbazole (6 g, 0.036 mol), benzyltri-
ethylammonium chloride (BTEAC, 0.2 g), and 1-bromobutane
were dissolved in benzene (20 mL), then NaOH aqueous (50%,
10 mL) was added, the obtained mixture was stirred and refluxed
for 3 h. Then the solvent benzene was removed under the reduced
pressure, and water (200 mL) was added to the flask and a white
solid formed. The white solid was collected by filtration and
washed with water. The solid was recrystallized from a mixture
of ethanol and water and gave white needle crystals. Yield: 6.4 g,
80%. Mp 58.0–62.0 ◦C. IR (cm−1): 3043, 2972, 2953, 2929, 2869,
2858, 1625, 1592, 1483, and 1378. 1H NMR (CDCl3, 300 MHz,
ppm): d 0.95 (t, 3 H, CH3), 1.39 (m, 2 H, CH2), 1.86 (m, 2 H, CH2),
4.31 (t, 2 H, NCH2), 7.19–7.48 (m, 6 H, ArH), 8.00 (d, 2 H, ArH).


9-Butyl-3,6-diformylcarbazole (2). A solution of N,N-
dimethylformamide (12.5 g, 0.17 mol) in 1,2-dichloroethane
(10 mL) was added dropwise to phosphoryl chloride (21.9 g,
0.145 mol) at 0 ◦C. Then the reaction mixture was heated to
35 ◦C, and 9-butylcarbazole 3 (2.23 g, 0.01 mol) was added.
After being stirred for 48 h at 90 ◦C, the mixture was poured
into water (200 mL), extracted with chloroform, and the organic
layer was washed with water, dried over anhydrous magnesium
sulfate. The solvent was removed under reduced pressure. The
residue was purified by silica gel column chromatography (ethyl
acetate–hexane, 1 : 3 as an eluent). Yield: 0.98 g, 35%. Mp 153.0–
156.0 ◦C. IR (KBr): 2806, 2722 (mC–H stretching), 1685 (mC=O
aromatic aldehyde), 1592, 1487 (mC=C aromatic stretching) cm−1.
1H NMR (CDCl3, 300 MHz, ppm): d 0.96 (t, CH3), 1.35–1.70 (m,
4H, CH2), 4.25 (t, 2H, NCH2), 7.40 (d, 2H, ArH), 7.85 (d, 2H,
ArH), 8.36 (s, 2H, ArH), 9.98 (s, 2H, CHO).


9-Butyl-3,6-di[3-(4-dodecanoylamino-phenyl)-3-oxo-propenyl]-
carbazole (1). A mixed solution of THF–ethanol (10 mL–
30 mL) containing 9-butylcarbazole-3,6-dicarbaldehyde 2(0.56 g,
0.002 mol), 4-N-lauroylamino-acetophenone (1.4 g, 0.0044 mol),
and NaOH aq. (3 g, 25 mL) was reacted at 70 ◦C for 6 h, and
then most of the solvent was removed under the reduced pressure
and orange solid was formed. The orange solid was collected by
filtration and washed with water. The solid was purified by silica
gel column chromatography (ethyl acetate–hexane, 1 : 1 as an
eluent). Yield: 0.57 g, 35%. Mp 238.0–240.0 ◦C. IR (KBr): 1H
NMR (CDCl3, 300 MHz, ppm): d 0.87 (t, 6H, CH3), 0.96 (t, 3H,
CH3), 1.25–1.42 (m, 34H, CH2), 1.74–1.80 (m, 6H, CH2), 2.45
(t, 4H, CH2), 4.30 (t, 2H, CH2), 7.40 (d, 2H, ArH), 7.62 (d, 2H,
CH=CH), 7.67 (s, 2H, ArH), 7.73 (d, 4H, ArH), 7.76 (d, 2H,
ArH), 8.08 (d, 4H, ArH), 8.12 (d, 2H, CH=CH).


Gelation test in solvents


The weighed gelator 1 in solvents was heated in sealed test tubes
in an oil bath until the solid was dissolved. After the solution was


allowed to stand at room temperature for 5 h, the state of the
mixture was evaluated by the “stable to inversion of a test tube”
method.20
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Density functional calculations are used to explore the formation of iminium ions from secondary
amines and acrolein and the subsequent reactivity of the resulting iminium ions. After establishing a
feasible profile for this reaction in simulated experimental conditions, we focus on the effect of variation
in amine structure on calculated barriers. This analysis shows that incorporation of a heteroatom (N or
O) in the a-position to the reactive amine results in significantly reduced energy barriers, as does an
electron-withdrawing group (carbonyl or thiocarbonyl) in the b-position. Electron density analysis is
used to monitor reactions at a detailed level, and to identify important intermolecular interactions at
both minima and transition states. Barriers to reaction are linked to calculated proton affinities of
secondary amines, suggesting that the relative ease of protonation–deprotonation of the amine is a key
property of effective catalysts. Moreover, barriers for subsequent Diels–Alder reaction of iminium ions
with cyclopentadiene are lower than for their formation, suggesting that formation may be the rate
determining step in the catalytic cycle.


Introduction


Much interest has been shown in metal-free asymmetric catalysis
in recent times.1 Organic transformations through the use of small
organic molecules has proven to be an exciting and fast paced
field.2,3 Organocataylsis has been used in numerous reactions4–10


to give the products in excellent yield and enantiometric excess.
Many of the reactions that have been developed were previously
only accessible through metal-based reactions or in some cases
not feasible through the use of Lewis acid catalysis.11 As progress
is made in the development of the portfolio of reactions available,
and the range of possible substrates for these reactions is widened,
effort can be turned to increasing reaction rates and at the same
time decreasing catalyst loading.


Our group has undertaken research into this area from both
synthetic and theoretical directions. Recent work has focused on
the use of iminium ions: catalysis using these ions exploits the
higher reactivity of iminium ions compared to their parent car-
bonyl species, facilitating cycloaddition and nucleophilic addition
reactions.1 Synthetic studies have shown highly promising rates
and yields using this approach. Iminium ions are formed via the
reaction of amines and carbonyl compounds (see Scheme 1).
We have recently shown that a heteroatom such as N or O
at the a-position to the reactive amine centre has a marked
effect on catalytic activity.12 This can be further enhanced by the
presence of an electron-withdrawing group such as a carbonyl
in the b-position, giving rise to increased selectivity and reaction
rates whilst allowing for a decrease in catalyst loading.12 Quan-
tifying effects of amine structure and functional groups upon
the formation of the reactive species has been a goal in our
research.
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Scheme 1 General reaction scheme of iminium ion catalysed Diels–Alder
reaction.


In this work, we employ standard conditions of low pH, with
the amine present as a salt, usually of hydrochloric acid, though
other acids have been used. Jencks13 gives an outline mechanism
for formation of ‘imines’ from carbonyls and strong amine bases
in acidic conditions, in which attack of the amine at the carbonyl
is rate-determining, followed by or concerted with proton transfer
to form a tetrahedral intermediate containing a C–N single bond.
Loss of water to form the iminium ion is then rapid in acidic
aqueous solution. To date, most theoretical studies of iminium
ions have concentrated on their reactivity in e.g. aldol and Diels–
Alder reactions,14,15 with less emphasis on the formation of the
iminium ion itself. This is somewhat surprising as this step has
been proposed as the rate-determining step within the catalytic
cycle (Scheme 1).5 Boyd and co-workers16 have calculated such a
pathway, but used basic conditions in which the amine is present
as the free base.


In this work, density functional calculations were performed
to determine a possible mechanism for acid-catalysed iminium
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Fig. 1 Two optimised reactant geometries differing in energy by 2.9 kJ mol−1.


ion formation from carbonyls and amine-hydrochloride salts, and
hence to understand and predict how amine structure might
influence the energetics and kinetics of iminium ion formation.
Following this, a second goal was to develop a predictive scale
of amine reactivity based upon structure, functionality, and calcu-
lated properties. In the process of carrying out these calculations, a
number of theory levels, basis sets and solvent models were tested.
Preliminary calculations on subsequent Diels–Alder reaction of
iminium ions are also presented.


Computational methods


All calculations used density functional theory (DFT) methods
and were carried out using the Gaussian03 package.17 Initial
optimisations and transition state searches were carried out at
the B3LYP/6-31+G(d,p) level,18–20 within an Onsager solvent
shell of methanol.21 Subsequent calculations used to test these
methods employed the larger 6-311++G(2d,p) basis set,20 as
well as the mPW1PW91 functional22 and an alternative PCM
model of methanol solvation.23 Transition states connecting
minima were located using a quadratic synchronous transit
(QST3) approach,24,25 specifying reactant and product structures
along with a guess of a transition state obtained from relaxed
potential energy surface (PES) scans. In order to check whether a
transition state (TS) located did indeed link the expected reactants
and products, the TS geometry was perturbed both forwards
and backwards along the transition vector, then a geometry
optimisation was performed on the resulting co-ordinates.


AIM200026 was used to perform atoms in molecules (AIM)
analysis, as developed by Bader et al.,27,28 in order to evaluate inter-
and intramolecular interactions in the system. Using this method,
underlying reasons for observed energetic and geometric differ-
ences could be identified and phenomena such as intermolecular
hydrogen bonding interactions could be examined. AIM theory is
based on the partitioning of electron density (q) into well-defined
regions, bounded by surfaces of zero-flux in the electron density.
Analysis of q and its gradient reveals features such as minima,
maxima and saddle points, known as critical points (CPs). Of
particular interest are bond critical points (BCPs), which define
the interaction of two nuclear attractors, and can give information
on bond strength and order.28,29 Throughout this work, we have
made use of the observation that increased q at a BCP indicates
an increase in bond order, as shown by Bader30 and Cremer and
Kraka.31 An example of such relationships can be seen for many
diverse types of bond.29


Results and discussion


We started our theoretical investigations with a realistic model
of the reaction conditions used in the acid-catalysed formation
of iminium ions in wet methanol. An ensemble was constructed
containing the hydrochloride salt of the simplest secondary amine;
dimethylamine, acrolein as a model electrophile, and a single
explicit water molecule. These reactants in the model system can
be rearranged in many ways, the most mobile aspects of the
ensemble being the chloride ion and water molecule, meaning
that throughout the initial calculations all low energy geometries
had the reacting species (amine plus acrolein) in approximately
the same orientation. Optimisation of this reaction mixture
from varying starting points revealed many stable conformations
within 5 kJmol−1 of each other, and with negligible barriers of
interconversion (see Fig. 1).


Although the lowest energy geometry was a stable minimum,
the positioning of the chloride ion meant that further reaction
gave substantially higher barriers than found for the next lowest
energy geometry, the difference in energy between these two
minima being 2.9 kJ mol−1. On minimisation the reactants form
a hydrogen bonded complex. Non-bonding interactions play an
important role in the stabilisation and orientation of reactants at
stationary points: the chloride ion positions over one proton of
the protonated amine, the carbonyl oxygen of acrolein aligns with
the remaining N–H, and the main body of acrolein stretches away
from the amine with the a-hydrogen coordinating with the water
molecule (Fig. 1b).


In order to determine whether a single explicit water molecule
was sufficient to model the behaviour of wet methanol, the effect of
additional water molecules on the mixture was evaluated by adding
a further three waters to the system. In all cases, optimisation led
to the chloride occupying a comparable position as the simple
system, i.e. forming a close contact with the protonated amine
(Cl · · · H distances vary between 2.17 Å and 1.90 Å), with minor
changes in other geometrical details (Fig. 2). Another possibility
for a model system was to exclude the explicit water in favour of a
simpler system. Calculations of this system were carried out giving
very similar barriers to the later stages of the pathway. Although
such a system has less complexity, the same number of minima
was found as in the hydrated system. It was therefore decided
to continue with the explicit water as this contained the species
present in the experimental reaction mixture.


Using the reactant ensemble shown in Fig. 1b, a pathway
containing seven stationary points was determined. Local minima
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Fig. 2 Geometry of reactants plus four water molecules.


corresponding to the iminium ion product, and an intermediate
structure containing a C–N single bond (which we term ‘aminol’),
as well as the reactant geometry shown above, were located
and confirmed via harmonic frequency calculation. Using the
QST procedure, a transition state (TS1, shown in Fig. 3) linking
the reactant and aminol intermediate was located, with a single
imaginary frequency of 139.9i cm−1. TS1 is 110 kJ mol−1 higher
in energy than the reactant complex, a sizeable barrier due to the
transfer of a proton from the amine to chloride, accompanied
by a small re-orientation of acrolein and water. The chloride is
covalently bound to the hydrogen with an H–Cl distance of 1.318 Å
(cf. 1.288 Å for free HCl at the same level). The process of the
chloride removing one of the protons forces the amine to ‘rock
back’ to accommodate this change. Hydrogen bonding between
the transferring proton and the carbonyl oxygen (H · · · O = 1.957
Å) and between the proton and the free nitrogen of the amine
(H · · · N = 1.659 Å) can be observed.


Fig. 3 Geometry of TS1.


Perturbing TS1 in the forward direction led not to the expected
aminol structure, but instead to an unexpected local minimum, as
shown in Fig. 4. This structure has an energy 32.6 kJ mol−1 below


Fig. 4 Intermediate geometry.


TS1, has no imaginary vibrational frequencies, and differs from
that of TS1 solely by rotation of the various moieties, with both
acrolein and HCl rotated towards their subsequent orientations.
As the amine is symmetric, the two possible directions in which
the acrolein may rotate are degenerate, though this will become
an important point for unsymmetrical amines. This intermediate
shows a reordering of weak interactions from TS1, including N–
H · · · Cl (2.702 Å). At this stage the water molecule performs a role
by bridging the hydrogen chloride (Cl–H · · · O = 1.591 Å) and the
carbonyl (O–H · · · O = 1.703 Å).


TS2 (Fig. 5) separates this metastable intermediate structure
from the aminol species: the barrier from intermediate to TS2 was
just 10 kJ mol−1, i.e. essentially negligible when compared to the
barrier associated with TS1. The structure of this transition state
was of interest, the water molecule mediates proton transfer from
HCl to the carbonyl oxygen, acting as a “proton shuttle”. Thus,


Fig. 5 TS2 geometry.
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it appears that only this step requires the presence of an explicit
water molecule, and hence explains the action of trace water in the
reaction mixture noted previously.12 A single imaginary frequency
is found as 312.9i cm−1.


The aminol structure is ca. 10 kJ mol−1 higher in energy than the
reactant complex: the N–C bond has formed in this species and a
proton transferred from amine to carbonyl (Fig. 6). Here again,
the chloride ion is closely associated with the protonated amine
centre, with the water hydrogen bonded to both Cl− and OH. The
N–C bond length is 1.56 Å, i.e. somewhat longer than a typical
N–C single bond (1.46 Å in methylamine, calculated at the same
theoretical level). The reactive carbon centre has an approximate
sp3 geometry (NCO = 109.0◦, NCC = 111.4◦). Perturbation along
the reaction coordinate forward from TS2 results in the aminol
geometry shown in Fig. 6, but two other conformations can be
located. Of these three conformations, the two with H–N–C–O
torsion angles of +71.4◦ and −64.9◦ are of essentially equal energy,
while that with −171.6◦ is considerably higher in energy. Barriers
of 40 kJ mol−1 and 54 kJ mol−1 separate these minima, such that
effective free rotation around the C–N bond is anticipated.


Fig. 6 Aminol geometry.


The final transition state located, TS3 (Fig. 7), accompanies
elimination of water from the aminol intermediate. This is again
a proton transfer from amine to oxygen (Cl · · · H = 1.527 Å,
O · · · H = 1.248 Å), mediated by the presence of chloride. TS3 is ca.
90 kJ mol−1 above the aminol species. Thus, the barrier associated
with initial formation of the N–C bond is rather higher in energy


Fig. 7 TS3 geometry.


than subsequent elimination of water to the final product. The N–
C distance reduces to 1.390 Å and the carbon chain of the acrolein
begins to flatten. A single imaginary frequency of 405.62i cm−1 is
found.


A final low energy minimum, corresponding to the iminium
ion product after elimination of water from the aminol species,
was located ca. 40 kJ mol−1 above the reactants. This product
contains the expected N=C double bond, as evident by the planar
disposition of groups about the new bond forming a sp2 hybridised
carbon centre, and a N=C length of 1.31 Å (Fig. 8). The chloride
ion is now located above the N=C carbon, solvated by two explicit
water molecules. Table 1 contains inter-atomic distances of N–C
and C–O in the model reaction profile, as expected the general
trend is toward formation of an N–C double bond and dissociation
of C–O to give the iminium ion product.


Fig. 8 Iminium ion product.


Table 1 Bond lengths over reaction profile


Reactants TS1 Intermediate TS2 Aminol TS3 Iminium product


N–C 3.637 4.437 2.771 2.272 1.558 1.390 1.305
C–O 1.233 1.229 1.232 1.257 1.377 1.617 3.961
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Scheme 2 Reaction profile of the reaction between dimethylamine hydrochloride and acrolein.


Therefore, our B3LYP/6-31+G(d,p)/Onsager calculations in-
dicate a three-step, rather than a two-step mechanism for forma-
tion of an iminium ion from dimethylamine hydrochloride and
acrolein, albeit with one energetically unimportant step, as shown
in Scheme 2. There is therefore considerable scope for electronic
and/or steric effects, through modification of the amine, to alter
the kinetics of iminium ion formation.


Before moving on to studying these effects, we checked the sta-
bility of our results with respect to theoretical method, with results
reported in Table 2. Expanding the basis set to 6-311++G(2d,p)
reduces the energy of each stationary point relative to the reactant
complex, the largest change being ca. 7 kJ mol−1 in TS1, with rather
smaller changes elsewhere. Using the mPW1PW91 functional,
reported to give improved barriers over B3LYP for model organic


reactions,32 has only a small effect on TS1, intermediate, and TS2
relative energies, but considerably reduces the energy of the aminol
and TS3 structures, to the extent that the aminol intermediate is
now lower in energy than the reactants. The difference in geometry
between B3LYP and mPW1PW91 was essentially negligible.


We also checked the use of the polarisable continuum model
(PCM) of solvation. We were unable to recalculate all stationary
points shown in Scheme 2 using this method due to problems in
calculating analytical second derivatives with PCM in Gaussian03.
Instead, Table 2 and Fig. 9 contain single point B3LYP/6-
31+G(d,p)/PCM energies at geometries from equivalent Onsager
calculations. Barriers at TS1 and TS3 were consistently ca.
25 kJ mol−1 higher, perhaps due to the lack of geometrical
relaxation at this level. Overall though, PCM solvation did not


Fig. 9 Reaction profile at differing theory levels in PCM solvent.


Table 2 Energies of stationary points relative to reactant complex (kJ mol−1)


TS1 Intermediate TS2 Aminol TS3 Iminium product


B3LYP/6-31+G(d) 109.7 80.1 83.8 9.7 98.7 39.4
B3LYP/6-311++G(2d,p) 102.9 76.9 82.2 11.6 97.9 36.8
mPW1PW91/6-31+G(d,p) 114.5 76.7 76.9 −14.7 81.7 37.0
B3LYP/6-31+G(d)+PCM 149.9 115.0 114.5 12.6 118.7 34.1
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alter the calculated mechanism. Thus, both increasing the size of
the basis set and using alternative DFT and solvation methods did
not alter the fundamentals of our calculated mechanism.


The model dimethylamine system discussed above was used
as a template for a number of cyclic and acyclic secondary
amines (Fig. 10), with searches for stationary points starting
from those found for dimethylamine. By overlaying a previously
optimised amine over the dimethylamine of the model system
an approximation for the stationary point was created. The
majority of stationary points were found by standard optimisation
techniques, but some more troublesome transition states were
eluded with the QST3 method.


Fig. 10 Structures and numbering of secondary amines 1–12.


The addition of a heteroatom (N or O) a- to the reactive nitrogen
centre substantially decreases the barrier associated with TS1
(Fig. 11). The largest decrease (>25 kJ mol−1) in barrier height


was seen in 3, reflecting the greater electronegativity of O over N,
with a similar change in the energy at the intermediate geometry.
The a-heteroatom did not significantly affect the geometry of the
reactants, intermediate, or TS1, which suggests that the barrier
reduction is largely electronic in nature. TS3 also lowers notably: in
this case, energy differences appear to be due to the extra flexibility
of the amine, as rotation around the N–X (X = N or O) bond
allows further interactions with water and chloride. The presence
of aN–H in 2 allows the formation of hydrogen bonding to O and
Cl−, which could also explain the relative stability of the iminium
ion product of 2.


The incorporation of the reactive secondary amine into the
five-membered ring in pyrrolidine (4) increases TS1 to give the
largest barrier found (118 kJ mol−1). This amine also yields higher-
energy of both remaining transition states, relative to 1 (Fig. 12).
Substitution with a-nitrogen (5) gives a relative energy of TS1
below that of 1, reinforcing the barrier-lowering effect of an a-
heteroatom. Formation of hydrogen bonding between the a-N–H
and acrolein is apparent in TS1, which may contribute to lowering
the barrier by 19 kJ mol−1 cf. 4. A decrease in relative energy cf. 4 is
observed in the remaining two transition states and intermediate
geometry, with corresponding increases in the relative energy of
both aminol and iminium ion minima.


The effect of an endocyclic carbonyl group in the b-position
of the five-membered ring can be seen in the data for the lactam
6. This gives the lowest barrier to TS1 of all the data reported
here, suggesting that this should form a useful catalyst. However,
6 also has the largest relative barriers associated with TS2 and
TS3, such that TS3 lies only 1 kJ mol−1 below that of TS1.
The hydrogen bonding network present in TS1 (Fig. 13) strongly


Fig. 11 Reaction profile for acyclic secondary amines 1–3.


Fig. 12 Reaction profiles for cyclic secondary amines 4–8.
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Fig. 13 Geometry of TS1 of 6.


involves the a-N–H group, and causes the geometry to alter
significantly compared with other molecules studied. Molecule
7, which contains a carbonyl group but not the a-heteroatom,
leads to a rather larger barrier associated with TS1, 15 kJ mol−1


larger than in 6. The position of the carbonyl group (c in 7, b in
8) appears to have little effect on the reaction profile, despite its
closer proximity to the reactive centre in the latter.


The low TS1 barrier for the acyclic carbamates 9 and 10 (Fig. 14)
supports the result for 6 that this functionality has a large effect
on the reaction profile. In these acyclic cases, however, the relative
energies of TS2 and TS3 are also significantly lower than found
for other classes of amine. Substitution of hydrogen for methyl
(i.e. 9 cf. 10) has little effect on barriers, but the importance of
the position of the a-heteroatom is highlighted by the data for
11, whose TS1 is relatively high in energy compared to 9 and 10,
though this positioning has less of an effect on TS3. Interestingly,
the lowest TS1 barrier found was that for the thiocarbamate
12, which also shows subsequent barriers similar to the acyclic
carbamates, and should therefore be at least as reactive as the
carbamate. All carbamates considered stabilise the intermediate
considerably, and increase the barrier at TS2 to the range between
20–40 kJ mol−1. These carbamates (or thiocarbamates) form
extensive hydrogen bonding networks through the carbonyl group
(see Fig. 15), unlike 7 and 8 which are limited by the ring
structure.


To explore more deeply the role of hydrogen bonding and
other intermolecular interactions, and to follow the position of
the reaction profile where bonds are formed and broken, we
carried out AIM analysis of all stationary points, beginning with
the model dimethylamine system. Visual inspection can identify
the interactions within a certain structure, while the value of the
electron density at the BCPs located allows interaction strengths to


Fig. 15 Intermediate geometry of 10 showing hydrogen bonding network,
including C–H · · · O interactions between b-carbonyl and acrolein.


Fig. 16 Molecular graph of reactant of 1, with qBCP of significant
intermolecular interactions indicated next to each BCP.


be quantified. The intermolecular interactions within the reactant
ensemble are shown in Fig. 16. By some distance, the strongest
interactions are those involving the protonated amine N–H, which
forms H-bonds to the carbonyl and chloride. Remaining weaker


Fig. 14 Reaction profiles for carbamate derivatives 9–12.
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interactions involve the water molecule, which forms one O–
H · · · Cl and two C–H · · · O H-bonds to acrolein and amine. The
electron density at the BCP of the N–H coordinated to the chloride
is lower than that of the N–H · · · O, indicating weakening of this
bond due to the stronger H-bonding, and perhaps suggesting that
the amine proton is more labile to the chloride.


At TS1, the proton has essentially been lost from N–H, with
only a very weak interaction remaining: instead, a covalent H–
Cl bond (q = 0.230 au) is present, along with a Cl–H · · · O H-
bond to acrolein (Fig. 17). Stronger interaction of the transferred
proton with the carbonyl oxygen than the nitrogen suggests a
‘late’ transition state. Orientation of the reactants appears to
be moderated by H-bonding, with weak but symmetric contacts
between carbonyl and methyl protons. The water molecule plays
a passive role interacting with the chloride and a-proton of the
acrolein similar to that of the reactants.


Fig. 17 Molecular graph of TS1 of 1.


The intermediate geometry is the first in which an interaction
between nitrogen and carbon is observed in the dimethylamine
system (Fig. 18). To form this bond, acrolein must rotate relative
to dimethylamine, and hence a number of interactions have been
lost: the weak C–H · · · O interactions are replaced by stronger


Fig. 18 Molecular graph of intermediate of 1.


bonds involving the water molecule. Also the covalent H–Cl bond
has greater interaction with water than in TS1.


TS2 is associated with a proton shuttle mechanism through
H2O, and hence there is no change in number and type of BCPs
present from the intermediate (Fig. 19). However, AIM analysis
shows the progress of proton transfer, with almost equal q at
the Cl–H and H–O BCPs, such that the water might be better
described as a hydronium ion here, along with weakened C–O and
enhanced O · · · H interactions at the carbonyl. The incipient N–C
bond is stronger here than in the intermediate, as is the N–H · · · Cl
H-bond, since Cl is now more like a chloride ion here.


Fig. 19 Molecular graph of TS2 of 1.


The aminol stationary point affords the first ‘true’ N–C bond
(0.221 cf. 0.250 au in the N–C bond of dimethylamine), with q
at the BCP almost five times that found at TS2, along with a
protonated O–H at the former carbonyl and a weaker, longer C–
O bond (Fig. 20). The chloride ion forms a strong H-bond to


Fig. 20 Molecular graph of aminol of 1.
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the remaining amine proton, with similar electron density to that
seen in the reactant. A strong O–H · · · O interaction is also seen
between water and the now protonated carbonyl.


Formation of the final iminium ion product involves dehydra-
tion via transfer of the amine proton to the ‘carbonyl’ oxygen,
which is accompanied by contraction of the N–C bond (Fig. 21).
As in TS1, the chloride ion plays a key role in facilitating proton
transfer, with almost equal sharing of electron density between H–
Cl and O–H interactions at this TS. The strength of the N–C bond
is again increased here compared to the aminol species, while the
breaking C–O bond is considerably weaker. The water molecule
interacts weakly with hydrogens from the dienophile and more
strongly with the chloride.


Fig. 21 Molecular graph of TS3 of 1.


The final product of the profile is the iminium ion with
2H2O + Cl−, which, as expected, has the largest q for the N–
C bond observed thus far (Fig. 22). The positioning of the two
water molecules allows each to have three H-bonding interactions
of comparable strength. One water molecule interacts with the
chloride and protons of the methyl groups, while the second


Fig. 22 Molecular graph of iminium ion of 1.


accepts density from the protons of the alkene as well as donating
to the chloride. The chloride centres above the carbon of the
newly formed N=C bond, interacting directly with this atom. The
essentially planar iminium ion also gives rise to weak H · · · H
interaction between methyl and acrolein protons, a pattern similar
to that recently studied by Matta et al.33


AIM analysis can also be used to shed light on possible
reasons for the changes in relative energies with amine structures
noted in Fig. 11–14. For instance, the low TS1 found for acyclic
(thio)carbamates indicates that this functional group has direct
bearing on the reaction profile: the relative energies of interme-
diate, TS2 and TS3 geometries are significantly lower than that
of other classes of amine studied. These molecules form extensive
hydrogen bonded networks, whose formation/disruption can play
a role in the energetics of the reaction (Fig. 23). Such interactions
cannot occur in cyclic molecules such as 7 and 8 due to the
structural constraints of the ring.


Fig. 23 Molecular graph of TS1 of 10.


The presence of the C=O of carbamate has the effect of
controlling the position of the acrolein, with interactions between
protons in the early stages and carbon once the N–C bond
has begun to form. The substitution of hydrogen for methyl
(cf. 9 and 10) has little effect on the reaction profile or the
topology of the electron density. The importance of the position
of the a-heteroatom is highlighted using 11, in which TS1 has
a relatively high barrier compared to the rest of the amines
examined. However, once again the position of the reactants and
the molecular graph is barely changed from that shown in Fig. 23.


The lowest TS1 of all molecules is found for compound 6: the
molecular graph (Fig. 24) of this shows the proton of the a-nitrogen
forming an interaction (0.0209 au) with the acrolein oxygen. The
formation of this interaction is at the expense of losing a slightly
stronger (0.0277 au) interaction between a-nitrogen and water in
the reactant complex. Thus, there appears to be a subtle interplay
of formation and loss of hydrogen bonding contacts over the
reaction profile, which along with the electronic variation at the
reactive amine determines the overall barriers.


One consideration for non-symmetrical amines is the relative
energy of E and Z configurations of the product iminium ion,
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Fig. 24 Molecular graph of TS1 of 6.


which may affect subsequent reactions e.g. by steric hindrance.
The relative energies of E and Z orientations of four representative
iminium ions formed from amines 2, 3, 5, and 9 (Fig. 25) show, in
each case, a small preference for the Z configuration. Conversion
between isomers involves disruption of the p-system, and is
therefore associated with a large barrier (e.g. 231.6 kJ mol−1 for 2).


Fig. 25 Relative energy of E/Z configurations of four iminium ions.


This analysis raises the question of where in the reaction profile
the issue of orientation of iminium ion and N-substituent first
arises, i.e. where in the reaction profile does acrolein rotate to
present the d+ carbonyl to the incoming nitrogen nucleophile.
Our analysis (e.g. Fig. 13) shows that this occurs between the
intermediate and aminol species, i.e. at TS2. We therefore searched
for alternative geometries of TS2 for amines 2, 3, 5, and 9, in which
the orientation of amine and acrolein is reversed from those shown
and discussed above. In three of the four cases, we were unable to
find a transition state corresponding to this altered pathway, so the
above results appear to be the only feasible pathway to iminium
formation. In these cases, the direction of rotation of acrolein is
such that it leads to the energetically favoured Z-product, i.e. both
kinetics and thermodynamics favour the formation of one product
over another. For amine 5, two geometries of TS2 were located,
but these differ by 7 kJ mol−1, an essentially negligible difference
when compared to the barriers associated with TS1 and TS3.


Reaction profiles and AIM analysis indicate that the key factor
in formation of an iminium ion is the transfer of a proton of the
original protonated amine to the carbonyl of acrolein. Therefore,
we investigated whether the basicity of the parent amine shows
any relation to calculated barriers. Proton affinities (PA) of selected


amines were evaluated at the same B3LYP/6-31+G(d,p) level, and
are plotted in Fig. 26 alongside TS1 barriers. It is clear that there
is some relation between the two values, which holds particularly
well for the simple amines 1–3. It appears that the relatively high
barrier at TS1 found for pyrrolidine (4) is related to the high
basicity of the parent amine, which would act to inhibit proton
transfer, though the barrier for 6 is higher than might be expected
on the basis of PA alone, perhaps due to the H-bond network
noted above.


Fig. 26 B3LYP/6-31+G(d,p) proton affinities and TS1 barriers
(kJ mol−1).


It is revealing to compare the energetics of reaction profiles
calculated in this work with overall catalytic yields for the cycle
shown in Scheme 1. Table 3 contains four such yields for four
amines, where experimental yields correspond to a common
reaction time of 72 hours and standardised reaction conditions,
along with calculated barriers at TS1. These data indicate that the
low TS1 barrier for amine 3 does indeed correspond to greater
catalytic efficiency, whereas simple amines 1 and 4 have high TS1
barriers and are poor catalysts. Such comparison for the hydrazine
derivative 3 is complicated by the fact that experimentally this
is present as the di-hydrochloride salt (MeNH–NHMe·2HCl),
whereas in our calculations only the mono-hydrochloride salt
was considered, for consistency with other amines. Also, amines
1, 2, and 4 show a clear preference for exo over endo Diels–
Alder products, whereas 3 shows the opposite stereochemistry,
which may be indicative of an alternative pathway for this
case. Overall, it seems clear that a lower TS1 barrier leads to
greater catalytic efficiency, though more data is required before
quantitative predictions can be made.


The comparisons shown in Table 3 prompted us to explore, at
the same theoretical level, the subsequent Diels–Alder reaction
of iminium ions based on acrolein and amines 1–4. In the


Table 3 Comparison of TS1 barriers and experimental yields


DE TS1/
kJ mol−1


Yield (%)
(72 hours)a


Endo : exo
ratiob


Pyrrolidine (4) 118.03 27 32 : 68
Dimethylamine (1) 110.80 29 35 : 65
Dimethylhydrazine (2) 104.23 48 68 : 32
Dimethylhydroxylamine (3) 84.80 80 34 : 66


a Standardised reaction conditions of cinnamaldehyde (1 eq.) and cyclo-
pentadiene (3 eq.) in a 19 : 1 methanol–water mixture @ 25 ◦C for 72 h.
b Determined by 1H NMR of crude reaction mixture.
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Table 4 Barriers to Diels–Alder cycloaddition reaction (kJ mol−1)


No solvent Onsager PCM


Acrolein Exo 81.5 80.3 68.5
Endo 84.3 83.2 67.7


Iminium 1 Exo 21.6 25.7 31.2
Endo 21.1 25.5 30.7


Iminium 2 Exo 50.4 52.5 45.2
Endo 49.9 52.2 43.8


Iminium 3 Exo 14.2 16.3 13.4
Endo 13.1 15.0 12.3


Iminium 4 Exo 29.9 31.5 33.6
Endo 29.4 31.0 33.1


absence of any solvent, acrolein itself undergoes cycloaddition
with cyclopentadiene with a barrier of 81.5 kJ mol−1 for the
exo pathway and 84.3 kJ mol−1 for endo (see Table 4). These
barriers are substantially reduced for the iminium ion formed from
acrolein plus amine 1: barriers of between 21 and 25 kJ mol−1


are found, depending on solvent model and endo/exo pathway.
This is consistent with the general principles of organocatalysis
of Diels–Alder cycloaddition, in which the substrate double bond
is activated, and also with literature expectations of iminium ion
catalysis, where formation of an iminium ion is believed to be the
rate determining step.


Table 4 also compares barriers to reaction for amines 1–4,
which shows that amine structure has some influence on this stage
of the catalytic cycle. For instance, the iminium ion based on
dimethylhydrazine (2) and acrolein has a rather larger barrier than
all other amines, whereas that from 3 plus acrolein has a very low
barrier for Diels–Alder reaction. However, in all cases barriers are
substantially lower than for acrolein itself, suggesting that they
all activate the dienophile. Comparison of Table 4 with Fig. 9–
12 shows that barriers to formation of iminium ions are greater
than, or at best similar to, that for direct Diels–Alder reaction
of unmodified acrolein, such that over the entire cycle shown in
Scheme 1 no catalysis occurs. This apparent discrepancy might
be explained by the fact that experimental data is obtained using
cinnamaldehyde (3-phenylprop-2-enal) rather than acrolein. This
is significantly less reactive in the Diels–Alder step than acrolein,
with a calculated barrier of 112 kJ mol−1, i.e. 30 kJ mol−1 more
than acrolein in the same conditions. We anticipate that phenyl
substitution will not have such a large effect on barriers to iminium
ion formation: calculations are underway to confirm this. Also,
throughout Table 4, we find no evidence for significant differences
in energy barriers between endo and exo pathways: further work
is underway to explore the origin of the observed stereochemistry.


Conclusions


Density functional calculations have been performed for the
formation of an iminium ion from a variety of protonated amines
plus acrolein in aqueous methanol. From these calculations, we
find that substitution of the amine gives clear changes in activation
barriers on the reaction profile. Inclusion of a heteroatom a- to
the reactive secondary amine centre reduces the energetic barrier
in all cases, while addition of an electron-withdrawing carbonyl or


thiocarbonyl to this heteroatom further reduces barriers. This is
found to be most effective in acyclic amines, apparently due to the
extra flexibility of these over cyclic species.


Deprotonation of the amine is found to be the rate-determining
step in the formation of the iminium ion, and hence possibly of the
overall catalytic Diels–Alder reaction shown in Scheme 1. Atoms
in Molecules (AIM) analysis confirms that loss of a proton from
the protonated amine is the key change in this rate-determining
step. Comparison of the first proton abstraction (TS1) and rates of
conversion over 72 hours was made, which appears to show some
relation of theoretical and experimental values. Moreover, we find
some correlation between the calculated proton affinity of the free
amines and the barrier of the rate-determining step, opening up
the possibility of simple prediction of reactivity from PA.
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The possibility of combining the electronic properties of oligothiophenes with potential chiroptical
properties has fueled research in the area of thiaheterohelicenes. Recent reports that these molecules
also exhibit fascinating interactions with biologically important macromolecules place further emphasis
on the need for new synthetic methods to access thiaheterohelicenes. This review highlights the
synthetic methods currently being used to prepare thiaheterohelicenes and discusses the role that
chemical synthesis plays in the exploration of the properties of these helically chiral molecules.


Introduction


Conjugated molecules continue to be a subject of interest due to
their optoelectronic properties. Advancement of the field is often
directly linked to the availability of synthetic methods for making
new well-defined molecular architectures. This is particularly
true in the field of helicene synthesis, where the addition or
subtraction of substituents can modify both the electronic and
optical properties and influence the solid state organisation of
the materials. Unfortunately, the synthetic methods available to
make such substitutions are often limited. Helicenes possess an
intrinsically chiral helical structure due to their twisted carbon
skeleton which results from the ortho-fusion of aromatic rings.1


These rigid structures are particularly attractive because the
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chiroptic and electronic properties combine2 and become more
significant with increasing molecular size. The overlapping rings
of the large system have the potential for p-interactions and the
packing and supramolecular assembly of helicenes in the solid
state has been shown to be influenced by the molecular geometry.1


The inherent chirality of helicenes has led to their application in
asymmetric synthesis as chiral ligands.3,4 However, it is the unique
mesh of chirality and electronic potential5 that has piqued the
interest of chemists for over 30 years.1 Although the domain has
been dominated by carbohelicenes (Fig. 1, A), an emerging trend
is the fusion of thiophenes into the helical skeleton of the helicene,
giving birth to various thiaheterohelicenes (Fig. 1, B, C and D).
The presence of sulfur along the outer ridge of the helicene offers
new opportunities to modify the electronic and optical properties
due to S–S interactions in the solid state.6,7


As the properties of both carbohelicenes and thiaheterohe-
licenes continue to be investigated, differences between the two
classes of helical motifs have emerged. An important difference
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Fig. 1 The structures of [n]carbohelicenes, thiaheterohelicenes and car-
bon–sulfur [n]helicenes.


is the synthetic advantage introduced through the inclusion of
thiophene rings. The ease of functionalization of the a- and b-
positions of the thiophene ring is a valuable asset. Considering
the difficulty of modifying the termini of carbohelicenes, it is
understandable how interest in the thiaheterohelicene skeleton has
flourished. This review aims to highlight the synthetic methods
currently being used to prepare thiaheterohelicenes, in both
racemic and enantiopure forms. As the majority of the skeletons
possess both benzene and thiophene rings, this review has been
divided into two sections dealing with protocols for the formation
of either a benzene ring or a thiophene ring.


(1) Routes to racemic and enantiopure thiahetero-
helicenes involving construction of a benzene ring


The classic method of carbohelicene synthesis involves a pho-
tocyclization of stilbene precursors. Despite the fact that this
chemistry was developed over 30 years ago, it remains the most
popular method for the preparation of thiaheterohelicenes of
various sizes and functionalization. Although the yields are not
always high, a mixture of Z and E olefins can often be used, as
an in situ isomerization takes place. A recent study has shown
that the photocyclization method can be used to prepare the
heptahelicene 2 in 85% yield following irradiation (Scheme 1).8


In fact, the tricyclic units flanking the olefin in precursor 1 can
also be prepared via photocyclization. Thus, this method can be
used repeatedly throughout the preparation of various sizes of
thiaheterohelicenes. The changes in yields are often minimal, and
the higher homologue 4 could be prepared in 60% yield following
irradiation in benzene, in the presence of iodine and propylene
oxide.9


Stilbenoid precursors are often prepared via Wittig reactions
or McMurry couplings.8,9 However, a new method was recently
developed by Baldoli and co-workers via a stereospecific Suzuki-
type reaction using (Z)-boronic esters (Scheme 2) that can
introduce functionality as well.10,11 The stilbene precursor 7 can
be prepared in 83% yield when two equivalents of the iodide 5
are subjected to Pd-catalyzed cross-coupling with the bis-boronic
ester 6. Following this coupling procedure, the resulting stilbenoid
can be subjected to photocyclization to give the corresponding


Scheme 1 Photocyclization of stilbenoid precursors as a route to
thiaheterohelicenes.


Scheme 2 Stereospecific Suzuki-type reaction of (Z)-boronic esters as a
route to constructing thiaheterohelicene precursors.


thiaheterohelicene in 78% yield. An advantage of this method is
that the Z-alkenes formed are typically more soluble than the
corresponding E-isomers. In addition, the abundance of the Z-
isomer also typically leads to increased yields of the photocyclized
products. Overall, the photocyclization method is fairly robust
and can be used in concert with high pressure mercury lamps or
specialized reactors for large-scale preparations.


The ability to easily functionalize both the a and b positions
of a terminal thiophene ring can also allow modification of the
precursors prior to, or following, photocyclization. Maiorana
and co-workers functionalized the terminus of stilbene 1 with a
formyl group via a simple deprotonation protocol followed by a
DMF quench (Scheme 3).12 Other formylating reagents such as
chloroether 9 led to the formation of rearranged products and
the fusing of the terminal thiophene rings. The bridging of the
thiophene termini has also been investigated by Tanaka et al. as a
method of building molecular springs from thiaheterohelicenes.13


Although the simple preparation of the photocyclization pre-
cursors is advantageous, an obvious disadvantage is the lack of
enantiocontrol. Classic attempts by Martin and co-workers at
inducing enantioexcess (ee) via polarized light in the preparation
of carbohelicenes resulted in low levels of ee.14 However, photocy-
clization using a pendant chiral auxiliary at the terminus of one
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Scheme 3 Functionalizing the a and b-positions of the thiophene termini
of thiaheterohelicenes.


thiophene unit (11) resulted in modest diastereoselectivity (38 : 62)
(Scheme 4). Unfortunately, due to the crowded steric environment
about the helicene unit, removal of the auxiliary in product 12 was
problematic.15


Scheme 4 Photocyclization using chiral auxiliaries.


Despite the disappointing attempt to induce asymmetry via chi-
ral auxiliaries, resolution of thiaheterohelicenes is possible. Some
examples of traditional methods include successive recrystalliza-
tions of diastereomeric complexes derived from charge trans-
fer complexes of 2-(2,4,5,7-tetranitrofluoren-9-ylideneaminooxy)-
propionic acid,16 crystal selection of conglomerates,17 recrys-
tallization from a chiral solvent18 or separation using chiral
stationary phases using HPLC techniques.19 Tanaka and co-
workers have developed an enzymatic route to resolving thia-
heterohelicenes (Scheme 5).20 After surveying a series of enzymes,
they chose a lipase-catalyzed transesterification for the resolution
of helicenediol 13. An optimized protocol was developed that
consisted of treating compound 13 with Pseudomonas cepacia in
dichloromethane in the presence of 4 Å molecular sieves and vinyl
acetate at room temperature for 25 h. On scales of 100 mg or 1
gram of compound 13, the resolution afforded the unchanged
diol (P)-14 in 98% ee and 45% yield. A similar protocol was
developed using the enzyme Candida antarctica, which reversed
the selectivity in the resolution and afforded the (M)-enantiomer
as the diol 15 in high enantiomeric purity (92% ee) and yield (42%).
Importantly, Tanaka and co-workers then prepared the diamines
(P)-16 and (M)-17 from the corresponding diols and investigated
their binding with various DNA polymorphs.21 Although small
carbohelicenes had been investigated for their specific binding to
the right-handed B-DNA structure,22 (P)-16 was found to be the
first enantioselective small molecule capable of converting B-DNA
to the Z-DNA form. The selectivity displayed by (P)-16 for Z-
DNA is a significant observation as Z-DNA has been implicated in
a number of biologically relevant activities.23 The unique chirality


Scheme 5 Enzymatic resolution of thiaheterohelicenes.


inherent to the helicene motif offers a new skeleton for the rational
design of inhibitors of biological functions that may depend on
Z-DNA.


In addition to difficulties in obtaining single enantiomers,
the photocyclization method also suffers from several other
disadvantages, including the dilute reaction conditions necessary,
incompatibility with acid-sensitive groups and problems with nitro
and amino functional groups due to their quenching of the singlet
photo-induced state involved in ring closure. Not surprisingly,
these drawbacks have provoked study of alternatives for ring
closure. For example, Larsen and co-workers have investigated
the cyclization of stilbenes via direct electrochemical oxidation
(Scheme 6).24 It was found that stilbene 18 could be cyclized in
a nearly quantitative conversion. However, significant product
was lost during purification and product 19 was isolated in 50%
yield. Another attractive alternative is the use of anhydrous FeCl3


in CH2Cl2. This non-photochemical method is experimentally


Scheme 6 Direct oxidative or chemical ring closure.
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simple, leading to a slightly higher yield of product 19 (65%
yield). Despite the ease of the above approach, it is rarely used
in thiaheterohelicene synthesis.


In 2001, Katz and co-workers investigated a different chemical
approach in the course of studying whether thiaheterohelicenes
would exhibit similar nonlinear optical properties as previously
prepared analogous carbohelicenes (Scheme 7).25 Katz and co-
workers demonstrated that the electron-rich dienophile 20 fa-
cilitated a Diels–Alder (D–A) reaction, producing the D–A
adduct in quantitative yield and requiring only trituration for
purification. Subsequent oxidations of the D–A adduct also
occurred more efficiently than in analogous carbohelicenes, due
to the presence of the thiophene groups. Although assemblies of
enantiopure thiaheterohelicene 21 display significant nonlinear
optical properties, it is important to note that these properties
depend on the enantiopurity of 21. Synthetically, compound 21 is
resolved via reduction, installation of a chiral auxiliary, separation
via column chromatography, removal of the auxiliary and re-
oxidation. All of these steps, although high yielding and affording
large quantities of material, highlight the need for an efficient
chemical resolution to form the helicene skeleton, which is still
absent from the repertoire of synthetic chemists. It should be noted
that Carreño and co-workers have reported that p-benzoquinones
bearing chiral sulfones can effect moderate levels of enantioexcess
in the preparation of carbohelicenes.26 Although it has yet to
be demonstrated for thiaheterohelicenes, it is assumed that this
method would function equally well.


Scheme 7 Preparation of thiaheterohelicene bisquinones via Diels–Alder
cycloadditions.


The need for additional asymmetric non-photochemical routes
to thiaheterohelicenes was also recognized by Osuga and co-
workers, who have reported a strategy that utilizes metal-mediated
coupling reactions as the key steps (Scheme 8).27 They demon-
strated that iodo-precursor 23, appropriately substituted with a
chiral oxazoline moiety derived from (S)-valinol, could be treated


Scheme 8 Metal-mediated biaryl coupling as an asymmetric route to
thiaheterohelicenes.


with activated Cu in DMF to afford the coupled product 24
in nearly quantitative yield as a 2 : 1 mixture of diastereomers.
The diastereomers could be separated by chromatography and the
chiral auxiliary transformed into an aldehyde group. Subsequent
McMurry coupling gave the enantiopure thiaheterohelicene 26 in
acceptable yield (52%).


Recently, Nishide and co-workers prepared a poly(thia-
heterohelicene) as a stiff helical polymer (Scheme 9).28 Their
method for inducing asymmetry reveals another method for
exploiting the presence of sulfur atoms about the periphery of
the helical skeleton. An aromatic polymer 27 was prepared in
which the sulfur atoms were oxidized after alkylation with an (S)-
(+)-2-methylbutyl group. Treatment of the polymer with TfOH
for one week effected ring closure with the sense of asymmetry
controlled via the auxiliary sidechain. Although Nishide et al.
did not remove the sidechains during their study, the researchers
confirmed that a solenoid-like magnetism occurs upon electronic
transmittance about the helical p-conjugated structure, suggest-
ing the potential of poly(thiaheterohelicenes) for constructing
nanoscale devices.


Scheme 9 Asymmetric synthesis of a poly(thiaheterohelicene).
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(2) Racemic and enantiopure routes to
thiaheterohelicenes involving construction of a
thiophene ring


Recently, more attention has been focused on how to form a
thiaheterohelicene where the final ring installed is a thiophene ring.
A popular method is via the Newman–Kwart rearrangement.29


Dötz and co-workers, in developing a chromium-templated
benzannulation reaction at the termini of helicene skeletons,30


investigated the reaction of the carbamoyl derivative 29 via the
rearrangement (Scheme 10).31 Heating precursor 29 at 285 ◦C
for 45 min resulted in a 36% isolated yield of thiaheterohelicene
30. Although the yields of the rearrangement are modest, this
route represents a facile route to substituted thiaheterohelicenes
using BINOLs as precursors. It is noteworthy that Nozaki and co-
workers have recently disclosed a palladium-catalyzed coupling
strategy for making aza- or oxahelicenes.32 The authors have not
reported using this method to construct thiaheterohelicenes.


Scheme 10 Newman–Kwart rearrangement to form thiaheterohelicenes.


Carbon–sulfur [n]helicenes are unique derivatives of b-
oligothiophenes. The helical curvature and cross-conjugation of
their carbon–carbon framework may provide extraordinary chiral
properties and transparency in the optical region. In contrast to the
thiaheterohelicenes discussed previously, there is no alternation of
thiophene and benzene rings. The carbon–sulfur [n]helicenes are
solely twisted thiophene units with all the sulfur atoms located
along the periphery. To make such compounds, both racemic and
asymmetric methodologies for constructing a thiophene ring are
necessary.


Rajca and co-workers have developed a unique strategy for
making enantiopure carbon–sulfur [n]helicenes (Scheme 11).33 The
synthetic approach is an annelation mediated by (−)-sparteine.
When the racemic precursor 3134 is treated with LDA and (−)-
sparteine, a diastereomeric complex of a dilithiated species and
(−)-sparteine is formed. Upon quenching with (PhSO2)2S, the
carbon–sulfur [7]helicene 32 is formed in 20–37% yield. Despite
the fact the ee’s are low (19–47%), this represents a creative strategy
for making a thiophene unit in an enantioselective manner.


Scheme 11 (−)-Sparteine mediated annelation to form carbon–sulfur
[n]helicenes.


The authors attempted to further demonstrate the potential of
the method by attempting a tri-annelation to form a carbon–sulfur
[11]helicene (Scheme 12).35 In this case, the tetrathiophene 33 was
dimerized via a Pd-catalyzed homocoupling to yield product 34
in 60–70% yield. Subsequent treatment of intermediate 34 with
an excess of LDA and (−)-sparteine yielded an approximate 1%
yield of helicene 36 in 11–17% ee. However, compound 36 can be
formed in higher yields when octathiophene 35 is subjected to the
annelation protocol, affording 36 in 47–59% yield and identical ee
(12–19%).


Scheme 12 Tri-annelation to form carbon–sulfur [11]helicenes.


The same authors have disclosed a route to these structures in
higher enantiomeric excess via a resolution using (−)-menthylSiCl
(Scheme 13). [7]Helicene 32 could be desilylated with TFA in
CHCl3 affording the product in 82% yield. Following depro-
tonation with LDA and quenching with (−)-menthylSiCl, the
diastereomers were separated using preparative TLC or flash
column chromatography. The final desilylation and removal of
the chiral auxiliary were effected with TFA in CHCl3 to give either
enantiomer of compound 38 in high yield (for (−) : 96%, 97% ee,
(+): 93%, 93% ee).


Scheme 13 Resolution of carbon–sulfur [n]helicenes.
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Conclusions


The possibility of combining the electronic properties of oligothio-
phenes with potential chiroptical properties has fueled research in
the area of thiaheterohelicenes. The presence of sulfur atoms em-
bedded in the helicene skeleton allows for S–S molecular contacts
in the solid state, and it also has a significant impact on the way the
compounds can be synthesized. Perhaps the most exciting property
of thiaheterohelicenes revealed to date is their interaction with
biologically important macromolecules.36,37 The studies involving
interactions with DNA and other macromolecules suggest that
these molecules may act as a new scaffold for drug design.


The advances described in this review represent a large body
of work directed towards developing new methods to build
thiaheterohelicenes in a more streamlined and efficient manner
(Fig. 2). These efforts include attempts to improve the popular
photocyclization protocol and to develop new non-photochemical
routes. Among the various known routes to carbohelicenes,38


those such as carbenoid couplings,39 radical cyclizations,40 and
ring-closing olefin metathesis41 have yet to be investigated for
making the benzenoid rings of thiaheterohelicenes. Most im-
portantly, although resolution remains a viable option for both
thiaheterohelicenes and carbon–sulfur [n]helicenes, there is a need
for catalytic and enantioselective routes. Again, it is likely that
asymmetric methods of carbohelicene synthesis can be applied
to thiaheterohelicenes. In particular, the elegant [2 + 2 + 2]
cyclotrimerization of acetylenes developed by Stary and co-
workers could be a powerful method for the preparation of
thiaheterohelicenes, as it affords carbohelicenes in good yields with
moderate levels of ee.42 The annelation procedure developed by
Rajca and co-workers is an imaginative and potentially powerful
route. However, despite the advances described within this review,
it is clear that a general, catalytic and highly enantioselective route
to thiaheterohelicenes remains a synthetic challenge and a hurdle
that must be overcome to allow the full potential of chiral helical
frameworks to be exploited in both materials science and medicinal
chemistry.


Fig. 2 Existing methods for the formation of thiaheterohelicenes and
carbon–sulfur [n]helicenes in both racemic and enantioenriched manners.
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The Johnson–Claisen rearrangement of D-glucose-derived allylic alcohols 5a,b afforded
sugar-substituted c,d-unsaturated ester 6 in high yield. Conversion of the ester group to an azidomethyl
group, epoxidation of the double bond and hydrogenation gave pyrrolidine ring skeletons 13a and 13b,
which were transformed to tetrahydroxy perhydroaza-azulenes 1a and 1b, respectively. Glycosidase
inhibitory activity was also evaluated.


Introduction


The Johnson–Claisen rearrangement of allyl alcohols using
trimethyl orthoacetate and propionic acid (under reflux in xylene)
occupies a unique position in the formation of c,d-unsaturated
esters with exclusive E geometry of the olefin functionality.1 In
general, aliphatic or aromatic allyl alcohols are utilized in this
reaction and the products thus obtained have been exploited in
the synthesis of natural products.2 However, only limited attention
has been focused on sugar-derived allyl alcohols, probably due to
the belief that the protected sugars are not compatible with the
reaction conditions.3 While working in the area of polyhydrox-
ylated azepanes4 and bicyclic azasugars,5 we studied the [3,3]-
sigmatropic rearrangement of D-glucose-derived allylic alcohols
and have exploited it in the synthesis of bicyclic azasugars, namely
tetrahydroxylated perhydroaza-azulenes 1a and 1b (Fig. 1).


Fig. 1 Polyhydroxylated indolizidine and perhydroaza-azulenes.
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This class of compounds, in which the five-membered ring
is fused with the hydroxylated seven-membered ring, with a
nitrogen atom at the ring junction, can be considered as higher
ring homologue of polyhydroxylated indolizidine alkaloids. The
diverse bioactivities of indolizidine azasugars (for example, the
naturally occurring castanospermine 2 and its analogues, as
promising glycosidase inhibitors in the treatment of various
diseases such as diabetes, cancer, immunosuppressive and viral
infections, including AIDS) have attracted increasing interest in
recent years.6 In addition, the presence of the polyhydroxylated
seven-membered ring in 1a/1b could also result in a change in the
conformation of the bicyclic system due to the hydrogen bonding
of the hydroxyl groups with the ring nitrogen. Therefore 1a/1b may
act as DNA minor groove binding ligands (MGBL), analogous
to pohydroxylated azepanes.7 In this respect, Lindsay and Pyne
first reported trihydroxy perhydroaza-azulenes,8a while M. Gomez-
Guillen and co-workers reported the syntheses and glycosi-
dase inhibitory activities of hexahydroxy- and pentahydroxy
perhydroaza-azulenes 1c and 1d, using 1,3-dipolar cycloaddition
of a D-galactose-derived nitrone and methyl acrylate as a key step.8b


Another report, from Geyer’s group, described the synthesis of
a tetrahydroxy octahydro-5-oxothiazolo[3,2-a]azepine 3 from D-
c-glucuronolactone, its conversion into a hexapeptide mimetic,
and studies of polyproline II helix conformation.9 Our approach
to the new polyhydroxylated perhydroaza-azulenes 1a and 1b is
based on the [3,3]-sigmatropic rearrangement of allylic alcohols
5a,b, derived from a-D-xylo-pentodialdose 4. This provides a c,d-
unsaturated ester that gives the five-membered pyrrolidine ring
skeleton by conversion of the ester to an azidomethyl group, and
epoxidation of the double bond followed by 5-exo-tet reductive
cyclization. Ring fusion by formation of a bond between the
nitrogen of the pyrrolidine ring with C-1 leads to the target
molecules. Our efforts in the successful implementation of this
strategy are reported herein.


Results and discussion


The Grignard reaction of 1,2-O-isopropylidene 3-O-benzyl-a-D-
xylo-pentodialdose 4, easily available from D-glucose,10 with vinyl
magnesium bromide (1 M) at −78 ◦C (with warming to 0 ◦C)
afforded the required allylic alcohols 5a and 5b (with D-gluco- and
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L-ido-configurations, respectively) in a 2 : 3 ratio, as reported
earlier11 (Scheme 1). The individual treatment of 5a and 5b with
trimethyl orthoacetate and catalytic propionic acid at reflux in
xylene for 6 h afforded the same c,d-unsaturated methyl ester 6 as
a syrup in 90% yield.12


Scheme 1 Reagents and conditions: (a) CH2=CHMgBr, THF, −78 ◦C to
0 ◦C, 2 h; (b) CH3C(OCH3)3, EtCOOH, xylene, 145 ◦C, 6 h; (c) LAH,
THF, 0 ◦C, 1 h; (d) MsCl, Et3N, CH2Cl2, 0 ◦C, 2 h; (e), NaN3, DMF,
70 ◦C, 1 h; (f) m-CPBA, CH2Cl2, 0 ◦C to 25 ◦C, 15 h.


Reduction of the ester group in 6 with LAH in THF afforded
alcohol 7, which on mesylation and nucleophilic azide displace-
ment furnished azidomethyl compound 9 in good yield. In the
next step, epoxidation of 9 with m-chloroperbenzoic acid afforded
a diastereomeric mixture of b- and a-azido-epoxides 10a and
10b in a 3 : 1 ratio. The appreciable difference in the Rf value
allowed us to separate the two diastereomeric epoxides by column
chromatography. The relative configuration at the newly generated
stereocenters C5 and C6 was assigned in the subsequent steps.
Thus, treatment of 10a with triphenylphosphine in THF–H2O
followed by selective protection of the secondary amine with
benzyloxycarbonyl chloride afforded N-Cbz-protected pyrrolidine
11a as a thick liquid (Scheme 2). This reaction sequence probably
involves reduction of the azide functionality under the Staudinger
reaction conditions to give a primary amine that concomitantly
undergoes 5-exo-tet cyclization and opening of the oxirane ring to
give a pyrrolidine ring, which then undergoes protection.


Scheme 2 Reagents and conditions: (a) (i) PPh3, THF, H2O, 25 ◦C, 48 h;
(ii) CbzCl, NaHCO3, MeOH–H2O (5 : 1), 0 ◦C to 25 ◦C, 3.5 h; (b) K2CO3,
MeOH, 0 ◦C to 25 ◦C, 36 h.


Similarly, 10b was converted to N-Cbz-protected pyrrolidine
11b. The 1H NMR of 11a and 11b showed doubling of signals,


probably due to the presence of N-Cbz group.13 In order to study
5-exo-tet versus 6-endo-tet cyclization, compounds 11a and 11b
were individually treated with potassium carbonate in methanol
at 0 ◦C (with warming to room temperature), to afford the 5,5-
fused bis-carbamates 12a and 12b, respectively, in good yields. The
H-5 signals in the 1H NMR spectra of 12a and 12b are informative.
Thus, in 12a the H-5 appeared at d 4.95 as a doublet of doublets
with coupling constants of 9.9 and 7.5 Hz, while in 12b the H-5
appeared at d 4.80 as a doublet of doublets with coupling constants
of 8.1 and 7.5 Hz, indicating the formation of the 5-exo-tet product
in the Staudinger reaction.14 Fortunately, 12a was obtained as
a colorless solid, and the single-crystal X-ray analysis (Fig. 2)
established the relative stereochemistry of the six chiral centres at
C1, C2, C3, C4, C5 and C6. Knowing the absolute configurations
of the C1–C4 centres (as R,R,S,S) from the synthesis then allowed
us to deduce the absolute configurations at the newly generated
stereocentres as 5R and 6R. The formation of the b-epoxide 10a
as a major product can be explained by the preferred hydrogen
bonding of m-CPBA with the oxygen of the b-oriented C3–OBn
group, while the hydrogen bonding of m-CPBA with the furanose
ring oxygen, which is sterically compressed, afforded a-epoxide
10b as the minor product with 5S and 6S absolute configurations.


Fig. 2 ORTEP drawing of compound 12a. The ellipsoids are drawn at
50% probability.


The utility of epoxides 10a and 10b was demonstrated by the for-
mation of the corresponding new polyhydroxylated perhydroaza-
azulenes 1a and 1b (Scheme 3). Thus, b-epoxide 10a was treated
with ammonium formate in the presence of 10% Pd/C in dry
methanol at 80 ◦C for 1 h, resulting in reduction of the azido
group, 5-exo-tet cyclization with epoxide ring opening, and
hydrogenolysis in one step. The crude amino alcohol was directly
treated with benzyloxycarbonyl chloride to afford 13a as a thick
liquid. Finally, 13a was treated with TFA–H2O (2 : 1), and the
hemiacetal thus obtained was subjected to hydrogenation (with
ammonium formate and 10% Pd/C in methanol at reflux for 1 h)
to afford tetrahydroxy perhydroaza-azulene 1a as a sticky liquid,
which was then converted to the per-acetylated derivative 1e.
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Scheme 3 Reagents and conditions: (a) (i) HCOONH4, Pd/C, MeOH,
80 ◦C, 1 h; (ii) CbzCl, NaHCO3, MeOH–H2O (5 : 1), 0 ◦C to 25 ◦C, 3.5 h;
(b) (i) TFA–H2O (2 : 1), rt, 2.5 h; (ii) HCOONH4, 10% Pd/C, MeOH,
80 ◦C, 1 h; (c) pyridine, Ac2O, 0 ◦C to rt, 12 h.


The same reaction sequence was repeated for the a-epoxide 10b.
The corresponding diastereomer 13b was isolated and subjected
to 1,2-acetonide cleavage and hydrogenation to give 1b and its
per-acetylated derivative 1f.


Biological activity


Compounds 1a and 1b were assayed for inhibitory activity against
a-mannosidase (E.C. 3.2.1.24), b-glucosidase (E.C. 3.2.1.20), a-
glucosidase (E.C. 3.2.1.21), amyloglucosidase (E.C. 3.2.1.3), a-
amylase (E.C. 3.2.1.1) and human salivary amylase. However,
neither 1a nor 1b showed any inhibitory activity, even at 10 mM
concentration, for any of the enzymes tested under our assay
conditions.


Conclusions


In conclusion, we have demonstrated the utility of D-glucose-
derived allylic alcohols 5a,b in the synthesis of new tetrahydroxy
perhydroaza-azulenes 1a and 1b, employing a tandem orthoester
Johnson–Claisen rearrangement as a key step. The regioselective
5-exo-tet-cyclization of azido-epoxide was elegantly used to build
the pyrrolidine ring of a bicyclic system. The easy availability of
reagents, high-yielding steps and good regio- and stereoselectivity
in this process gives easy access to tetrahydroxy perhydoaza-
azulenes.


Experimental


General methods


Melting points were recorded with melting point apparatus and are
uncorrected. IR spectra were recorded with an FTIR instrument
as a thin film, a Nujol mull or using KBr pellets, and are expressed
in cm−1. 1H (300 MHz) and 13C (75 MHz) NMR spectra were
recorded using CDCl3 and/or D2O as the solvent(s). Chemical
shifts were reported in d units (ppm) with reference to TMS as
an internal standard, and J values are given in Hz. Decoupling
and DEPT experiments confirmed the assignments of the signals.
Elemental analyses were carried out with a C,H analyzer. Optical
rotations were measured using a polarimeter at 25 ◦C. Thin layer
chromatography was performed on pre-coated plates (0.25 mm,
silica gel 60 F254). Column chromatography was carried out with


silica gel (100–200 mesh). The reactions were carried out in oven-
dried glassware under dry N2. Methanol, pyridine and THF were
purified and dried before use. Distilled n-hexane and ethyl acetate
were used for column chromatography. Sodium azide, mesyl
chloride, benzyl chloroformate and m-chloroperbenzoic acid were
purchased from Merck. 10% Pd/C was purchased from Aldrich
and/or Fluka. After decomposition of the reaction with water,
the work-up involved washing of combined organic layers with
water followed by brine, drying over anhydrous sodium sulfate
and evaporation of solvent under reduced pressure.


Methyl 3-O-benzyl-5,6,7,8-tetradeoxy-1,2-O-isopropylidene-a-
D-xylo-5(E)-enononahepto-furanuronate 6. To a solution of al-
lylic alcohols 5a,b (3.0 g, 9.80 mmol) in dry xylene (20 cm3)
were added trimethyl orthoacetate (3.74 cm3, 29.41 mmol) and
propanoic acid (0.3 cm3) at room temperature. Resulting reaction
mixture was heated at 145 ◦C for 6 h. Xylene was removed under
high vacuum and the reaction mixture was extracted with ethyl
acetate (3 × 20 cm3). The combined organic layer was washed
with saturated sodium bicarbonate. Usual workup and column
purification on silica (n-hexane–ethyl acetate, 9 : 1) afforded methyl
ester 6 (3.2 g, 90%) as an oil. Found: C, 66.35; H, 7.25; calcd for
C20H26O6: C, 66.28; H, 7.23; Rf 0.54 (20% ethyl acetate–n-hexane);
[a]25


D −47.0 (c 1.15 in CHCl3); mmax.(neat)/cm−1 1736, 1628, 1445
and 1373; dH(300 MHz; CDCl3; Me4Si) 1.32 (3H, s, -CH3), 1.49
(3H, s, -CH3), 2.43 (4H, broad d, J 3.0 Hz, H-7a,b and H-8a,b),
3.66 (3H, s, -OCH3), 3.82 (1H, d, J 3.0 Hz, H-3), 4.53 (1H, d,
J 12.3 Hz, -OCH2Ph), 4.58 (1H, dd, J 7.5, 3.0 Hz, H-4), 4.62
(1H, d, J 3.6 Hz, H-2), 4.65 (1H, d, J 12.3 Hz, -OCH2Ph), 5.72
(1H, dd, J 15.6, 7.5 Hz, H-5), 5.85 (1H, dt, J 15.6, 3.0 Hz,
H-6), 5.94 (1H, d, J 3.6 Hz, H-1), 7.25–7.38 (5H, m, Ar-H’s);
dC(75 MHz; CDCl3; Me4Si) 26.1 (-CH3), 26.6 (-CH3), 27.5, 33.2
(C-7/C-8), 51.5 (-OCH3), 71.9 (-OCH2Ph), 81.0, 82.8, 83.2 (C-
2/C-3/C-4), 104.6 (C-1), 111.3 (O–C–O), 124.9 (C-5/C-6), 127.4
(strong), 127.7, 128.3 (strong) (Ar-C’s), 133.9 (C-5/C-6), 137.5
(Ar-C), 173.2 (C=O).


3-O-Benzyl-5,6,7,8-tetradeoxy-1,2-O-isopropylidene-a-D-xylo-
non-5-en-1,4-furanose 7. To an ice-cooled suspension of LAH
(0.89 g, 24.62 mmol) in dry THF (6 cm3) was added methyl ester 6
(3.0 g, 8.29 mmol) in dry THF (30 cm3) at 0 ◦C. The mixture was
stirred for 60 min, and the reaction quenched by adding ethyl
acetate (20 cm3), followed by aqueous solution of ammonium
chloride (2 cm3). The reaction mixture was filtered through a pad of
Celite, and the filtrate was concentrated under vacuum. The filtrate
purified by column chromatography (n-hexane–ethyl acetate, 4 :
1) gave 7 (2.77 g, 87%) as a thick liquid. Found: C, 68.19; H, 7.89;
calcd for C19H26O5: C, 68.24; H, 7.84; Rf 0.56 (40% ethyl acetate–n-
hexane); [a]25


D −48.3 (c 1.20 in CHCl3); mmax(neat)/cm−1 3200–3600
(broad) and 1625; dH(300 MHz; CDCl3; Me4Si) 1.35 (3H, s, -CH3),
1.53 (3H, s, -CH3), 1.60–1.67 (1H, broad s, D2O-exchangeable, -
OH), 1.71 (2H, quintet, J 6.6 Hz, H-8a,b), 2.22 (2H, q, J 7.5 Hz,
H-7a,b), 3.67 (2H, t, J 6.6 Hz, H-9a,b), 3.86 (1H, d, J 3.0 Hz,
H-3), 4.57 (1H, d, J 12.0 Hz, -OCH2Ph), 4.63 (1H, dd, J 9.0,
3.0 Hz, H-4), 4.65 (1H, d, J 3.9 Hz, H-2), 4.69 (1H, d, J 12.0 Hz,
-OCH2Ph), 5.73 (1H, dd, J 15.6, 7.5 Hz, H-5), 5.89 (1H, dt, J
15.6, 9.0 Hz, H-6), 5.97 (1H, d, J 3.9 Hz, H-1), 7.30–7.50 (5H,
m, Ar-H’s); dC(75 MHz; CDCl3; Me4Si) 26.0 (-CH3), 26.5 (-CH3),
28.6, 31.5 (C-7/C-8), 61.6 (C-9), 71.8 (-OCH2Ph), 81.1, 82.7, 83.2
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(C-2/C-3/C-4), 104.4 (C-1), 111.2 (O–C–O), 124.0 (C-6), 127.3
(strong), 127.6, 128.2 (strong) (Ar-C’s), 135.5 (C-5), 137.4 (Ar-C).


3-O-Benzyl-1,2-O-isopropylidene-9-O-methanesulfonyl-5,6,7,8-
tetradeoxy-a-D-xylo-non-5-en-1,4-furanose 8. To a solution of
alcohol 7 (2.0 g, 5.99 mmol) in CH2Cl2 (40 cm3) at 0 ◦C were added
Et3N (1.81 g 17.97 mmol), followed by methanesulfonyl chloride
(1.02 g, 8.98 mmol) over a period of 10 min. The resultant reaction
mixture was stirred at the same temperature for 2 h and aqueous
phase was extracted with CH2Cl2 (3 × 30 cm3). Usual workup and
purification by column chromatography on silica (n-hexane–ethyl
acetate, 4 : 1) gave 8 (2.4 g, 94%) as a thick liquid. Found: C, 58.20;
H, 6.85; calcd for C20H28O7S: C, 58.23; H, 6.84; Rf 0.63 (40% ethyl
acetate–n-hexane); [a]25


D −43.0 (c 2.0 in CHCl3); mmax(neat)/cm−1


1628, 1452, 1350, 1170 and 1074; dH (300 MHz; CDCl3; Me4Si)
1.38 (3H, s, -CH3), 1.56 (3H, s, -CH3), 1.92 (2H, quintet, J 6.9 Hz,
H-8a,b), 2.29 (2H, q, J 6.9 Hz, H-7a,b), 3.04 (3H, s, -SO2CH3),
3.90 (1H, d, J 3.3 Hz, H-3), 4.28 (2H, t, J 6.9 Hz, H-9a,b), 4.59
(1H, d, J 12.0 Hz, -OCH2Ph), 4.66 (1H, dd, J 7.2, 3.3 Hz, H-4),
4.69 (1H, d, J 3.9 Hz, H-2), 4.72 (1H, d, J 12.0 Hz, -OCH2Ph),
5.77 (1H, dd, J 15.6, 7.5 Hz, H-5), 5.89 (1H, dt, J 15.6, 6.9 Hz,
H-6), 6.00 (1H, d, J 3.9 Hz, H-1), 7.33–7.44 (5H, m, Ar-H’s);
dC(75 MHz; CDCl3; Me4Si) 26.1 (-CH3), 26.7 (-CH3), 28.2, 31.5
(C-7/C-8), 37.2 (-SO2CH3), 69.2 (C-9), 72.0 (-OCH2Ph), 81.0,
82.7, 83.3 (C-2/C-3/C-4), 104.6 (C-1), 111.4 (O–C–O), 125.4 (C-
5), 127.5 (strong), 127.8, 128.4 (strong) (Ar-C’s), 133.8 (C-6), 137.5
(Ar-C).


9-Azido-3-O-benzyl-1,2-O-isopropylidene-5,6,7,8,9-pentadeoxy-
a-D-xylo-non-5-en-1,4-furanose 9. To a solution of mesylate 8
(2.4 g, 5.61 mmol) in DMF (20 cm3) was added sodium azide
(2.19 g, 33.64 mmol), and the reaction mixture was stirred at
60 ◦C for 1 h. The solution was cooled to room temperature and
then poured into EtOAc–H2O (50 cm3, 1 : 1). The aqueous phase
was extracted with ethyl acetate (3 × 30 cm3). Usual workup
and column purification on silica (n-hexane–ethyl acetate, 9 : 1)
afforded 9 (1.8 g, 82%) as a thick liquid. Found: C, 63.55; H,
7.05; calcd for C19H25N3O4: C, 63.49; H, 7.01; Rf 0.52 (20% ethyl
acetate–n-hexane); [a]25


D −6.4 (c 2.5 in CHCl3); mmax(neat)/cm−1


2097, 1647, 1452, 1377, 1217, 1078 and 1026; dH(300 MHz;
CDCl3; Me4Si) 1.36 (3H, s, -CH3), 1.54 (3H, s, -CH3), 1.74 (2H,
quintet, J 6.9 Hz, H-8a,b), 2.23 (2H, q, J 6.9 Hz, H-7a,b), 3.32
(2H, t, J 6.9 Hz, H-9a,b), 3.87 (1H, d, J 3.0 Hz, H-3), 4.57 (1H, d,
J 12.3 Hz, -OCH2Ph), 4.63 (1H, dd, J 7.5, 3.0 Hz, H-4), 4.67 (1H,
d, J 3.9 Hz, H-2), 4.70 (1H, d, J 12.3 Hz, -OCH2Ph), 5.74 (1H,
dd, J 15.6, 7.5 Hz, H-5), 5.87 (1H, dt, J 15.6, 6.9 Hz, H-6), 5.98
(1H, d, J 3.9 Hz, H-1), 7.33–7.44 (5H, m, Ar-H’s); dC(75 MHz;
CDCl3; Me4Si) 26.1 (-CH3), 26.7 (-CH3), 28.0, 29.4 (C-7/C-8),
50.6 (C-9), 71.9 (-OCH2Ph), 81.1, 82.7, 83.2 (C-2/C-3/C-4),
104.6 (C-1), 111.4 (O–C–O), 125.0 (C-5), 127.5 (strong), 127.8,
128.4 (strong) (Ar-C’s), 134.3 (C-6), 137.5 (Ar-C).


3-O-Benzyl-1,2-O-isopropylidene-7,8,9-trideoxy-9-azido-5,6-
oxirano-b-L-glycero-D-gluco-nona-1,4-furanose 10a and 3-O-
benzyl-1,2-O-isopropylidene-7,8,9-trideoxy-9-azido-5,6-oxirano-a-
D-glycero-L-ido-nona-1,4-furanose 10b. To a solution of 9 (1.80 g,
4.60 mmol) in CH2Cl2 (40 cm3) was added m-chloroperbenzoic
acid (1.19 g, 6.90 mmol) at 0 ◦C. The resulting reaction mixture
was stirred at room temperature for 15 h. The aqueous phase
was extracted with CH2Cl2 (3 × 30 cm3). The combined organic


phase was washed with 2 N NaOH and worked up to afford a
diastereomeric mixture of epoxides 10a and 10b. Purification by
column chromatography on silica and elution with n-hexane–
ethyl acetate (9.5 : 0.5) gave 10a (1.0 g, 53%) as a thick liquid.
Found: C, 60.80; H, 6.69; calcd for C19H25N3O5: C, 60.79; H,
6.71; Rf 0.45 (20% ethyl acetate–n-hexane); [a]25


D −50.53 (c 1.9
in CHCl3); mmax(neat)/cm−1 2098, 1456, 1377, 1217, 1080 and
1022; dH(300 MHz; CDCl3; Me4Si) 1.34 (3H, s, -CH3), 1.49
(3H, s, -CH3), 1.60–1.72 (1H, m, H-8a), 1.73–1.86 (3H, m, H-8b,
H-7a,b), 3.03 (1H, ddd, J 6.6, 4.5, 2.1 Hz, H-6), 3.08 (1H, dd,
J 6.9, 2.1 Hz, H-5), 3.38 (2H, t, J 6.6 Hz, H-9a,b), 3.85 (1H,
dd, J 6.9, 3.3 Hz, H-4), 4.09 (1H, d, J 3.3 Hz, H-3), 4.67 (1H,
d, J 3.6 Hz, H-2), 4.72 (2H, ABq, J 11.7 Hz, -OCH2Ph), 5.98
(1H, d, J 3.6 Hz, H-1), 7.31–7.44 (5H, m, Ar-H’s); dC(75 MHz;
CDCl3; Me4Si) 25.4 (-CH3), 26.2 (-CH3), 26.7, 28.7 (C-7/C-8),
50.8, 54.1 (C-5/C-6), 57.7 (C-9), 72.3 (-OCH2Ph), 81.1, 81.9,
82.6 (C-2/C-3/C-4), 105.3 (C-1), 111.9 (O–C–O), 127.6 (strong),
128.0, 128.5 (strong), 137.5 (Ar-C’s). Further elution with
n-hexane–ethyl acetate (9.4 : 0.6) afforded 10b (0.34 g, 18%) as a
thick liquid. Found: C, 60.85; H, 6.74; calcd for C19H25N3O5: C,
60.79; H, 6.71; Rf 0.35 (20% ethyl acetate–n-hexane); [a]25


D −30.0
(c 2.4 in CHCl3); mmax(neat)/cm−1 2100, 1450, 1378, 1215, 1060
and 1020; dH(300 MHz; CDCl3; Me4Si) 1.38 (3H, s, -CH3), 1.48
(3H, s, -CH3), 1.55–1.62 (1H, m, H-8a), 1.63–1.82 (3H, m, H-8b,
H-7a,b), 2.87 (1H, ddd, J 6.3, 3.9, 2.4 Hz, H-6), 3.09 (1H, dd,
J 5.7, 2.4 Hz, H-5), 3.26–3.42 (2H, m, H-9a,b), 3.92 (1H, dd,
J 5.7, 3.6 Hz, H-4), 4.02 (1H, d, J 3.6 Hz, H-3), 4.54 (1H, d, J
12.0 Hz, -OCH2Ph), 4.68 (1H, d, J 3.9 Hz, H-2), 4.77 (1H, d, J
12.0 Hz, -OCH2Ph), 6.02 (1H, d, J 3.9 Hz, H-1), 7.32–7.44 (5H,
m, Ar-H’s); dC(75 MHz; CDCl3; Me4Si) 25.3 (-CH3), 26.2 (-CH3),
26.8, 28.6 (C-7/C-8), 50.9, 54.0 (C-5/C-6), 55.8 (C-9), 71.8
(-OCH2Ph), 81.1, 82.1, 82.7 (C-2/C-3/C-4), 105.3 (C-1), 111.9
(O–C–O), 127.7 (strong), 128.1, 128.5 (strong), 137.1 (Ar-C’s).


3-O-Benzyl-6-(N -benzyloxycarbonylamino)-6,7,8,9-tetradeoxy-
1,2-O-isopropylidene-a-D-glycero-D-gluco-nonofuranose 11a. To
a solution of azido epoxide 10a (0.98 g, 2.61 mmol) in THF
(13 cm3) and H2O (1.5 cm3) was added triphenylphosphine (1.04 g,
3.97 mmol). The reaction mixture was stirred at room temperature
for 48 h. The THF and H2O were removed under reduced pressure,
and the thick mass dissolved in 10 cm3 of MeOH–H2O (5 : 1)
at 0 ◦C. Sodium bicarbonate (0.66 g, 7.83 mmol) and benzyl
chloroformate (0.55 cm3, 3.92 mmol) were added and the resulting
reaction mixture was stirred at 0 ◦C for 3.5 h. The methanol
was removed under reduced pressure and the residue extracted
with chloroform (3 × 20 cm3). Usual workup and purification
by column chromatography on silica (n-hexane–ethyl acetate, 4 :
1) gave 11a (1.1 g, 87%) as a thick liquid. Found: C, 67.10; H,
6.90; calcd for C27H33NO7: C, 67.06; H, 6.88; Rf 0.53 (30% ethyl
acetate–n-hexane); [a]25


D +20.0 (c 0.5 in CHCl3); mmax(neat)/cm−1


3200–3600 (broad) and 1667; dH(300 MHz; CDCl3 + D2O; Me4Si)
1.34 (3H, s, -CH3), 1.43 (3H, s, -CH3), 1.62–1.82 (1H, m, H-8a),
1.92–2.08 (2H, m, H-8b, H-7a), 2.12–2.24 (1H, m, H-7b), 3.40
(1H, ddd, J 10.5, 7.5, 3.6 Hz, H-9a), 3.67 (1H, ddd, J 10.5, 7.5,
4.0 Hz, H-9a), 4.04–4.28 (4H, m, H-6/H-5/H-4/H-3), 4.57 (1H,
d, J 3.6 Hz, H-2), 4.73 (2H, broad s, -OCH2Ph), 5.18 (2H, ABq, J
12.3 Hz, -OCH2Ph), 5.94 (1H, d, J 3.6 Hz, H-1), 7.32–7.39 (10H,
m, Ar-H’s); dC(75 MHz; CDCl3; Me4Si) 24.1, 26.4 (C-7/C-8),
26.8 (-CH3), 27.6 (-CH3), 47.7 (C-9), 62.9, 67.1 (C-5/C-6), 69.8,
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72.5 (2 × -OCH2Ph), 79.9, 82.0, 82.7 (C-2/C-3/C-4), 105.3 (C-1),
111.6 (O–C–O), 127.8 (strong), 127.9, 128.0, 128.4 (strong), 136.5,
137.6 (Ar-C’s), 156.9 (C=O).


3-O-Benzyl-6-(N -benzyloxycarbonylamino)-6,7,8,9-tetradeoxy-
1,2-O-isopropylidene-b-L-glycero-L-ido-nonofuranose 11b. The
azido epoxide 10b (0.35 g, 0.93 mmol) was treated with
triphenylphosphine (0.37 g, 1.42 mmol) in THF (5 cm3) and
H2O (0.5 cm3) and the crude mixture was then treated with
NaHCO3 (0.23 g, 2.76 mmol) and benzyl chloroformate (0.2 cm3,
1.38 mmol), as described in the synthesis of 11a, to afford
11b (0.34 g, 76%) as a thick liquid. Found: C, 67.01; H, 6.92;
calcd for C27H33NO7: C, 67.06; H, 6.88; Rf 0.47 (30% ethyl
acetate–n-hexane); [a]25


D −53.30 (c 0.75 in CHCl3); mmax(neat)/cm−1


3200–3600 (broad) and 1669; dH(300 MHz; CDCl3; Me4Si) 1.32
(3H, s, -CH3), 1.48 (3H, s, -CH3), 1.68–1.88 (2H, m, H-8a,b),
1.90–2.18 (1H, m, H-7a), 2.22–2.38 (1H, m, H-7b), 3.28–3.68
(2H, m, H-9a,b), 3.94 (2H, broad s, H-5/H-6), 4.05 (1H,
broad s, H-4), 4.21 (1H, broad s, H-3), 4.42–4.56 (2H, broad s,
D2O-exchangeable, -OH, -OCH2Ph), 4.52 (1H, d, J 11.7 Hz,
-OCH2Ph), 4.60 (1H, d, J 3.9 Hz, H-2), 5.14 (2H, ABq, J 12.3 Hz,
-OCH2Ph), 6.01 (1H, d, J 3.9 Hz, H-1), 7.29–7.42 (10H, m,
Ar-H’s); dC(75 MHz; CDCl3; Me4Si) 24.4, 25.5 (C-7/C-8), 26.1
(-CH3), 26.5 (-CH3), 46.7 (C-9), 60.9, 66.3 (C-5/C-6), 69.1, 71.8
(2 × -OCH2Ph), 79.7, 81.5, 84.1 (C-2/C-3/C-4), 104.6 (C-1),
111.4 (O–C–O), 127.6 (strong), 127.7 (strong), 127.9 (strong),
128.1 (strong), 128.3 (strong), 136.4 (Ar-C’s), 155.0 (C=O).


3-O-Benzyl-(6-N ,5-O-carbonyl)-6,7,8,9-tetradeoxy-1,2-O-iso-
propylidene-a-D-glycero-D-gluco-nonofuranose 12a. To a solution
of a-hydroxy Cbz compound 11a (0.25 g, 0.52 mmol) in dry
methanol (5 cm3) was added K2CO3 (0.43 g, 0.31 mmol) at
0 ◦C. The resulting reaction mixture was warmed to room temper-
ature and stirred for 36 h. The reaction was quenched by adding
saturated NH4Cl (2 cm3), and extracted with dichloromethane (3 ×
10 cm3). Usual workup and purification by column chromatogra-
phy on silica (n-hexane–ethyl acetate, 4 : 1) gave 12a (0.16 g, 82%)
as a white solid, mp 135–136 ◦C (n-hexane–ethyl acetate, 4 : 1).
Found: C, 64.04; H, 6.74; calcd for C20H25NO6: C, 63.99; H, 6.71; Rf


0.58 (30% ethyl acetate–n-hexane); [a]25
D −28.00 (c 1.0 in CHCl3);


mmax(KBr)/cm−1 1751, 1456, 1383, 1225 and 1024; dH(300 MHz;
CDCl3; Me4Si) 1.31 (3H, s, -CH3), 1.46 (3H, s, -CH3), 1.54–1.70
(2H, m, H-7a,b), 1.84–2.14 (2H, m, H-8a,b), 3.21 (1H, ddd, J 11.4,
9.6, 3.3 Hz, H-9a), 3.62 (1H, ddd, J 11.4, 8.4, 4.5 Hz, H-9b), 3.93
(1H, ddd, J 10.5, 5.4, 3.0 Hz, H-6), 4.11 (1H, d, J 3.0 Hz, H-3),
4.23 (1H, dd, J 9.9, 3.0 Hz, H-4), 4.59 (1H, d, J 3.6 Hz, H-2), 4.65
(2H, s, -OCH2Ph), 4.95 (1H, dd, J 9.9, 7.5 Hz, H-5), 5.88 (1H, d,
J 3.6 Hz, H-1), 7.23–7.37 (5H, m, Ar-H’s); dC(75 MHz; CDCl3;
Me4Si) 25.3, 25.8 (C-7/C-8), 26.3 (-CH3), 27.0 (-CH3), 45.6 (C-9),
62.1 (C-6), 71.0 (-OCH2Ph), 72.9 (C-5), 78.0, 81.4, 82.4 (C-2/C-
3/C-4), 105.2 (C-1), 112.1 (O–C–O), 127.6 (strong), 127.9, 128.3
(strong), 137.0 (Ar-C’s), 160.7 (C=O).


Crystal data. Single crystals of compound 12a suitable for X-
ray diffraction were selected directly from the analytical samples.
C20H25NO6, M = 375.41, orthorhombic, a = 5.5259(4) Å, b =
10.0212(7) Å, c = 34.600(2) Å, U = 1916.0(2) Å3, T = 293(2)
K, space group P212121. Reflections collected/unique 9697/3372
[R(int) = 0.0270], final R indices [I > 2r(I)], R1 = 0.0622, wR2 =
0.1473, R indices (all data): R1 = 0.0694, wR2 = 0.1516. CCDC


reference number 600972. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b603545k


3-O-Benzyl-(6-N ,5-O-carbonyl)-6,7,8,9-tetradeoxy-1,2-O-iso-
propylidene-b-L-glycero-L-ido-nonofuranose 12b. Compound 11b
(0.15 g, 0.31 mmol) was treated with K2CO3 (0.26 g, 1.88 mmol)
in methanol (4 cm3), as described in the synthesis of 12a, to afford
12b (0.086 g, 74%) as a thick liquid. Found: C, 63.95; H, 6.77; calcd
for C20H25NO6: C, 63.99; H, 6.71; Rf 0.51 (40% ethyl acetate–n-
hexane); [a]25


D −88.6 (c 0.7 in CHCl3); mmax(neat)/cm−1 1749, 1456,
1383 and 1225; dH(300 MHz; CDCl3; Me4Si) 1.34 (3H, s, -CH3),
1.48 (3H, s, -CH3), 1.54–1.68 (1H, m, H-7a), 1.88–2.26 (3H, m,
H-7b, H-8a,b), 3.00–3.13 (1H, m, H-9a), 3.49–3.61 (2H, m, H-
9a/H-6), 3.96 (1H, d, J 3.9 Hz, H-3), 4.27 (1H, dd, J 8.1, 3.9 Hz,
H-4), 4.36 (1H, d, J 12.0 Hz, -OCH2Ph), 4.68 (1H, d, J 3.9 Hz, H-
2), 4.74 (1H, d, J 12.0 Hz, -OCH2Ph), 4.80 (1H, dd, J 8.1, 7.5 Hz,
H-5), 6.01 (1H, d, J 3.6 Hz, H-1), 7.25–7.41 (5H, m, Ar-H’s);
dC(75 MHz; CDCl3; Me4Si) 25.2, 25.3 (C-7/C-8), 26.2 (-CH3),
26.7 (-CH3), 45.0 (C-9), 60.8 (C-6), 71.1 (-OCH2Ph), 75.1 (C-
5), 79.7, 80.9, 81.4 (C-2/C-3/C-4), 105.1 (C-1), 111.7 (O–C–O),
128.2, 128.3 (strong), 128.4 (strong), 135.9 (Ar-C’s), 160.7 (C=O).


6-(N -Benzyloxycarbonylamino)-6,7,8,9-tetradeoxy-1,2-O-iso-
propylidene-a-D-glycero-D-gluco-nonofuranose 13a. A solution
of azido-epoxide 10a (1.0 g, 2.67 mmol), 10% Pd/C (0.20 g) and
ammonium formate (1.01 g, 16.00 mmol) in methanol (10 cm3)
was refluxed for 1 h. The reaction mixture was filtered through
a pad of Celite and the filtrate evaporated to give a thick oil. To
a cooled solution of the amino alcohol (0.69 g, 2.66 mmol) in
methanol–water (10 cm3, 9 : 1) was added sodium bicarbonate
(0.67 g, 7.98 mmol) and benzyl chloroformate (0.68 g, 3.99 mmol)
at 0 ◦C, and the mixture stirred for 3.5 h. The methanol was
evaporated under reduced pressure and the residue was extracted
with chloroform (3 × 20 cm3). Usual workup and purification
by column chromatography on silica (n-hexane–ethyl acetate, 7 :
3) gave 13a (0.79 g, 75%) as a thick liquid. Found: C, 61.08; H,
6.95; calcd for C20H27NO7: C, 61.06; H, 6.92; Rf 0.40 (40% ethyl
acetate–n-hexane); [a]25


D +37.33 (c 0.75 in CHCl3); mmax(neat)/cm−1


3200–3600 (broad), 1670, 1377, 1244, 1099 and 1024; dH(300 MHz;
CDCl3 + D2O; Me4Si) 1.34 (3H, s, -CH3), 1.46 (3H, s, -CH3), 1.51–
1.83 (1H, m, H-8a), 1.98–2.20 (3H, m, H-8b, H-7a,b), 3.42 (1H,
ddd, J 10.8, 7.2, 3.0 Hz, H-9b), 3.66 (1H, ddd, J 10.8, 7.5, 5.7 Hz,
H-9b), 4.09 (2H, broad s, H-4/H-5), 4.22 (1H, t, J 7.2 Hz, H-6),
4.39 (1H, broad s, H-3), 4.53 (1H, d, J 3.6 Hz, H-2), 5.17 (2H, s, -
OCH2Ph), 5.98 (1H, d, J 3.6 Hz, H-1), 7.28–7.39 (5H, m, Ar-H’s);
dC(75 MHz; CDCl3; Me4Si) 24.1, 26.3 (C-7/C-8), 26.7 (-CH3),
26.8 (-CH3), 47.8 (C-9), 61.7 (C-6), 67.3 (C-5), 70.4 (-OCH2Ph),
77.2, 80.1, 84.4 (C-2/C-3/C-4), 105.2 (C-1), 111.5 (O–C–O), 127.7
(strong), 128.0, 128.5 (strong), 136.2 (Ar-C’s), 156.8 (C=O).


6-(N -Benzyloxycarbonylamino)-6,7,8,9-tetradeoxy-1,2-O-iso-
propylidene-b-L-glycero-L-ido-nonofuranose 13b. Azido epoxide
10b (0.34 g, 0.91 mmol) was treated with ammonium formate
(0.34 g, 5.44 mmol) and 10% Pd/C (0.07 g) in methanol
(5 cm3), followed by NaHCO3 (0.22 g, 2.66 mmol) and benzyl
chloroformate (0.18 g, 1.068 mmol), as described in the synthesis
of 13a. This afforded 13b (0.28 g, 79%) as a thick liquid.
Found: C, 61.10; H, 6.98; calcd for C20H27NO7: C, 61.06; H,
6.92; Rf 0.40 (40% ethyl acetate–n-hexane); [a]25


D −24.00 (c 0.5 in
CHCl3); mmax(neat)/cm−1 3200–3600 (broad), 1664, 1383 and 1244;
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dH(300 MHz; CDCl3 + D2O; Me4Si) 1.35 (3H, s, -CH3), 1.52 (3H, s,
-CH3), 1.81–2.01 (2H, m, H-7a,b), 2.03–2.18 (2H, m, H-8a,b),
3.40–3.58 (2H, m, H-9a,b), 3.95–4.03 (1H, m, H-6), 4.04 (1H, dd,
J 6.6, 2.4 Hz, H-4), 4.25 (1H, dd, J 6.6, 1.5 Hz, H-5), 4.29 (1H, d, J
2.4 Hz, H-3), 4.58 (1H, d, J 3.6 Hz, H-2), 5.18 (2H, ABq, J 12.3 Hz,
-OCH2Ph), 5.98 (1H, d, J 3.6 Hz, H-1), 7.32–7.43 (5H, m Ar-H’s);
dC(75 MHz; CDCl3; Me4Si) 24.8, 25.6 (C-7/C-8), 26.6 (-CH3),
26.7 (-CH3), 46.7 (C-9), 59.7 (C-6), 67.1 (C-5), 71.8 (-OCH2Ph),
75.8, 80.2, 85.0 (C-2/C-3/C-4), 104.9 (C-1), 111.4 (O–C–O), 127.7
(strong), 127.9, 128.4 (strong), 136.3 (Ar-C’s), 156.2 (C=O).


4-Azabicyclo-[5.3.0]-6(S),7(R),8(R),9(S),9a(S)-tetrahydroxyde-
cane 1a. Compound 13a (0.10 g, 0.25 mmol) was treated with
TFA–H2O (3 cm3, 2 : 1) at room temperature for 2.5 h. The
trifluroacetic acid was co-evaporated with benzene to furnish a
thick liquid. To a solution of the hemiacetal (0.09 g, 0.25 mmol)
in methanol (5 cm3) were added ammonium formate (0.09 g,
1.5 mmol) and 10% Pd/C (0.02 g). The resulting mixture was
heated to 80 ◦C for 1 h. The catalyst was filtered through a pad of
Celite and washed with methanol. The solvent was evaporated
under reduced pressure and the crude mixture was loaded on
Dowex 50 W × 8 (100–200 mesh) resin. Elution with chloroform–
methanol–25% aq. ammonia (90 : 9 : 1) afforded 1a (0.035 g, 68%)
as a sticky liquid. Found: C, 53.22; H, 8.41; calcd. for C9H17NO4:
C, 53.19; H, 8.43; Rf 0.40 (methanol); [a]25


D +20.0 (c 0.5 in MeOH);
mmax(neat)/cm−1 3200–3600 (broad); dH(300 MHz; D2O) 1.82–2.16
(3H, m, H-1a,b/H-2a), 2.24–2.38 (1H, m, H-2b), 3.14 (1H, dd,
J 14.1, 7.2 Hz, H-5a), 3.16–3.26 (1H, m, H-3a), 3.43 (1H, dd, J
14.1, 1.5 Hz, H-5b), 3.42–3.52 (1H, m, H-3b), 3.66 (1H, broad q,
J 9.3 Hz, H-9a), 3.80 (1H, dd, J 9.9, 4.8 Hz, H-7), 3.83–3.89 (2H,
m, H-8/H-9), 3.98 (1H, dd, J 7.6, 1.2 Hz, H-6); dC(75 MHz; D2O)
22.2, 29.1 (C-1/C-2), 52.1, 58.2, 63.5 (C-3/C-5/C-9a), 68.2, 68.5,
70.8, 75.6 (C-6/C-7/C-8/C-9).


4-Azabicyclo-[5.3.0]-6(S),7(R),8(R),9(R),9a(R)-tetrahydroxyde-
cane 1b. Compound 13b (0.10 g, 0.25 mmol) was treated with
TFA–H2O (3 cm3, 2 : 1), ammonium formate (0.09 g, 1.5 mmol)
and 10% Pd/C (0.02 g), as described in the synthesis of 1a. This
afforded 1b (0.045 g, 87%) as a thick liquid. Found: C, 53.24; H,
8.47; calcd for C9H17NO4: C, 53.19; H, 8.43; Rf 0.35 (methanol);
[a]25


D +40.0 (c 0.45 in MeOH); mmax(neat)/cm−1 3200–3600 (broad);
dH(300 MHz; D2O) 1.62–1.78 (3H, m, H-1a,b/H-2a), 2.06–2.18
(1H, m, H-2a), 2.58–2.78 (2H, m, H-3a/H-9a), 2.89 (1H, dd, J
14.1, 3.6 Hz, H-5a), 2.99 (1H, dd, J 14.1, 4.8 Hz, H-5b), 3.08
(1H, ddd, J 15.3, 10.5, 6.0 Hz, H-3b), 3.31 (1H, t, J 7.8 Hz, H-8),
3.33 (1H, dd, J 7.8, 3.0 Hz, H-9), 3.52 (1H, t, J 7.8 Hz, H-7), 3.70
(1H, ddd, J 7.8, 4.8, 3.9 Hz, H-6); dC(75 MHz; D2O) 23.4, 32.4
(C-1/C-2), 58.8, 60.2, 69.8 (C-3/C-5/C-9a), 72.9, 76.9, 77.3, 77.9
(C-6/C-7/C-8/C-9).


4-Azabicyclo-[5.3.0]-6(S),7(R),8(R),9(S),9a(S)-tetraacetoxyde-
cane 1e. To an ice-cooled solution of 1a (0.03 g, 0.15 mmol) in
dry pyridine (0.4 g, 4.4 mmol) were added acetic anhydride (1.0 g,
10.0 mmol) and DMAP (0.002 g, 0.015 mmol), and the mixture
was stirred for 12 h at room temperature. The reaction mixture
was decomposed with cold water (2 cm3) and extracted with
chloroform (3 × 5 cm3). The usual work-up followed by column
purification on silica (n-hexane–ethyl acetate, 4 : 1) afforded 1e
(0.04 g, 73%) as a thick gum. Found: C, 55.04; H, 6.76; calcd
for C17H25NO8: C, 54.98; H, 6.79; Rf 0.47 (50% ethyl acetate–


n-hexane); [a]25
D +25.6 (c 0.62 in CHCl3); mmax(neat)/cm−1 1733


(broad); dH(300 MHz; CDCl3; Me4Si) 1.99 (1H, broad s, H-2a),
2.00–2.08 (3H, m, H-2b,H-1a,b), 2.03 (3H, s, -COCH3), 2.04
(3H, s, -COCH3), 2.05 (3H, s, -COCH3), 2.13 (3H, s, -COCH3),
2.54–2.64 (1H, m, H-3a), 2.66–2.78 (2H, m, H-3b,H-9a), 3.11
(1H, dd, J 12.0, 5.1 Hz, H-5a), 3.16 (1H, dd, J 12.0, 3.3 Hz,
H-5b), 5.07 (1H, ddd, J 7.8, 5.1, 3.3 Hz, H-6), 5.17 (1H, dd, J
4.5, 1.8 Hz, H-9), 5.34 (1H, dd, J 8.4, 1.8 Hz, H-8), 5.46 (1H, dd,
J 8.4, 7.8 Hz, H-7); dC(75 MHz; CDCl3; Me4Si) 20.6 (-COCH3),
20.7 (-COCH3), 20.8 (-COCH3), 21.0 (-COCH3), 21.9, 30.3
(C-1/C-2), 51.7, 55.4, 65.6 (C-3/C-5/C-9a), 69.8, 71.4, 72.8, 74.1
(C-6/C-7/C-8/C-9), 169.4 (-COCH3), 169.6 (-COCH3), 169.8
(-COCH3), 170.0 (-COCH3).


4-Azabicyclo-[5.3.0]-6(S),7(R),8(R),9(R),9a(R)-tetraacetoxyde-
cane 1f. Compound 1b (0.028 g, 0.14 mmol) was treated
with pyridine (0.32 g, 4.11 mmol) and acetic anhydride (0.95 g,
9.33 mmol), as described in the synthesis of 1e, to afford 1f (0.042 g,
82%) as a white solid, mp 123–125 ◦C (50% ethyl acetate–n-
hexane). Found: C, 55.02; H, 6.84; calcd for C17H25NO8: C, 54.98;
H, 6.79; Rf 0.40 (50% ethyl acetate–n-hexane); [a]25


D +35.56 (c
0.45, CHCl3); mmax(KBr)/cm−1 1738 (broad); dH(300 MHz; CDCl3;
Me4Si) 1.66–1.94 (4H, m, H-1a,b,H-2a,b), 2.02 (3H, s, -COCH3),
2.029 (3H, s, -COCH3), 2.033 (3H, s, -COCH3), 2.07 (3H, s,
-COCH3), 2.49 (1H, ddd, J 15.0, 9.6, 6.9 Hz, H-3a), 2.92 (1H,
ddd, J 15.0, 8.7, 5.4 Hz, H-3b), 2.96 (1H, dd, J 13.8, 5.4 Hz,
H-5a), 3.04 (1H, dd, J 13.8, 4.2 Hz, H-5b), 3.11 (1H, broad t,
J 8.4, 5.1 Hz, H-9a), 5.00 (1H, t, J 9.3 Hz, H-9), 5.08 (1H, dt,
J 8.4, 5.1 Hz, H-6), 5.16 (1H, t, J 9.3 Hz, H-8), 5.53 (1H, dd, J
9.3, 8.4 Hz, H-7); dC(75 MHz; CDCl3; Me4Si) 20.5 (-COCH3),
20.6 (-COCH3), 20.7 (-COCH3), 20.9 (-COCH3), 22.6, 29.9
(C-1/C-2), 55.8, 57.4, 64.9 (C-3/C-5/C-9a), 70.8, 72.0, 72.6, 75.9
(C-6/C-7/C-8/C-9), 169.2 (-COCH3), 169.5 (-COCH3), 169.7
(-COCH3), 170.0 (-COCH3).


Procedure for inhibition assay


Inhibition potencies of 1a and 1b were determined by measuring
the residual hydrolytic activities of the glycosidases. Glycosi-
dases, namely a-mannosidase (Jack Bean), a-glucosidase (Baker’s
yeast), b-glucosidase (almonds), a-amylase (Aspergillus oryzae),
amyloglycosidase (Rhizopus mold) and human salivary amylase
were purchased from Sigma Chemicals Co., USA. The substrates
(all purchased from Sigma Chemicals Co., USA), p-nitrophenyl-
b-D-glucopyranoside, and p-nitrophenyl-a-D-glucopyranoside, of
2 mM concentration, were prepared in 0.025 M citrate buffer
with pH 6.0, and p-nitrophenyl-a-D-mannopyranoside, of 2 mM
concentration, was prepared in 0.025 M citrate buffer with pH 4.5.
The test compound (of various concentrations between 0.5 lM
and 10 mM) was preincubated with the enzyme, buffered at its
optimal pH, for 30 min at 25 ◦C. The enzyme reaction was
initiated by the addition of 100 lL of substrate. Controls were run
simultaneously in the absence of test compound. The reaction was
terminated at the end of 10 min by the addition of 0.05 M borate
buffer (pH 9.8), and absorbance of the liberated p-nitrophenol
was measured at 405 nm with a Shimadzu Spectrophotometer
UV-1601.15 For amyloglucosidase (pH 4.5, 55 ◦C) and amylase
(pH 6.9, 37 ◦C) starch was used as substrate, and DNSA reagent
for evaluation of reducing sugar released as described by Miller
et al.16
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A general method for the hydroxylation of the 18-methyl group in gibberellins has been developed, as
demonstrated by the successful synthesis of 18-hydroxy GA4 (GA131) by means of a tandem process
involving the conjugate addition of alkoxides to the a-methylene lactone moiety of a ring
A-seco-gibberellin followed by an intramolecular aldol reaction.


Gibberellins (“GAs”) in which the 18-methyl group has undergone
oxidation have been isolated from immature seeds of sword bean
(Canavalia gladiata), e.g. GA21 (1) and GA22 (2),1 and from
germinating barley grain (Hordeum vulgare), e.g. 18-hydroxy GA4


(3).2 In the case of 3, the structure was determined by converting
7b,18-dihydroxy kaurenolide (5) into 18-hydroxy GA12 and then
carrying out metabolic transformation of this material to a series
of 18-hydroxy C19 GAs with the fungus Gibberella fujikuroi
(B1–41a mutant).3 In order to confirm these assignments and,
more importantly, provide sufficient quantities of this type of
GA for more extensive biological studies, we initiated a study
aimed at establishing a general procedure for the synthesis of
these compounds from the fungal gibberellin, GA4 (4). The
successful outcome of our efforts was reported in a preliminary
communication4 as summarised in Scheme 1, the pivotal reaction
being the domino process whereby the enolate anion generated
by conjugate addition of an alkoxide to the unsaturated lactone
11 undergoes an intramolecular aldol reaction to afford 12.5,6 In
this paper, we provide the full experimental details of this earlier
work and describe our more recent efforts to improve the overall
efficiency of the preparation.


Among other problems, considerable difficulty had been expe-
rienced in obtaining acceptable yields of alcohol 8 from activated
acyl intermediates; for example, the mixed anydride formed by


Research School of Chemistry, Australian National University, Canberra,
ACT 0200, Australia. E-mail: mander@rsc.anu.edu.au; Fax: +61 2 6125
8114; Tel: +61 2 6125 3761


Scheme 1 Reagents and conditions: (i) 1.0 M NaOH, THF, 0 ◦C, 8 min,
87%; (ii) EtOCOCl, Et3N, THF, 0 ◦C, then NaBH4–EtOH, 70% (based
on 55% conversion); (iii) TBSCl, Et3N, imidazole, DMF, 100%; (iv) LDA,
THF, −78 ◦C, 25 min, then CBr4, −78 ◦C, 99%; (v) TBAF, THF, 0 ◦C to rt,
4 h, 75%; (vi) Dess–Martin periodinane, rt, 89%; (vii) K2CO3, allyl alcohol,
rt, 80 min, 56% (3 : 2); (viii) RhCl(PPh3)3, DABCO, 10% aq. EtOH, 75 ◦C,
24 h, then 1.0 M HCl, rt, 30 min, 37% (based on 77% conversion).


treatment with ethyl chloroformate.7 The reconstruction of the A-
ring merited further attention as well and to this end we proposed
to carry out the conjugate addition and aldol steps separately.
Later in the sequence, liberation of the 18-hydroxyl from allyl ether
12 using RhCl(PPh3)3 and DABCO, followed by an acidic workup
had afforded only modest yields of 13.8 The alkene bond in the D-
ring places considerable constraints on the choice of reagents since,
inter alia, it is readily hydrated or isomerised in the presence of acid.
Accordingly, we chose to apply the previously established strategy
to norketone 14 in the expectation that this intermediate would
allow greater flexibility in the choice of reagents and reaction
conditions. The modified approach is outlined in Scheme 2. The
benefit of beginning with 14 (which was readily obtained from 4
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Scheme 2 Reagents and conditions: (i) 1.0 M NaOH, THF, 0 ◦C,
3 min, 95%; (ii) BH3.SMe2, THF, −18 ◦C; rt 15 h, 85%; (iii) TBSCl,
Et3N, DMF, imidazole, 25 ◦C, 7 h, 100%; (iv) LDA, THF, −78 ◦C,
25 min; CBr4, −78 ◦C, 20 min, 94%; (v) DBU, PhMe, 70 ◦C, 24 h, 94%;
(vi) CH2=CHCH2OH, DBU, 24 ◦C, 1 h, 37%; (vii) TBAF, THF, 1.3 h,
0 ◦C, 71%; (viii) Dess–Martin periodinane, CH2Cl2, 24 ◦C, 2.5 h, 100%;
(ix) CH2=CHCH2OH, DBU, 24 ◦C, 1 h, 27% of 20 + 23% 3-epi-20; or
PhCH2OH, DBU, 24 ◦C, 2.5 h, 31% of 21 + 41% 3-epi-21; (x) RhCl(PPh3)3,
DABCO, aq. EtOH, 75 ◦C, 24 h; 1.0 M HCl, 24 ◦C, 50 min, 52%; (xi) H2,
Pd(OH)2, EtOAc, 72 h, 60% (based on 91% conversion).


by methylation, ozonolysis and then oxidation) was immediately
realised when we came to reduce the carboxy group in the retro-
Claisen product. Thus, 15 was obtained in high yield through the
use of the BH3–SMe2 complex,9 and although the 16-oxo function
was also reduced, this change was of little consequence (see below).
After protection of 15 as the bis-TBS ether 16,10 bromination11


followed by treatment with DBU afforded ene-lactone 17. With 17
in hand, we examined the conjugate addition of allyl alcohol,
but obtained only a 37% yield of adduct 18 together with a
similar amount of starting material. Accordingly, we reverted
to the original tandem concept. When applied to aldehyde 19,
a 1.2 : 1 mixture of 20 with its 3a-epimer was obtained in a total
yield of 50%. Liberation of the 18-hydroxyl was then addressed
following standard protocols,8 but we were disappointed to recover
only a modest yield of very polar triol 23, characterised as its
3,18-acetonide. Given these outcomes, we examined alternative
alkoxides for the tandem operation in a search for improved
yields, and were encouraged by the formation of the benzyloxy


adduct 21 and its 3a-epimer (3 : 4 mixture, respectively) in a yield
of 70%.


In an attempt to accumulate further amounts of the desired
3b-epimer, we examined the inversion of stereochemistry at C-
3 in 3-epi-21 (Scheme 3). Treatment of the derived 3-mesylate
with CsOAc12 gave mainly elimination and only 3% of the desired
product, however. NaBH4 reduction of the 3-oxo group in the
derived ketone 24 returned mainly the 3a-ol, while reduction
with SmI2 also afforded the 3a-ol (35% yield), although this time
accompanied by the rearranged hydroxy lactones 25 and 26. The
formation of these products presumably occurs by cyclisation
of the intermediate C-3 ketyl radical onto the lactone carbonyl
to form a cyclopropanediol, which then fragments, either with
retention of the benzyloxy group, or with its elimination.


Scheme 3 Reagents and conditions: (i) Dess–Martin periodinane,
CH2Cl2, 24 ◦C, 30 min, 75%; (ii) NaBH4, EtOH; (iii) SmI2, THF–H2O:
3-epi-21 (35%), 25 (9%), 26 (11%).


Ultimately, the conversion of 3-epi-21 to the 3b-epimer was
best achieved simply by equilibration in DBU–benzyl alcohol.
This process afforded a 2 : 3 mixture of 3b- and 3a-isomers that
could be separated and recycled further. Before continuing with
the synthesis of 3, we returned to the earlier stages in the synthesis
in a search for greater efficiency, and were pleased to find that
treatment of the bromide 27 (generated from 15) with TBAF
(Scheme 4) effected both desilylation and elimination of bromide
ion to afford diol 28. Subsequently, oxidation13 to 29 followed by
treatment with benzyl alcohol–DBU furnished a 6 : 7 mixture of
30 and its 3a-epimer in 60% yield. To complete the synthesis of
18-hydroxy GA4 (3), which has now been assigned as GA131,14 the
benzyloxy group was subjected to hydrogenolysis and then the
hydroxyl groups protected as THP ethers to afford 31. In the case
of the 3b-hydroxyl, this was undertaken to avoid epimerisation
at C-3 as well as retrogression of the aldol/conjugate addition
process back to 29 if exposed to strongly basic conditions. The
17-methylene group was restored by means of a Wittig reaction,
then demethylation of the ester function was effected with propane
thiolate,15 after which the THP groups were removed with weak
acid to afford 18-hydroxy GA4 (3). Direct comparison of NMR
and mass spectra with those of an authentic sample from barley
confirmed the identity of the natural GA.16,17


The bioactivity of the synthetic sample was of considerable
interest, but found to be only 25% of the parent GA4 in a
leaf growth assay.18 Potency in the barley endosperm assay was
also substantially reduced. Nevertheless, we still envisage that
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Scheme 4 Reagents and conditions: (i) TBAF, THF, 12 h, 24 ◦C; 50 h;
(ii) Dess–Martin periodinane, CH2Cl2, 24 ◦C, 60 h, 62%, 2 steps; (iii) DBU,
PhCH2OH, 24 ◦C, 3 h, 28% of 30 + 3a-epimer 32%; (iv) H2, Pd(OH)2,
EtOAc, 72 h, 100%; (v) DHP, PPTS, 24 ◦C, 16 h, 100%; (vi) Ph3P=CH2,
for conditions see Experimental section, 76%; (vii) PrSLi, HMPA, 24 ◦C,
3 h, 81%; PPTS, EtOH, 24 ◦C, 3 h; 57 ◦C, 6 h, 92%.


the attachment of auxiliary groups to C-18 might afford useful
affinity probes for exploring the molecular basis of gibberellin
bioactivity. To this end we have continued to develop the
methodology for 18-hydroxylation and will report on those studies
shortly.


Experimental


Melting points (mp) were recorded on a Gallenkamp Melting
Point Apparatus and are uncorrected. Microanalyses were carried
out by the Australian National University Analytical Services
Unit, Canberra. Infrared (IR) spectra (mmax) were recorded on a
Perkin-Elmer 1800 Fourier Transform Infrared spectrophotome-
ter as a thin film or NaCl discs. Proton nuclear magnetic resonance
(1H NMR) spectra were recorded on a Varian Mercury 300
spectrometer at 300 MHz. Carbon-13 nuclear magnetic resonance
(13C NMR) spectra were recorded on a Varian Mercury 300 spec-
trometer at 75.5 MHz. Distortionless enhancement by polarisation
transfer (DEPT) and attached proton test (APT) experiments
were used in the assignment of carbon spectra. One dimensional
nuclear Overhauser spectroscopy was conducted using the 1D-
NOESY pulse sequence. Two dimensional NMR experiments
were recorded on a Varian Mercury 300 spectrometer. Short
range carbon–hydrogen correlation experiments were conducted
via indirect detection using the gHMQC pulse sequence. Where
THP protecting groups have been used, integrations relate to
individual diastereomers; where peaks are superimposed, inte-
grations indicate the sum of both diastereomers. Thus, a single
methyl peak integrates to 6 H. Assignment of the anomeric
protons of the diastereomers has been made where possible,
and designated as THP-H1 and THP-H1′ in the proton NMR;


similarly, where possible, the anomeric carbon is assigned as
THP-C1 and THP-C1′ in 13C-NMR spectra. The balance of
protons associated with the THP group have been designated
THP where possible. Low resolution (LRMS) EI mass spectra
(70 eV) were recorded on a Fisons VG autospec double focusing
mass spectrometer, and ESI mass spectra were recorded on a
Micromass single quadrupole mass spectrometer. High resolution
(HRMS) EI mass spectra were recorded on a Fisons VG autospec
double focusing mass spectrometer. The molecular ion (M+), if
present, significant high mass ions and the more intense low
mass ions are reported. Flash chromatography was conducted
on Merck Kieselgel 60 as the adsorbent. High performance liquid
chromatography (HPLC) was carried out using Waters 510 HPLC
pumps, and a Waters Lambda-Max 481 ultra violet detector set
at either 210 or 254 nm. Alltima C18 columns were supplied by
Altech.


ent-10b-Hydroxy-3,4-seco-20-nor-4b-gibberell-16-ene-3,7,19-
trioic acid 7-methyl ester 19,10-lactone (7) plus 4-epimer


To a stirred solution of 6 (2.5 g, 7.3 mmol) in THF (56 mL)
at 0 ◦C was added a cooled solution of 1.0 M NaOH (14 mL,
14.6 mmol). After 8 min the reaction was quenched with 1.0 M
HCl (20 mL), diluted with EtOAc (100 mL) and washed with
water until pH 4.5. The aqueous layers were extracted with EtOAc
(100 mL) and the combined organic layers extracted with saturated
aqueous NaHCO3 (2 × 100 mL). The basic aqueous extracts were
then neutralised with 1.0 M HCl and extracted with EtOAc (3 ×
100 mL). The combined organic extracts were washed with water
(200 mL), brine (200 mL) and dried (Na2SO4). The solvent was
removed in vacuo to afford 7 (2.3 g, 87%) as a 9 : 1 (endo : exo)
ratio of C-4 epimers. 7: mp 140–145 ◦C (from EtOAc–petroleum
spirits bp 60–80 ◦C); found: C, 66.2; H, 6.9. C20H26O6 requires C,
66.3; H, 7.2%; mmax (thin film)/cm−1 3200, 1767, 1728, 1437, 1310,
1170; dH (300 MHz; CDCl3) 1.22 (3 H, d, J 7.0, H-18), 1.40–1.60
(3 H, m), 1.65–1.80 (3 H, m), 1.95–2.15 (3 H, m), 2.17–2.32 (1 H,
m, H-9), 2.40 (1 H, dt, J15,17 2.9, Jgem 15.8, H-15), 2.45–2.6 (2 H,
m), 2.68 (1 H, br s, H-13), 2.76 (1 H, d, J 2.5, H-6), 2.98 (1 H, dq,
J4,18 7.1, J4,5 10.8, H-4), 3.07 (1 H, dd, J5,6 2.6, J5,6 10.8, H-5), 3.68
(3 H, s, –CO2CH3), 4.90 (2 H, br s, H-17); dC (75 MHz; CDCl3)
12.3 (C-18), 17.4 (C-11), 29.5 (C-1 or C-2), 32.3 (C-12), 32.8 (C-
1 or C-2), 38.6 (C-4), 41.0 (C-14), 41.6 (C-13), 42.6 (C-15), 49.6
(C-9), 50.7 and 51.3 (C-5 and C-6), 52.5 (–CO2CH3), 53.0 (C-8),
96.0 (C-10), 107.3 (C-17), 152.9 (C-16), 175.4 (C-7), 178.9 (C-19),
179.8 (C-3); m/z (EI) 362.1728 (M+ C20H26O6 requires 362.1729),
344 (44%), 330 (65), 316 (100), 302 (84), 274 (83), 257 (74), 229
(65), 201 (49), 173 (50), 105 (58), 91 (75).


epi-7: mmax (thin film)/cm−1 3160, 3040, 1762, 1721, 1435, 1200;
dH (300 MHz; CDCl3) 1.41 (3 H, d, J 7.4, H-18), 1.45–1.80 (6
H, m), 1.98 (1 H, d, J 15.6, H-15), 2.01–2.15 (3 H, m), 2.20–2.60
(7 H, m), 2.70 (1 H, br s, H-13), 3.69 (3 H, s, –CO2CH3), 4.93
(2 H, br s, H-17); dC (75 MHz; CDCl3) 16.7 (C-11), 18.0 (C-18),
29.0 (C-1 or C-2), 31.8 (C-12), 34.0 (C-1 or C-2), 40.9 (C-14),
41.2 (C-13), 41.6 (C-15), 44.6 (C-4), 49.1 (C-6), 51.8 (–CO2CH3),
53.0 (C-9), 53.2 (C-8), 58.9 (C-5), 95.5 (C-10), 106.6 (C-17), 151.3
(C-16), 174.6 (C-7), 177.3 (C-19), 179.5 (C-3); m/z (EI) 362.1729
(M+ C20H26O6 requires 362.1729), 344 (17%), 330 (29), 316 (100),
303 (87), 288 (57), 274 (59), 256 (47), 242 (21), 229 (54), 211 (21),
201 (29).
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ent-3,10b-Dihydroxy-3,4-seco-20-nor-4b-gibberell-16-ene-7,19-
dioic acid 7-methyl ester 19,10-lactone (8)


Et3N (770 lL, 5.6 mmol) and ethyl chloroformate (530 lL, 5.6
mmol) were added dropwise to a stirred solution of 7 (1 g, 2.8
mmol) in THF (30 mL) at 0 ◦C. The solution was stirred at 0 ◦C
for 30 min, then at 20 ◦C for 4 h, after which NaBH4 (210 mg,
5.6 mmol) was added as an ethanolic suspension (10 mL) at
0 ◦C. After a further 2 h, 1.0 M HCl (5 mL) and water (5 mL) were
added and the solution stirred for 30 min. The reaction mixture
was diluted with EtOAc (100 mL) and washed with 1.0 M HCl
(2 × 50 mL) and the combined aqueous layers extracted with
EtOAc (100 mL). The combined organic extracts were washed with
aqueous NaHCO3 (150 mL), the basic aqueous layers extracted
with EtOAc (100 mL) and the combined organic layers washed
with brine (100 mL) and dried (Na2SO4). Concentration in vacuo
and column chromatography on silica (15% EtOAc and 85%
petroleum spirits bp 60–80 ◦C, increasing to 75% EtOAc) afforded
8 (537 mg, 55% conversion, 70% yield) as a colourless solid mp
93–95 ◦C (from EtOAc–petroleum spirits bp 60–80 ◦C); found:
C, 68.8; H, 8.0 C20H28O5 requires C, 68.9; H, 8.1%; mmax (thin
film)/cm−1 3444, 2934, 1762, 1729, 1659, 1367, 1268, 1193, 1170,
1059; dH (300 MHz; CDCl3) 1.22 (3 H, d, J 7.4, H-18), 1.47–2.10
(15 H, m), 2.39 (1 H, dt, J15,17 2.8, Jgem 15.7, H-15), 2.67 (1 H, br s,
H-13), 2.76 (1 H, d, J 2.7, H-6), 2.99 (1 H, dq, J4,18 7.2, J4,5 10.7,
H-4), 3.09 (1 H, dd, J5,6 3.0, J5,4 10.7, H-5), 3.68 (2 H, t, J 5.8, H-3),
3.69 (3 H, s, –CO2CH3), 4.92 (2 H, d, J 3.2, H-17); dC (75 MHz;
CDCl3) 11.7 (C-18), 16.7 (C-11), 27.0 (C-1 or C-2), 31.6 (C-12),
33.7 (C-1 or C-2), 38.2 (C-4), 40.4 (C-15), 40.9 (C-13), 42.0 (C-14),
49.1 (C-9), 50.3 and 50.6 (C-5 and C-6), 51.7 (–CO2CH3), 52.3 (C-
18), 62.5 (C-3), 96.2 (C-10), 106.5 (C-17), 152.5 (C-16), 174.9 (C-7),
179.4 (C-19); m/z (EI) 348.1937 (M+ C20H28O5 requires 348.1937),
330 (5%), 316 (81), 289 (79), 260 (100), 244 (66), 215 (36), 201 (63),
173 (59), 91 (61).


ent-3-tert-Butyldimethylsilyloxy-10b-hydroxy-3,4-seco-20-nor-4b-
gibberell-16-ene-7,19-dioic acid 7-methyl ester 19,10-lactone


To a stirred solution of 8 (2.0 g, 5.7 mmol) and imidazole (78 mg,
1.14 mmol) in DMF (16 mL) at 0 ◦C was added Et3N (1.6 mL, 11.4
mmol) and TBDMSCl (1.7 g, 11.4 mmol) in DMF (10 mL). The
solution was allowed to warm to rt and stir for 2.5 h. The reaction
mixture was diluted with EtOAc (100 mL) and washed with water
(3 × 200 mL). The combined aqueous layers were extracted with
EtOAc (2 × 100 mL), and the combined organic layers washed with
brine (100 mL) and dried (Na2SO4). Concentration in vacuo and
column chromatography on silica (5% EtOAc and 95% petroleum
spirits bp 60–80 ◦C) afforded the title compound (2.63 g, 100%)
as a colourless oil. mmax (thin film)/cm−1 2920, 2850, 1765, 1730,
1655, 1470, 1360, 1310, 1250, 1200, 1155, 1100, 955, 880, 775; dH


(300 MHz; CDCl3) 0.03 (6 H, s, –SiCH3), 0.88 (9 H, s, –Sit-Bu),
1.21 (3 H, s, H-18), 1.25–1.35 (12 H, m), 2.37 (1 H, dt, J15,17 2.8,
Jgem 15.8, H-15), 2.99 (1 H, br s, H-13), 2.75 (1 H, d, J 2.9, H-6),
2.96 (1 H, dq, J4,18 7.3, J4,5 10.4, H-4), 3.08 (1 H, dd, J5,6 3.0, J5,4


10.5, H-5), 3.61 (2 H, t, J 6.2, H-3), 3.68 (3 H, s, –CO2CH3), 4.91
(2 H, d, J 5.3, H-17); dC (75 MHz; CDCl3) −5.6 (–SiCH3), 11.5
(C-18), 16.5 (C-11), 18.0 (–Si–C(CH3)3), 25.6 (–Si–C(CH3)3), 27.0
(C-1 or C-2), 31.5 (C-12), 33.4 (C-1 or C-2), 38.0 (C-4), 40.2 (C-
15), 40.8 (C-13), 41.8 (C-14), 48.9 (C-9), 50.1 and 50.5 (C-5 and


C-6), 51.4 (–CO2CH3), 52.1 (C-8), 62.5 (C-3), 96.0 (C-10), 106.2
(C-17), 152.4 (C-16), 174.5 (C-19), 179.0 (C-7); m/z (EI) 405.2094
(M+−57 C22H33O5Si requires 405.2097), 405 (86%), 373 (100), 347
(51), 317 (50), 303 (39), 257 (18), 255 (48), 197 (30), 171 (13), 131
(16), 75 (44).


ent-4a-Bromo-3-tert-butyldimethylsilyloxy-10b-hydroxy-3,4-seco-
20-norgibberell-16-ene-7,19-dioic acid 7-methyl ester
19,10-lactone (9)


LDA (0.5 M) in THF (1.96 mL, 0.98 mmol) was added dropwise
to a stirred solution of the TBS ether prepared above (320 mg, 0.65
mmol) in THF (3.5 mL) at −78 ◦C, after 25 min CBr4 (541 mg,
1.63 mmol) in THF (1.5 mL) was added dropwise over 5 min.
After a further 40 min the reaction was quenched with saturated
aqueous NH4Cl (2.0 mL) at −78 ◦C and allowed to warm to rt.
The brown reaction mixture was diluted with EtOAc (50 mL) and
washed with water (2 × 20 mL). The combined aqueous layers were
extracted with EtOAc (2 × 20 mL), the combined organic extracts
washed with brine (50 mL) and dried (Na2SO4). Concentration
in vacuo and column chromatography on silica (4% EtOAc and
96% petroleum spirits bp 60–80 ◦C) afforded the title compound
(348 mg, 99%) as a pale brown oil. mmax (thin film)/cm−1 3567,
3336, 2952, 2930, 2858, 1775, 1734, 1656, 1455, 1427, 1381, 1360,
1254, 1169, 1102, 1072, 1049, 938, 836; dH (300 MHz; CDCl3)
0.03 (6 H, s, –SiCH3), 0.87 (9 H, s, –Sit-Bu), 1.3–1.8 (7 H, m),
1.93 (3 H, s, H-18), 1.98 (1 H, d, J 15.9, H-15), 2.10–2.22 (4 H,
m), 2.41 (1 H, dt, J15,17 2.0, Jgem 15.9, H-15), 2.66 (1 H, br s, H-
13), 2.79 (1 H, d, J 2.3, H-6), 3.58 (1 H, d, J 2.3, H-5), 3.63 (2
H, t, J 5.9, H-3), 3.69 (3 H, s, –CO2CH3), 4.90 (2 H, s, H-17); dC


(75 MHz; CDCl3) −4.7 (–SiCH3), 17.0 (C-11), 18.8 (–Si–C(CH3)3),
26.2 (C-18), 26.5 (–Si–C(CH3)3), 28.5 (C-1 or C-2), 32.2 (C-12),
33.7 (C-1 or C-2), 41.3 (C-15), 41.8 (C-13), 42.2 (C-14), 48.4 (C-9),
52.5 (–CO2CH3), 52.8 (C-8), 53.6 (C-6), 56.2 (C-4), 59.4 (C-5),
63.3 (C-3), 97.8 (C-10), 107.3 (C-17), 152.1 (C-16), 174.2 (C-19),
175.2 (C-7); m/z (EI) 485.1178 (M+−57 C22H32O5


81BrSi requires
485.1182), 453/451 (30%), 405/403 (42), 371 (100), 343 (49), 317
(24), 283 (18), 257 (20), 225 (37), 197 (31), 171/169 (19), 75 (55).


ent-3,10b-Dihydroxy-3,4-seco-20-nor-4b-gibberell-4 (18),
16-diene-7,19-dioic acid 7-methyl ester 19,10-lactone (10)


TBAF (1.0 M) in THF (278 lL, 279 lmol) was added dropwise to a
stirred solution of the bromide prepared above (50 mg, 93 lmol) in
THF (1.0 mL) at 0 ◦C. The solution was allowed to warm to rt and
after 4 h was diluted with EtOAc (15 mL) and washed with water
(2 × 15 mL). The combined aqueous layers were extracted with
EtOAc (20 mL), and the combined organic extracts washed with
brine (25 mL) and dried (Na2SO4). Concentration in vacuo and
column chromatography on silica (40% EtOAc and 60% petroleum
spirits bp 60–80 ◦C) afforded 10 (20 mg, 62%) as a pale yellow oil.
mmax (thin film)/cm−1 3442, 3067, 2933, 2861, 1758, 1732, 1659,
1437, 1403, 1353, 1246, 1196, 1127, 1095, 1060, 971, 818, 780; dH


(300 MHz; CDCl3) 1.35–1.80 (16 H, m), 1.95 (1 H, d, Jgem 16.9,
H-14), 2.00–2.12 (2 H, m), 2.46 (1 H, dt, J15,17 3.0, Jgem 15.9, H-15),
2.60 (1 H, s, H-6), 2.66 (1 H, br s, H-13), 3.50 (1 H, s, H-5), 3.65 (2
H, td, J 1.8, 6.4, H-3), 3.71 (3 H, s, –CO2CH3), 4.91 (2 H, s, H-17),
5.70 (1 H, d, J 2.3, H-18), 6.29 (1 H, d, J 2.6, H′-18); dC (75 MHz;
CDCl3) 16.5 (C-11), 26.7 (C-1), 31.6 (C-12), 34.6 (C-2), 41.0 (C-14),
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41.2 (C-13), 41.3 (C-15), 49.3 (C-9), 49.7 (C-6), 51.8 (–CO2CH3),
53.1 (C-8), 60.2 (C-5), 62.3 (C-3), 95.2 (C-10), 106.4 (C-17), 123.6
(C-18), 140.7 (C-4), 151.6 (C-16), 170.3 (C-19), 174.2 (C-7); m/z
(EI) 346.1784 (M+ C20H26O5 requires 346.1780), 328 (37%), 314
(69), 300 (41), 296 (46), 286 (100), 268 (27), 255 (16), 241 (25), 227
(63), 199 (39), 171 (29), 129 (27), 105 (22), 91 (48), 79(25).


ent-10b-Hydroxy-3-oxo-3,4-seco-20-4b-norgibberell-4 (18),
16-diene-7,19-dioic acid 7-methyl ester 19,10-lactone (11)


To a stirred solution of 10 (1.5 g, 4.4 mmol) in CH2Cl2 (44 mL) was
added Dess–Martin periodinane (2.8 g, 6.6 mmol), after 20 min the
solvent was removed in vacuo and the resulting solid subjected to
column chromatography on silica (40% EtOAc and 60% petroleum
spirits bp 60–80 ◦C) to yield 11 (1.34 g, 89%) as a pale yellow oil.
mmax (thin film)/cm−1 3330, 2932, 1761, 1729, 1658, 1438, 1402,
1353, 1289, 1273, 1197, 1168, 1095, 1073, 970, 889; dH (300 MHz;
CDCl3) 1.38 (2 H, br s), 1.50–1.80 (4 H), 1.93 (1 H, d, Jgem 17.5,
H-14), 1.95–2.10 (2 H, m), 2.27 (1 H, m, H-9), 2.45 (1 H, d, Jgem


15.6, H-15), 2.58 (1 H, s, H-6), 2.63 (1 H, br s, H-13), 3.42 (1 H, s,
H-5), 3.68 (3 H, s, –CO2CH3), 5.70 (2 H, d, J 1.7, H-17), 6.29 (1
H, d, J 2.7, H-18), 7.25 (1 H, d, J 2.6, H′-18), 9.73 (1 H, s, H-3);
dC (75 MHz; CDCl3) 16.2 (C-11), 30.1 (C-1), 31.3 (C-12), 37.9
(C-2), 40.6 (C-15), 40.8 (C-13), 41.0 (C-14), 48.7 (C-9), 49.4 (C-6),
51.5 (–CO2CH3), 52.8 (C-8), 59.8 (C-5), 93.8 (C-10), 106.2 (C-17),
123.8 (C-18), 139.9 (C-4), 151.0 (C-16), 169.5 (C-19), 173.7 (C-7),
200.3 (C-3); m/z (EI) 344.1630 (M+ C20H24O5 requires 344.1624),
326 (63%), 312 (100), 298 (57), 284 (84), 268 (68), 240 (75), 227
(59), 199 (52), 129 (53), 91 (68).


ent-18-Allyloxy-3a,10b-dihydroxy-20-norgibberell-16-ene-7,19-
dioic acid 7-methyl ester 19,10-lactone (12)


To a stirred solution of 11 (500 mg, 1.45 mmol) in allyl alcohol
(15 mL) was added K2CO3 (1.0 g, 7.25 mmol). After 80 min,
1.0 M HCl was carefully added, the solution diluted with EtOAc
(50 mL) and washed with water (2 × 20 mL). The combined
aqueous layers were extracted into EtOAc (2 × 50 mL), and the
combined organic extracts washed with brine (50 mL) and dried
(Na2SO4). Concentration in vacuo and column chromatography
on silica (15% EtOAc and 85% petroleum spirits bp 60–80 ◦C,
increasing to 60% EtOAc) afforded 12 (192 mg, 33%) and then
epi-12 (135 mg, 23%).


12: mp 125–126 ◦C (from EtOAc–petroleum 60–80 ◦C); found
C, 68.3; H, 7.5 C23H30O6 requires C, 68.6; H, 7.5%; mmax (thin
film)/cm−1 3495, 3068, 2944, 1773, 1736, 1656, 1436, 1384, 1347,
1278, 1245, 1197, 1170, 1098, 1070, 1020, 99, 884; dH (300 MHz;
CDCl3) 1.30–2.10 (11 H, m), 2.17 (1 H, d, Jgem 15.5, H-15), 2.62
(1 H, t, J 6.5, H-13), 2.76 (1 H, d, J6,5 10.5, H-6), 3.47 (1 H, d, J5,6


10.6, H-5), 3.51 (1 H, d, Jgem 9.9, H-18), 3.67 (3 H, s, –CO2CH3),
3.88 (1 H, d, Jgem 9.8, H′-18), 3.90 (1 H, m, H-1′), 3.95 (1 H, dd,
J1′ ,2′ 5.5, Jgem 10.0, H-1′), 4.15 (1 H, d, J 2.6, H-3), 4.85 (1 H, s,
H-17), 4.96 (1 H, s, H′-17), 5.20 (1 H, d, Jcis 4.1, H-3′), 5.25 (1
H, d, Jtrans 11.7, H-3′), 5.80 (1 H, m, H-2′); dC (75 MHz; CDCl3)
16.0 (C-11), 27.1 (C-1 and C-2), 31.2 (C-12), 37.7 (C-14), 38.9
(C-13), 44.7 (C-15), 49.8 (C-9), 51.3 (C-6), 51.7 (–CO2CH3), 51.8
(C-8), 53.2 (C-5), 57.5 (C-4), 70.5 (C-3), 71.4 and 72.7 (C-18 and
C-1′), 95.8 (C-10), 107.2 (C-17), 118.2 (C-3′), 133.1 (C-2′), 156.5
(C-16), 172.8 (C-19), 175.0 (C-7); m/z (EI) 402.2046 (M+ C23H30O6


requires 402.2042), 384 (34%), 370 (100), 353 (11), 342 (32), 326
(34), 312 (27), 298 (23), 284 (47), 268 (30), 254 (44), 240 (39), 223
(21), 195 (14), 141 (66), 129 (21), 105 (15), 91 (33), 79 (18).


epi-12: mp 105 ◦C (from EtOAc–petroleum 60–80 ◦C); mmax (thin
film)/cm−1 3449, 3070, 2944, 2865, 1773, 1734, 1656, 1436, 1384,
1343, 1271, 1170, 1134, 1099, 1076, 1049, 973, 888; dH (300 MHz;
CDCl3) 1.30–1.75 (6 H, m), 1.89 (1 H, dt, J15,17 2.8, Jgem 15.4, H-
15), 1.95–2.25 (6 H, m), 2.60 (1 H, t, J 6.6, H-13), 2.65 (1 H, d,
J6,5 10.2, H-6), 2.93 (1 H, d, J5,6 10.0, H-5), 3.59 (1 H, d, Jgem 9.9,
H-18), 3.65 (3 H, s, –CO2CH3), 3.83 (1 H, d, Jgem 10.1, H′-18), 3.88
(2 H, m, H-1′), 3.96 (1 H, m, H-3), 4.83 (1 H, s, H-17), 4.94 (1
H, s, H′-17), 5.14 (1 H, dd, Jgem′ 1.5, Jcis 10.4, H-3′), 5.22 (1 H,
dd, Jgem 1.6, Jtrans 17.3, H-3′), 5.79 (1 H, m, H-2′); dC (75 MHz;
CDCl3) 16.0 (C-11), 29.0 and 29.9 (C-1 and C-2), 31.3 (C-12), 37.3
(C-14), 38.8 (C-13), 44.5 (C-15), 51.4 (C-9), 51.4 (–CO2CH3), 52.4
(C-8), 52.7 (C-6), 55.0 (C-5), 58.2 (C-4), 66.4 (C-1′), 69.8 (C-3),
72.4 (C-18), 93.8 (C-10), 107.2 (C-17), 117.2 (C-3′), 134.0 (C-2′),
152.4 (C-16), 173.0 (C-19), 175.1 (C-17); m/z (EI) 402.2038 (M+


C23H30O6 requires 402.2042), 384 (22%), 370 (100), 352 (44), 342
(37), 326 (55), 312 (67), 298 (54), 284 (60), 268 (68), 256 (44), 240
(57), 228 (36), 181 (26), 169 (34), 129 (47), 105 (36), 91 (79), 79 (43).


ent-3a,10b,18-Trihydroxy-20-norgibberell-16-ene-7,19-dioic acid
7-methyl ester 19,10-lactone (13)


A stirred, degassed solution of 12 (217 mg, 0.54 mmol),
RhCl(PPh3)3 (100 mg, 0.11 mmol) and DABCO (30 mg, 0.27
mmol) in 10% aqueous EtOH (5.5 mL), was heated at 75 ◦C for
24 h after which RhCl(PPh3)3 (100 mg, 0.11 mmol) and DABCO
(30 mg, 0.27 mmol) were added. The solution was heated at
75 ◦C for a further 24 h, allowed to cool, 1.0 M HCl (2.0 mL)
added and stirring continued for 30 min. The solution was diluted
with EtOAc (20 mL) and washed with water (2 × 25 mL). The
aqueous layers were extracted into EtOAc (3 × 20 mL), and the
combined organic extracts washed with brine (30 mL) and dried
(Na2SO4). Concentration in vacuo and column chromatography
on silica (10% CH, 40% EtOAc and 50% petroleum spirits bp 60–
80 ◦C) followed by recrystallisation from CH2Cl2 and petroleum
spirits bp 60–80 ◦C gave 13 (55 mg, 37% based on 77% conversion)
as a colourless solid mp 166–167 ◦C (from EtOAc–petroleum 60–
80 ◦C); found: C, 66.0; H, 7.4 C20H26O6 requires C, 66.3; H, 7.2%;
mmax (thin film)/cm−1 3441, 3065, 2944, 2880, 1766, 1735, 1658,
1438, 1382, 1267, 1199, 1019, 888; dH (300 MHz; CDCl3) 1.30–
2.15 (13 H, m), 2.63 (1 H, t, J 7.1, H-13), 2.86 (1 H, d, J6,5 11.4,
H-6), 3.35 (1 H, d, J5,6 11.4, H-5), 3.66 (1 H, d, Jgem 12.6, H-18),
3.76 (3 H, s, –CO2CH3), 3.99 (1 H, d, 12.7, H′-18), 4.28 (1 H, d,
J 2.4, H-3), 4.89 (1 H, s, H-17), 5.02 (1 H, s, H′-17). dC (75 MHz;
CDCl3) 16.1 (C-11), 27.2 and 27.3 (C-1 and C-2), 31.4 (C-12), 36.1
(C-14), 38.2 (C-13), 43.7 (C-15), 48.1 (C-9), 50.6 (C-6), 50.9 (C-8),
52.4 (–CO2CH3), 53.5 (C-5), 58.0 (C-4), 64.0 (C-18), 70.0 (C-3),
94.5 (C-10), 107.9 (C-17), 156.7 (C-16), 174.8 (C-19), 175.3 (C-7);
m/z (EI) 362.1729 (M+ C20H26O6 requires 362.1729), 344 (18%),
330 (100), 312 (92), 284 (60), 266 (60), 240 (60), 195 (20), 155 (30),
129 (43), 115 (34), 91 (78), 79 (47).


ent-3a,10b-Dihydroxy-16-oxo-17,20-dinorgibberellane-7,19-dioic
acid 7-methyl ester 19,10-lactone


Through a stirred solution of GA4 methyl ester (26.22 g, 75.8
mmol) in EtOH (700 mL) at −10 ◦C was bubbled ozone. After
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3 h, the ozone flow was stopped and oxygen bubbled through,
then after 15 min the reaction was allowed to warm to 0 ◦C and
water (90 mL), acetic acid (45 mL) and zinc powder added. The
mixture was allowed to warm to rt and stirred for 16 h, then
filtered and concentrated in vacuo almost to dryness. The resulting
residue was taken up in water (500 mL) and extracted with CH2Cl2


(2 × 600 mL), then the combined organic extracts were washed
with water (4 × 500 mL), brine (200 mL) and dried (MgSO4).
Concentration in vacuo and column chromatography on silica
(75% EtOAc and 25% hexane) afforded the title compound (23.7 g,
90%) as a white powder mp 203–204 ◦C (from EtOAc–hexane);
(found: C, 65.2; H, 7.0 C19H24O6 requires C, 65.5; H, 6.9). mmax


(thin film)/cm−1 3507, 2948, 2877, 1771, 1737, 1436, 1376, 1281,
1195, 1171, 1016, 922; dH (300 MHz; CDCl3) 1.15 (3 H, s, H-18),
1.51–2.20 (13 H, m), 2.43 (1 H, m, H-13), 2.71 (1 H, d, J 10.9,
H-6), 3.21 (1 H, d, J 10.7, H-5), 3.71 (3 H, s, –CO2CH3), 3.84 (1 H,
t, J 2.4, H-3); dC (75 MHz; CDCl3) 14.7(C-18), 16.8 (C-11), 25.0
(C-12), 27.1 (C-1), 28.0 (C-2), 34.5 (C-14), 44.7 (C-13), 49.8 (C-8),
50.4 (C-15), 51.0 (C-5), 52.3 (–CO2CH3), 52.6 (C-6), 53.9 (C-9),
54.6 (C-4), 69.9 (C-3), 93.7 (C-10), 172.3 (C-7), 177.8 (C-19), 220.2
(C-16); m/z (EI) 348.1573 (M+ C19H24O6 requires 348.1573), 762
(8%), 718 (7), 697 (11), 696 (22), 444 (9), 428 (10), 426 (38), 408
(59), 394 (53), 380 (22), 364 (52), 348 (100), 326 (20), 316 (12), 282
(5), 242 (13).


ent-10b-Hydroxy-3,16-dioxo-17,20-dinorgibberellane-7,19-dioic
acid 7-methyl ester 19,10-lactone (14)


To a stirred solution of the ketone prepared above (1.91 g, 5.50
mmol) in CH2Cl2 (40 mL) was added Dess–Martin periodinane
(3.62 g, 8.24 mmol). After 1 h, saturated NaHCO3 (20 mL) and
1.0 M Na2S2O3 (20 mL) were added, and once both layers had
turned clear the reaction was diluted with EtOAc (120 mL) and
washed with water (3 × 75 mL). The combined aqueous extracts
were back-extracted with EtOAc (2 × 50 mL), then the combined
organic layers washed with brine (100 mL) and dried (MgSO4).
Concentration in vacuo and column chromatography on silica
(25% EtOAc and 75% hexane, increasing to 67% EtOAc) afforded
3 (1.88 g, 99%) as a white powder mp 203–204 ◦C (from EtOAc–
hexane); (found: C, 65.6; H, 6.8 C19H22O6 requires C, 65.9; H,
6.4). mmax (thin film)/cm−1 2946, 1779, 1735, 1448, 1382, 1270,
1169, 1036, 958, 931, 891; dH (300 MHz; CDCl3) 1.19 (3 H, s,
H-18), 1.66–2.26 (10 H, m), 2.45–2.66 (4 H, m), 2.85 (1 H, d, J
10.1, H-6), 3.11(1 H, d, J 10.0, H-5), 3.73 (3 H, s, –CO2CH3); dC


(75 MHz; CDCl3) 10.4 (C-18), 16.9 (C-11), 24.9 (C-12), 30.7 (C-1),
34.6 (C-14), 34.9 (C-2), 44.5 (C-13), 50.2 (C-15), 51.3 (C-8), 52.6
(–CO2CH3), 52.8 (C-6), 53.5 (C-9), 56.8 (C-5), 63.1 (C-4), 92.4
(C-10), 171.4 (C-19), 173.4 (C-7), 199.5 (C-3), 219.0 (C-16); m/z
(EI) 346.1420 (M+ C19H22O6 requires 346.1416), 318 (100%), 301
(8), 286 (25), 274 (21), 258 (19), 242 (22), 213 (12), 199 (11), 129
(13), 115 (14), 105 (13), 91 (29), 77 (20), 55 (22).


ent-10b-Hydroxy-16-oxo-3,4-seco-17,20-dinor-4b-gibberellane-
3,7,19-trioic acid 7-methyl ester 19,10-lactone


To a stirred solution of 14 (1.00 g, 2.90 mmol) in THF (30 mL)
at 0 ◦C was added a cooled solution of 1.0 M NaOH (5.80 mL,
5.80 mmol). After 2 min 45 s the reaction was quenched with 1.0 M
HCl (8.36 mL), diluted with EtOAc (40 mL) and washed with


water (6 × 50 mL). The aqueous layers were back-extracted with
EtOAc (2 × 100 mL) and the combined organic layers extracted
with saturated aqueous NaHCO3 (2 × 100 mL). The basic aqueous
extracts were then acidified with 1.0 M HCl and extracted with
EtOAc (3 × 125 mL). The combined organic extracts were washed
with water (3 × 75 mL), brine (200 mL) and dried (MgSO4). The
solvent was removed in vacuo to afford the title compound (1.00 g,
95%) as an 18 : 1 (endo : exo) ratio of C-4 epimers. mmax (thin
film)/cm−1 2947, 1764, 1735, 1437, 1309, 1235, 1176, 1161, 959,
754; dH (300 MHz; CDCl3) 1.24 (d, J 7.2, 3 H, H-18), 1.66–2.50 (14
H, m), 2.86 (1 H, d, J 2.8, H-6), 3.06 (1 H, m, H-4), 3.15 (1 H, dd,
J 2.8 and 10.8, H-5), 3.68 (3 H, s, –CO2CH3); dC (75 MHz; CDCl3)
11.8 (C-18), 17.3 (C-11), 28.3 (C-12), 28.9 and 32.1 (C-1 and C-2),
38.1 (C-4), 38.2 (C-14), 46.2 (C-13), 48.8 (C-15), 49.1 (C-9), 50.0
(C-5 or C-6), 50.7 (C-8), 50.8 (C-5 or C-6), 52.2 (–CO2CH3), 94.7
(C-10), 173.8 (C-7), 177.6 (C-19), 178.5 (C-3), 218.9 (C-16); m/z
(EI) 364.1526 (M+ C19H24O7 requires 364.1522), (LRMS ESI+)
730 (45%), 729 (100), 715 (10), 391 (6), 366 (8), 365 (38), 347 (40),
333 (11).


ent-3,10b,16a-Trihydroxy-3,4-seco-17,20-dinor-4b-gibberellane-
7,19-dioic acid 7-methyl ester 19,10-lactone (15)


To a stirred solution of seco-acid prepared above (1.70 g, 4.67
mmol) in THF (30 mL) at −18 ◦C was added dropwise 1.7 M
borane–dimethylsulfide complex in THF (3.66 mL, 6.23 mmol).
The reaction mixture was allowed to slowly warm to rt, then
after 15.5 h cooled to 0 ◦C and water (9.6 mL) then K2CO3


(3.86 g) added. The organic phase was separated, and the aqueous
phase extracted with 20% 2-butanol in EtOAc (4 × 25 mL). The
combined organic extracts were washed with brine (50 mL) and
dried (MgSO4). The solvent was removed in vacuo to afford 15
(1.39 g, 85%) mmax (thin film)/cm−1 3369, 2928, 1753, 1730, 1436,
1307, 1246, 1178, 1044, 964; dH (300 MHz; CDCl3) 1.16 (3 H, d,
J 6.9, H-18), 1.21–2.22 (14 H, m), 2.70 (1 H, d, J 1.6, H-6), 3.09–
3.15 (2 H, m, H-4 and H-5), 3.59 (2 H, t, J 6.3, H-3), 3.67 (3 H, s,
–CO2CH3), 4.34 (1 H, m, H-16); dC (75 MHz; CDCl3) 12.1 (C-18),
17.7 (C-11), 24.9 (C-12), 28.2 and 34.9 (C-1 and C-2), 39.6 (C-4),
39.9 (C-14), 40.1 (C-13), 43.9 (C-15), 50.7 (C-9), 52.1 and 52.6
(C-5 and C-6), 52.9 (–CO2CH3), 53.0 (C-8), 62.8 (C-3), 72.7 (C-
16), 98.0 (C-10), 176.1 (C-7), 181.7 (C-19); m/z (EI) 352.1883 (M+


C19H28O6 requires 352.1886), (LRMS ESI+) 728 (47%), 727 (93),
699 (21), 428 (6), 396 (13), 376 (21), 375 (100), 353 (19), 347 (10).


ent-3,16a-Bis-tert-butyldimethylsilyloxy-10b-hydroxy-3,4-seco-
17,20-dinor-4b-gibberellane-7,19-dioic acid 7-methyl ester
19,10-lactone (16)


To a stirred solution of 15 (0.82 g, 2.3 mmol) and imidazole (32 mg,
0.47 mmol) in DMF (7 mL) at 0 ◦C was added Et3N (1.3 mL, 9.36
mmol) and TBDMSCl (1.41 g, 9.36 mmol) in DMF (7 mL). The
solution was allowed to warm to rt and stirred for 6 h, then a
second addition of Et3N (325 lL, 2.34 mmol) and TBDMSCl
(353 mg, 2.34 mmol) in DMF (2 mL) was made. After 1 h, the
reaction mixture was diluted with EtOAc (25 mL) and washed with
water (4 × 15 mL). The combined aqueous layers were extracted
with EtOAc (2 × 15 mL), and the combined organic layers washed
with brine (40 mL) and dried (MgSO4). Concentration in vacuo and
column chromatography on silica (5% EtOAc and 95% hexane)
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afforded 16 (2.63 g, 100%) as a pale yellow oil. mmax (thin film)/cm−1


2952, 2930, 2886, 2857, 1768, 1733, 1471, 1361, 1309, 1254, 1192,
1162, 1092, 966, 892, 836, 775; dH (300 MHz; CDCl3) 0.01 (6 H, s,
–SiCH3), 0.04 (6 H, s, –SiCH3), 0.87 (9 H, s, –Sit-Bu), 0.88 (9
H, s, –Sit-Bu), 1.19 (3 H, d, J 7.0, H-18), 1.36–2.15 (14H, m),
2.62 (1 H, d, J 2.8, H-6), 2.96 (1H, m, H-4), 3.04 (1 H, dd, J5,6


2.7, J5,4 10.6, H-5), 3.63 (2 H, dt, J 6.0, 1.5, H-3), 3.66 (3 H, s,
–CO2CH3), 4.28 (1 H, m, H-16); dC (75 MHz; CDCl3) −5.2 (–
SiCH3), −4.9 (–SiCH3), −4.8 (–SiCH3), 11.9 (C-18), 16.7 (C-11),
18.1 (–Si–C(CH3)3), 18.4 (–Si–C(CH3)3), 24.2 (C-12), 25.9 (–Si–
C(CH3)3), 26.0 (–Si–C(CH3)3), 27.4 and 33.9 (C-1 and C-2), 38.0
(C-4), 39.0 (C-14), 39.3 (C-13), 44.0 (C-15), 49.3 (C-9), 51.3 and
51.5 (C-5 and C-6), 51.7 (–CO2CH3), 51.8 (C-8), 62.8 (C-3), 72.2
(C-16), 96.4 (C-10), 174.8 (C-19), 179.4 (C-7); m/z (EI) 565.3381
(M+−15 C30H53O6Si2 requires 565.3381), 549 (4%), 533 (5), 523
(100), 491 (96) 463 (24), 435 (11), 401 (10), 359 (12), 345 (16), 303
(12), 183 (16), 157 (11), 73 (42).


ent-4a-Bromo-3,16a-bis-tert-butyldimethylsilyloxy-10b-hydroxy-
3,4-seco-17,20-dinor-4b-gibberellane-7,19-dioic acid 7-methyl
ester 19,10-lactone (27)


LDA (0.5 M) in THF (2.60 mL, 1.30 mmol) was added dropwise
to a stirred solution of 16 (500 mg, 0.86 mmol) in THF (5.0 mL)
at −78 ◦C, then after 25 min tetrabromomethane (713 mg, 2.15
mmol) in THF (2.0 mL) was added dropwise over 5 min. After
a further 16 min the reaction was quenched with saturated
aq. NH4Cl (2.5 mL) at −78 ◦C and allowed to warm to rt,
then diluted with EtOAc (25 mL) and washed with water (3 ×
20 mL). The combined aqueous layers were extracted with EtOAc
(2 × 15 mL), the combined organic extracts washed with brine
(40 mL) and dried (MgSO4). Concentration in vacuo and column
chromatography on silica (7% EtOAc and 93% hexane increasing
to 10% EtOAc) afforded the title compound (532 mg, 94%) as a
pale brown oil. mmax (thin film)/cm−1 3531, 2953, 2930, 2894, 2857,
1774, 1735, 1471, 1462, 1379, 1359, 1249, 1170, 1097, 1067, 891,
836, 776; dH (300 MHz; CDCl3) 0.01 (6 H, s, –SiCH3), 0.05 (6 H, s,
–SiCH3), 0.87 (9 H, s, –Sit-Bu), 0.89 (9 H, s, –Sit-Bu), 1.07–1.78 (9
H, m), 1.92 (3 H, s, H-18), 1.96–2.24 (5 H, m), 2.69 (1 H, d, J 2.2,
H-6), 3.56 (1 H, d, J 2.2, H-5), 3.65 (2 H, t, J 6.0, H-3), 3.70 (3
H, s, –CO2CH3), 4.28 (1 H, m, H-16); dC (75 MHz; CDCl3) −5.2
(–SiCH3), −4.9 (–SiCH3), −4.8 (–SiCH3), 16.4 (C-11), 18.1 (–Si–
C(CH3)3), 18.4 (–Si–C(CH3)3), 24.6 (C-12), 25.9 (–Si–C(CH3)3),
26.0 (–Si–C(CH3)3), 27.6 (C-18), 28.0 and 33.3 (C-1 and C-2),
39.2 (C-13), 39.4 (C-14), 43.6 (C-15), 48.9 (C-9), 51.6 (C-8), 52.0
(–CO2CH3), 53.6 (C-6), 55.8 (C-4), 59.1 (C-5), 62.9 (C-3), 71.9
(C-16), 97.3 (C-10), 173.6 (C-19), 174.8 (C-7); m/z (EI) 603.1999
(M+−57 C27H46O6


81BrSi2 requires 603.1996), 601.2016 (M+−57
C27H46O6


79BrSi2 requires 601.2016), 585/583 (14%), 571/569 (50),
543/541 (13), 523/521 (46), 489 (86), 461 (39), 437 (22), 389 (34),
357 (20), 315 (38), 273 (32), 257 (24), 243 (30), 227 (33), 211 (29),
183 (44), 155 (38), 143 (24), 129 (38), 89 (27), 73 (79), 59 (25).


ent-3,16a-Bis-tert-butyldimethylsilyloxy-10b-hydroxy-3,4-seco-
17,20-dinor-4b-gibberellane-4(18)-ene-7,19-dioic acid 7-methyl
ester 19,10-lactone (17)


To a stirred solution of the bromide 27 prepared above (370 mg,
0.56 mmol) in toluene (7.5 mL) was added freshly distilled DBU


(0.42 mL, 2.81 mmol), then the mixture heated to 70 ◦C for 18 h,
after which a further addition of DBU (0.21 mL, 1.40 mmol) was
made. After a total reaction time of 24.5 h the reaction mixture was
cooled to rt, diluted with EtOAc (30 mL) and washed with 1.0 M
HCl (3 × 25 mL). The combined aqueous layers were extracted
with EtOAc (2 × 25 mL), then the combined organic extracts
washed with saturated NaHCO3 (3 × 25 mL). The combined
aqueous layers were extracted with EtOAc (2 × 25 mL), then
the combined organic layers washed with brine (50 mL) and dried
(MgSO4). Concentration in vacuo and column chromatography on
silica (5% EtOAc and 95% hexane) afforded 17 (532 mg, 94%) as a
yellow oil. mmax (thin film)/cm−1 3509, 2952, 2929, 2895, 2857, 1763,
1733, 1659, 1472, 1463, 1359, 1273, 1255, 1192, 1168, 1097, 1065,
1006, 968, 920, 892, 835, 775, 734, 665, 615; dH (300 MHz; CDCl3)
0.01 (6 H, s, –SiCH3), 0.04 (6 H, s, –SiCH3), 0.88 (9 H, s, –Sit-Bu),
0.89 (9 H, s, –Sit-Bu), 1.06–2.22 (14 H, m), 2.48 (1 H, d, J 0.9, H-6),
3.45 (1 H, d, J 1.2, H-5), 3.60 (2 H, m, H-3), 3.70 (3 H, s, –CO2CH3),
4.29 (1 H, m, H-16), 5.67 (1 H, d, J 2.2, H-18), 6.27 (1 H, d, J 2.6,
H′-18); dC (75 MHz; CDCl3) −5.2 (–SiCH3), −4.9 (–SiCH3), −4.8
(–SiCH3), 16.6 (C-11), 18.1 (–Si–C(CH3)3), 18.4 (–Si–C(CH3)3),
24.9 (C-12), 25.9 (–Si–C(CH3)3), 26.0 (–Si–C(CH3)3), 27.1, 27.6
and 35.0 (C-1, C-2 and C-14), 39.5 (C-13), 43.4 (C-15), 50.2 (C-9),
50.6 (C-6), 51.8 (–CO2CH3), 52.6 (C-8), 60.9 (C-5), 62.8 (C-3), 72.0
(C-16), 95.4 (C-10), 123.3 (C-18), 141.1 (C-4), 170.4 (C-19), 174.1
(C-7); m/z (EI) 521.2760 (M+−57 C27H45O6Si2 requires 521.2755),
(LRMS ESI+) 695 (22%), 694 (28), 693 (53), 581 (24), 580 (47),
579 (100), 551 (4).


ent-18-Allyloxy-3,16a-bis-tert-butyldimethylsilyloxy-10b-
hydroxy-3,4-seco-17,20-dinor-4b-gibberellane-7,19-dioic acid
7-methyl ester 19,10-lactone (18)


To a stirred solution of 17 (200 mg, 0.35 mmol) in allyl alcohol
(3.0 mL) was added DBU (0.52 mL, 3.5 mmol). After 1 h, 1.0 M
HCl (8 mL) was added, and the reaction mixture then poured
into a bilayer of EtOAc (20 mL) and water (20 mL), the organic
layer separated and washed with water (3 × 7 mL). The combined
aqueous layers were extracted with EtOAc (3 × 15 mL), then the
combined organic extracts washed with brine (40 mL) and dried
(MgSO4). Concentration in vacuo and column chromatography
on silica (5% EtOAc and 95% hexane) afforded 9 (78 mg, 58%
based on 63% conversion) as an oil. mmax (thin film)/cm−1 2952,
2929, 2895, 2857, 1767, 1733, 1471, 1463, 1445, 1360, 1332, 1251,
1195, 1172, 1098, 1006, 977, 920, 892, 836, 775, 666; dH (300 MHz;
CDCl3) 0.01 (6 H, s, –SiCH3), 0.04 (6 H, s, –SiCH3), 0.88 (9 H, s,
–Sit-Bu), 0.89 (9 H, s, –Sit-Bu), 1.07–2.24 (14 H, m), 2.43 (1 H, s,
H-6), 2.66 (1 H, dd, J 4.7 and 9.7, H-4), 2.91 (1 H, d, J 3.8, H-5),
3.59 (2 H, t, J 6.5, H-3), 3.68 (5 H, m, –CO2CH3 and H-18), 3.98 (2
H, dd, J 1.3, 5.5, H-1′), 4.29 (1 H, m, H-16), 5.16 (1 H, tdd, J 1.3,
1.4, 10.3, H-3′), 5.23 (1 H, tdd, J 1.6, 1.6, 17.2, H′-3′), 5.85 (1 H, m,
H-2′); dC (75 MHz; CDCl3) −5.2 (–SiCH3), −4.9 (–SiCH3), −4.8 (–
SiCH3), 16.9 (C-11), 18.1 (–Si–C(CH3)3), 18.4 (–Si–C(CH3)3), 25.0
(C-12), 25.9 (–Si–C(CH3)3), 26.0 (–Si–C(CH3)3), 27.6 and 35.7 (C-
1 and C-2), 39.3 (C-14), 39.5 (C-13), 43.6 (C-15), 49.4 (C-9), 50.0
(C-6), 51.7 (C-5), 51.9 (–CO2CH3), 52.6 (C-8), 59.8 (C-4), 63.2
(C-3), 69.3 (C-18 or C-1′), 71.8 (C-16), 72.2 (C-18 or C-1′), 97.6
(C-10), 117.2 (C-3′), 134.0 (C-2′), 174.4 (C-19), 177.1 (C-7); m/z
(EI) 579.3174 (M+−57 C30H51O7Si2 requires 579.3173), (LRMS
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ESI+) 753 (9%), 752 (18), 751 (22), 659 (3), 654 (13), 639 (17), 638
(44), 637 (100), 242 (19).


ent-16a-tert-Butyldimethylsilyloxy-3,10b-Dihydroxy-3,4-seco-
17,20-dinorgibberell-4(18)-ene-7,19-dioic acid 7-methyl ester
19,10-lactone


To a stirred solution of 17 (525 mg, 0.797 mmol) in THF (10.0 mL)
at 0 ◦C was added dropwise 1.0 M TBAF in THF (2.39 mL, 2.39
mmol). After 1.3 h, this was poured into a bilayer of EtOAc
(25 mL) and water (25 mL), the organic layer separated and
washed with water (3 × 10 mL). The combined aqueous layers
were extracted with EtOAc (2 × 15 mL), and the combined
organic extracts washed with brine (40 mL) and dried (MgSO4).
Concentration in vacuo and column chromatography on silica
(25% EtOAc and 75% hexane, increasing to 100% EtOAc) gave the
title compound as a white foam (264 mg, 71%) mmax (thin film)/cm−1


3456, 2941, 2930, 2857, 1758, 1734, 1659, 1471, 1444, 1404, 1358,
1275, 1256, 1194, 1169, 1097, 1064, 970, 920, 892, 835, 816, 776,
733, 667, 617; dH (300 MHz; CDCl3) 0.00 (3 H, s, –SiCH3), 0.01 (3
H, s, –SiCH3), 0.87 (9 H, s, –Sit-Bu), 1.04–1.80 (11 H, m), 2.03–
2.23 (3 H, m), 2.49 (1 H, d, J 1.0, H-6), 3.46 (1 H, d, J 1.0, H-5),
3.67 (2 H, td, J 2.3, 6.3, H-3), 3.70 (3 H, s, –CO2CH3), 4.28 (1 H,
m, H-16), 5.68 (1 H, d, J 2.3, H-18), 6.26 (1 H, d, J 2.6, H′-18); dC


(75 MHz; CDCl3) −4.9 (–SiCH3), −4.8 (–SiCH3), 16.7 (C-11), 18.1
(–Si–C(CH3)3), 24.9 (C-12), 25.9 (–Si–C(CH3)3), 27.1 and 35.0 (C-
1 and C-2), 39.5 and 41.0 (C-13, C-14 and C-15), 50.2 (C-9), 50.6
(C-6), 51.9 (–CO2CH3), 52.7 (C-8), 60.8 (C-5), 62.7 (C-3), 71.9
(C-16), 95.2 (C-10), 123.4 (C-18), 140.9 (C-4), 170.3 (C-19), 174.3
(C-7); m/z (EI) 407.1890 (M+−57 C21H31O6Si requires 407.1890),
389 (6%), 375 (11), 365 (6), 357 (14), 347 (20), 329 (9), 315 (12),
283 (26), 255 (38), 245 (16), 227 (26), 213 (48), 199 (10), 185 (24),
167 (11), 157 (20), 141 (17), 129 (22), 115 (18), 105 (21), 91 (64),
73 (89), 59 (34).


ent-16a-tert-Butyldimethylsilyloxy-10b-hydroxy-3-oxo-3,4-seco-
17,20-dinorgibberell-4(18)-ene-7,19-dioic acid 7-methyl ester
19,10-lactone (19)


To a stirred solution of the 3-ol prepared above (99 mg, 0.21
mmol) in CH2Cl2 (2.5 mL) was added Dess–Martin periodinane
(187 mg, 0.42 mmol). After 2.5 h, saturated NaHCO3 (1.25 mL)
and 1.0 M Na2S2O3 (1.25 mL) were added, and once both layers
had turned clear the reaction was poured into a bilayer of EtOAc
(7.5 mL) and water (7.5 mL), the organic layer separated and
washed with water (2 × 3 mL). The combined aqueous extracts
were back-extracted with EtOAc (2 × 5 mL), then the combined
organic layers washed with brine (10 mL) and dried (MgSO4).
Concentration in vacuo and column chromatography on silica
(25% EtOAc and 75% hexane, increasing to 33% EtOAc) afforded
19 (98 mg, ca. 100%) as an oil. mmax (thin film)/cm−1 2951, 2930,
2896, 2857, 1761, 1727, 1658, 1442, 1357, 1273, 1251, 1193, 1169,
1096, 1067, 968, 921, 892, 835, 815, 775; dH (300 MHz; CDCl3)
0.01 (6 H, s, –SiCH3), 0.88 (9 H, s, –Sit-Bu), 1.04–2.62 (15 H,
m), 3.41 (1 H, m, H-5), 3.71 (3 H, s, –CO2CH3), 4.29 (1 H, m,
H-16), 5.71 (1 H, d, J 2.3, H-18), 6.30 (1 H, d, J 2.6, H′-18) 9.76
(1 H, s, H-3); dC (75 MHz; CDCl3) −4.9 (–SiCH3), −4.8 (–SiCH3),
16.7 (C-11), 18.1 (–Si–C(CH3)3), 24.9 (C-12), 25.9 (–Si–C(CH3)3),
27.6 and 30.1 (C-1 and C-2), 38.6 (C-15), 39.4 (C-13), 43.4 (C-14),


50.2 (C-9), 50.3 (C-6), 52.0 (–CO2CH3), 52.7 (C-8), 60.7 (C-5),
71.8 (C-16), 94.2 (C-10), 124.1 (C-18), 140.3 (C-4), 169.9 (C-19),
174.1 (C-7), 200.4 (C-3); m/z (EI) 405 (37%), 387 (8), 373 (52),
355 (59), 327 (12), 313 (26), 299 (8), 281 (20), 255 (42), 239 (13),
225 (31), 207 (14), 179 (13), 155 (11), 131 (42), 105 (12), 91 (21),
75 (100).


ent-16a-tert-Butyldimethylsilyloxy-18-allyloxy-3a,10b-dihydroxy-
17,20-dinorgibberellane-7,19-dioic acid 7-methyl ester
19,10-lactone (20)


To a stirred solution of 19 (107 mg, 0.23 mmol) in allyl alcohol
(2.5 mL) was added DBU (346 lL, 2.3 mmol). After 1 h the
reaction was neutralised with 1.0 M HCl, then concentrated in
vacuo. The residue was taken up in a bilayer of EtOAc (10 mL) and
water (10 mL), the organic layer separated and washed with water
(3 × 4 mL). The combined aqueous extracts were back-extracted
with EtOAc (2 × 6 mL), then the combined organic layers washed
with brine (10 mL) and dried (MgSO4). Concentration in vacuo and
column chromatography on silica (15% EtOAc and 85% hexane,
increasing to 33% EtOAc) afforded 20 (30 mg, 27%) then epi-20
(25 mg, 23%).


20: mmax (thin film)/cm−1 3504, 2951, 2932, 2881, 2857, 1773,
1737, 1462, 1471, 1436, 1375, 1250, 1192, 1164, 1095, 1022, 977,
935, 881, 835, 776, 666; dH (300 MHz; CDCl3) 0.01 (6 H, s, –
SiCH3), 0.87 (9 H, s, –Sit-Bu), 1.21–2.03 (13 H, m), 2.19 (1 H,
m, H-13), 2.62 (1 H, d, J 10.3, H-6), 3.41 (1 H, d, J 10.2, H-5),
3.50 (1 H, d, J 9.8, H-18), 3.67 (3 H, s, –CO2CH3), 3.86 (1 H, d,
J 9.8, H′-18), 3.91 (2 H, m, H-1′), 4.14 (1 H, m, H-3), 4.19 (1 H,
m, H-16), 5.19 (1 H, dd, J 1.4, 5.1, H-3′), 5.23 (1 H, tdd, J 1.4,
1.6, 11.4, H′-3′), 5.80 (1 H, m, H-2′); dC (75 MHz; CDCl3) −4.8
(–SiCH3), 15.6 (C-11), 18.2 (–Si–C(CH3)3), 18.4 (C-12), 25.9 (–Si–
C(CH3)3), 27.1 and 27.2 (C-1 and C-2), 36.6 (C-14), 37.9 (C-13),
47.0 (C-15), 49.9 (C-9), 51.3 (C-8), 51.7 (–CO2CH3), 52.8 (C-6),
55.5 (C-5), 57.7 (C-4), 70.6 (C-3), 71.5 (C-18), 72.6 (C-16), 72.7
(C-1′), 96.1 (C-10), 118.0 (C-3′), 133.1 (C-2′), 172.9 (C-19), 174.9
(C-7); m/z (EI) 519.2781 (M+ C28H43O7 Si requires 519.2778),
505 (4%), 489 (5), 463 (100), 445 (7), 431 (21), 403 (4), 385 (4),
373 (7), 357 (4), 345 (6), 315 (6), 269 (10), 241 (9), 225 (9), 209
(7), 183 (10), 167 (9), 141 (9), 129 (12), 115 (7), 91 (11), 75 (42),
59 (12).


epi-20: mmax (thin film)/cm−1 3470, 2951, 2931, 2881, 2857, 1774,
1736, 1471, 1462, 1436, 1352, 1255, 1191, 1164, 1100, 986, 930,
883, 834, 775; dH (300 MHz; CDCl3) 0.00 (6 H, s, –SiCH3), 0.86
(9 H, s, –Sit-Bu), 1.14–2.24 (14 H, m), 2.60 (1 H, d, J 10.0, H-
6), 2.79 (1 H, d, J 9.8, H-5), 3.55 (1 H, d, J 10.1, H-18), 3.66
(3 H, s, –CO2CH3), 3.85 (1 H, d, J 10.1, H′-18), 3.89 (2 H, m,
H-1′), 3.95 (1 H, m, H-3), 4.18 (1 H, m, H-16), 5.14 (1 H, dd, J
1.5,8.9, H-3′), 5.21 (1 H, tdd, J 1.6, 1.6, 17.3, H′-3′), 5.80 (1 H, m,
H-2′); dC (75 MHz; CDCl3) −4.8 (–SiCH3), 15.6 (C-11), 18.2 (–Si–
C(CH3)3), 18.6 (C-12), 25.9 (–Si–C(CH3)3), 29.1 and 29.9 (C-1 and
C-2), 36.6 (C-14), 37.7 (C-13), 46.9 (C-15), 51.7 (–CO2CH3), 52.1
(C-8), 52.8 (C-9), 55.0 (C-6), 55.1 (C-5), 58.4 (C-4), 66.4 (C-18),
69.9 (C-3), 72.4 (C-1′), 72.7 (C-16), 94.2 (C-10), 117.1 (C-3′), 134.0
(C-2′), 173.1 (C-19), 175.0 (C-7); m/z (EI) 543.2755 (M + Na+


C28H44O7SiNa requires 543.2754), 505 (5%), 489 (4), 463 (100),
445 (5), 431 (14), 413 (13), 373 (5), 345 (5), 329 (4), 269 (6), 253 (8),
225 (7), 197 (6), 181 (10), 155 (12), 142 (6), 129 (9), 91 (10), 75 (35),
59 (11).
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ent-18-Benzyloxy-16a-tert-butyldimethylsilyloxy-3a,10b-
dihydroxy-17,20-dinorgibberellane-7,19-dioic acid 7-methyl ester
19,10-lactone (21)


To a stirred solution of 19 (1.00 g, 2.16 mmol) in benzyl alcohol
(7.5 mL) was added DBU (3.24 mL, 21.65 mmol). After 2.5 h
this was poured into a bilayer of 1.0 M HCl (40 mL) and EtOAc
(75 mL), the organic layer separated and washed with water (3 ×
20 mL). The combined aqueous extracts were back-extracted with
EtOAc (2 × 40 mL), then the combined organic layers washed with
brine (90 mL) and dried (MgSO4). Concentration in vacuo and
column chromatography on silica (15% EtOAc and 85% hexane,
increasing to 33% EtOAc) afforded 21 (376 mg, 31%) then epi-21
(509 mg, 41%).


21: mmax (thin film)/cm−1 3508, 2951, 2930, 2857, 1772, 1736,
1471, 1453, 1435, 1361, 1249, 1193, 1164, 1095, 1021, 978, 936,
882, 834, 775, 737, 697, 667; dH (300 MHz; CDCl3) 0.02 (6 H, s,
–SiCH3), 0.88 (9 H, s, –Sit-Bu), 1.23–2.22 (14 H, m), 2.65 (1 H,
d, J 10.3, H-6), 3.47 (1 H, d, J 10.3, H-5), 3.55 (1 H, d, J 9.8,
H-18), 3.62 (3 H, s, –CO2CH3), 3.95 (1 H, d, J 9.8, H′-18), 4.14
(1 H, d, J 3.4, H-3), 4.20 (1 H, m, H-16), 4.42 (1 H, d, J 11.6,
benzyl-H), 4.47 (1 H, d, J 11.4, benzyl-H′) 7.27–7.38 (5 H, m,
aromatic-H); dC (75 MHz; CDCl3) −4.7 (–SiCH3), 15.6 (C-11),
18.2 (–Si–C(CH3)3), 18.4 (C-12), 25.9 (–Si–C(CH3)3), 27.1 and
27.2 (C-1 and C-2), 36.5 (C-14), 37.9 (C-13), 47.0 (C-15), 49.9 (C-
9), 51.3 (C-8), 51.7 (–CO2CH3), 52.8 (C-6), 55.5 (C-5), 57.7 (C-4),
70.5 (C-3), 71.8 (C-18), 72.6 (C-16), 74.1 (benzyl-C), 96.1 (C-10),
127.5, 128.0, 128.5 and 136.6 (aromatic-C), 173.0 (C-19), 174.9
(C-7); m/z (EI) 539.2826 (M+−57 C31H43O6Si requires 539.2829),
513 (85%), 495 (4), 481 (24), 453 (5), 444 (16), 431 (4), 405 (7), 373
(9), 345 (5), 315 (5), 297 (6), 271 (6), 253 (7), 225 (6), 181 (7), 155
(8), 145 (5), 129 (9), 107 (12), 91 (100), 75 (29), 59 (9).


epi-21: mmax (thin film)/cm−1 3369, 2951, 2931, 2880, 2858, 1773,
1735, 1471, 1455, 1437, 1369, 1249, 1165, 1104, 1028, 984, 911,
883, 834, 774, 734, 696; dH (300 MHz; CDCl3) 0.01 (6 H, s, –
SiCH3), 0.87 (9 H, s, –Sit-Bu), 1.18–2.22 (14 H, m), 2.67 (1 H, d, J
9.8, H-6), 2.80 (1 H, d, J 9.8, H-5), 3.55 (3 H, s, –CO2CH3), 3.58 (1
H, d, J 10.3, H-18), 3.94 (1 H, d, J 10.1, H′-18), 4.01 (1 H, m, H-3),
4.19 (1 H, m, H-16), 4.41 (1 H, d, J 12.0, benzyl-H), 4.48 (1 H, d,
J 12.0, benzyl-H′) 7.25–7.36 (5 H, m, aromatic-H); dC (75 MHz;
CDCl3) −4.7 (–SiCH3), 15.7 (C-11), 18.2 (–Si–C(CH3)3), 18.7 (C-
12), 25.9 (–Si–C(CH3)3), 29.0 and 29.9 (C-1 and C-2), 36.7 (C-14),
37.8 (C-13), 46.9 (C-15), 51.7 (–CO2CH3), 52.2 (C-8), 52.8 (C-9),
55.0 (C-6), 55.1 (C-5), 58.5 (C-4), 66.5 (C-18), 69.8 (C-3), 72.7
(C-16), 73.5 (benzyl-C), 94.3 (C-10), 127.4, 127.6, 128.3 and 137.6
(aromatic-C), 173.1 (C-19), 174.9 (C-7); m/z (EI) 571.3090 (MH+


C32H47O7Si requires 571.3091), 555 (21%), 539 (12), 513 (78), 481
(14), 463 (2), 444 (12), 405 (7), 373 (14), 355 (6), 312 (5), 281 (3),
269 (8), 209 (7), 181 (9), 155 (9), 145 (4), 129 (9), 107 (13), 91 (100),
75 (32), 59 (8).


ent-16a-tert-Butyldimethylsilyloxy-3a,10b,18-trihydroxy-17,20-
dinorgibberellane-7,19-dioic acid 7-methyl ester 19,10-lactone (23)
3,18-acetonide


To a stirred solution of 20 (25 mg, 48 lmol) in aqueous EtOH
(4 mL) was added RhCl3 (3 mg, 14 lmol) and DABCO (16 mg,
144 lmol), and this mixture then heated to reflux for 17 h. The
reaction mixture was then allowed to cool to rt, and 1.0 M


HCl (4 mL) added. After 50 min the solvent was removed in
vacuo, the resulting residue then taken up in a bilayer of 20%
2-butanol in EtOAc (10 mL) and water (10 mL). The aqueous
layer was extracted with 20% 2-butanol in EtOAc (2 × 10 mL),
then the combined organic layers washed with brine (10 mL),
dried (MgSO4) then concentrated in vacuo and purified further
through a short column of silica (100% EtOAc). The resulting
residue was taken up in CH2Cl2 (400 lL), and PPTS (4 mg, 15
lmol) then 2,2-dimethoxypropane (30 lL, 246 lmol) were added.
After 5.5 h, a second addition of PPTS (4 mg, 15 lmol) and 2,2-
dimethoxypropane (15 lL, 123 lmol) was made. After a further
18.5 h, this was diluted with 5% 2-butanol in EtOAc (10 mL),
and washed with saturated NaHCO3 (5 mL) then brine (5 mL).
Concentration in vacuo and column chromatography on silica
(33% EtOAc and 67% hexane, increasing to 100% EtOAc) afforded
23 3,18-acetonide (10.4 mg, 52%) as an oil. mmax (thin film)/cm−1


3468, 2943, 2875, 1769, 1735, 1455, 1436, 1383, 1278, 1257, 1191,
1170, 1091, 1071, 1055, 1030, 997, 963, 944, 915, 866, 851, 732;
dH (300 MHz; CDCl3) 1.26–1.39 (4 H, m), 1.42 (3 H, s, acetonide-
Me), 1.46 (3 H, s, acetonide-Me′), 1.57–2.19 (9 H, m), 2.31 (1 H,
m, H-13), 2.59 (1 H, d, J 9.8, H-6), 3.37 (1 H, d, J 9.8, H-5), 3.61
(1 H, d, J 12.2, H-18), 3.72 (3 H, s, –CO2CH3), 4.10–4.14 (2 H, m,
H′-18 and H-3), 4.32 (1 H, m, H-16); dC (75 MHz; CDCl3) 15.5
(C-11), 18.2, 19.1 and 29.9 (C-1, C-2 and C-12), 27.8 (acetonide-
Me), 29.5 (acetonide-Me′), 37.0 (C-14), 37.5 (C-13), 46.3 (C-15),
50.2 (C-9), 51.8 (C-8), 51.9 (–CO2CH3), 53.4 (C-6), 53.5 (C-4),
56.3 (C-5), 61.5 (C-18), 68.1 (C-3), 72.4 (C-16), 96.0 (C-10), 99.9
(acetonide-CMe2), 172.8 (C-19), 174.6 (C-7); m/z (EI) 406.1998
(M+ C22H30O7 requires 406.1992), (LRMS ESI+) 429 (32%), 407
(100), 389 (7), 367 (12), 349 (13), 331 (18), 102 (30).


ent-16a-18-Benzyloxy-tert-butyldimethylsilyloxy-10b-hydroxy-3b-
methanesulfonyloxy-17,20-dinorgibberellane-7,19-dioic acid
7-methyl ester 19,10-lactone


To a stirred solution of 3-epi-21 (100 mg, 0.18 mmol) in pyridine
(2 mL) was added methanesulfonyl chloride (27 lL, 0.35 mmol).
After 40 min, a second addition of methanesulfonyl chloride
(27 lL, 0.35 mmol) was made, and after a further 50 min the
reaction mixture was poured into 2.0 M HCl (4 mL) and EtOAc
(10 mL). The organic layer was washed with water (4 mL) and dried
(MgSO4). Concentration in vacuo and column chromatography
on silica (EtOAc–hexane 1 : 5, increasing to EtOAc–hexane 1 : 3)
afforded the title compound (101 mg, 87%) as an oil. mmax (cm−1)
2951, 2931, 2882, 2857, 1777, 1734, 1471, 1462, 1437, 1361, 1250,
1175, 1105, 1087, 959, 944, 836, 776, 750, 698. dH (300 MHz;
CDCl3) −0.02 (6 H, s, –SiCH3), 0.84 (9 H, s, –Sit-Bu), 1.15–2.22
(13 H, m), 2.46 (1 H, m, H-13), 2.75 (2 H, s, H-5 and H-6), 2.85
(3 H, s, –OSO2CH3), 3.46–3.50 (4 H, m, –CO2CH3 and H-18),
3.88 (1 H, d, J 10.1, H′-18), 4.16 (1 H, m, H-16), 4.37 (1 H, d, J
11.6, H-1′), 4.42 (1 H, d, J 11.7, H′-1′), 4.92 (1 H, dd, J 10.7, J
6.3, H-3), 7.22–7.33 (5 H, m, H-2′′–H-6′′). dC (75 MHz; CDCl3) d
−4.8 (–SiCH3), 15.7 (C-11), 18.2 (–SiC(CH3)3), 18.7 (C-12), 25.9
(–SiC(CH3)3), 27.4 and 29.4 (C-1 and C-2), 37.0 (C-14), 37.8 (C-
13), 38.6 (–OSO2CH3), 46.8 (C-15), 51.8 (–CO2CH3), 52.2 (C-8),
52.7 (C-9), 54.8 and 55.3 (C-5 and C-6), 56.8 (C-4), 65.7 (C-18),
72.5 (C-16), 73.7 (C-1′), 77.2 (C-3), 94.2 (C-10), 127.7 (C-2′′, C-4′′


and C-6′′), 128.2 (C-3′′ and C-5′′), 137.1 (C-1′′), 172.6 (C-19), 173.0
(C-7). m/z (ESI) 750 (8%), 738 (6), 672 (10), 671 (29), 650 (41), 649
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(100), 637 (62), 617 (5), 523 (7), 391 (18), 327 (6), 305 (10), 279 (11),
273 (19), 243 (13), 242 (68), 214 (47), 191 (7), 174 (11), 173 (20),
158 (13), 142 (22), 116 (33). HRMS (EI) m/z calcd for M+−C4H9,
C29H39O9SiS: 591.2084; found: 591.2086.


ent-18-Benzyloxy-3a-acetoxy-16a-tert-butyldimethylsilyloxy-10b-
hydroxy-17,20-dinorgibberellane-7,19-dioic acid 7-methyl ester
19,10-lactone and ent-18-Benzyloxy-16a-tert-
butyldimethylsilyloxy-10b-hydroxy-17,20-dinorgibberell-2-ene-
7,19-dioic acid 7-methyl ester 19,10-lactone


To a stirred solution of 18-crown-6 ether (135 mg, 0.51 mmol)
and cesium acetate (89 mg, 0.47 mmol) in DMF (0.5 mL) was
added activated 3 Å molecular sieves, and the resulting mixture
was heated to 100 ◦C. After 45 min, the mixture was allowed to
cool to 25 ◦C, and the mesylate prepared above (101 mg, 0.155
mmol) was added in DMF (2 mL). The reaction mixture was
heated to 125 ◦C for 6 h, 110 ◦C for 18 h, and then to 125 ◦C for a
further 3 h. After a total reaction time of 27 h, the reaction mixture
was allowed to cool then diluted with EtOAc (10 mL) and washed
with brine (5 mL), and then with water (5 mL). The aqueous
layer was back-extracted with EtOAc (5 mL), and the combined
organic layers were then washed with brine (10 mL) and dried
(MgSO4). Concentration in vacuo and column chromatography
on silica (EtOAc–hexane 1 : 15, increasing to 1 : 1) afforded the
3b-acetate (3 mg, 3%) as an oil, followed by the D2 alkene (15 mg,
18%) as an oil, and then starting material (12 mg, 12%).


3b-Acetate. dH (300 MHz; CDCl3) 0.02 (6 H, s, –SiCH3), 0.88
(9 H, s, –Sit-Bu), 1.16–2.18 (13 H, m), 2.03 (3 H, s, –OCOCH3),
2.20 (1 H, m, H-13), 2.99 (1 H, d, J 10.8, H-6), 3.27 (1 H, d, J 10.7,
H-5), 3.45 (3 H, s, –CO2CH3), 3.52 (1 H, d, J 9.8, H-18), 3.70 (1
H, d, J 9.7, H′-18), 4.21 (1 H, m, H-16), 4.37 (1 H, d, J 12.0, H-1′),
4.38 (1 H, d, J 12.2, H′-1′), 5.05 (1 H, m, H-3), 7.22–7.34 (5 H, m,
H-2′′–H-6′′).


D2 Alkene. dH (300 MHz; CDCl3) 0.01 (3 H, s, –SiCH3), 0.01
(3 H, s, –SiCH3), 0.87 (9 H, s, –Sit-Bu), 1.15–1.97 (13 H, m), 2.20
(1 H, m, H-13), 2.38 (1H, dt, J 18.6, J 2.72, H-1b), 2.63 (1H, ddd,
J 18.7, J 3.3, J 1.7, H-1a), 2.85 (1 H, d, J 10.1, H-6), 2.90 (1 H,
d, J 10.1, H-5), 3.50 (3 H, m, –CO2CH3), 3.67 (1 H, d, J 10.0,
H-18), 3.73 (1 H, d, J 9.8, H′-18), 4.20 (1 H, m, H-16), 4.45 (1 H,
d, J 12.2, H-1′), 4.49 (1 H, d, J 12.2, H′-1′), 5.63 (1 H, dt, J 9.4,
J 1.8, H-3), 5.86 (1 H, dt, J 9.2, J 3.2, H-2), 7.24–7.35 (5 H, m,
H-2′′–H-6′′).


ent-18-Benzyloxy-16a-tert-butyldimethylsilyloxy-10b-hydroxy-3-
oxo-17,20-dinorgibberellane-7,19-dioic acid 7-methyl ester
19,10-lactone (24)


To a stirred solution of 3-epi-21 (51 mg, 0.09 mmol) in CH2Cl2


(3 mL) was added Dess–Martin periodinane (99 mg, 0.23 mmol).
After 30 min, saturated aqueous NaHCO3 (1.5 mL) and 1.0 M
Na2S2O3 (1.5 mL) were added. Once both layers had turned clear,
the reaction was poured into EtOAc (12 mL) and water (12 mL),
and the organic layer then separated and washed with water (2 ×
5 mL). The combined aqueous extracts were back-extracted with
EtOAc (2 × 7.5 mL), and the combined organic layers were then
washed with brine (10 mL) and dried (MgSO4). Concentration
in vacuo and column chromatography on silica (EtOAc–hexane 1 :
4) afforded 24 (38 mg, 75%) as an oil. mmax (cm−1) 2927, 2851, 1783,


1733, 1456, 1363, 1323, 1258, 1198, 1162, 1091, 1035, 931, 884,
834, 776, 734, 697. dH (300 MHz; CDCl3) 0.01 (3 H, s, –SiCH3),
0.02 (3 H, s, –SiCH3), 0.88 (9 H, s, –Sit-Bu), 1.20–2.05 (10 H, m),
2.21 (1 H, m, H-13), 2.50–2.64 (3 H, m), 3.13 (1 H, d, J 9.7, H-6),
3.20 (1 H, d, J 9.8, H-5), 3.44 (3 H, s, –CO2CH3), 3.84 (1 H, d,
J 10.4, H-18), 3.95 (1 H, d, J 10.6, H′-18), 4.23 (1 H, m, H-16),
4.43 (1 H, d, J 12.0, H-1′), 4.45 (1 H, d, J 12.0, H′-1′), 7.25–7.34 (5
H, m, H-2′′–H-6′′). dC (75 MHz; CDCl3) −4.7 (–SiCH3), 15.8 (C-
11), 18.2 (–SiC(CH3)3), 18.9 (C-12), 25.9 (–SiC(CH3)3), 29.8 (C-1),
35.0 (C-2), 36.6 (C-14), 37.5 (C-13), 46.7 (C-15), 51.5 (–CO2CH3),
52.5 (C-8), 52.9 (C-6), 54.7 (C-9), 55.2 (C-5), 65.3 (C-4), 66.8 (C-
18), 72.7 (C-16), 73.6 (C-1′), 93.7 (C-10), 127.2 (C-4′′), 127.4 (C-2′′


and C-6′′), 128.1 (C-3′′ and C-5′′), 137.2 (C-1′′), 172.6 (C-19), 176.0
(C-7), 199.3 (C-3). m/z (ESI) 717 (7%), 691 (11), 684 (8), 593 (7),
592 (19), 591 (43), 569 (52), 540 (10), 539 (24), 537 (7), 506 (5),
413 (22), 392 (27), 391 (100), 301 (33), 279 (43), 242 (8), 236 (9),
205 (29), 164 (5), 138 (5), 136 (28), 102 (35). HRMS (EI) calcd
for M+–C4H9, C28H35O7Si: 511.2152; found: 511.2156.


ent-16a-tert-Butyldimethylsilyloxy-3a,10b-dihydroxy-17,20-
dinorgibberell-4(18)-ene-7,19-dioic acid 7-methyl ester
19(4→3b)abeo-19,10-lactone (25) and ent-18-Benzyloxy-16a-tert-
butyldimethylsilyloxy-3a,10b-dihydroxy-17,20-dinorgibberellane-
7,19-dioic acid 7-methyl ester 19(4→3b)abeo-19,10-lactone (26)


To a stirred, dark blue solution of SmI2 in THF (1.62 mL,
0.05 M, 0.081 mmol) was added a degassed solution of 24 (23 mg,
0.040 mmol) in THF (1.3 mL), followed by degassed H2O
(0.16 mL). Once the reaction mixture had turned yellow, it was
poured into 0.1 M HCl (6.5 mL), and then extracted with EtOAc
(3 × 10 mL). The combined organic layers were washed with
water (10 mL), with 1.0 M Na2S2O3 (10 mL), with water (10 mL),
with brine (10 mL), and then dried (MgSO4). Concentration
in vacuo and column chromatography on silica (EtOAc–hexane
1 : 5, increasing to 2 : 7) afforded 3-epi-21 (16 mg, 35%) as an oil,
followed by 25 (4 mg, 11%) as an oil, and then 26 (5 mg, 9%) as
an oil.


25: mmax (cm−1) 3468, 2951, 2931, 2881, 2856, 1758, 1735, 1656,
1462, 1438, 1373, 1334, 1256, 1169, 1102, 1051, 1002, 935, 902, 873,
835, 776, 751. dH (300 MHz; CDCl3) 0.02 (6 H, s, –SiCH3), 0.88
(9 H, s, –Sit-Bu), 1.21–2.25 (14 H, m), 2.66 (1 H, d, J 11.4, H-6),
3.31 (1 H, s, –OH), 3.35 (1 H, td, J 11.4, J 2.3, H-5), 3.75 (3 H, s, –
CO2CH3), 4.18 (1 H, m, H-16), 5.01 (1 H, d, J 2.1, H-18), 5.45 (1 H,
d, J 2.6, H′-18). dC (75 MHz; CDCl3) −4.7 (–SiCH3), 14.7 (C-11),
18.1 (C-12), 18.2 (–SiC(CH3)3), 25.9 (–SiC(CH3)3), 28.5 (C-1), 30.3
(C-2), 35.8 (C-14), 37.7 (C-13), 46.8 (C-15), 49.3 (C-9), 51.3 (C-8),
51.9 (–CO2CH3), 54.6 (C-6), 56.0 (C-5), 72.8 (C-16), 73.7 (C-3),
91.5 (C-10), 109.9 (C-18), 144.4 (C-4), 173.7 (C-19), 175.2 (C-7).
m/z (EI) 405.1733 (C21H29O6Si, M+−57, requires 405.1733), 447
(5%), 405 (100), 359 (4), 317 (6), 286 (17), 227 (8), 129 (5), 75 (32).


26: mmax (cm−1) 3462, 2951, 2931, 2881, 2856, 1756, 1735, 1496,
1471, 1461, 1436, 1368, 1341, 1250, 1169, 1134, 1096, 1027, 1003,
936, 903, 881, 835, 775, 751, 697, 666. dH (300 MHz; CDCl3) 0.01
(6 H, s, –SiCH3), 0.87 (9 H, s, –Sit-Bu), 1.11–2.21 (14 H, m), 2.46–
2.51 (2 H, m, H-4 and H-5), 2.64 (1 H, d, J 11.4, H-6), 3.44 (3
H, s, –CO2CH3), 3.73–3.93 (2 H, m, H-18), 4.19 (1 H, m, H-16),
4.54 (1 H, d, J 11.9, H-1′), 4.48 (1 H, d, J 11.7, H′-1′), 7.25–7.35 (5
H, m, H-2′′–H-6′′). dC (75 MHz; CDCl3) −4.7 (–SiCH3), 14.9 (C-
11), 18.2 (–SiC(CH3)3), 18.7 (C-12), 25.5 (C-1), 25.9 (–SiC(CH3)3),
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28.6 (C-2), 36.1 (C-14), 37.8 (C-13), 44.7 (C-4), 46.4 (C-15), 47.2
(C-9), 50.6 (C-8), 51.7 (–CO2CH3), 54.5 (C-6), 56.7 (C-5), 68.7
(C-18), 71.8 (C-1′), 72.8 (C-16), 73.7 (C-3), 90.8 (C-10), 127.5 (C-
4′′), 127.6 and 127.6 (C-2′′ and C-6′′), 128.3 and 128.5 (C-3′′ and
C-5′′), 137.6 (C-1′′), 173.5 (C-19), 177.0 (C-7). m/z (EI) 539.2819,
(C31H43O6Si, M+–OCH3, requires 539.2829) 570 (M+, 1%), 555 (3),
539 (2), 513 (90), 481 (27), 462 (9), 444 (6), 417 (4), 375 (3), 347
(3), 299 (4), 271 (6), 241 (4), 213 (5), 185 (5), 155 (7), 129 (9), 117
(6), 107 (9), 91 (100), 75 (24).


ent-3,16-Dioxo-10b-hydroxy-3,4-seco-17,20-dinorgibberell-4(18)-
ene-7,19-dioic acid 7-methyl ester 19,10-lactone (29)


To a stirred solution of 27 (prepared by bromination of 16 (vide
supra) (50 mg, 76 lmol) in THF (1.0 mL) at 0 ◦C was added
dropwise 1.0 M TBAF in THF (223 mL, 223 lmol). Further
additions of TBAF (4 × 76 lL, 76 lmol) were made in batches
over 57 h, the reaction mixture having been allowed to warm to
rt after 11 h 30 min and then heated to 45 ◦C after a further 47 h
30 min. The reaction mixture was then diluted with 5% 2-butanol
in EtOAc (10 mL) and washed with water (2 × 4 mL), and the
combined aqueous layers were extracted with 5% 2-butanol in
EtOAc (2 × 3 mL). The combined organic extracts were washed
with brine (15 mL), dried (MgSO4) and concentrated in vacuo to
give the crude diol. To a stirred solution of the resulting crude
diol (ca. 27 mg, 76 mmol) in CH2Cl2 (2.5 mL) was added Dess–
Martin periodinane (100 mg, 228 mmol). After 50 min, saturated
aqueous NaHCO3 (1.25 mL) and 1.0 M Na2S2O3 (1.25 mL) were
added. Once both layers had turned clear, the reaction was diluted
with 5% 2-butanol in EtOAc (10 mL) and washed with water (2 ×
5 mL). The combined aqueous extracts were back-extracted with
5% 2-butanol in EtOAc (2 × 3 mL), and the combined organic
layers were then washed with brine (10 mL) and dried (MgSO4).
Concentration in vacuo and column chromatography on silica
(EtOAc–hexane 1 : 1) afforded 29 (16 mg, 62%) as an oil. mmax


(cm−1) 2950, 2867, 1760, 1728, 1658, 1437, 1405, 1354, 1273, 1198,
1171, 1070, 966, 817, 730. dH (300 MHz; CDCl3) 1.75–2.54 (14 H,
m), 2.75 (1 H, d, J 1.2, H-6), 3.56 (1 H, d, J 1.2, H-5), 3.72 (3
H, s, –CO2CH3), 5.81 (1 H, d, J 2.3, H-18), 6.38 (1 H, d, J 2.6,
H′-18), 9.77 (1 H, d, J 1.0, H-3). dC (75 MHz; CDCl3) 17.1 (C-11),
27.6, 28.8 and 30.5 (C-1, C-2 and C-12), 38.9 (C-14), 46.3 (C-13),
48.2 (C-15), 49.0 (C-9), 49.7 (C-6), 51.5 (C-8), 52.3 (–CO2CH3),
60.2 (C-5), 93.8 (C-10), 124.9 (C-18), 139.6 (C-4), 169.4 (C-19),
173.2 (C-7), 200.0 (C-3), 218.1 (C-16). m/z (EI); 346.1420.0 (M+


C19H22O6 requires 346.1416), 318 (100), 300 (69), 286 (68), 272
(18), 258 (33), 242 (37), 229 (41), 215 (23), 201 (37), 185 (15), 173
(21), 155 (23), 131 (22), 115 (26), 91 (62).


ent-18-Benzyloxy-3a,10b-Dihydroxy-16-oxo-17,20-
dinorgibberellane-7,19-dioic acid 7-methyl ester 19,10-lactone (30)


To a stirred solution of 29 (0.92 g, 2.66 mmol) in benzyl alcohol
(5 mL) was added DBU (3.98 mL, 26.6 mmol). After 3 h, the
reaction mixture was poured into 1.0 M HCl (40 mL) and EtOAc
(75 mL), and the organic layer was separated and washed with
water (3 × 40 mL). The combined aqueous extracts were back-
extracted with EtOAc (2 × 40 mL), and the combined organic
layers were then washed with brine (120 mL) and dried (MgSO4).
Concentration in vacuo and column chromatography on silica


(EtOAc–hexane 1 : 9, increasing to 1 : 1) afforded 30 (343 mg,
28%) as an oil followed by 3-epi-30 (385 mg, 32%) as an oil.


30: mmax (cm−1) 3468, 2947, 2873, 1772, 1738, 1454, 1367, 1275,
1199, 1163, 1095, 1062, 1016, 917, 880, 736, 698. dH (300 MHz;
CDCl3) 1.58–2.24 (13 H, m), 2.45 (1 H, m, H-13), 2.83 (1 H, d, J
10.4, H-6), 3.54 (1 H, d, J 10.6, H-5), 3.59–3.62 (4 H, m, H-18 and
–CO2CH3), 3.97 (1 H, d, J 10.0, H′-18), 4.16 (1 H, m, H-3), 4.45 (1
H, d, J 11.9, H-1′), 4.47 (1 H, d, J 11.7, H′-1′), 7.26–7.39 (5 H, m,
H-2′′–H-6′′). dC (75 MHz; CDCl3) 16.9 (C-11), 25.0 (C-12), 27.2 (C-
1 and C-2), 35.0 (C-14), 44.9 (C-13), 50.0 (C-9), 50.1 (C-15), 50.8
(C-8), 52.1 (C-6), 52.7 (–CO2CH3), 53.6 (C-5), 57.9 (C-4), 70.3 (C-
3), 71.6 (C-18), 74.2 (C-1′), 95.4 (C-10), 127.6 (C-4′′), 128.1 (C-2′′


and C-6′′), 128.5 (C-3′′ and C-5′′), 136.4 (C-1′′), 172.1 (C-19), 174.8
(C-7), 219.8 (C-16). m/z (ESI) 478 (8%), 477 (19), 455 (10), 333 (4),
241 (4), 178 (8), 162 (32), 160 (43), 156 (81), 153 (100), 102 (16).
HRMS (EI) calcd for M+, C26H30O7: 454.1991; found: 454.1987.


3-epi-30. mmax (cm−1) 3468, 2949, 2837, 1770, 1738, 1496, 1454,
1437, 1366, 1273, 1197, 1175, 1097, 1057, 1027, 975, 916, 885, 813,
734, 698. dH (300 MHz; CDCl3) 1.45–2.27 (14 H, m), 2.73 (1 H, d,
J 10.1, H-6), 3.01 (1 H, d, J 10.1, H-5), 3.54 (3 H, s, –CO2CH3),
3.69 (1 H, d, J 10.1, H-18), 3.92 (1 H, d, J 10.1, H′-18), 4.01 (1 H,
m, H-3), 4.43 (1 H, d, J 11.9, H-1′), 4.49 (1 H, d, J 12.0, H′-1′),
7.25–7.38 (5 H, m, H-2′′–H-6′′). dC (75 MHz; CDCl3) 16.9 (C-11),
25.1 (C-12), 28.9 and 29.8 (C-1 and C-2), 35.1 (C-14), 44.8 (C-13),
50.6 (C-15), 50.9 (C-8), 52.0 (C-9), 52.8 (–CO2CH3), 53.1 (C-6),
55.0 (C-5), 58.6 (C-4), 66.5 (C-18), 69.8 (C-3), 73.6 (C-1′), 94.5
(C-10), 127.4 (C-4′′), 127.7 (C-2′′ and C-6′′), 128.3 (C-3′′ and C-5′′),
137.4 (C-1′′), 172.2 (C-19), 174.5 (C-7), 219.9 (C-16). m/z (ESI)
477 (8%), 472 (11), 456 (23), 455 (100), 437 (7), 423 (22), 407 (5),
347 (7), 156 (13). HRMS (EI) calcd for M+, C26H30O7: 454.1991;
found: 454.1988.


Equilibration of ent-18-Benzyloxy-3b,10b-dihydroxy-16-oxo-
17,20-dinorgibberellane-7,19-dioic acid 7-methyl ester
19,10-lactone (3-epi-30)


To a stirred solution of 3-epi-30 (174 mg, 0.383 mmol) in benzyl
alcohol (1.25 mL) was added DBU (575 lL, 3.83 mmol). After
2 h, this was poured into 1.0 M HCl (5 mL) and extracted with 5%
2-butanol in EtOAc (3 × 10 mL). The organic layers were washed
with water (2 × 7.5 mL), and the combined aqueous extracts were
then back-extracted with 5% 2-butanol in EtOAc (2 × 5 mL). The
combined organic layers were washed with brine (20 mL) and dried
(MgSO4). Concentration in vacuo and column chromatography on
silica (EtOAc–hexane 1 : 9, increasing to 3 : 2) to afford 30 (70 mg,
40%) as an oil followed by 3-epi-30 (103 mg, 59%), also as an oil.


ent-16-Oxo-3a,10b,18-trihydroxy-17,20-dinorgibberellane-7,19-
dioic acid 7-methyl ester
19,10-lactone


A stirred solution of 30 (196 mg, 0.43 mmol) in EtOAc (20 mL)
was treated with 10% palladium hydroxide on charcoal, and the
resulting mixture was stirred for 72 h under an atmosphere of
hydrogen. The suspension was then filtered through Celite, and
the filtrate was concentrated in vacuo to afford the title compound
(157 mg, 100%) as a white foam. mmax (cm−1) 3468, 2950, 2875,
1767, 1737, 1437, 1383, 1280, 1199, 1163, 1117, 1087, 1060, 1015,
986, 918, 883, 806, 754. dH (300 MHz; CDCl3) 1.62–2.13 (13 H,
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m), 2.46 (1 H, m, H-13), 2.90 (1 H, d, J 11.1, H-6), 3.38 (1 H, d,
J 11.3, H-5), 3.70 (1 H, d, J 12.5, H-18), 3.80 (3 H, s, –CO2CH3),
4.03 (1 H, d, J 12.8, H′-18), 4.31 (1 H, d, J 1.9, H-3). dC (75 MHz;
CDCl3) 17.0 (C-11), 25.1 (C-12), 27.3 and 27.3 (C-1 and C-2), 34.2
(C-14), 44.4 (C-13), 48.2 (C-9), 49.4 (C-8), 50.0 (C-15), 51.9 (C-6),
52.9 (–CO2CH3), 54.3 (C-5), 58.3 (C-4), 64.3 (C-18), 70.4 (C-3),
94.0 (C-10), 174.1 and 174.7 (C-7 and C-19), 219.8 (C-16). m/z
(EI) 364.1522 (C19H24O7 M+ requires 364.1522), 347 (9), 336 (95),
314 (35), 300 (76), 286 (100), 272 (44), 258 (57), 242 (43), 228 (32),
214 (24), 201 (18), 181 (15), 169 (20), 157 (25), 143 (22), 129 (33),
117 (23), 105 (24).


ent-10b-Hydroxy-3a,18-bis-tetrahydropyranyloxy-20-norgibberell-
16-ene-7,19-dioic acid 7-methyl ester 19,10-lactone (31)


To a stirred solution of the diol prepared above (157 mg,
0.432 mmol) in CH2Cl2 (5 mL) was added PPTS (54 mg, 0.216
mmol) and dihydropyran (394 lL, 4.32 mmol). After 16 h, the
reaction was diluted with EtOAc (20 mL), washed with brine
(120 mL) and dried (MgSO4). Concentration in vacuo and column
chromatography on silica (EtOAc–hexane 1 : 2) afforded 31
(230 mg, 100%) as an oil. mmax (cm−1) 3469, 2945, 2873, 2249,
1777, 1741, 1454, 1439, 1384, 1351, 1279, 1258, 1200, 1163, 1122,
1075, 1034, 993, 966, 911, 870, 814, 731. dH (300 MHz; CDCl3)
1.47–2.16 (80 H, m), 2.43 (4 H, m, H-13), 3.14–3.64 (20 H, m),
3.66 (3 H, s, –CO2CH3), 3.67 (3 H, s, –CO2CH3), 3.70 (3 H, s,
–CO2CH3), 3.71 (3 H, s, –CO2CH3), 3.74–4.17 (16 H, m), 4.52–
4.69 (6 H, m, THP-H1), 4.82 (1 H, m, THP-H1), 4.94 (1 H, m,
THP-H1). dC (75 MHz; CDCl3) 16.9, 18.4, 19.4, 19.6, 19.7, 19.9,
20.1, 20.3, 22.8, 22.9, 25.2, 25.4, 25.4, 25.5, 26.7, 26.8, 27.9, 28.3,
29.2, 29.8, 30.4, 30.6, 30.8, 30.9, 31.0, 31.1, 32.0, 34.4, 44.6, 49.8,
49.9, 50.1, 50.1, 50.4, 51.6, 51.8, 52.6, 52.8, 53.6, 57.8, 58.4, 58.5,
59.1, 60.7, 60.9, 62.0, 62.5, 62.7, 63.0, 63.6, 63.8, 65.4, 65.9, 67.0,
67.4, 69.5, 69.7, 75.2, 75.5, 93.0, 93.2, 93.3, 93.6, 94.6, 95.2, 95.2,
97.2, 97.5, 98.9, 100.5, 100.6, 101.8, 101.9, 172.3 (C-19), 172.5 (C-
19), 175.0 (C-7), 175.5 (C-7), 220.7 (C-16), 220.8 (C-16). m/z (EI)
501.2492 (C28H37O8 requires 501.2488) 532 (M+, 1%), 501 (2), 447
(12), 430 (5), 414 (3), 375 (3), 364 (39), 336 (11), 315 (19), 286 (18),
269 (11), 257 (14), 243 (8), 225 (16), 201 (6), 185 (10), 155 (8), 129
(7), 101 (26), 93 (8), 85 (100), 57 (12).


ent-3a,18-Bis-tetrahydropyranyloxy-10b-hydroxy-20-norgibberell-
16-ene-7,19-dioic acid 7-methyl ester 19,10-lactone


To a stirred suspension of triphenylmethylphosphonium iodide
(699 mg, 1.73 mmol) in THF (5 mL) at −78 ◦C was added 1.0 M
NaHMDS in THF (1.5 mL, 1.50 mmol). This mixture was allowed
to warm to rt and stirred for 1 h, forming a bright yellow solution.
To a stirred solution of 31 (230 mg, 0.432 mmol) in THF (5 mL) at
−78 ◦C was added slowly via a gas-tight syringe the ylide solution
(2.5 mL, 0.592 mmol) prepared above. After 1 h, the reaction
was allowed to warm slowly to rt over 1 h. After a further 2 h,
the reaction was cooled to −78 ◦C and a second addition of the
ylide solution (1.6 mL, 0.389 mmol) was made. After 30 min, the
reaction was allowed to warm to rt, and after a further 45 min
was quenched with saturated aqueous NH4Cl solution (20 mL).
The reaction mixture was extracted with EtOAc (3 × 15 mL), and
the combined organic layers were then washed with water (3 ×
15 mL). The combined aqueous layers were back-extracted with


EtOAc (2 × 15 mL), and the combined organic layers were then
washed with brine (50 mL) and dried (MgSO4). Concentration in
vacuo and column chromatography on silica (EtOAc–hexane 1 :
3) afforded the title compound (175 mg, 76%) as a white foam.
mmax (cm−1) 3469, 2943, 2873, 1775, 1735, 1655, 1454, 1436, 1384,
1350, 1278, 1199, 1171, 1123, 1074, 1034, 993, 966, 910, 871, 813.
dH (300 MHz; CDCl3) 1.34–2.14 (100 H, m), 2.64 (4 H, m, H-13),
3.07–3.21 (4 H, m, H-6), 3.32–3.43 (4 H, m, H-5), 3.46–3.60 (12
H, m), 3.64 (3 H, s, –CO2CH3), 3.64 (3 H, s, –CO2CH3), 3.68 (3
H, s, –CO2CH3), 3.69 (3 H, s, –CO2CH3), 3.70–4.15 (16 H, m),
4.54–4.70 (7 H, m, THP-H1), 4.80–4.84 (5 H, m, H-17 + THP-
H1), 4.97 (4 H, s, H′-17). dC (75 MHz; CDCl3) 16.3, 18.4, 19.3,
19.4, 19.6, 19.9, 20.1, 20.2, 22.8, 22.8, 25.3, 25.4, 25.5, 26.8, 26.9,
27.3, 28.2, 28.3, 28.6, 29.8, 30.4, 30.8, 30.9, 31.1, 31.8, 32.0, 36.4,
37.4, 38.6, 38.6, 39.1, 44.4, 44.6, 49.9, 50.1, 50.2, 51.4, 51.4, 51.5,
51.5, 51.8, 53.2, 57.5, 57.6, 58.3, 58.3, 60.0, 60.7, 60.9, 62.3, 62.6,
62.7, 63.0, 63.4, 63.8, 65.4, 66.0, 66.9, 67.5, 68.3, 69.6, 69.8, 70.6,
75.6, 77.2, 93.3, 93.6, 93.7, 94.0, 94.3, 94.6, 95.0, 95.8, 97.2, 97.4,
99.4, 100.4, 100.5, 101.7, 101.8, 107.3 (C-17), 156.4 (C-16), 157.5
(C-16), 157.5 (C-16), 157.6 (C-16), 162.1, 173.0 (C-19), 173.1 (C-
19), 175.4 (C-7), 175.8 (C-7). m/z (EI) 560 (1%), 530 (1), 499 (1),
479 (1), 460 (1), 445 (2), 428 (2), 415 (2), 402 (2), 376 (7), 362 (49),
344 (6), 312 (19), 298 (6), 284 (20), 267 (11), 254 (12), 240 (10),
223 (26), 181 (9), 155 (10), 142 (8), 129 (11), 116 (6), 105 (9), 85
(100), 67 (27), 57 (33). HRMS (FAB) m/z calcd for M + Na+,
C30H42O8Na: 553.2777; found: 553.2777.


ent-3a,10b,18-Trihydroxy-20-norgibberell-16-ene-7,19-dioic acid
19,10-lactone (3)


To a stirred, degassed suspension of NaH (240 mg, 10 mmol) in
HMPA (5 mL) was added dropwise freshly distilled propane thiol
(0.7 mL, 7.72 mmol), and the mixture stirred for 2 h then left to
stand for 1 h. To a stirred solution of the protected ester prepared
above (155 mg, 0.292 mmol) in HMPA (1 mL) was added the
thiolate solution (0.68 mL, 1.02 mmol). After 16 h, the reaction
mixture was diluted with water (7.5 mL), acidified to pH 3 with
cold 2.0 M HCl and then extracted with 20% 2-butanol in EtOAc
(3 × 10 mL). The combined organic layers were washed to pH 4.5
with KH2PO4, then washed with CuCl2 solution (2 × 4 mL), back-
extracting each time with 20% 2-butanol in EtOAc. The combined
organic layers were then washed with brine (20 mL) and dried
(MgSO4). Concentration in vacuo and chromatography through
a short column of silica (EtOAc–hexane 3 : 1) gave the crude
carboxylic acid (123 mg, 81%) as an oil. To a stirred solution of
the crude carboxylic acid (38 mg, 0.0736 mmol) in EtOH (3 mL)
was added PPTS (4 mg, 0.0147 mmol). After 1 h, the reaction
was warmed to 57 ◦C, and after a further 6 h was cooled to rt
and concentrated in vacuo. The resulting residue was taken up
in EtOAc (5 mL), washed with brine–water 3 : 1 (3 mL) and
then dried (MgSO4). Concentration in vacuo afforded 3 (24 mg,
92%) as a white solid, which was further purified by reverse-phase
HPLC on C-18 stationary phase (45% acetonitrile and 55% water
containing 0.1% acetic acid). Mp 178–180 ◦C. mmax (cm−1) 3401,
2931, 1752, 1713, 1658, 1453, 1415, 1318, 1261, 1198, 1163, 1099,
1067, 1016, 988, 925, 886, 810, 754. dH (300 MHz; CDCl3) 1.21–
2.21 (13 H, m), 2.67 (1 H, m, H-13), 2.89 (1 H, d, J 11.1, H-6),
3.32 (1 H, d, J 11.1, H-5), 3.79 (1 H, m, H-18), 4.00 (1 H, d, J 12.3,
H′-18), 4.29 (1 H, s, H-3), 4.89 (1 H, s, H-17), 5.01 (1 H, s, H′-17).
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dC (75 MHz; CDCl3) 16.3 (C-11), 27.5 and 27.6 (C-1 and C-2),
31.5 (C-12), 36.4 (C-14), 38.6 (C-13), 44.0 (C-15), 48.7 (C-9), 50.8
(C-6), 51.2 (C-8), 53.6 (C-5), 58.2 (C-4), 63.3 (C-18), 69.3 (C-3),
95.1 (C-10), 107.9 (C-17), 156.5 (C-16), 175.9 (C-19), 176.8 (C-7).
m/z (EI) 348.1576 (M+ C19H24O6 requires 348.1573), 330 (67), 312
(100), 302 (23), 284 (54), 268 (29), 254 (57), 240 (43), 227 (23), 214
(39), 197 (17), 181 (18), 171 (22), 157 (20), 141 (22), 129 (26), 115
(20), 105 (21), 91 (49), 77 (28), 61 (22). Me-TMSi: m/z (EI) 506
(7), 491 (35), 488 (35), 474 (63), 384 (57), 378 (43), 369 (60), 356
(40), 341 (70), 317 (100), 308 (37), 294 (70), 281 (50), 266 (68), 223
(72), 221 (48), 155 (29), 129 (23).
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Controlled protein folding/refolding remains a substantial challenge to the biotechnology industry.
Robust and adaptable artificial polymer molecular chaperones could make important contributions
towards solving this problem. Taking inspiration from the mechanism of the GroEL/GroES molecular
chaperone machine, we report the preparation and testing of a selection of cross-linked
thermo-responsive hydrogels, one of which is shown to assist quantitative refolding of a stringent
unfolded protein substrate (mitochondrial malate dehydrogenase [mMDH]) during temperature cycling
between hydrophobic and hydrophilic states. To our knowledge, this is the first hydrogel-only artificial
polymer molecular chaperone to be derived, which is also potentially a generic artificial polymer
molecular chaperone for use in a folding bioreactor.


Introduction


Molecular chaperones are proteins that assist the folding of
other proteins without being involved in their final folded state.
Although the three dimensional structure of a given protein is
specified by its sequence of amino acid residues, the kinetic process
of protein folding frequently needs assistance in vivo as well as
in vitro.1 In this context, GroEL and GroES are remarkable
(Fig. 1). Both proteins come from the bacterium Escherichia coli,
but homologues are found in all cells of all organisms. Together
they are able to assist the folding or refolding of many unfolded
protein substrates, and have therefore been of enormous interest
to the specific and general scientific community.


Previously, we developed two model refolding assay systems
involving mitochondrial malate dehydrogenase (mMDH) and
cytochrome c to study the effect of GroEL and GroES on the
kinetic pathway of protein refolding.2–8 Data acquired from these
protein refolding assays interlocked together to support the view
that GroEL and GroES promote protein folding/refolding by a
passive kinetic partitioning mechanism (Fig. 2).8 According to
this mechanism, the essential purpose of GroEL is to bind, isolate
and then release protein folding/refolding intermediates (U to I2)
vulnerable to bi-/multimolecular nth-order aggregation processes
(where n > 2), in a controlled and cyclical fashion so as to suppress
their free, solution concentrations below the critical threshold
for aggregation. This encourages protein folding intermediates to
partition kinetically along unimolecular pathway(s) to the native
state, N, in preference to being trapped in aggregated states [(I1)m


and (I2)m].


aImperial College Genetic Therapies Centre, Department of Chemistry,
Flowers Building, Armstrong Road, Imperial College London, London, UK
SW7 2AZ. E-mail: a.miller@imperial.ac.uk; Fax: +44 (0)20 7594 5803;
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bDepartment of Chemistry, South Kensington Campus, Imperial Col-
lege London, London, UK SW7 2AZ. E-mail: j.steinke@imperial.ac.uk;
Fax: +44 (0)20 7594 5804; Tel: +44 (0)20 7594 5852


We have attempted to exploit the capacities of GroEL and
GroES previously for protein folding/refolding by including
both as part of a folding bioreactor.5,6 Although the bioreactor
was effective, the large quantities of adenosine 5′-triphosphate
(ATP) required and problems with GroEL and GroES long-
term stability in solution meant it was also expensive and rather
impracticable. These problems led us to consider the possibility
that alternative robust polymeric agents might be discovered with
molecular chaperone-like properties, which would be better suited
to biotechnology applications. The passive kinetic partitioning
mechanism described above is made possible in large part by the
conformational changes taking place in GroEL driven by GroES
and ATP binding (Fig. 1). GroEL binds substrate protein folding
intermediates in a high-affinity state (T-state) characterised by the
presence of solvent-exposed hydrophobic amino acid residues and
releases them once in a low-affinity (R-state) that possesses no
exposed hydrophobic resides and so is hydrophilic in character
(Fig. 1). We surmised that a polymer capable of similar controlled
cyclical oscillations between hydrophobic and hydrophilic states
might also be able to act as an artificial molecular chaperone
assuming it also had the ability to bind folding intermediates
during the hydrophobic (pseudo-T) state and release them when
in a hydrophilic (pseudo-R) state. For this reason, we elected
to study a range of polymeric thermo-responsive hydrogels.9,10


These hydrogels are able to change from a hydrophobic state
above a certain lower critical solution temperature (LCST) to
hydrophilic states below that LCST. Simple thermal switching
between two temperatures allows these hydrogels to cycle between
their hydrophobic and hydrophilic states. Our hope was that one
or more of the hydrogels under investigation might also be able to
harness these thermally driven state changes in order to function
as a GroEL/GroES-like artificial polymer molecular chaperone.


Results and discussion


Polymeric thermo-responsive hydrogel design was based
upon N-isopropylacrylamide (NIPAAm) 1 and 2-hydroxyethyl
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Fig. 1 Top view (a) and side view (b) of GroEL/GroES/(ADP)7 complex. GroEL is 14mer (yellow and red), each subunit 57 259Da stacked in two rings
with central cavities for protein substrate binding. GroES is 7mer (blue), each subunit 10 368Da in a single ring of 7 subunits.24 (c) Complete GroEL/GroES
molecular chaperone machine mechanism illustrating the regular cycle of binding and release of protein substrate (in various states of unfolding).5,25 This
regular “two-stroke motor” process of binding and release of protein substrate,26,27 has been thought at various times to have catalytic effects on protein
folding or else provide a means for the folding of substrate proteins at “infinite dilution” in the GroEL central cavities. However, the cycle has much
more of a “one-size-fits-all” characteristic that is consistent with the passive kinetic partitioning mechanism for molecular chaperone machine activity
described below (see Fig. 2).8 The T-state and R-state nomenclature refer to the conformations of individual GroEL subunits in the homo-oligomeric
structure. The T-state has a high affinity for substrate protein and the R-state a low affinity (the affinity for ATP is reversed). GroEL in the T-state has
solvent-exposed hydrophobic amino acid residues used to interact with substrate protein folding intermediates in the position indicated; GroEL in the
R-state nomenclature has undergone conformational changes to obscure those hydrophobic residues and adopt a more hydrophilic character. The term
I1-n refers to discrete substrate protein folding intermediates, I, of between 1 and n in number.


methacrylate (HEMA) 2 monomers, cross-linked with N,N ′-
methylenebisacrylamide (BAAm) 3 (see Scheme 1).10 Our initial
approach was to consider the creation of hydrogel networks
with a pore structure within which protein folding/refolding
intermediates could be isolated (by analogy with the existence of


the GroEL cavities). Moreover, we expected to take advantage
of the fact that the pore structure in such hydrogels can also
undergo a volume expansion when brought below the LCST
into a hydrophilic (pseudo-R) state (by analogy with the be-
haviour of the GroEL cavities, Fig. 1). However, recent studies
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Fig. 2 The GroEL/GroES molecular chaperone machine operates by
the passive kinetic partitioning mechanism. This mechanism assumes that
protein folding is initiated at an unfolded state, U, which folds through
a succession of intermediate states I1, I2, (I3. . .In) before reaching the
native state, N. States I1 and I2 are considered arbitrarily to be unstable to
aggregation, forming aggregated states (I1)m and (I2)m through interaction
of their exposed hydrophobic surfaces. GroEL is potentially able to bind
to all vulnerable protein folding intermediate states, except N, forming
a GroEL-bound state GroEL-IEL. The nature of this state is a function
of the requirement to optimise the free energy of association between
GroEL and the given unfolded protein state under the given set of binding
conditions. The binding interaction with GroEL is reversed in a controlled
manner with the assistance of first ATP and then GroES binding, after
which protein substrate is retained by the GroEL intra-cavity until ATP
hydrolysis is complete (t1/2 6–8 s). Thereafter, protein substrate may be
released into free solution ready to rebind again if necessary (see Fig. 1).
As a result of this cyclical binding and controlled release into a GroEL
cavity and then free solution, steady state concentrations of U, I1, I2 and
(I3. . .In) are maintained below the critical threshold for aggregation so that
these states are free to partition kinetically to N.4,8


have shown that the molecular chaperone machine may also
assist the folding/refolding of proteins too large to be isolated
within GroEL by cyclical binding and release of protein folding
intermediates without encapsulation.11,12 From this, we surmised
by analogy that pore structures in a thermo-responsive hydrogel
may also not be required for the hydrogel to promote correct
protein folding/refolding. Instead, cyclical surface association and
dissociation of protein folding/refolding intermediates might be
sufficient (also by analogy with GroEL).


Hydrogels were prepared and screened for their ability to
perform assisted refolding of 3 M guanidinium hydrochloride
(GuHCl) unfolded-mMDH (see Experimental section), an un-
folded substrate protein that is well known to have a stringent
requirement for GroEL/GroES assistance in folding/refolding


(see above).2,3 Our approach was to perform a series of experiments
in Eppendorf tubes with each different hydrogel in turn. Two
thermal cycling programmes were used. Programme A, comprised
of three 1 h cycles of 10 min at 36 ◦C and 50 min at 32 ◦C;
programme B, comprised of three 1 h cycles of 10 min at 35 ◦C
and 50 min at 25 ◦C. Both programmes also included a final
15 min phase at the higher temperature. The choice of cycle
for a given hydrogel was determined by the central requirement
that the LCST should be positioned between the higher and
lower temperatures of the chosen thermal cycling programme in
order for the hydrogel to have the opportunity to cycle between
hydrophobic and hydrophilic states.


The cycle times are a good deal longer than the GroEL
hydrophobic–hydrophilic cycle (Fig. 1), primarily because hy-
drogels cannot currently undergo structural adaptation with
temperature as rapidly as GroEL does under the influence of
GroES and ATP-binding, although switching times of minutes
may be realizable soon.13,14 Each thermal cycling programme was
designed to begin at the higher temperature. In so doing, the
hydrogel was expected to be in a fully hydrophobic (pseudo-
T) state for the first 10 min of either programme in order to
ensure optimal capture of vulnerable, aggregation-prone unfolded
mMDH substrate protein refolding intermediates at the very
beginning. Each programme was also chosen to end with an
additional 15 min phase at this higher temperature in order to
optimise the release of native mMDH protein from the hydrogel.
Omitting this additional phase reduced the yield of active enzyme
(results not shown), presumably due to retention of hydrophilic
native mMDH in the hydrophilic gel.


The effect of the thermal cycling programmes A and B on
the yield of enzymically active native and spontaneously refolded
mMDH (10 lgm−1l) was characterised first. The data are shown
(Fig. 3a) illustrating that both thermal cycling programmes have
a modest effect on yield (particularly reducing that of native
mMDH) but this is almost absorbed within the experimental error.
Thereafter, as each hydrogel was prepared its effects on the yields
of native and spontaneously refolded mMDH were evaluated with
and without thermal cycling. The thermal cycling programme for
each hydrogel was selected according to LCST as indicated above,
with each gel only experiencing one of the two programmes as
appropriate (see Table 1). Success was defined as that combination
of hydrogel and thermal cycling that reproducibly enabled 100%
recovery of mMDH enzyme activity from unfolded mMDH
compared with comparable native mMDH controls under the
same conditions of pH, temperature and buffer conditions (but
in the absence of hydrogel).


Table 1 Summary of some of the hydrogel types prepared (see Scheme 1) and their main qw and LCST parameters as described in the text


NIPAAm (HEMA)-
BAAm hydrogel qw LCST/◦C


mMDH refolding
cycle programme


Polymerisation
medium (1 : 1, v/v)


PNI-BA0.03 4 3.90 29 B Acetone : H2O
PNI-BA0.3 5 3.50 28 B Acetone : H2O
PNI-BA3.0 6 3.17 34 A Acetone : H2O
MaPNI-BA36.6 7 0.69 34 A Acetone : H2O
PHE10-BA0.03 8 3.76 27 B Acetone : H2O
PHE10-BA0.3 9 2.78 30 B Acetone : H2O
PHE10-BA3.0 10 2.33 29 B Acetone : H2O


4.88 30 B Ethanol : H2O
PHE30-BA3.0 11 1.78 29 B Ethanol : H2O
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Scheme 1 Molecular structures and naming scheme. Hydrogels are named such that x and y refer to the percentage of the associated crosslinker or
monomer. Hence, PNI-BA3.0 comprises 3% BAAm and 97% NIPAAm and PHE10-BA3.0 comprises 3% BAAm, 10% HEMA and 87% NIPAAm.


Initially, NIPAAm 1 only gels were prepared, cross-linked using
0.03, 0.3 or 3.0% of BAAm 3 (i.e., PNI-BA0.03 gel 4, PNI-BA0.3
gel 5, or PNI-BA3.0 gel 6 respectively). In all cases, PNI-BA
gels 4–6 were ineffective but PNI-BA3.0 gel 6 data is shown
as representative of this class of thermo-responsive hydrogels
(Fig. 3b). The refolding of mMDH was then enabled in the
presence of a macroporous gel that was prepared from NIPAAm 1
with 36.6% of BAAm 3 (i.e., MaPNI-BA36.6 gel 7 respectively).9


However, the gel 7 appeared to be only partially functional with


or without thermal cycling. The same was found to be true when
NIPAAm-HEMA gels were prepared with 10% HEMA 2 and
cross-linked using 0.03, 0.3 or 3.0% of BAAm 3 (i.e., PHE10-
BA0.03 gel 8, PHE10-BA0.3 gel 9, or PHE10-BA3.0 gel 10
respectively). PHE-BA3.0 gel 10 data is shown.


Complete success was obtained by increasing the HEMA 2
content to 30%. In this case, a PHE30-BA3.0 gel 11 gave the
desired result (Fig. 3b) assisting mMDH refolding to yield a near-
100% recovery of enzyme activity (compared to native mMDH


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2568–2574 | 2571







Fig. 3 Refolding of mMDH in the presence and absence of hydrogel,
with and without thermal cycling. (a) A comparison between native and
spontaneously refolded mMDH enzyme activity levels (10 lg ml−1), after
3 h, with and without the use of thermal cycling programmes A and
B. (b) A comparison between spontaneously refolded mMDH enzyme
activity levels (10 lg ml−1), after 3 h, expressed as a percentage of native
mMDH controls in the presence of the indicated hydrogels, with (ther.)
or without (cons.) the use of a thermal cycling programme. The thermal
cycling programme was selected appropriately according to hydrogel LCST
(see Table 1). Refolding buffer conditions in all cases were 150 mM sodium
phosphate, pH 7.6, containing 20 mM b-mercaptoethanol, 10 mM MgCl2,
and 10 mM KCl. mMDH was unfolded prior to use with 3 M-guanidinium
chloride for 2 h at room temperature and then diluted (to 10 lg ml−1 final
concentration) into refolding buffer to initiate spontaneous refolding in the
presence of the indicated additives. The efficiency of refolding is judged
to be a function of the recovery of mMDH enzyme activity relative to
concentration matched, unheated native mMDH enzyme controls, in the
absence of hydrogel. All experiments reported were performed in triplicate
in order to minimize errors.


controls) with thermal cycling. Measured protein concentrations
post gel 11 gel-assisted refolding of mMDH revealed that protein
recoveries were essentially constant irrespective of the presence
of hydrogel or not. This indicates that the PHE30-BA3.0 gel 11
was not engaging in non-specific scavenging and sequestration of
mMDH (data not shown). On closer analysis of gel 11 activities we
observed that most of the gel-assisted refolding of mMDH (>80%)
took place within the first temperature cycle, but two further cycles
were necessary to ensure that the yield of native mMDH reached
100%. As noted above, the first cycle begins with the gel in a
hydrophobic (high affinity, pseudo T) state for 10 min followed
by slow adaptation of the gel to the hydrophilic state (low affinity,
pseudo R) during which time period hydrophobic interactions may
still be possible owing to the slowness of structural adaptation.
Hence, PHE30-BA3.0 gel 11 may be able to accommodate


multiple repeated hydrophobic associations between mMDH
folding intermediates and the gel during this structural adaptation
thereby continuously suppressing the free, solution concentration
of vulnerable mMDH refolding intermediates without preventing
productive refolding from taking place, in direct analogy to the
GroEL/GroES mechanism (Fig. 1).


Others have demonstrated the capture of unfolded proteins
with thermo-stimulated hydrogels although in those cases release
from the polymer and subsequent protein refolding was trig-
gered through the addition of cyclodextrins acting as detergent
strippers.15–21 Our PHE30-BA3.0 gel 11 system presented here
requires no osmolytes or small molecule aids to effect refolding
while mimicking a capture–release function through temperature
cycling. Furthermore, gel 11 shows some interesting differences
with the other hydrogels prepared and used here. Firstly, this
hydrogel was prepared in a polymerisation medium comprised
of ethanol : water (1 : 1, v/v) rather than acetone : water (1 : 1,
v/v) more usually favoured for the preparation of the other gels
(Table 1). Secondly, when the LCST values and the mass-swelling
(qW) ratios of all the hydrogels used above are analysed (Table 1),
gel 11 can be seen to have one of the lowest qW and one of the lowest
LCST values. This indicates that PHE30-BA3.0 gel 11 is one of
the densest gels studied with a small level of porosity, but high
levels of thermal flexibility. The high ratio of HEMA 2 involved
and the extent of BAAm 3 cross-linking have together resulted in
a hydrogel with an interesting balance of properties that appears
to be useful to assist protein folding/refolding.22 The fact that this
hydrogel was more effective than those corresponding hydrogel
polymers that appeared to possess a larger pore volume (i.e., larger
values of qW) with equivalent flexibility suggests that site isolation
of folding intermediates within the porous hydrogel network is
indeed not necessary to promote correct protein folding/refolding
by thermo-responsive hydrogels, as mentioned above.


Experimental


Hydrogel preparation


Hydrogels were prepared as follows. The general procedure was
adapted from Sayil and Okay,9 and was used for all hydrogels
synthesised. Both monomer(s) and crosslinker were dissolved in
the polymerisation medium [acetone : water (1 : 1, v/v) or ethanol :
water (1 : 1, v/v)] and the total monomer concentration adjusted
to 20% (w/v) with crosslinker concentration set to 0–36.6% (w/v),
all in a total volume of 10 ml. This solution was then purged with
N2 for 20 min. The polymerisation initiator ammonium persulfate
(APS) was added (0.35 mM final), along with the accelera-
tor N,N,N ′,N ′-tetramethylethylenediamine (TEMED) (0.16 mM
final) and then the polymerisation reaction tube was sealed,
immersed in an ice bath and the reaction allowed to proceed
for 24 h. Following polymerisation, the gel was immersed in an
excess of water (100 ml) to remove unpolymerised monomers,
soluble polymers, accelerator and initiator. To facilitate drying,
the resulting hydrogels were submerged in a series of baths
(100 ml) composed of water and increasing concentrations of
acetone or ethanol (20, 40, 60 and 80%) to three final baths of
100% acetone or ethanol. Finally, the hydrogel was lyophilised to
a constant mass to remove all traces of solvent.
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Mass swelling ratio determination


The mass swelling ratio (qw) is a measure of the mass of solvent
that a hydrogel absorbs and allows comparison of gels of different
composition.9 It is calculated with eqn (1):


qw = msw/md (1)


where msw is swollen mass and md is dry mass. The dry mass
was determined following lyophilisation in a Heto Drywinner
freeze dryer. The dry gel was then immersed in 150 mM sodium
phosphate, pH 7.6, containing 20 mM b-mercaptoethanol, 10 mM
MgCl2 and 10 mM KCl until equilibration, such that the gel had
absorbed a maximum volume of solvent (∼4 days). Excess buffer
was removed and the gel weighed to give the swollen mass.


LCST determination


The lower critical solution temperature (LCST) is the point at
which the hydrogel gel switches from the hydrophilic to the
hydrophobic state and vice versa. As with qw, the LCST depends
greatly on the composition of the gel and the LCST of each
gel was measured. Hydrogels were immersed in 150 mM sodium
phosphate, pH 7.6, containing 20 mM b-mercaptoethanol, 10 mM
MgCl2 and 10 mM KCl until equilibration, and then placed in a
Stuart Scientific block heater at 25 ◦C. The temperature was raised
by 1 ◦C in 5 min intervals. Hydrogel samples were observed and
the LCST recorded as the temperature at which complete clouding
and gel shrinkage occurred.


mMDH refolding assays


The hydrogel mMDH assay is an adaptation of the mMDH assay
used previously to determine the activity of GroEL and GroES.2,3


In short, mMDH concentration was determined spectroscopically
according to the absorbance A280


1% = 2.523 and a monomer
molecular weight Mr of 35kDa. All mMDH concentrations
stated refer to the homo-dimer. Hydrogels were soaked from
dry in 150 mM sodium phosphate, pH 7.6, containing 2 mM b-
mercaptoethanol, 10 mM EDTA, and 3 M guanidinium chloride
to equilibration (∼4 days). When hydrogels were ready, mMDH
protein was then dialysed in 150 mM sodium phosphate, pH 7.6,
containing 2 mM b-mercaptoethanol, 10 mM EDTA (3 × of
500 ml) overnight to give native mMDH, then in 150 mM
sodium phosphate, pH 7.6, containing 2 mM b-mercaptoethanol,
10 mM EDTA, and 3 M guanidinium chloride for 2 h at room
temperature to give unfolded mMDH. Refolding was initiated
by dilution of unfolded mMDH (to 10 lg ml−1, 143 nM final
concentration) in refolding buffer (500 ll) of 150 mM sodium
phosphate, pH 7.6, containing 20 mM b-mercaptoethanol, 10 mM
MgCl2, and 10 mM KCl. Refolding experiments were performed
either without further additives (spontaneous refolding) or in the
presence of different hydrogels with or without thermal cycling.
Thermal cycling was introduced with either programme A or
programme B that are described in the main text. Programmes
were selected appropriately according to hydrogel LCST, also
as described in the main text (see Table 1). For each refolding
experiment, the efficiency of refolding was quantified by measuring
the level of mMDH enzyme activity in solution aliquots (20 ll)
at the end of each refolding experiment. All artificial polymer
molecular chaperone experiments were performed in triplicate.


In brief, enzyme activities were measured by introducing
these solution aliquots (20 ll) into assay buffer (980 ll) com-
prised of 150 mM sodium phosphate, pH 7.6, with 2 mM b-
mercaptoethanol, 0.5 mM oxaloacetate and 0.2 mM NADH,
preheated in a UV-transparent cuvette at 30 ◦C in the Pharmacia
Ultraspec III spectrophotometer. The initial gradient of −dA360/dt
was determined as a measure of mMDH activity in the cuvette
under substrate saturating kcat conditions, and normalized as a
percentage of the gradient produced by concentration matched,
unheated native mMDH enzyme controls, kept under equivalent
pH and buffer conditions in the absence of hydrogel. Final protein
concentrations at the end of each refolding experiment were
determined by Pierce BCA protein assay kit according to the
manufacturer’s instructions.


Conclusion


Our data suggest that by taking inspiration from the mechanism of
the GroEL/GroES molecular chaperone machine, we have been
able to discover a simple, robust hydrogel that assists refolding of a
stringent, unfolded protein substrate. We suggest that the PHE30-
BA3.0 gel 11 may assist protein folding/refolding in a manner that
mimics the GroEL/GroES mechanism (at least in part), but at this
stage this suggestion is only hypothetical without additional evi-
dence. We suppose that our artificial hydrogel molecular chaperone
could also be a useful tool in biotechnology to assist the correct
folding of troublesome recombinant proteins as part of a folding
bioreactor,5,6 although we would expect that key parameters such
as cycle temperatures and buffer conditions would need to be
optimized for each different unfolded substrate protein concerned.
Furthermore, additional variations in polymer composition may
be necessary to allow for shorter, more responsive cycle times.
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A divergent synthesis of both diastereoisomers of (±)-(3-aminocyclopentane)alkylphosphinic acid is
described. Both diastereoisomers are obtained in 5 steps from the key (±)-(3-hydroxycyclopent-1-
ene)alkylphosphinate esters which are prepared via a palladium catalysed C–P bond forming reaction.


Introduction


c-Aminobutyric acid, GABA (Fig. 1), is the major inhibitory
neurotransmitter in the mammalian central nervous system
(CNS). Currently, three classes of GABA receptors have been
characterised (GABAA, GABAB, and GABAC). These have a
variety of roles in many CNS processes, e.g. memory and learning
and in the pathophysiology of diseases such as epilepsy, and
are thus of considerable clinical and pharmacological interest.1,2


A number of phosphinic and alkylphosphinic acids have been
synthesised and several of these (Fig. 1) have been shown to
act potently as agonists at GABAB receptors and as competitive
antagonists at GABAC receptors.3–8


Fig. 1


With the exception of TPMPA and P4MPA, all the cur-
rently known phosphinic and methylphosphinic acid analogues
of GABA are straight chain analogues which have confor-
mational flexibility comparable to that of the endogenous
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ligand. Since much useful structure–activity information can
be gained from the actions of small, conformationally re-
stricted compounds, we undertook the preparation of (±)-(3-
aminocyclopentane)alkylphosphinic acid analogues of GABA.


One of the greatest difficulties in the synthesis of carbo-
cyclic organophosphorous compounds is the formation of the
carbon–phosphorous (C–P) bond. A number of recent papers
have indicated that the Heck-type palladium catalysed coupling
reaction of alkenyl halides with alkyl phosphinates9–11 and anilin-
ium hypophosphite12 are of considerable synthetic utility in the
formation of C–P bonds. We now report the stereodivergent syn-
thesis of (±)-(3-aminocyclopentane)alkylphosphinic acids via a
palladium(0) catalysed coupling of a substituted iodocyclopentene
and alkyl phosphinates to form the C–P bond.


Discussion


3-Iodo-2-cyclopenten-1-one (1) was prepared in high yield by
a previously described method.13 Although palladium catalysed
coupling reactions have been reported to occur in high yields on a
wide variety of substrates,14 all attempts in our laboratory to carry
out the modified Heck reaction of isopropyl methylphosphinate15


with 3-iodocyclopent-2-enone (1) or 3-iodocyclopent-2-enol (2)
were unsuccessful. However, in situ protection of the hydroxyl
moiety as the trimethylsilyl ether followed by reaction under mod-
ified Heck conditions allowed the palladium catalysed coupling
of the alkylphosphinate ester to proceed smoothly. Addition of
ethanol to the reaction mixture at the completion of the reaction
facilitated the hydrolysis of the silyl ether affording high yields
of the required (±)-(3-hydroxycyclopent-1-ene)alkylphosphinates
(3 and 4) which are the key intermediates in this stereodivergent
synthesis (Scheme 1). The introduction of the TBDMS protecting
group at this stage in the synthesis was investigated. However, the
silyl ether was inseparable under a variety of chromatographic
conditions from a by-product of reaction, resulting in a product
that could not be purified. Thus it was expedient to continue to use
the labile TMS ether as a temporary protecting group to facilitate
the coupling reaction.


Preliminary experiments on the hydrogenation of isopropyl (±)-
(3-hydroxycyclopent-1-ene)methylphosphinate (3) produced a 3 :
2 mixture of the cis : trans products, as determined by integration
of both the P-CH3 methyl and CHOH peaks in the 1H NMR
spectrum. The slight inequality in the ratio of the two products
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Scheme 1 Reagents and conditions: a) NaBH4, EtOH; 0 ◦C to room
temperature; b) TMSCl, DABCO, toluene; 0 ◦C to room temperature;
c) i) DABCO, Pd(PPh3)4, HP(O)(OR1)R; 70 ◦C; ii) EtOH.


indicated that the steric requirements of the hydroxyl were having
a directing effect on the hydrogenation. This prompted us to inves-
tigate the effect of the sterically demanding tert-butydimethylsilyl
substituent as a means to direct the hydrogenation of the
double bond. Reaction of isopropyl (±)-(3-hydroxycyclopent-1-
ene)methylphosphinate with tert-butyldimethylsilyl chloride in
the presence of triethylamine and DMAP (Scheme 2) gave the
TBDMS ether (5) in high yield.16 Hydrogenation of the TBDMS
protected cyclopentenol over palladium on carbon at 10 psi
yielded the desired cyclopentane (7). This was determined to be
predominantly the cis diastereoisomer based on a previous liter-
ature precedent in which the hydrogenation of 1,3 disubstituted
cyclopent-2-enes had been shown to give the cis isomer when the
3-substituent is sterically demanding.17 Hydrogenation at higher
pressures resulted in some cleaving of the reactive allylic C–O
bond. 1H NMR analysis showed a diastereomeric ratio of greater
than 9 : 1 cis : trans for the both the methyl and butyl products. The
minor trans isomer could be easily removed by chromatography
on silica gel.


Deprotection of the (±)-cis-tert-butylsilyl ethers (7 and 8)
by treatment with TBAF afforded the (±)-cis-alcohols (9 and
10 respectively) in high yield. Reaction of the alcohols under
Mitsunobu conditions,18 resulting in inversion of stereochem-
istry at the 3-position, yielded the (±)-trans isomers. Acid
hydrolysis of the intermediate esters with subsequent purifica-
tion by ion exchange chromatography provided (±)-trans-(3-
aminocyclopentane)methylphosphinic acid (11) and (±)-trans-(3-
aminocyclopentane)butylphosphinic acid (12) in good yield which
were purified by ion exchange chromatography.


A related strategy was applied to the synthesis of (±)-(cis-
3-aminocyclopentane)alkylphosphinic acids (Scheme 3). How-
ever, in this synthesis, a Mitsunobu reaction was performed
at the start of the sequence on alkyl (±)-(3-hydroxycyclopent-
1-ene)alkylphosphinate (3 and 4) to yield (±)-alkyl (3-
aminocyclopent-1-ene)alkylphosphinates (13 and 14 respec-
tively). The amine moiety was then protected as the tert-
butyloxycarbonylamide (BOC) (15 and 16) which provided the
steric bulk to direct the approach of hydrogen. The hydrogenation
was carried out over PtO2 at 40 psi affording the (±)-cis-N-tert-


Scheme 2 Reagents and conditions: a) TBDMSCl, DMAP, Et3N, DMF;
0 ◦C to room temperature, 12 h; b) H2, Pd/C, MeOH; 10 psi; c) TBAF,
THF; room temperature, 12 h; d) i) HN3, PPh3, DEAD, THF; 0 ◦C to
room temperature, 12 h, 50 ◦C, 3 h; ii) 6 M HCl; reflux 36 h; iii) Dowex 50
(H+).


butyloxycarbonyl cyclopentanes (17 and 18) in quantitative yield
and a diastereomeric ratio of 95 : 5 cis : trans for the P-methyl
compound 17. However, in the case of the P-butyl compound, less
strict stereochemical control of the cis : trans ratio was achieved
with a ratio of 4 : 1 cis : trans being common. However, in both
cases the minor diastereoisomer was readily separated by silica gel
chromatography.


Concurrent deprotection of the phosphinic ester and the N-
butyloxycarbonylamide was carried out in refluxing aqueous HCl.
Purification by ion exchange chromatography and recrystallisation
yielded the desired (±)-cis-(3-aminocyclopentane)methylphos-
phinic and (±)-cis-(3-aminocyclopentane)butylphosphinic acids
(19 and 20).


Experimental


Melting points were determined using a Reichert hot-stage melting
point apparatus and are uncorrected. 1H NMR spectra were
recorded at 300 MHz using a Varian Gemini 300 spectrometer.
Chemical shifts (dH) are quoted in parts per million (ppm),
referenced internally to tetramethylsilane (TMS) at 0 ppm in
CDCl3 and referenced externally to tetramethylsilane (TMS) at
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Scheme 3 Reagents and conditions: a) HN3, PPh3, DEAD, THF; 0 ◦C to
room temperature, 12 h, 50 ◦C, 3 h; b) (BOC)2O, NaOH, H2O; c) H2, PtO2,
MeOH, 40 psi; d) i) 6 M HCl; reflux 36 h; ii) Dowex 50 (H+).


0 ppm in D2O. Coupling constants (J) are reported in Hertz.
13C NMR spectra were recorded at 75 MHz on a Varian
Gemini 300 spectrometer. Chemical shifts (dC) are quoted in
ppm and referenced to CDCl3 at 77.0 ppm. 31P NMR spectra
were recorded at 121 MHz on a Varian Gemini 300 spectrometer
and referenced externally to 85% H3PO4. Low resolution mass
spectra were recorded on a Finnigan/MAT TSQ 7000 LCMS/MS
spectrometer; only molecular ions (M+ or MH+) and major peaks
are reported with intensities quoted as percentages of the base
peak. High resolution mass spectra were recorded on a Micromass
QTof II spectrometer with all samples being run using electrospray
ionisation (ESI) with ions measured as protonated molecular ions
(MH+) or a Bruker Daltonics BioApexII spectrometer with a 7
T superconducting magnet and an Analytica ESI source with
all samples being run using electrospray ionisation (ESI) with
ions measured as (MNa+). Thin layer chromatography (TLC)
was performed on Merck aluminium backed plates pre-coated
with silica (0.2 mm, 60F254) which were developed using one or
more of the following agents: UV fluorescence (254 nm), alkaline
potassium permanganate solution (0.5% w/v), or ninhydrin (0.2%
w/v). Flash vacuum chromatography was performed on silica gel
(Merck silica gel 60H, particle size 5–40 lm). Chemicals were
purchased from Aldrich at the highest available grade. THF was
distilled under nitrogen from sodium–benzophenone.


Unless otherwise noted, the duplication of peaks in the NMR
spectra arise from the presence of diastereoisomers associated with
the chirality of the phosphorous atom in the phosphinic ester.


(±)-3-Iodo-2-cyclopenten-1-ol (2)


A solution of 3-iodo-2-cyclopenten-1-one (1) (16.5 g, 79.3 mmol)
in ethanol (250 cm3) was cooled to 0 ◦C and sodium borohydride
(1.5 g, 39.6 mmol) was added in small portions over 1 hour.
When the addition was complete the reaction was monitored via


TLC as the temperature returned to room temperature. When
the reaction was complete, indicated via TLC, acetone (25 cm3)
was added and the solvent removed in vacuo. The residue was
partitioned between DCM (200 cm3) and water (35 cm3) and the
aqueous layer was further extracted with DCM (3 × 50 cm3).
The combined organic layers were washed with brine (50 cm3),
dried over anhydrous magnesium sulfate, filtered and the solvent
removed in vacuo to afford the title compound (6) (sufficiently pure
by 1H NMR spectroscopy) as a pale yellow oil (12.70 g, 77%): 1H
NMR (300 MHz, CDCl3) d 1.76 and 2.35 (2H, m, C(4)-H and
C(4)-H ′), 2.58 and 2.83 (2H, m, C(5)-H and C(5)-H ′), 3.70 (1H,
m, C(1)-H), 4.71 (1H, br. s, C(1)-OH), 6.23 (1H, s, C(2)-H).


(±)-Isopropyl (3-hydroxycyclopent-1-ene)methylphosphinate (3)


To a solution of DABCO (11.8 g, 105 mmol) and (±)-3-
iodo-2-cyclopenten-1-ol (2, 5.5 g, 26.3 mmol) in anhydrous
toluene (300 cm3) was added trimethylsilyl chloride (3 g,
27.6 mmol). The reaction mixture was stirred at room temperature
for 15 min, after which time isopropyl methylphosphinate15


(4.8 g, 39.4 mmol) and tetrakis(triphenylphosphine)palladium(0)
(760 mg, 2.5 mol%) were added. The reaction mixture was
heated at 70 ◦C for 24 h after which time a second portion of
tetrakis(triphenylphosphine)palladium(0) (760 mg, 2.5 mol%) was
added and heating continued for a further 24 h. The reaction
mixture was filtered while still hot and aqueous ethanol (50 cm3)
added to the filtrate, which was then concentrated in vacuo. The
product was isolated by short column vacuum chromatography on
silica gel (15% ethanol–ethyl acetate) to yield the title compound
(3) as a slightly coloured oil (3.5 g, 65%): 1H NMR (300 MHz,
CDCl3) d 1.25 (3H, t, J = 6.4, OCHCH3), 1.327 and 1.333 (3H, 2 ×
d, J = 6.2 and 6.2 Hz, OCHCH3), 1.49 and 1.51 (3H, 2 × d, J =
14.4 and 14.4 Hz, PCH3), 1.76–1.92 (1H, m, C(5)-H), 2.33–2.52
(2H, m, C(5)-H ′ and C(4)-H), 2.60–2.78 (1H, m, C(4)-H ′), 4.55
(1H, m, OCHCH3), 4.95 (1H, m, C(3)-H), 6.57 (1H, m, C(2)-H);
13C NMR (75.46 MHz, CDCl3) d 13.8 and 14.0 (PCH3, d, JPC =
101 and 101 Hz), 23.88 and 23.91 (POCCH3, d, 3JPOCC = 4.9 and
4.6 Hz), 24.31 (POCCH3, overlapping d, 3JPOCC = 3.4 Hz) 26.89
and 26.91 (C(4), d, 3JPC = 12.8 and 12.5 Hz), 29.27 and 29.35
(C(5), d, 2JPC = 8.8 and 8.6 Hz), 76.94 and 73.65 (POCHCH3, d,
2JPOC = 6.0 and 6.3 Hz), 76.94 and 77.18 (C(3), d, 3JPC = 5.0 and
7.5 Hz), 138.11 and 138.22 (C(1), d, JPC = 126 and 126 Hz), 147.54
(C(2), d, J = 10.6 Hz); 31P NMR (121 MHz, CDCl3) d 38.9, 39.0;
MS (CI, CH4) m/z 207 (100%) (MH+); (ESI) 207.1154 (MH+ −
C9H20O3 requires 207.1150).


(±)-Ethyl (3-hydroxycyclopent-1-ene)butylphosphinate (4)


Compound 4 was prepared from (±)-3-iodo-2-cyclopenten-1-ol
(2, 6.35 g, 30.4 mmol) and ethyl butylphosphinate4 (6.83 g,
45.5 mmol) as described above. The product was isolated by
short column vacuum chromatography on silica gel (10% ethanol–
ethyl acetate) to yield the title compound (4) as a pale yellow
oil (4.74 g, 67%): 1H NMR (300 MHz, CDCl3) d 0.87 (3H, 2
coincidental t, J = 7.2 PCH2CH2CH2CH3), 1.17–1.89 (10H, m,
C(5)-H ′, POCH2CH3, PCH2CH2CH2CH3, PCH2CH2CH2CH3,
PCH2CH2CH2CH3), 2.37 (2H, m, C(5)-H and C(4)-H ′), 2.62 (1H,
m, C(4)-H), 3.45 (1H, br. s, OH), 4.02 (2H, m, POCH2CH3),
4.95 (1H, m, C(3)-H), 6.62 (1H, d, J = 9.7, C(2)-H); 13C
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NMR (75.46 MHz, CDCl3) d 13.45 (PCH2CH2CH2CH3, s),
16.39 and 16.47 (POCH2CH3, d, 3JPOCC = 6.2 Hz,), 23.32
and 23.36 (PCH2CH2CH2CH3, d, 2JPC = 3.4 Hz), 23.64 and
23.86 (PCH2CH2CH2CH3, d, 3JPC = 16 Hz), 27.10 and 28.30
(PCH2CH2CH2CH3, d, JPC = 90.2 Hz,), 31.65 and 31.80 (C(4),
d, 3JPC = 11.7 Hz), 33.89 and 33.95 (C(5), d, 2JPC = 4.6 Hz), 60.55
(POCH2CH3, d, 2JPOC = 6.3 Hz), 76.61 and 77.03 (C(3), d, 3JPC =
31.6 Hz), 136.94 and 138.51 (C(1), d, JPC = 117.3 Hz), 148.81
(C(2), s); 31P NMR (121 MHz, CDCl3) d 43.93 and 44.18; MS (CI,
CH4) m/z 233.1 (100%) (MH+), 215 (47), 261 (18); (ESI) 255.1121
(MNa+ − C11H21O3PNa requires 255.1126).


(±)-Isopropyl [3-(tert-butyldimethylsilyloxy)cyclopent-1-
ene]methylphosphinate (5)


A solution of (±)-isopropyl (3-hydroxycyclopent-1-ene)methyl-
phosphinate (3) (3.5 g, 17.2 mmol) in anhydrous DMF
(60 cm3) was treated with tert-butyldimethylsilyl chloride (2.85 g,
18.9 mmol), triethylamine (3.6 g, 34.3 mmol) and DMAP (250 mg).
The reaction mixture was stirred at room temperature for 16 h,
after which time the solvent was removed in vacuo. The residue
was partitioned between DCM (50 cm3) and water (30 cm3) and
the aqueous layer was further extracted with DCM (3 × 20 cm3).
The combined organic layers were washed with water (2 × 30 cm3)
and brine (40 cm3), dried over anhydrous Na2SO4, filtered and
the solvent removed under reduced pressure. The crude product
was purified by short column vacuum chromatography on silica
gel (5% ethanol–ethyl acetate) to yield the title compound (5) as
a colourless oil (4.62 g, 85%): 1H NMR (300 MHz, CDCl3) d
0.065 and 0.067 (6H, 2 × s, Si(CH3)2), 0.870 and 0.874 (9H, 2 ×
s, SiC(CH3)3), 1.22 and 1.24 (3H, 2 × d, J = 6.3 and 6.3 Hz,
OCHCH3), 1.31 and 1.33 (3H, 2 × d, J = 6.0 and 6.0 Hz,
OCHCH3), 1.45 and 1.49 (3H, 2 × d, J = 14.4 and 14.4 Hz, PCH3),
1.69–1.83 (1H, m, C(5)-H), 2.24–2.46 (2H, m, C(5)-H ′ and C(4)-
H), 2.54–2.68 (1H, m, C(4)-H ′), 4.55 (1H, m, OCHCH3), 4.95 (1H,
m, C(3)-H), 6.46 (1H, m, C(2)-H); 13C NMR (75.46 MHz, CDCl3)
d −4.81 and −4.75 (Si(CH3)2, 2 × s), 14.0 and 14.19 (PCH3, d,
JPC = 101.3 and 101.8 Hz), 18.07 and 18.10 (SiC(CH3)3, 2 ×
s), 23.90 and 23.96 (POCCH3, 2 × d, 3JPOCC = 4.8 Hz), 24.43
(POCCH3, overlapping d, 3JPOCC = 3.3 Hz), 25.76 (SiC(CH3)3, br.
s), 31.34 (C(4), d, 3JPC = 11.5 Hz), 34.42 and 34.55 (C(5), 2 × d,
2JPC = 9.5 Hz), 68.95 and 68.99 (POCHCH3, d, 2JPOC = 6.5 and
5.9 Hz), 77.98 and 78.24 (C(3), d, 3JPC = 6.9 and 6.7 Hz), 137.78
and 138.08 (C(2), d, JPC = 125.0 and 125.6 Hz), 147.2 (C(1), d,
J = 10.7 Hz); 31P NMR (121 MHz, CDCl3) d 38.1, 38.5; MS (CI,
CH4) m/z 319 (87%) (MH+), 185 (100); (ESI) 319.1869 (MH+ −
C15H32O3PSi requires 319.1858).


(±)-Ethyl [3-(tert-butyldimethylsilyloxy)cyclopent-1-
ene]butylphosphinate (6)


Compound 6 was prepared from (±)-isopropyl (3-hydroxycyclo-
pent-1-ene)butylphosphinate (4) (3.66 g, 15.8 mmol) as de-
scribed above. The crude product was purified by short col-
umn vacuum chromatography on silica gel (15% ethanol–ethyl
acetate) to yield the desired title compound (6) as a colour-
less oil (4.42 g, 81%): 1H NMR (300 MHz, CDCl3) d 0.09
(6H, s, Si(CH3)2), 0.89 (9H, s, SiC(CH3)3), 0.91 and 0.93 (3H,
2 × d, J = 7.2 and 7.2 Hz, PCH2CH2CH2CH3), 1.22–1.83


(9H, m, POCH2CH3, PCH2CH2CH2CH3, PCH2CH2CH2CH3,
PCH2CH2CH2CH3), 2.26–2.72 (4H, m, C(4)-H, C(4)-H ′, C(5)-
H and C(5)-H ′), 3.84–4.19 (2H, m, POCH2CH3), 4.97 (1H, m,
C(3)-H), 6.50 and 6.54 (1H, 2 × d, J = 9.6 and 9.6 Hz, C(2)-H);
13C NMR (75 MHz, CDCl3) d −4.81 and −4.74 (Si(CH3)2, 2 ×
s), 13.48 (PCH2CH2CH2CH3, s), 16.43 and 16.51 (SiC(CH3)3, 2 ×
s), 18.08 (POCH2CH3, s), 23.43 (PCH2CH2CH2CH3, t, 2JPC = 3.2
and 3.2 Hz), 23.69 and 23.90 (PCH2CH2CH2CH3, d, 3JPC = 15.9
Hz), 25.75 (SiC(CH3)3, s), 27.22 and 28.54 (PCH2CH2CH2CH3,
2 × d, JPC = 99.6 and 99.0 Hz), 31.55 and 31.70 (C(4), 2 × d,
3JPC = 11.6 and 11.6 Hz), 34.54 (C(5), t, 2JPC = 8.25 and 8.55 Hz),
60.15 (POCH2CH3, 2 × d, 2JPOC = 6.30 and 6.83 Hz), 77.97 and
78.22 (C(3), d, 3JPC = 18.45 Hz), 136.64 and 138.24 (C(1), 2 × d,
JPC = 119.78 and 120.1 Hz), 148.51 (C(2), d, 2JPC = 9.4 Hz); 31P
NMR (121 MHz, CDCl3) d 42.77 and 43.15; MS (CI, CH4) m/z
347.2 (16%) (MH+), 215 (100), 375 (44); (ESI) 369.1987 (MNa+ −
C17H35O3PSiNa requires 369.1991).


(±)-cis-Isopropyl [3-(tert-butyldimethylsilyloxy)-
cyclopentane]methylphosphinate (7)


A solution of isopropyl [3-(tert-butyldimethylsilyloxy)cyclopent-
1-ene]methylphosphinate (5) (3.4 g, 10.7 mmol) in methanol
(30 cm3) was hydrogenated over palladium on carbon (50 mg)
at 40 psi for 3 h. The catalyst was removed by filtration through
Celite which was washed with methanol (3 × 30 cm3). The solvent
was removed in vacuo to yield the desired product in quantitative
yield (>90% cis isomer (7) by NMR spectroscopy) which was used
in the next step without further purification (3.4 g, 99%) (data for
cis isomer only is reported): 1H NMR (300 MHz, CDCl3) d 0.076
(6H, s), 0.90 (9H, s), 1.32 (6H, d, J = 6.1 Hz, OCHCH3), 1.44
(3H, d, J = 13.2 Hz, PCH3), 1.63–1.81 (3H, m, C(5)-H, C(5)-H ′


and C(1)-H), 1.82–1.99 (2H, m, C(2)-H and C(4)-H), 2.09–2.21
(2H, m, C(2)-H ′ and C(4)-H ′), 4.26 (1H, m, C(3)-H), 4.65 (1H,
m, OCHCH3); 13C NMR (75.46 MHz, CDCl3) d −4.96 (Si(CH3)2,
br. s), 11.07 and 12.28 (PCH3, d, JPC = 91.0 and 91.0 Hz), 17.89
(OSiC(CH3)3, s), 23.99 and 24.01 (C5, s), 24.20 (POC(CH3)3, br.
d, J = 4.0 Hz), 25.68 (OSiC(CH3)3, br. s), 35.78 and 35.81 (C(2),
s), 35.91 and 36.11 (C(4), br. s,), 36.11 and 36.17 (C(1), d, JPC =
99.6 and 100.7 Hz), 68.25 (POCHCH3, br. d, 2JPOC = 6.6 Hz),
73.80 (C(3), d, 3JPC = 11.5 Hz); 31P NMR (121 MHz, CDCl3) d
57.9, 58.1; MS (CI) m/z 321 (91%) (MH+), 187 (100), 145 (75);
(ESI) 321.2012 (MH+ − C15H34O3PSi requires 321.2015).


(±)-cis-Ethyl [3-(tert-butyldimethylsilyloxy)-
cyclopentane]butylphosphinate (8)


Compound 8 was prepared from [3-(tert-butyldimethylsilyloxy)-
cyclopentenyl]butylphosphinate (6) (3.20 g, 9.23 mmol) as de-
scribed above in quantitative yield (>90% cis isomer (8) by
NMR spectroscopy) as a colourless oil, which was used in the
next step without further purification (2.55 g, 79%) (data for
cis isomer only is reported): 1H NMR (300 MHz, CDCl3) d
0.05 (6H, s, Si(CH3)2), 0.89 (9H, s, SiC(CH3)3), 0.90 and 0.92
(3H, 2 × d, J = 7.2 and 9.3 Hz, PCH2CH2CH2CH3), 1.23–2.21
(16H, m, C(1)-H, C(2)-H, C(2)-H ′, C(4)-H, C(4)-H ′, C(5)-H and
C(5)-H ′, POCH2CH3, PCH2CH2CH2CH3, PCH2CH2CH2CH3,
PCH2CH2CH2CH3), 3.99–4.35 (3H, m, POCH2CH3, C(3)-H); 13C
NMR (75 MHz, CDCl3) d −4.89 and −4.87 (Si(CH3)2, 2 × s),
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13.51 (PCH2CH2CH2CH3, s), 16.63 and 16.70 (SiC(CH3)3, 2 ×
s), 17.98 (POCH2CH3, s), 23.60 and 23.77 (PCH2CH2CH2CH3,
2 × d, 3JPC = 12.8 and 13.1 Hz), 23.91 (C(5), s), 24.10
(PCH2CH2CH2CH3, s), 25.74 (SiC(CH3)3, s), 25.26 and 26.47
(PCH2CH2CH2CH3, 2 × d, JPC = 89.1 and 92.2 Hz), 34.88 and
36.51 (C(1), 2 × d, JPC = 94.5 and 94.7 Hz), 35.78 and 35.58
(C(4), d, 3JPC = 15.4 Hz), 35.86 (C(2), s), 60.05 (POCH2CH3, 2 ×
d, 2JPOC = 5.9 and 6.3 Hz), 73.81 and 73.97 (C(3), 2 × d, 3JPC =
11.9 and 11.9 Hz); 31P NMR (121 MHz, CDCl3) d 60.26 and 60.43;
MS (CI, CH4) m/z 349 (100%) (MH+), 333 (40), 291 (36), 350 (23);
(ESI) 371.2143 (MNa+ − C17H37O3PSiNa requires 371.2147).


(±)-cis-Isopropyl (3-hydroxycyclopentane)methylphosphinate (9)


To a solution of (±)-cis-isopropyl [3-(tert-butyldimethylsilyloxy)-
cyclopentane]methylphosphinate (7) (3.2 g, 10 mmol) in anhy-
drous THF (30 cm3) was added tetrabutylammonium fluoride
(11 cm3 of a 1 M solution in THF). The reaction mixture was
stirred at room temperature for 12 h at which time the solvent
was removed in vacuo. The crude product was purified by short
column vacuum chromatography on silica gel (15% ethanol–ethyl
acetate); earlier fractions contained the trans isomer, later fractions
contained the desired cis (9) isomer which was isolated as a
colourless oil (1.8 g, 87%): 1H NMR (300 MHz, CDCl3) d 1.28
and 1.31 (6H, d, J = 6.3 and 6.3 Hz, OCHCH3), 1.45 (3H, d,
J = 13.2 Hz, PCH3), 1.61–2.32 (6H, m, C(1)-H, C(2)-H, C(2)-H ′,
C(4)-H, C(4)-H ′ and C(5)-H), 4.26 (1H, m, C(3)-H), 4.61 (1H,
m, OCHCH3); 13C NMR (75.46 MHz, CDCl3) d 12.15 and 12.76
(PCH3, d, JPC = 90.2 and 89.9 Hz), 23.62 (C(5)), 24.20 and 24.24
(POCCH3, 2 × d, 3JPOCC = 3.3 Hz), 35.24 and 35.29 (C(2, s), 35.81
and 35.89 (C(1), d, JPC = 97.9 and 98.5 Hz), 35.98 and 36.01 (C(4),
d, 3JPC = 7.2 and 7.5 Hz), 69.11 and 69.12 (POCHCH3, d, 2JPOC =
6.9 and 6.9 Hz), 72.8 and 73.3 (C(3), d, 3JPC = 4.1 and 4.9 Hz);
31P NMR (121 MHz, CDCl3) d 59.4, 59.7; MS (CI, CH4) m/z
207 (100%) (MH+), 190 (98); (ESI) 207.1154 (MH+ − C9H20O3P
requires 207.1150).


(±)-cis-Ethyl (3-hydroxycyclopentane)butylphosphinate (10)


Compound 10 was prepared from (±)-cis-ethyl [3-(tert-
butyldimethylsilyloxy)cyclopentane]butylphosphinate (8) (2.40 g,
6.89 mmol) as described above. The crude product was purified
by short column vacuum chromatography on silica gel (15%
ethanol–ethyl acetate); earlier fractions contained the trans isomer,
later fractions contained the desired title cis isomer (10) as a
colourless oil (1.39 g, 86%): 1H NMR (300 MHz, CDCl3) d 0.93
(3H, 2 × d, J = 7.2 and 7.5 Hz, PCH2CH2CH2CH3), 1.20–2.38
(16H, m, C(1)-H, C(2)-H, C(2)-H ′, C(4)-H, C(4)-H ′, C(5)-H and
C(5)-H ′, POCH2CH3, PCH2CH2CH2CH3, PCH2CH2CH2CH3,
PCH2CH2CH2CH3), 3.98–4.40 (4H, m, POCH2CH3, C(3)-OH,
C(3)-H); 13C NMR (75 MHz, CDCl3) d 13.35 (PCH2CH2CH2CH3,
s), 16.50 and 16.57 (POCH2CH3, d, 3JPC = 5.4 Hz), 22.89 and 22.95
(C(5), d, 2JPC = 4.3 Hz), 23.42 and 23.68 (PCH2CH2CH2CH3, d,
3JPC = 19.4 Hz,), 23.87 (PCH2CH2CH2CH3, s), 25.45–27.29 (C(1),
2 × d, JPC = 88.2 and 87.9 Hz), 33.99 and 34.08 (C(4), d, 3JPC = 6.5
Hz), 35.38 (C(2), s), 60.57 and 60.66 (POCH2CH3, 2 × d, 2JPOC =
6.8 and 6.8 Hz), 72.58 and 73.07 (C(3), 2 × d, 3JPC = 36.2 and
37.3 Hz); 31P NMR (121 MHz, CDCl3) d 62.99 and 63.02; MS (CI,


CH4) m/z 235.1 (100%) (MH+), 217 (50), 263 (21), 189 (16), (ESI)
257.1277 (MNa+ − C11H23O3PNa requires 257.1282).


(±)-trans-(3-Aminocyclopentane)methylphosphinic acid (11)


To a stirred solution of (±)-cis-isopropyl (3-hydroxycyclo-
pentane)methylphosphinate (9) (1.6 g, 7.8 mmol), DEAD (2.5 cm3,
17.05 mmol) and HN3 (8.2 cm3 of a 1.9 M solution in benzene) in
anhydrous THF (70 cm3) under an atmosphere of N2 at 0 ◦C was
added triphenylphosphine (8.15 g, 31.2 mmol) in small portions
over a period of 1 h. The reaction mixture was allowed to warm
to room temperature and stirring continued for 12 h. The reaction
mixture was then heated to 50 ◦C for 3 h after which time water
(2 cm3) was added and heating continued for a further 2 h.
The reaction mixture was cooled to room temperature and the
solvent removed in vacuo. The residue was partitioned between
aqueous HCl (1 M, 30 cm3) and DCM (30 cm3). The organic
layer was separated and further extracted with aqueous HCl
(2 × 30 cm3). The combined aqueous fractions were washed
with DCM (2 × 30 cm3) and concentrated in vacuo. The crude
amino ester hydrochloride salt was hydrolysed by refluxing in
aqueous HCl (6 M) for 30 h after which time the reaction mixture
was cooled to room temperature and the aqueous HCl removed
under reduced pressure. The crude product was purified by ion
exchange chromatography (Dowex 50, H+), eluting first with water
until the eluate was colourless and pH 7. On further elution
with aqueous pyridine (1 M), ninhydrin positive fractions were
combined and the solvent removed in vacuo giving an off-white
foam. Recrystallisation from ethanol–acetone followed by drying
over P2O5 gave the desired product (11) (0.68 g, 43%): 1H NMR
(300 MHz, D2O) d 1.17 (3H, d, J = 12.3 Hz, PCH3), 1.52–2.06
(7H, m, C(1)-H, C(2)-H, C(2)-H ′, C(4)-H, C(4)-H ′, C(5)-H and
C(5)-H ′), 3.73 (1H, m, C(3)-H); 13C NMR (75.46 MHz, D2O) d
13.16 (PCH3, d, JPC = 91.6 Hz), 25.10 (C(5)), 31.31 (C(2)) 31.50
(C(4), d, 3JPC = 11.4 Hz), 37.34 (C(1), d, JPC = 98.2 Hz), 52.40
(C(3), d, 3JPC = 9.7 Hz); 31P NMR (121 MHz, D2O) d 45.9; MS (CI,
CH4) m/z 164 (38%) (MH+), 147 (30), 105 (100); (ESI) 164.0821
(MH+ − C6H15NO2P requires 164.0840).


(±)-trans-(3-Aminocyclopentane)butylphosphinic acid (12)


Compound 12 was prepared from (±)-trans-ethyl (3-hydroxy-
cyclopentane)butylphosphinate (10) (1.24 g, 5.29 mmol) as de-
scribed above. The crude product was purified by ion exchange
chromatography (Dowex 50, H+), eluting first with water until
the eluate was colourless and the pH 7. On further elution
with aqueous pyridine (1 M), ninhydrin positive fractions were
combined and the solvent was removed in vacuo. The residual
traces of pyridine were removed by repeatedly redissolving the
compound in water (20 cm3) and re-evaporating (3 times).
Recrystallisation from ethanol–acetone followed by drying gave
the desired title compound (12) as a pale yellow solid (535 mg,
49%); mp (decomp.) 145–148 ◦C; 1H NMR (300 M Hz, D2O) d 0.78
(3H, t, J = 7.2 and 7.2 Hz, PCH2CH2CH2CH3), 1.02–2.24 (13H,
m, C(1)-H, C(2)-H, C(2)-H ′, C(4)-H, C(4)-H ′, C(5)-H and C(5)-
H ′, PCH2CH2CH2CH3, PCH2CH2CH2CH3, PCH2CH2CH2CH3),
3.61 (1H, m, C(3)-H); 13C NMR (75 MHz, D2O) d 13.45
(PCH2CH2CH2CH3, s), 24.08 and 24.29 (PCH2CH2CH2CH3,
d, 3JPC = 15.5 Hz), 24.29 and 24.35 PCH2CH2CH2CH3, d,
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2JPC = 5.2 Hz), 25.31 (C(5)s,), 27.90 and 29.11 (PCH2CH2-
CH2CH3, d, JPC = 91.0 Hz), 31.38 (C(2), s), 31.72 and 31.84 (C(4),
d, 3JPC = 9.5 Hz), 35.90 and 37.16 (C(1), d, JPC = 95.0 Hz), 52.76
and 52.90 (C(3), d, 3JPC = 10.6 Hz); 31P NMR (121 MHz, D2O) d
51.41; MS (ESI) m/z 206 (28%) (MH+), 166 (100); (ESI) 228.1129
(MNa+ − C9H20NO2PNa requires 228.1124).


(±)-Isopropyl (3-aminocyclopent-1-ene)methylphosphinate (13)


To a solution of (±)-isopropyl (3-hydroxycyclopent-1-ene)methyl-
phosphinate (3) (2.5 g, 12.25 mmol), DEAD (4.0 cm3, 26.95 mmol)
and HN3 (12.9 cm3 of a 1.9 M solution in benzene) in anhydrous
THF (100 cm3) at 0 ◦C was added triphenylphosphine (12.8 g,
49 mmol) in small portions over a period of 1 h. The reaction
mixture was allowed to warm to room temperature and stirring
continued for 12 h. The reaction mixture was then heated to 50 ◦C
for 3 h after which time water (2 cm3) was added and heating
continued for a further 2 h. The reaction mixture was cooled to
room temperature and the solvent removed in vacuo. The residue
was partitioned between HCl (1 M, 40 cm3) and DCM (40 cm3).
The organic layer was separated and further extracted with water
(3 × 30 cm3). The combined aqueous fractions were washed
with DCM (2 × 30 cm3) and concentrated in vacuo. The crude
product was purified by ion exchange chromatography (Dowex
50 H+ form), eluting first with water until the eluate was neutral
and then with aqueous ammonium hydroxide (1 M) combining
ninhydrin positive fractions. The solvent was removed in vacuo to
yield the title compound as a pale yellow oil (13) (1.71 g, 68%):
1H NMR (300 MHz, CD3OD) d 1.26 and 1.27 (3H, d, J = 6.0
and 6.0 Hz, POCHCH3), 1.31 and 1.32 (3H, d, J = 6.3 and
6.3 Hz, POCHCH3), 1.51 and 1.53 (3H, d, J = 14.4 and 14.1 Hz,
PCH3), 1.59–1.79 (1H, m, C(4)-H), 2.33–2.55 (2H, m, C(5)-H,
C(5)-H ′), 2.54–2.72 (1H, m, C(4)-H ′), 4.05 (1H, m, C(3)-H), 4.48
(1H, m, C(2)-H), 6.52 (1H, dm, J = 9.9 Hz, PCCH), 13C NMR
(75.46 MHz, CD3OD) d 13.92 and 14.10 (PCH3, d, JPC = 102.1
and 101.6 Hz), 24.54 and 24.60 (POCHCH3, 2 × d, 3JPOCC = 4.6
Hz), 24.9 (POCHCH3, d, 3JPOCC = 3.4 Hz), 32.86 and 32.88 (C(4),
d, 3JPC = 12.6 and 12.3 Hz), 35.0 and 35.13 (C(5), 2 × d, 2JPC =
10.0 Hz), 59.83 and 60.07 (POCHCH3, d, 2JPOC = 5.7 and 5.7 Hz),
71.36 and 71.39 (C(3), d, 3JPC = 6.3 and 6.3 Hz), 137.96 (C(1), d,
JPC = 125.7 Hz), 150.84 and 150.95 (C(2), d, 2JPC = 10.9 and 11.1
Hz); 31P NMR (121 MHz, CD3OD) d 45.9; MS (EI) m/z 204 (38%)
(MH+), 147 (30), 105 (100); (ESI) 204.1151 (MH+ − C9H19NO2P
requires 204.1153).


(±)-Ethyl (3-aminocyclopent-1-ene)butylphosphinate (14)


Compound 14 was prepared from (±)-ethyl (3-hydroxycyclopent-
1-ene)butylphosphinate (4) (2.98 g, 12.8 mmol) as described
above. Recrystallisation from ethanol–acetone followed by dry-
ing gave the desired title compound (12) as a pale yellow
oil (2.82 g, 95%): 1H NMR (300 MHz, CDCl3) d 0.88 (3H,
2 × d, J = 6.9 and 7.5 Hz, PCH2CH2CH2CH3), 0.91 (3H,
2 × d, J = 7.2 and 7.2 Hz, PCH2CH2CH2CH3), 1.21–1.98
(9H, m, POCH2CH3, PCH2CH2CH2CH3, PCH2CH2CH2CH3,
PCH2CH2CH2CH3), 2.38–2.71 (4H, m, C(4)-H, C(4)-H ′, C(5)-H
and C(5)-H ′), 3.87–4.31 (5H, m, POCH2CH3, C(3)-NH2, C(3)-H),
6.51 (1H, d, J = 9.6 Hz, C(2)-H); 13C NMR (75 MHz, CDCl3)
d 13.43 (PCH2CH2CH2CH3, s), 16.39 and 16.47 (POCH2CH3, d,


3JPOCC = 6.0 Hz), 23.41 and 23.46 (PCH2CH2CH2CH3, 2 × d,
2JPC = 3.4 and 3.8 Hz), 23.63 and 23.84 (PCH2CH2CH2CH3, d,
3JPC = 15.9 Hz), 27.15 and 28.47 (PCH2CH2CH2CH3, 2 × d, JPC =
99.0 and 99.0 Hz), 31.93 and 32.09 (C(4), 2 × d, 3JPC = 11.6 and
11.7 Hz), 34.93 and 35.04 (C(5), 2 × d, 2JPC = 8.3 and 8.6 Hz),
58.86 and 59.09 (C(3), 2 × d, 3JPC = 17.0 and 17.3 Hz), 60.11 and
60.19 (POCH2CH3, d, 2JPOC = 6.2 Hz), 135.63 and 137.72 (C(1),
d, JPC = 156.8 Hz), 150.47 and 150.66 (2 × d, 2JPC = 13.9 and
14.00 Hz, C(2)); 31P NMR (121 MHz, CDCl3) d 43.18 and 43.28;
MS (CI, CH4) m/z 232 (16%) (MH+), 215 (100); (ESI) 254.1281
(MNa+ − C11H22NO4PNa requires 254.1286).


(±)-Isopropyl [3-(tert-butyloxycarbonyl)aminocyclopent-1-
ene]methylphosphinate (15)


To a solution of (±)-isopropyl (3-aminocyclopent-1-ene)methyl-
phosphinate (13) (1.5 g, 7.4 mmol) in aqueous sodium hydroxide
(326 mg, 8.15 mmol in 25 cm3) was added di-tert-butyl dicarbonate
(1.78 g, 8.15 mmol). The reaction mixture was stirred at room
temperature for 16 h after which time the aqueous solution
was extracted with DCM (4 × 30 cm3). The crude product was
purified by short column vacuum chromatography on silica gel
(15% ethanol–ethyl acetate) to yield the desired product (15) as a
colourless oil (2.1 g, 95%): 1H NMR (300 MHz, CDCl3) d 1.24
(3H, 2 × d, J = 6.3 Hz, POCHCH3), 1.32 (3H, d, J = 6.3 Hz,
POCHCH3), 1.44 (9H, br. s, C(CH3)3), 1.48 and 1.49 (3H, d, J =
14.7 and 14.1 Hz, PCH3), 1.58–1.75 (1H, m, C(4)-H), 2.41–2.72
(3H, m, C(5)-H, C(5)-H ′ and C(4)-H ′), 4.53 (2H, m, POCHCH3


and NHC(CH3)3), 4.84 (1H, br. m, C(3)-H), 6.43 (1H, m, C(2)-H);
13C NMR (75 MHz, CDCl3) d 14.18 and 14.35 (PCH3, d, JPC =
101 and 101 Hz), 24.09 and 24.14 (POCHCH3, 2 × d, 3JPOCC = 3.9
Hz), 24.49 (POCHCH3, d, 3JPOCC = 3.4 Hz), 28.4 (C(CH3)3), 31.61
(C(4), d, 3JPC = 11.6 Hz), 32.45 and 32.52 (C(5), 2 × d, 2JPC =
5.0 Hz), 57.64 and 57.87 (C(CH)3, br. s), 69.26 (POCHCH3, d,
2JPOC = 6.4 Hz), 79.65 (C(3), br. s), 139.11 and 139.20 (C(1), d,
JPC = 127.5 and 128.6 Hz), 145.0 (C(2), d, 2JPC = 11.3 Hz), 155.12
(C=O); 31P NMR (121 MHz, CDCl3) d 56.70, 56.75; MS (EI) m/z
304 (38%) (MH+), 147 (30), 105 (100); (ESI) 304.1681 (MH+ −
C14H26NO4P requires 304.1678).


(±)-Ethyl [3-(tert-butyloxycarbonyl)aminocyclopent-1-
ene]butylphosphinate (16)


Compound 16 was prepared from (±)-ethyl (3-aminocyclopent-
1-ene)butylphosphinate (14) (2.67 g, 11.5 mmol) as described
above. The crude product was purified by short column vac-
uum chromatography on silica gel (15% ethanol–ethyl acetate)
to yield the desired title compound (16) as a colourless oil
(3.18 g, 83%): 1H NMR (300 MHz, CDCl3) d 0.91 (3H,
2 × d, J = 6.0 and 6.3 Hz, PCH2CH2CH2CH3), 1.20–1.84
(18H, m, POCH2CH3, PCH2CH2CH2CH3, PCH2CH2CH2CH3,
PCH2CH2CH2CH3, C(CH3)3), 2.39–2.73 (4H, m, C(4)-H, C(4)-
H ′, C(5)-H and C(5)-H ′), 3.87–4.18 (2H, m, POCH2CH3,), 4.58
(1H, m, C(3)-NH), 4.85 (1H, m, C(3)-H), 6.48 (1H, m, C(2)-
H); 13C NMR (75 MHz, CDCl3) d 13.53 (PCH2CH2CH2CH3,
s), 16.52 and 16.60 (POCH2CH3, d, 3JPOCC = 6.2 Hz), 23.52
and 23.56 (PCH2CH2CH2CH3, d, 2JPC = 3.7 Hz), 23.74 and
23.95 (PCH2CH2CH2CH3, d, 3JPC = 16.0 Hz), 27.34 and 28.66
(PCH2CH2CH2CH3, 2 × d, JPC = 99.0 and 99.3 Hz), 28.36
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(C(CH3)3, s), 31.84 and 31.99 (C(4), 2 × d, 3JPC = 11.1 and
11.6 Hz), 32.42 and 32.53 (C(5), d, 2JPC = 8.3 Hz), 57.82 (m,
C(CH3)3), 57.82 and 58.29 (C(3), d, 3JPC = 35.6 Hz), 60.29 and
60.38 (POCH2CH3, d, 2JPOC = 6.5 Hz), 137.95 and 139.54 (C(1), d,
JPC = 119.3 Hz), 145.97 and 146.19 (C(2), 2 × d, 2JPC = 16.2 and
16.5 Hz), 155.06 (s, C=O); 31P NMR (121 MHz, CDCl3) d 42.53
and 42.65; MS (CI, CH4) m/z 332 (32%) (MH+), 276 (100), 215
(25); (ESI) 354.1805 (MNa+ − C16H30NO4PNa requires 354.1810).


(±)-cis-Isopropyl [3-(tert-butyloxycarbonyl)aminocyclopentane]-
methylphosphinate (17)


A solution of isopropyl [3-(tert-butyloxycarbonyl)aminocyclo-
pent-1-ene]methylphosphinate (15) (3.4 g, 10.7 mmol) in methanol
(30 cm3) was hydrogenated over platinum oxide (50 mg) at 40 psi for
3 h. The catalyst was removed by filtration through Celite and then
washed with methanol (3 × 30 cm3). The solvent was removed in
vacuo and the crude product was purified by short column vacuum
chromatography on silica gel (15% ethanol–ethyl acetate) to yield
the desired cis isomer (17) as a colourless oil (2.1 g, 95%): 1H NMR
(300 MHz, CDCl3) d 1.24 (3H, 2 × d, J = 6.3 Hz, POCHCH3),
1.32 (3H, d, J = 6.3 Hz, POCHCH3), 1.44 (9H, br. s, C(CH3)3),
1.48 and 1.49 (3H, d, J = 14.7 and 14.1 Hz, PCH3), 1.58–1.75 (2H,
m, C(2)-H, C(4)-H), 2.41–2.72 (5H, m, C(1)-H, C(2)-H ′, C(4)-H ′,
C(5)-H and C(5)-H ′), 4.53 (2H, m, POCHCH3 and NH), 4.84
(1H, br. m, C(3)-H); 13C NMR (75.46 MHz, CDCl3) d 12.78 and
12.96 (PCH3, d, JPC = 89.0 and 89.6 Hz), 23.58 (C(5)), 24.16 and
24.25 (POCHCH3, d, 3JPOCC = 3.4 and 3.9 Hz), 28.35 (C(CH3)3),
33.05 (C(2), s), 33.51 and 33.61 (C(4), 2 × d, 3JPC = 8.0 Hz), 35.85
and 35.93 (C(1), d, JPC = 100.2 and 100.1 Hz), 52.21 (C(CH)3, br.
s), 68.76 and 68.81 (POCHCH3, d, 2JPOC = 6.9 and 6.9 Hz), 79.2
(C(3), br. d, 3JPC = 5.0 Hz), 155.32 and 155.35 (C=O, s); 31P NMR
(121 MHz, CDCl3) d 56.70, 56.75; MS (EI) m/z 277 (38%) (MH+),
306 (30); (ESI) 306.1821 (MH+ − C14H28NO4P requires 306.1834).


(±)-cis-Ethyl [3-(tert-butyloxycarbonyl)aminocyclopentane]-
butylphosphinate (18)


Compound 18 was prepared from (±)-ethyl [3-(tert-butyloxycar-
bonyl)aminocyclopent-1-ene]butylphosphinate (16) (2.95 g,
8.90 mmol) as described above. The solvent was removed in
vacuo to yield the desired title compound (14) in quantitative
yield as a 4 : 1 mixture of cis : trans (by NMR spectroscopy),
the isomers were separated by silica gel vacuum chromatography
to yield (18) as a colourless oil (2.14 g, 72%) (data for cis
isomer only is reported): 1H NMR (300 MHz, CDCl3) d 0.93
(3H, 2 × d, J = 6.9 and 7.2 Hz, PCH2CH2CH2CH3), 1.21–2.32
(25H, m, C(1)-H, C(2)-H, C(2)-H ′, C(4)-H, C(4)-H ′, C(5)-H and
C(5)-H ′, POCH2CH3, PCH2CH2CH2CH3, PCH2CH2CH2CH3,
PCH2CH2CH2CH3, C(CH3)3), 4.13 (4H, m, OCH2CH3, C(3)-NH,
C(3)-H); 13C NMR (75 MHz, CDCl3) d 13.49 (PCH2CH2CH2CH3,
s), 16.65 (POCH2CH3, d, 3JPOCC = 4.0 Hz), 23.61 (C(5), s), 23.85
(PCH2CH2CH2CH3, s), 23.88 and 24.04 (PCH2CH2CH2CH3, d,
3JPC = 12.5 Hz), 26.34 and 27.50 (PCH2CH2CH2CH3, 2 × d, JPC =
87.1 and 87.4 Hz), 28.38 (C(CH3)3, s), 33.02 (C(2), s), 33.50 and
33.63 (C(4), 2 × d, 3JPC = 9.1 and 10.0 Hz), 34.24 and 35.50 (C(1),
2 × d, JPC = 94.4 and 94.7 Hz), 52.25 (C(CH3)3, br. s,), 60.45 and
60.54 (POCH2CH3, d, 2JPOC = 6.8 Hz), 78.79 and 79.11 (C(3), d,
3JPC = 24.2 Hz,), 155.42 (s, C=O); 31P NMR (121 MHz, CDCl3)


d 59.85 and 60.99; MS (CI, CH4) m/z 334.0 (12%) (MH+), 234.2
(100); (ESI) 356.1961 (MNa+ − C16H32O4PNa requires 356.1967).


(±)-cis-(3-Aminocyclopentane)methylphosphinic acid (19)


(±)-cis-Isopropyl [3-(tert-butyloxycarbonyl)aminocyclopentane]-
methylphosphinate (17) (2.1 g, 9.6 mmol) was dissolved in aqueous
HCl (6 M, 40 cm3) and the solution heated at reflux for 30 h. After
cooling, the solution was evaporated to dryness under reduced
pressure. The residue was dissolved in water (10 cm3) and applied
to an ion exchange column (Dowex 50, H+ form). The column was
eluted with water until the eluate was colourless and pH neutral
and then eluted with aqueous pyridine (1 M). Ninhydrin positive
fractions were combined and evaporated to dryness under reduced
pressure. Residual traces of pyridine were removed by repeatedly
redissolving the compound in water (20 cm3) and re-evaporating
(3 times). Recrystallisation from ethanol–acetone and drying gave
the title compound (19) as an off white solid (1 g, 46%): 1H NMR
(300 MHz, D2O) d 1.27 (3H, d, J = 12.9 Hz, PCH3), 1.56–2.27
(7H, m, C(1)-H, C(2)-H, C(2)-H ′, C(4)-H, C(4)-H ′, C(5)-H and
C(5)-H ′), 3.59 (1H, m, C(3)-H); 13C NMR (75.46 MHz, D2O)
13.02 (PCH3, d, JPC = 92.0 Hz), 23.9 (C(5)), 30.50 (C(4), d, 3JPC =
7.5 Hz), 31.55 (C(2)), 37.20 (C(1), d, JPC = 97.3 Hz), 52.29 (C(3),
d, 3JPC = 9.3 Hz); 31P NMR (121 MHz, D2O) d 45.9; MS (CI,
CH4) m/z 164 (38%) (MH+), 147 (30), 105 (100); (ESI) 164.0822
(MH+ − C6H15NO2P requires 164.0840).


(±)-cis-(3-Aminocyclopentane)butylphosphinic acid (20)


A solution of (±)-cis-ethyl [3-(tert-butyloxycarbonyl)aminocyclo-
pentane]butylphosphinate (18) (1.07 g, 3.21 mmol) was dissolved
in aqueous HCl (6 M, 40 cm3) and the solution heated at reflux
for 30 hours. After cooling, the solution was evaporated to
dryness under reduced pressure. The residue was dissolved in
water (10 cm3) and applied to an ion exchange column (Dowex
50, H+). The column was eluted with water until the eluate was
colourless and the pH 7. On further elution with aqueous pyridine
(1 M), ninhydrin positive fractions were collected and the solvent
removed in vacuo. Residual traces of pyridine were removed by
repeatedly redissolving the compound in water (20 cm3) and
re-evaporating (3 times). Recrystallisation from ethanol–acetone
followed by drying gave the desired title compound (20) as an
off white solid (450 mg, 68%): mp (decomp.) 180–183 ◦C; 1H
NMR (300 MHz, D2O) d 0.68 (3H, 2 × d, J = 6.9 and 7.2 Hz,
PCH2CH2CH2CH3), 1.02–2.43 (13H, m, C(1)-H, C(2)-H, C(2)-
H ′, C(4)-H, C(4)-H ′, C(5)-H and C(5)-H ′, PCH2CH2CH2CH3,
PCH2CH2CH2CH3, PCH2CH2CH2CH3), 3.56 (1H, m, C(3)-H);
13C NMR (75 MHz, D2O) d 13.46 (PCH2CH2CH2CH3, s), 24.11
and 24.31 (PCH2CH2CH2CH3, d, 3JPC = 15.2 Hz), 24.31 (C(5),
s), 24.53 and 24.56 (PCH2CH2CH2CH3, d, 2JPC = 2.9 Hz), 27.96
and 29.17 (PCH2CH2CH2CH3, d, JPC = 91.3 Hz), 31.12 and 31.20
(C(2), d, 2JPC = 6.3 Hz), 31.95 (s, C(4)), 36.14 and 37.38 (C(1), d,
JPC = 93.3 Hz), 52.97 and 52.88 (C(3), d, 3JPC = 7.2 Hz); 31P NMR
(121 MHz, D2O) d 50.74; MS (ESI) m/z 205 (37%) (MH+), 102
(12); (ESI) 228.1129 (MNa+ − C9H20NO2PNa requires 228.1124).
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The mechanistic details of the cyclisation of farnesylpyrophosphate (FPP) by aristolochene synthase
(AS) from Penicillium roqueforti have only recently begun to emerge, mainly through the analysis of the
reaction products generated by AS-mutants. The reaction proceeds through several intermediates
including germacrene A and eudesmane cation. Previous work suggested that the side chain of
phenylalanine 178 promoted the conversion of eudesmane cation to aristolochene. We now report that
the catalytic function of this residue during the conversion of eudesmane cation to aristolochene is
mainly due to the large size of its side chain, which facilitates the hydride shift from C2 to C3, rather
than its aromatic character. In addition, F178 appears to control the regioselectivity of the final
deprotonation step and, together with F112, helps stabilise the developing positive charge on C1 after
the expulsion of pyrophosphate from the substrate. These results complete a screen of likely active-site
aromatic residues and establish their respective roles in the conversion of FPP to aristolochene.


Introduction


Sesquiterpene synthases catalyse the cyclisation of the universal
acyclic precursor farnesyl pyrophosphate (FPP, 1) in marine and
terrestrial plants, fungi, bacteria and insects, to generate more
than 300 distinct sesquiterpene products, many of which have
important antibiotic, antifungal or neurotoxic activities. Many
sesquiterpene cyclases share a common protein structure known as
the terpenoid fold.1,2 Plant sesquiterpene cyclases show significant
amounts of homology and may be the products of divergent
evolution from a common precursor.3 Many fungal enzymes on the
other hand show little sequence similarity among themselves and
with their plant counterparts, nevertheless, many appear to share
the same fold.1,4–7 All these enzymes serve as high fidelity templates
for their common substrate and subtly control conformation
and stereochemistry of the intermediates during the cyclisation
reactions.2,8 They represent a masterpiece of evolution in achieving
exquisite chemical and stereochemical selectivity within a common
protein fold for the conversion of a shared substrate to many
different products.


Aristolochene synthase (AS) from Penicillium roqueforti is a
monomeric enzyme that catalyses the Mg2+-dependent cyclisation
of 1 to the bicyclic sesquiterpene (+)-aristolochene 6 (Scheme 1),
the precursor of fungal toxins such as PR-toxin, sporogen-AO1,
phaseolinone, gigantenone, phomenone and bipolaroxin.9 The
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authentic reference samples. GC-traces for the determination of the
stereochemistry of germacrene A by heat induced Cope rearrangement
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Scheme 1 Mechanism of aristolochene synthase.


molecular details of the AS catalysed reaction have only recently
begun to emerge. The crystal structures of epi-aristolochene
synthase from N. tabacum6 and trichodiene synthase from F.
sporotrichioides,1 which, unlike the structure of AS,7 were ob-
tained in the presence of substrate analogues, suggest that the
pyrophosphate group of 1 binds tightly to the enzyme through
two Mg2+ binding sites at the entrance to the active site,10 while
the aliphatic tail of the substrate binds in a deep hydrophobic
cleft of the enzyme. Recent work supported the proposal11 that
AS catalyses the cyclisation of FPP to aristolochene via the
intermediate S-germacrene A 4 (Scheme 1).12 The conformation
of 1 bound in the enzyme’s active site is known to be a critical
determinant of the reaction pathway leading to attack of C1 of
farnesyl cation 2 by the double bond at C10–C11 subsequent to
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the expulsion of pyrophosphate (Scheme 1).8,13 The intermediate
germacrene A then undergoes a further cyclisation to form the
bicyclic eudesmane cation 5 through protonation of the C6–C7
double bond by Y92.12 The positive charge on 5 is stabilised
through interaction with the p-system of the indole ring of W334.14


Successive 1,2-hydride shift and methyl migration followed by
loss of HSi on C8 finally results in the generation of (+)-
aristolochene.15


Previous work suggested that the conversion of eudesmane
cation 5 to aristolochene was facilitated by the bulky aromatic
side chain of F178.16 This residue is ideally placed to stabilise the
developing positive charge on C2/C3 of eudesmane cation (Fig. 1).
Its replacement with valine in AS-F178V led to the accumulation
of the intermediate germacrene A 4 and the production of selinenes
10, 11, and 12 as well as the linear a-8 and b-farnesene 9, which
are the result of erroneous deprotonation (Scheme 2).16 These
observations were interpreted to suggest that F178 fulfilled a dual
role during AS catalysis. The presence of F178 is required for
the conversion of farnesyl cation to germacrene A, most likely
by stabilising the developing positive charge on C11 of 3. In
addition, F178 promotes the conversion of eudesmane cation 5
to aristolochene through either the stabilisation of the cations
on C2 and C3, through interaction of the aromatic phenyl ring
with the positive charge, or through induction of the hydride shift
from C2 to C3 of 5. Here we report experiments that confirm the
function of F178 during AS catalysis and suggest that the large
size of F178 rather than its aromaticity promotes the formation of
aristolochene during AS catalysis.


Fig. 1 Sketch indicating the proximity of F178 to eudesmane cation 5,
which was modelled into the active site of the X-ray crystal structure of
the apo-enzyme of AS.7


Scheme 2 Sesquiterpene hydrocarbons produced by AS-mutants.


Results and discussion


In the previously characterised AS-F178V,16 which produced 50%
germacrene A 4 together with smaller amounts of sesquiterpenes
7–12 (Table 1), the smaller, non-aromatic isopropyl group replaced
the bulky benzyl group. To distinguish between the importance
of size and aromaticity of residue 178, cDNAs for AS-F178C,
AS-F178I, AS-F178Y, AS-F178W were generated by site directed
mutagenesis from a cDNA of wild type AS isolated from P.
roqueforti. Mutants were expressed in E. coli BL21(DE3) cells
and purified as previously described.8 The steady-state kinetic
parameters of the mutants were measured by incubating them
with [1-3H]-FPP and determining the amount of the hexane
extractable, tritiated products. The assay was based on that
reported previously12 but optimised to ensure a linear dependence
of the rates on protein concentrations. AS is known to aggregate at
increased concentrations of protein and its activity is only a linear
function of protein concentration for a narrow concentration
range.10 Kinetic assays for AS and all mutant proteins were
carried out within the carefully established linear range. For the
measurements of the steady-state kinetic parameters reported here,
the optimal incubation times were carefully determined to ensure
linearity of turnover with reaction time. Under these optimised
conditions the Michaelis constant (KM = 8.7 ± 1.67 lM) and
the turnover number (kcat = 0.55 ± 0.03 s−1) were increased
compared to those previously reported (kcat = 0.03 ± 0.01 s−1; KM =
2.3 ± 0.5 lM).12,17 Overall the catalytic efficiency was increased


Table 1 Relative amounts of hexane extractable products and kinetic parameters for wild-type and mutants of AS


Relative product distribution (%) Kinetic parameters


AS 4 6 7 8 9 10 11 12 KM (lM) kcat (s−1 × 103) kcat/KM (M−1 s−1)
WT 7.5 91.5 0.4 8.7 ±1.7 550.0 ±30 63,218 ± 12,825
F178C 67.2 8.8 20.2 3.8 5.9 ±0.3 9.9 ±1.2 1,678 ± 221
F178Va 54.1 10.8 5.2 2.7 9.2 5.7 9.1 2.1 2.0 ±0.01 6.3 ±0.3 3,150 ± 151
F178I 54.0 43.0 3.0 0.9 ±0.2 4.1 ±0.5 4,556 ± 1,155
F178Y 10.7 86.4 2.7 9.9 ±3.3 52.0 ±1.0 5,253 ± 1,754
F178W 9.6 88.3 2.1 4.7 ±2.5 79.0 ±8.0 16,809 ± 9,102
F112A 12.5 53.1 34.3 19.7 ±0.7 2.3 ±0.3 116.8 ± 11.0
F112A-178V 37.1 22.3 40.6 46.3 ±3.8 1.4 ±0.01 30.2 ± 2.5


a Data from Forcat & Allemann.16
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approximately 5-fold under the optimised conditions (kcat/KM =
63,218 ± 12,825 M−1s−1), relative to that reported previously.12 The
kinetic parameters for the mutant enzymes were also determined
using the same assay conditions. The Michaelis constants of the
mutants were generally slightly reduced when compared to the wild
type enzyme. Surprisingly, the bigger reductions were observed for
non-aromatic side chains. The reduction in the catalytic efficiencies
of the mutants was largely a consequence of reduced turnover
numbers (Table 1).


GC-MS analysis of the hexane extractable products generated
in incubations of the mutant enzymes with FPP indicated that
AS-F178Y and AS-F178W, in which the benzyl group of residue
178 was replaced with another aromatic side chain, generated
products very similar to those of the wild type enzyme in that
the main product was aristolochene (86.4 and 88.3%, respectively)
(Fig. 2 and Table 1). Germacrene A 4 and valencene 7 were formed
as side-products. These products were identified by comparison
of their GC-retention times and of their mass spectra with
those of the products formed by AS or with authentic samples
(ESI†). However, in good agreement with the postulated role of
residue 178 affecting a step after the formation of germacrene
A 4, AS-F178C and AS-F178V produced significantly reduced
amounts of the wild type product aristolochene, but increased
amounts of the intermediate germacrene A. Unlike AS-F178V,
AS-F178C produced only a small amount of b-selinene 11, but
no a-selinene 10 or selina-4,11-diene 12 (ESI†). This observation
together with the product distribution observed for AS-F178V
suggested that F178 also affected a step after the formation of
eudesmane cation 5. The absence of reaction products originating
from deprotonation of C1 may indicate that the hydride shift from
C2 to C3 and the methyl shift from C7 to C2 occur simultaneously,
thereby preventing the formation of an intermediate with a positive
charge on C3.


Fig. 2 Total ion chromatograms from GC-MS analyses of the hexane
extractable products of FPP utilisation by AS (purple), AS-F178W (blue),
As-F178Y (green) and AS-F178I (red). * is a non-terpene contaminant.


The formation of the selinenes, which result from deprotonation
of eudesmane cation 5 prior to the 1,2-hydride shift from C2
to C3, was not observed when the benzyl group of F178 was
replaced with the 2-butyl group of isoleucine (Fig. 2). These results
strongly suggest that the size of residue 178 rather than its aromatic
character is central to its mechanistic function in the events that
control the conversion of eudesmane cation to aristolochene. It


is worthy of note that AS-F178C produced increased proportions
of valencene 7 when compared to the wild type enzyme. Since 7
is most likely produced by loss of the proton on C6 of the final
carbocation, F178 must also be involved in preventing erroneous
deprotonation in the last step of the synthesis of aristolochene. No
residue has previously been reported to be involved in this step of
AS catalysis.


The X-ray structure of AS,7 which indicated the proximity of
F178 to C2/C3 of eudesmane cation (Fig. 1), together with the
results presented here suggests that this residue primarily promotes
the hydride shift from C2 to C3. Inspection of the X-ray structure
also indicated that F178 is ideally placed between C3 and C11
of germacrene A (Fig. 3) to first support conversion of farnesyl
cation to germacrene A and then to promote the hydride shift.


Fig. 3 Relative orientations of W334, F112 and F178 relative to
germacrene A 4 bound in active site of AS. 4 was docked into the active
site cavity in the X-ray crystal of the apo-enzyme.7


An additional function of F178 during formation of germacrene
A has been described previously.16 The results obtained in the anal-
ysis of AS-F178V suggested that residue 178 could be involved in
the stabilisation of carbocation 3, or the transition state preceding
it, through interactions between the cation and the p-system of the
ring. Alternatively, the size of the ring could be involved in folding
the substrate into a reactive conformation. The observation that
AS-F178I did not however produce a- or b-farnesene suggested
the involvement of other residues in the stabilisation of germacryl
cation 3. Analysis of the structure of AS7 indicated that the benzyl
group of F112 was placed between W334 and F178 to potentially
assist F178 during these early steps of catalysis and to stabilise
the developing charge on 3 (Fig. 3). In order to define the role of
F112 in the catalytic mechanism, AS-F112A was produced and its
products determined. GC-MS analysis revealed the production of
a small amount of germacrene A, in addition to the formation of
the linear products, 8 and 9 (Table 1, ESI†).


It had been previously proposed that F112 helped define
the stereochemistry on C10 of germacrene A 4.7 However,
co-injection of b-elemene generated by the heat-induced Cope
rearrangement12,18 of germacrene A 4 produced by AS-F112A with
a racemic sample of b-elemene, revealed that both wild-type AS
and AS-F112A produced the same stereoisomer of 4 (ESI†). The
presence of a- and b-farnesene suggested that intermediate 2 accu-
mulated during catalysis by AS-F112A, leading to deprotonation
from C4 and C15. Residue 112, therefore, most likely contributes
significantly to the stabilisation of the transition state following
farnesyl cation 2.
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Once 4 is synthesised, W334 and F112 are involved in the
formation of 5. When F112 was replaced by alanine, the reaction
terminated at 4, indicating that W334 was not able to induce the
production of 5 in the absence of F112. Hence, the side products
10, 11 and 12 were not formed. The absence of selinenes in catalysis
by ASF112A suggested that 10, 11, and 12 were genuine products
formed by ASF178V through anomalous deprotonations of 5
rather than products of an acid-catalysed rearrangement of 4
during workup.10 To confirm the proposed roles of both F178
and F112, the double mutant AS-F112AF178V was produced
and its products determined by GC-MS analysis. The products
generated by the double mutant were the same as those produced
by AS-F112A supporting the proposed roles of residues 112 and
178, namely the stabilisation of transition states prior to and
following eudesmane cation 5. As had been observed for ASF178V,
germacrene A was also the major product generated by AS-
F112AF178V. The double mutants did however not produce any
selinenes since in the absence of an aromatic side chain on residue
112 eudesmane cation was not formed. These observations further
confirm that the selinenes produced by ASF178V and ASF178C
are genuine reaction products.10


Conclusions


The site directed mutagenesis study of aristolochene synthase
from P. roqueforti reported here provides further evidence that
germacrene A is an intermediate in the production of aristolochene
from FPP as suggested previously (Scheme 1).12 F178 is a critical
residue that controls the efficient formation of germacrene A and
its conversion to aristolochene through both its large size and the
aromaticity of its side chain. The 1,2-hydride shift that initiates
the conversion of eudesmane cation 5 to aristolochene appears to
require the presence of a bulky side chain on residue 178 implying
that steric effects initiate this reaction. Whether the subsequent
methyl shift from C7 to C2 is also promoted by steric bulk, for
instance of residue Y92, or whether it is induced by proton loss
from C8 is currently being actively investigated.


Experimental


Materials


All chemicals were purchased from Fluka or Sigma. Oligonu-
cleotides were purchased from Alta Biosciences (University of
Birmingham). Pfu polymerase and restriction endonuclease DpnI
were obtained from Promega and New England Biolabs, re-
spectively. Competent E. coli BL21(DE3) and ultracompetent
XL10-Gold R© were purchased from Stratagene. The miniprep
kit was purchased from Qiagen and used according to the
supplier’s instructions. HP-Q-sepharose for protein purification
was obtained from GE-Healthcare. Farnesyl pyrophophate was
synthesised according to a published protocol by Dr D. J. Miller
and Mr Fanglei Yu.19 [1-3H]-FPP (20 mC mmol−1) was purchased
either from Sigma or from Tocris and diluted with cold FPP to a
working specific activity of 50 lC lmol−1. Eco-scint scintillation
fluid was obtained from National Diagnostics.


A reference sample of germacrene A from soldier cephalic secre-
tion of a subterranean termite species was provided by Larry Cool,
Forest Products Laboratory, University of Berkeley, California,


Berkeley, USA. Valencene was a gift from De Monchy Aromatics
Ltd. Prof. Koenig, University of Hamburg, Germany, provided us
with a racemic sample of a- and b-elemene and standards of a-
and b-selinene and selina-4,11-diene. b-(E)-Farnesene was a gift
from John A. Pickett, FRS, and Lynda Ireland, BBSRC-Institute
for Arable Crops, Rothamsted, UK. (E,E)- and (E,Z)-a-farnesene
were obtained from Silvia Dorn, Institute of Plant Science ETH-
Zurich, Zurich, Switzerland, while aristolochene was generated by
incubation of FPP with WTAS.


Production of AS-mutants


The following mixture was prepared: 2 ll of a solution containing
10 lM of both forward and reverse primers in sterile water, 100 ng
of cDNA template, 1 ll of 10 mM dNTPs, 5 ll of Pfu Polymerase
buffer, 1 ll of Pfu polymerase and 40 ll of sterile water. The
PCR amplification reaction was carried out following the Promega
recommended thermal cycling conditions. The mutagenic primers
were as follows: 5′-CCGACTTTCGTGTGCATGCGCGCGCAG
and 5′-CTGCGCGCGCATGCACACGCCAGTCGG for AS-
F178C, 5′-CCGACTTTCGTGATTATGCGCGCGCAG and 5′-
CTGCGCGCGCATAATCACGCCAGTCGG for AS-F178I,
5′-CCGACTTTCGTGTGGATGCGCGCGCAG and 5′-CTG-
CGCGCGCATCCACACGCCAGTCGG for AS-F178W, and 5′-
GACTGCTGACCGTTCTCGCCCTTATCGATGATGTTCT-
TG and 5′-CAAGAACATCATCGATAAGGGCGAGAACG-
GTCAGCAGTC for AS-F112A (altered nucleotides in bold).
Plasmids were purified from overnight cultures using the Qiagen
miniprep kit as described by the manufacturer. All DNA sequences
were confirmed by sequence analysis using an Applied Biosystems
3700 automated DNA sequencer (Functional Genomics Labora-
tory, University of Birmingham).


For protein production, E. coli BL21 (DE3) cells were trans-
formed with the cDNA constructs, grown at 37 ◦C in LB medium
with 0.3 mM ampicillin until they reached an OD600 of 0.6
and protein production was induced with 0.5 mM isopropyl-
b-D-1-thiogalactopyranoside for 3.5 h. Cells were harvested by
centrifugation at 8000 g for 10 min and resuspended in 20 mM Tris,
pH 8, 5 mM EDTA and 5 mM 2-mercaptoethanol. Proteins were
then extracted from the inclusion bodies and purified following
the protocol described previously.12


Characterisation by GC-MS of sesquiterpene products


500 ll incubations were set up containing 25 lM purified protein,
2 mM FPP, 10 mM Tris (pH 7.5), 5 mM MgCl2, 5 mM 2-
mercaptoethanol and 15% glycerol at 25 ◦C. Reactions were termi-
nated by addition of 200 ll of 100 mM EDTA (pH 7.25). Products
were extracted into n-hexane (3 × 3 ml) and passed through
1.5 g silica gel columns. Pooled fractions were concentrated to
10–25 ll by a rotary evaporator and analyzed by GC-MS using
a ThermoQuest Finnigan GC 8000 gas chromatograph equipped
with a 30 m ZB5 column and a MD 1000 mass spectrometer.
Splitless injections of 2 ll were performed at 110 ◦C. The column
temperature was increased from 50 ◦C to 150 ◦C at a rate of
4 ◦C min−1 and maintained for 15 min at 150 ◦C.


Determination of the absolute configuration of germacrene A


The absolute configuration of germacrene A 4 produced by
aristolochene synthase and its mutants was determined using a
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GC equipped with a 30 m (0.2 mm) heptakis(O-TBDMS-2,3-di-
O-methyl)-b-cyclodextrin (50% in OV17) chiral column. Splitless
injections with an injector temperature of 250 ◦C induced the
Cope rearrangement of the enzymatically produced germacrene
A. The stereochemistry of the resulting b-elemenes was confirmed
by comparison with authentic samples.


Steady-state kinetics


Optimal enzyme concentration for the kinetic assays was de-
termined for each mutant, incubating 100 lM FPP (200 lC
lmol−1) with increasing concentrations of protein (from 20 nM
to 3 lM). For the determination of the appropriate incubation
time, a solution of 100 lM FPP (200 lC lmol−1) was assayed
with the maximum concentration of protein that, following the
procedure described above, was found to be in linear relationship
to the formation of products. Kinetic reactions were set up by
incubating increasing concentrations of FPP (200 lC lmol−1) with
the appropriate concentration of each mutant enzyme. All kinetic
studies were carried out at 30 ◦C using the buffer described for
the characterization of products in a final volume of 250 ll. The
reactions were terminated by the addition of 200 ll of 100 mM
EDTA (pH 7.25).
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Methodology for the diastereoselective synthesis of 2,5-disubstituted pyrrolidines by reduction of
enamines derived from pyroglutamic acid is reported; the nature of nitrogen protection was found to be
critical for the stereochemical control of the reaction outcome. Regioselective manipulation of the C-2
and C-5 substituents is possible, providing access to differently substituted pyrrolidines for a limited
number of cases.


The pyrrolidine ring nucleus forms the core of many natural
products, and exhibits wide-ranging biological activity.1–6 In order
to provide rapid access to these systems, we7,8 have been interested
in the development of reliable chemistry for the stereocontrolled
manipulation of any or all ring positions of pyroglutamic acid.9,10


In particular, 2,5-disubstituted pyrrolidines 1 are compounds of
considerable importance,11 and reliable diastereoselective access
to these systems continues to generate interest.12,13 Our focus has
more recently turned to manipulation of the lactam carbonyl of py-
roglutamate 2a as a route to these systems, and of particular value
is the Eschenmoser ring contraction,14,15 involving condensation
of thiolactam 2b with an a-bromoester. This reaction can occur
under particularly mild conditions, especially when the bromo
component is substituted with two electron withdrawing groups,
and is tolerant of a range of other functional groups, and as a
result has been extensively applied by Rapoport16 and others.17–19


However, it is known that reduction of the enaminone products
from the Eschenmoser contraction is highly substrate and reagent
dependent, being particularly easy for b-enamino (mono)esters,
and that cis-stereocontrol with catalytic hydrogenation and trans-
stereocontrol with metal hydrides is possible;20 an exhaustive
review of the chemistry of enaminone systems has recently
appeared,21 and a detailed analysis of the push–pull effect which
operates in these systems reported.22 Our plan was to further
examine the scope of this process, with the specific aim of defining
enabling methodology for the preparation of 2,5-disubstituted
pyrrolidines 1 by chain extension at either or both of the 2 and 5
positions of pyroglutamate 2a (Scheme 1); some of this work has
appeared in preliminary form.23,24


Scheme 1


The Department of Chemistry, Chemistry Research Laboratory, The Univer-
sity of Oxford, Mansfield Road, Oxford, UK OX1 3TA
† Electronic supplementary information (ESI) available: Copies of selected
1H NMR spectra. See DOI: 10.1039/b604183c


Results and discussion


The key step of the sequence is activation of the lactam carbonyl
of pyroglutamic acid ethyl ester 2a25 as the thiocarbonyl derivative
2b, achieved using either P2S5 or Lawesson’s reagent; we found
that this was most reliably achieved with crude ester 2a using
commercially available HPLC-grade dichloromethane at room
temperature for only 1.5 h using our published method.24 Excellent
yields (82%) of the corresponding product 2b were obtained which
could be readily purified by a single chromatographic step on
up to a 12 g scale. Thiolactam 2b could be readily converted
to enamine 2c in quantitative yield under standard Eschenmoser
coupling conditions, thus securing the necessary starting material
for further studies.


Reductions selectively leading to trans-pyrrolidines


Lactams 2c and 3 (as a 1 : 2 mixture of E/Z geometric isomers,
prepared by Eschenmoser contraction of 2b with ethyl 2-bromo-3-
oxo-3-phenylpropionate26) were subjected to reduction conditions
which had been successfully applied to related enamine substrates
substituted with a single ester function (Scheme 2).20 However, the
enamine function proved to be particularly resistant to reduction
and reaction of 3 and 2c could only be achieved with sodium
borohydride to give alcohols 4a,b (yields 71 and 80% respectively),
resulting from C-2 ester reduction and not enamine reduction.
An attempt to activate this system by protection of the nitrogen
function of 2c and 3 as the corresponding BOC derivatives required
forcing conditions, but gave 5a and 5b in 73 and 23% yield
respectively. However, this enamine function still proved to be
unreactive, since for example reaction of 5a with NaBH4 gave only
enamine 6 from C-2 ester reduction and debenzoylation (11%).
Interestingly, application of conditions (nBuLi, CuI, Et2O) to 3
and 5a recently reported to be successful for conjugate additions to
lactam-derived enamine systems19 was not successful, illustrating
the lack of reactivity of this enamine system.


Because of the complications of chemoselectivity in the differ-
ently substituted enamine substrate 3, reductions of diester 2c were
examined in more detail (Scheme 2). Sodium cyanoborohydride in
ethanol at pH 3–527 gave product 7a, although this product could
not be separated from an unidentified impurity. Catalytic hydro-
genation (H2, Pt/C or Pd/C, 4.5 atm) also returned unreacted
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Scheme 2


starting material, indicating a substantial lowering of reactivity
of b-enamino diesters relative to their b-enamino monoester
counterparts, but application of more forcing conditions (H2,
PtO2.H2O,‡ TFA–HOAc (1 : 3), 4.5 atm, 48 h)26 gave a quantitative
yield of a 1 : 2 ratio of an inseparable cis- : trans-product mixture
7a (this stereochemical assignment was established subsequently
on the benzoyl derivative 7b, vide infra). This approach provides
a convenient solution to the problem of the difficult reduction
of b-enamino esters which has been noted in the literature.17,26–28


Benzoylation of the amine nitrogen of 7a (PhCOCl, py, 30–
40 ◦C) proceeded without difficulty to give a separable mixture
of cis- and trans-7b in excellent yield but variable cis- : trans-ratio,
suggesting the possibility of equilibration during the acylation
reaction. Acetylation (Ac2O, py) proceeded in good yield and gave
a mixture of cis- and trans-7c.


The assignment of relative stereochemistry in these systems
proved to be of particular difficulty but was of considerable
importance. Since useful correlations of stereostructure and 1H
NMR spectroscopic data had previously been established in our
pyroglutamate systems29,30 it seemed feasible that a similar analysis
might prove fruitful in this case; however, rotameric equilibria, not
present for the pyroglutamates, proved to be a serious complication
for these pyrrolidines, as might be expected. Although the two


‡ PtO2 obtained from BDH proved to give shortest reaction times and to
be the most reliable.


different diastereomers of 7b could be readily distinguished (in the
1H NMR spectrum of compounds cis- and trans-7b (in CDCl3), all
3 ester methylene, H-2 and H-6 signals were co-incident at about
d 4.1–4.4 for the cis-product, but in the trans-compound, one of
the ester methylenes was upfield from the others by 0.3 ppm, and
H-2 and H-6 (which were almost co-incident (Dd 0.05 ppm)) were
downfield by Dd 0.2 ppm of the remaining two ester methylenes),
direct assignment of relative stereochemistry was not possible.
Furthermore, the 1H NMR spectrum exhibited overlapped signals
and extensive broadening for cis-7b, presumably as a result of
rotameric equilibration, but those of trans-7b did not.§ A better
spread of chemical shift values was possible in C6D6, but not
enough to enable stereochemical assignment, and rotameric effects
were still evident. However, variable temperature (VT) analysis
(373 K in d6-DMSO) resulted in significant sharpening of all
signals, and enabled acquisition of NOE data (Fig. 1). For cis-
7b, irradiation of both C(2)H and C(5)H, in addition to a weak
mutual enhancement, gave clear enhancements at C(3)H and
C(4)H, and the stereochemistry of trans-7b was indicated by C(2)H
enhancements at C(3)H and C(3)H′ and by C(5)H enhancements
at C(3)H′ and C(4)H′, with no C(2)H–C(5)H enhancements. Inde-
pendent stereochemical assignment was possible by single crystal
X-ray analysis of pyrrolidine cis-7b,23 which confirmed these NOE


§Copies of selected 1H NMR spectra are available in electronic form (see
accompanying ESI data).†
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Fig. 1 NOESY data for selected compounds.


Fig. 2 Preferred conformations in 2,5-disubstituted pyrrolidines.


results; the crystal structure indicated a conformation in which the
C-2 substituent was pseudoaxial, the C-5 group pseudoequatorial,
the C-3 was out of plane of the remaining ring atoms, and the
nitrogen was slightly pyramidalised (Fig. 2). Presumably this
arrangement minimises eclipsing interactions in the ring which
would arise in a di(pseudoequatorial) conformer. Unfortunately,
a similar crystallographic analysis was not possible for trans-
7b, since it was an oil. Further investigation of pyrrolidines 7b
indicated that the pure cis-isomer could be converted (NaH–
DMF–0 ◦C → RT) to a cis- : trans-product mixture (1.7 : 1), and
that treatment of the pure trans-7b with LDA at low temperature
also gave recovered starting material in which the trans-isomer
predominated (5.7 : 1). This clearly indicates that equilibration of
the two isomers is possible; we presume that initial b-elimination,


favoured by a highly acidic C(6)H and good N-benzoyl leaving
group followed by ring re-closure, is responsible for this outcome
under these conditions (Scheme 3, a and b). Unexpected retro-
Michael additions of cyclic b-aminoesters have been observed
previously.31


Reductions selectively leading to cis-pyrrolidines


We subsequently found that reversal of the order of steps leading
to the intermediate benzamide 7b permitted reduction under
milder conditions and consequent isolation of the cis-isomer.
Thus, protection of the enamine function21 of 2c under forcing
conditions (PhC(O)Cl, Et3N, DCM, DMAP, 2 days at reflux) gave
N-benzoyl derivative 8 in 41% yield (Scheme 2), whose structure


Scheme 3
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Scheme 4


was confirmed by single crystal X-ray analysis,¶ and this was
susceptible to reduction under significantly milder conditions than
enamine 2c (10% Pd–C, H2, 5 atm, 24 h, EtOH : DCM = 10 : 1)
to give pyrrolidine 7b, this time as a 9 : 1 mixture of cis : trans-
isomers in 80% yield. However, since we later found (vide supra)
that alkylation of the enolate derived from cis-7b gave only the
corresponding trans-products, due to the same facile ring opening–
ring closing equilibration illustrated in Scheme 3, this compound
was of limited synthetic utility for our purpose.


Since the crucial equilibration process of Scheme 3a,b leading
to trans-products 7b seemed likely to depend on the good leaving
ability of the N-benzoyl groups of 7b, it was of interest to apply an
amine protecting group which did not withdraw electron density
from the nitrogen. However, protection of the amine group of com-
pounds like 2c and 7a is difficult due either to the delocalised nature
of the amine lone pair or the hindered nature of the amine function,
respectively, and a further complication for derivatives of 7a is their
highly basic and polar characteristics which makes for difficult
isolation. Although it was possible to alkylate enamine 2c giving
compounds 9a and 9b (Scheme 4), these compounds could not be
subsequently reduced by catalytic hydrogenation; in the case of 9c,
ring cleavage resulted very efficiently, giving heptanedioate 10. On
the other hand, attempts at introducing N-Me or N-Bn groups into
7a by standard alkylation-type approaches gave recovered starting
material and/or low yield of product, and attempted reductive
amination with benzaldehyde gave no identifiable material. De-
protonation of amine 7a (cis : trans = 1 : 2) with LiHMDS at 0 ◦C
followed by reaction with tert-butyl bromoacetate was successful,
however, and gave the desired adduct 7d in 50% yield (Scheme 2), as
the cis-isomer exclusively; this isomer is likely to be favoured since
an all anti-conformational arrangement of contiguous substituted
ring positions is possible (similar conformational preference for
the anti-substitution pattern in related acylated oxazolidines has
been demonstrated).32–35 Significantly, this tertiary amine could
be readily purified by chromatography on silica, unlike related
compounds which required distillation.36 Noteworthy also was
that the 1H NMR spectrum of this compound at room temperature
gave well resolved signals, unlike the N-benzoyl protected 7b
which required VT analysis at 373 K to give useful spectra,23


and its stereochemical assignment was based on careful NOE


¶ CCDC reference numbers 602416 and 602417. For crystallographic data
in CIF or other electronic format see DOI: 10.1039/b604183c. Crystal data
and data collection parameters for compound 8: C21H25NO7, T = 150 K,
M = 403.43, monoclinic, a = 8.8317(5), b = 10.1281(5), c = 12.0240(7)
Å, V = 1047.9 Å3. Space group P21, Z = 2, Dx = 1.279 mg m−3, l =
0.096 mm−1. The compound was crystallised from EtOAc–petrol. Crystal
data and data collection parameters for compound 22b: C33H37NO6, T =
150 K, M = 543.66, monoclinic, a = 8.3002(2), b = 33.6715(4), c =
10.5310(2) Å, V = 2943.0 Å3. Space group P21, Z = 4, Dx = 1.227 mg m−3,
l = 0.084 mm−1. The compound was crystallised from EtOAc–petrol.


analysis at room temperature (Fig. 1); thus, irradiation of C(5)H
gave significant enhancements at C(2)H, NCHH, C(3)H, C(4)H,
while irradiation of H-2 gave significant enhancements at C(5)H,
NCHH, C(3)H, C(4)H, consistent with the cis-stereochemistry.
Simple molecular modelling calculations (Chem3D with MM2
parameters) suggested that the cis-2,5-isomer was more stable
than the corresponding 2,5-trans-isomer by 4.8 kJ mol−1, and
that the preferred conformation was one in which the C-2 and
C-5 substituents were pseudodiaxial and trans- to the bulky tert-
butoxycarbonylmethyl substituent on a slightly pyramidalised
nitrogen atom (Fig. 2).


Alkylation reactions at C-2 and C-5


We anticipated that compound 7b would prove to be a useful
synthetic template enabling direct modification of either the C-
2 ethoxycarbonyl or C-5 bis(ethoxycarbonyl)methyl substituents,
but observed some unexpected complications in its reactivity
(Scheme 5). Attempted reduction of the C-2 ethoxycarbonyl of 7b
(which had been straightforward for enamines 2c,3, giving alcohols
4a,b as noted above in Scheme 1) proved to be problematic, and
formation of amide 11a (40%), along with the inseparable by-
products 11b (6%) and 11c (7%), was observed. These results are
also consistent with a facile b-elimination of starting 7b, which
in this case is followed by a,b-double bond and ester reduction
(either once or twice) to give the observed products (Scheme 3).


In an effort to extend the C-6 (bisethoxycarbonyl)methyl
substituent using a standard alkylation strategy, deprotonation
at the more acidic malonate-type centre followed by electrophilic
quench was examined. Treatment of pure trans-7b with NaH
then benzyl bromide in DMF gave a 51% yield of trans-12a. The
stereochemistry of 12a was unequivocally assigned by VT/NOE
analysis in d6-DMSO at 373 K (Fig. 1). Significantly, irradiation
of the benzylic system gave enhancements at C(2)H, C(3)H and
C(4)H, suggesting a preferred conformation in which this group
is folded under the heterocyclic ring (Fig. 2). By contrast, the cis-
starting material 7b gave none of the expected cis-product 13a,
but instead a 59% yield of trans-12a (which was of identical [a]D to
the material prepared from trans-7b). In each of these reactions,
starting material (about 10%) was recovered as a mixture of cis-
and trans-isomers but without loss of [a]D, indicating that racemi-
sation was not occurring in the reaction. Since the same trans-12a
was obtained from either cis or trans-7b, optimisation was carried
out on a cis–trans-mixture of 7b and conditions were established
which increased the alkylation yield up to 73%. These results
are also consistent with the facile cis–trans-equilibration of 7b as
described above (Scheme 3, a and b), followed by selective alkyla-
tion of the trans-isomer in the equilibrium mixture (Scheme 3,
c). Moreover, isolation of identical trans-12a from either cis
or trans-7b ruled out the possible formation of ent-trans-12a
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Scheme 5


by initial epimerisation at C-2 of cis-7b followed by alkylation at
C-6 (Scheme 3, d and e). Alternatively, methylation of pure trans-
7b with KH–methyl triflate gave a 88% yield of trans-12b. The
stereochemistry of 12b was again assigned by VT/NOE analysis in
d6-DMSO at 373 K (Fig. 2§), and confirmed by single crystal X-ray
analysis;23 this indicated a conformation in which both the C-2 and
C-5 substituents were pseudoaxial, that C-3 was out of plane of
the remaining ring atoms, the benzoyl carbonyl group was directed
towards the C-5 substituent, and C(6)Me was located under the
heterocyclic ring. The cis-starting material 7b also gave none of the
expected cis-product 13b under these conditions, but instead a 25%
yield of trans-12b. Again, in these reactions, recovered starting
material 7b which was isolated had been equilibrated to a cis-,
trans-mixture. The equilibration sequence shown in Scheme 3
therefore appears to be operating in this case too.


Having compounds 12a,b in hand gave the opportunity to
confirm our earlier hypothesis concerning equilibration by elimi-
nations in derivatives 7b, since the acidic malonyl H-6 proton was
now blocked; when 12b was treated with base followed by benzyl
bromide, alkylation at C-2 occurred to give a 2 : 3 mixture of cis-
and trans-adducts 14, but only in low yield (27%); presumably this
is a result of steric hindrance at the C-2 position due to the proxim-


ity of the distal C-6 methyl group, by analogy with the structure of
pyrrolidine 12b as determined from its NOE analysis (Fig. 2). An
attempt to alkylate benzyl derivative 12a gave none of the expected
product, and this is consistent with a highly hindered conforma-
tion in which the benzyl group is folded over the C-2 position.


Alternatively, regioselective C-2 modification was also possible:
double deprotonation of trans-7b with excess LDA (5 equivalents)
and alkylation (excess MeI) gave monomethyl adduct 15 in good
overall yield (54%). In this compound, the room temperature 1H
NMR spectrum exhibited very broad signals, but at 373 K (d6-
DMSO) a highly resolved spectrum was observed; NOE analysis
(Fig. 1) indicated the expected enhancements around the ring,
but no C-2(Me)/C(5)H enhancements, consistent with the trans-
relative stereochemistry. This tentative assignment is corroborated
by the observation that in the 1H NMR spectrum, the OCH2CH3


signals were not coincident, and that C(6)H did not lie under these
signals; this arrangement has also been observed for other trans-
isomers as described above. We believe that this outcome arises
because the intermediate dienolate which is formed alkylates at
the more reactive enolate position and in an anti-sense to the
benzoyl group (which is itself trans- to the C-5 malonate residue)
with a kinetic pseudoaxial preference (Scheme 6).


Scheme 6
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Scheme 7


When this procedure was applied to cis-7b, a low yield (25%)
of ent-15 was obtained, since the material from this reaction
exhibited opposite optical rotation to product 15 from the reaction
with trans-7b; this could be improved to a yield of 40% by
using lithium tetramethylpiperidide (3 equivalents) as the base.
This result is consistent with the fact that the trans-C(2)Me–
C(5)H stereochemistry is the thermodynamically more stable
arrangement in these systems. In this case, in the presence of
5 equivalents of base (LDA), cis-7b can be expected to form
the corresponding cis-dienolate A (Scheme 7); however, now the
retro-Michael addition which would otherwise equilibrate the less
favourable cis-isomer to the more favourable trans- one (as shown
in Scheme 3) is not favoured due to the intermediacy of the
adjacent dianion B, so epimerisation to the trans-dienolate C can
only occur by direct anion inversion at C-2. By a ring flip, this
gives the enolate derived from ent-trans-7b, which of course then
alkylates with the same diastereoselectivity as trans-7b, to give
ent-15.


The use of LiHMDS as base also enabled direct formation of the
dienolate derived from 7b, but treatment of this with excess methyl
iodide gave a poor yield of pyrrolidine 16 (5%) and as a mixture of
diastereomers. This alkylation sequence was not successful using
benzyl bromide, or 1,2-dibromoethane.


In the N-alkyl cis-pyrrolidine series (Scheme 8), compound 7d
proved to be amenable to further manipulation, so that reaction
with NaH and ethyl triflate in CH2Cl2, or benzyl bromide in DMF
at room temperature, gave products 17a,b in 32% (along with 29%
of recovered starting material) and 36% respectively. The regiose-
lectivity of these alkylations was confirmed by the disappearance
of C(6)H–C(5)H COSY correlations, and HMBC and HMQC
correlations. Furthermore, coupling constants of >18.5 Hz in-


dicated the presence of geminal protons of NCH2CO2t-Bu thus
confirming that alkylations occurred at C-6 and not a- to the tert-
butyl ester. For the ethyl derivative 17a, irradiation of CH2CO2t-
Bu gave enhancement to C(5)H, while irradiation of C(2)H
resulted in significant enhancement to C(5)H, suggesting cis-
stereochemistry. For the benzyl derivative 17b, irradiation of
C(5)H gave significant enhancements at C(2)H, C(3)H, C(4)HH ′,
CH2Ph, and CH2CO2t-Bu, suggesting the cis-stereochemistry. For
these compounds, molecular modelling calculations (Chem3D
with MM2 parameters) suggested that the cis-2,5-isomers are
more stable than the corresponding trans-2,5-isomers by between
2.0–4.5 kJ mol−1. The importance of heterocyclic N-alkylcarbonyl
derivatives as conformational controlling elements in biologically
relevant ligands has recently been reported.37


Reductions


A key difficulty in the reduction of these highly functionalised
systems is therefore the ease with which equilibration can occur
across the 2,5-disubstituted pyrrolidine system (Scheme 3 and
Scheme 7); it was of interest to compare the reductive behaviour in
systems for which the C-2 ester substituent was not present. Thus,
alcohol 4b, prepared as shown in Scheme 2, was subjected to a
range of reductive conditions (including PtO2, H2; NaCNBH3;
NaBH4–HOAc), but none gave the desired reduction products.
Protection of the alcohol as the TBDPS, methyl ether and
acetate derivatives 18, 19 and 20 could be achieved in good yield
(92, 52 and 100% respectively) and for the latter two at least,
catalytic reduction was successful, giving pyrrolidine 21 (after N-
benzylation) and 22a in good yield (77 and 100% respectively) but
as a mixture of inseparable diastereomers. The 1H NMR spectrum


Scheme 8
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Scheme 9


of pyrrolidine 21 (in CDCl3) showed broadening of signals, and
variable temperature analysis (373 K in d6-DMSO) also failed
to give a resolved spectrum; however, in C6D6 better resolution
was achieved. In the case of 22a, immediate trityl protection
gave product 22b, in which acetyl migration had occurred, whose
structure and relative stereochemistry was confirmed by single
crystal X-ray analysis,¶ or protection with benzoyl chloride and
pyridine gave benzamide 22c (Scheme 9).


Conclusion


We have identified conditions suitable for the reduction of
enamines substituted with ester functions, derived from pyrog-
lutamic acid enabling generation of synthetic intermediates which
permit regioselective C-2 or C-6 manipulation, providing access
to trans- or cis-2,5-disubstituted pyrrolidines. Furthermore, an
effective spectroscopic protocol involving 1H NOE analysis at
high temperature (373 K) has been identified which minimises
conformational effects and permits detailed stereochemical as-
signments to be made in these highly conformationally mobile
systems; where possible, these have been confirmed independently
by crystallographic analysis.


Experimental
1H NMR spectra were recorded on Varian Gemini 200 (200
MHz) and Bruker AM-500 (500 MHz) spectrometers. 13C NMR
spectra were recorded on the same spectrometers at 50.3 MHz
and at 125.8 MHz respectively. Low resolution mass spectra were
recorded on a VG Masslab 20–250 spectrometer using the CI
or on a Hewlet Packard series 1050 spectrometer using APCI
in the (APCI+) mode or ES in the (ES+) mode. Sealed mass-
to-charge (m/z) peaks are quoted in Daltons as percentage of
the base peak. Accurate mass spectra were recorded on a VG
Autospec spectrometer operating in positive ion electrospray
mode by Dr N. J. Oldham and Mr R. Proctor at the Dyson
Perrins Laboratory, Oxford. Gas chromatography mass spectra
(GCMS) were recorded on a VG Trio-1 spectrometer. Thin layer
chromatography (TLC) was performed using Merck aluminium
foil backed sheets precoated with Kieselgel 60 F254. Plates were


visualised using UV light (254 nm) or a solution of 5% w/v
dodeca-molybdophosphoric acid in EtOH followed by heat. Flash
column chromatography was carried out using Sorbisil(tm) C60


H(40–60 mm) silica gel.


(S)-2-Ethyloxycarbonyl-5-thioxo-pyrrolidine 2b38,39


To a suspension of Lawesson’s reagent (16.00 g, 38.71 mmol) in
CH2Cl2 (150 ml) was added ester 2a (12.15 g, 77.41 mmol) as a
solution in CH2Cl2 (150 ml) and the reaction mixture stirred for
1.5 hours. The solvent was removed under reduced pressure and
the residue was divided into 2 portions which were purified by
flash column chromatography [EtOAc : petrol (40–60) 2 : 3] to
give 2b (11 g, 82%) as viscous oil. Rf = 0.22 (3 : 1 petrol (40–60) :
EtOAc); mmax/cm−1 (neat) 3181, 1741, 1503; dH (400 MHz, CDCl3)
1.27 (3H, t, J 7.0, OCH2CH3), 2.27–2.36 (1H, m, C(3)HH), 2.49–
2.58 (1H, m, C(3)HH), 2.86–3.02 (2H, m, C(4)H2), 4.23 (2H, q,
J 7.0, OCH2CH3), 4.51 (1H, dd, J 8.7, 6.2, C(2)H), 8.54 (1H, br,
NH); m/z (APCI+) 174 (M + H+, 100%).


(S)-5-(Di(ethoxycarbonyl)methylidene)-pyrrolidine-2-carboxylic
acid ethyl ester 2c26


Diethyl 2-bromomalonate (18.6 g, 78.0 mmol), NaHCO3 (13.1 g,
156 mmol) and CH2Cl2 (150 ml) were added to thiolactam 2b
(6.75 g, 39.0 mmol). The suspension was heated under reflux
for 48 hours, cooled, washed with water, dried with MgSO4, and
evaporated. Silica gel chromatography [petrol (40–60) : EtOAc 3 :
2] afforded the enamine 2c (11.6 g, 100%) as viscous oil. Rf = 0.58
(3 : 2 petrol (40–60) : EtOAc); [a]26


D = −28.9 (c = 1.26, CHCl3);
mmax/cm−1 (neat) 1743, 1691, 1649, 1573; dH (400 MHz, CDCl3)
1.15–1.24 (9H, m, 3 × OCH2CH3), 2.03–2.11 (1H, m, C(3)HH),
2.23–2.33 (1H, m, C(3)HH), 2.99–3.14 (2H, m, C(4)H2), 4.06–4.17
(6H, m, 3 × OCH2CH3), 4.37 (1H, dd, J 8.8, 5.6, C(2)H), 9.57
(1H, br, NH); dC (50 MHz, CDCl3) 14.1 (OCH2CH3), 14.3 (2 ×
OCH2CH3), 25.9 (C(3)), 33.2 (C(4)), 59.7, 59.8 (2 × OCH2CH3),
60.8 (C(2)), 61.7 (OCH2CH3), 88.8 (NCC), 167.5, 169.4, 171.1,
172.1 (C(5), 3 × CO2C2H5); m/z (APCI+) 300 (M + H+, 2%), 254
(100%).
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(S)-Methyl 5-(1-ethoxy-1,3-dioxo-3-phenylpropan-2-
ylidene)pyrrolidine-2-carboxylate 3


To ethyl 2-bromo-3-oxo-3-phenylpropionate40 (3.30 g, 12.2 mmol)
and NaHCO3 (2.04 g, 24.4 mmol) was added a solution
of (S)-methyl 5-thioxopyrrolidine-2-carboxylate.27,41,42 (0.970 g,
6.10 mmol) in CH2Cl2 (86 ml). The suspension was heated
under reflux for 36 hours, cooled, filtered through celite, and the
solvent evaporated. Silica gel chromatography [Toluene : EtOAc
4 : 1] afforded the enamine 3 (0.960 g, 50%), as a mixture of
diastereomers in a ratio of 1 : 2, as brown oil. Rf = 0.31 (3 : 1
petrol (40–60) : EtOAc); mmax/cm−1 (neat) 3038, 1746, 1685, 1600,
1528, 1477; dH (200 MHz, CDCl3) 0.63–0.72 (3H, m, OCH2CH3),
2.07–2.41 (2H, m, C(3)H2), 3.05–3.24 (2H, m, C(4)H2), 3.66–3.89
(5H, m, OCH2CH3, OCH3), 4.44–4.56 (1H, m, C(2)H), 7.23–7.59
(5H, m, C6H5), 9.47 (1H, br, NH (minor diastereomer)), 10.94
(1H, br, NH (major diastereomer)); dC (50 MHz, CDCl3) (major,
minor) 13.3,13.4 (OCH2CH3), 25.3, 26.0 (C(3)), 33.0, 32.4 (C(4)),
52.6 (CO2CH3), 59.4, 59.1 (OCH2CH3), 61.3, 60.7 (C(2)), 98.7,
96.5 (NCC), 125.2, 126.7, 127.6, 127.9, 128.1, 128.9, 129.6, 130.7
(C6H5),142.5, 143.2 (quaternary ArC), 168.8, 169.5, 171.2, 171.5,
173.2,172.0 (C(5), CO2CH3, CO2C2H5), 195.0, 194.8 (C6H5CO);
m/z (APCI+) 318 (M + H+, 8%), 272 (100%); HRMS (M + H+)
318.1340, C17H20NO5 requires 318.1341.


(S)-Ethyl 2-(5-(hydroxymethyl)pyrrolidin-2-ylidene)-3-oxo-3-
phenylpropanoate 4a


To a solution of enamine 3 (0.10 g, 0.32 mmol) in absolute ethanol
(3 ml) was added sodium borohydride (0.050 g, 1.3 mmol) at
0 ◦C and stirred for 10 minutes, and then at room temperature
for 5 hours. Glacial acetic acid was then carefully added to the
mixture with stirring and cooling in an ice bath, until pH 5.0
was reached. The solvent was evaporated in vacuo and silica gel
chromatography [EtOAc] afforded the alcohol 4a (0.070 g, 71%),
as a mixture of diastereomers in a ratio of 1 : 5, as a viscous oil. Rf =
0.36 (EtOAc); mmax/cm−1 (neat) 3340, 3044, 1659, 1589, 1476; dH


(400 MHz, CDCl3) (major) 0.71 (3H, t, J 7.0, OCH2CH3), 1.67–
1.75 (1H, m, C(3)HH), 2.03–2.13 (1H, m, C(3)HH), 3.08–3.18
(2H, m, C(4)H2), 3.31 (1H, dd, J 11.4, 6.9, CHHOH), 3.64–3.86
(3H, m, CHHOH, OCH2CH3), 4.04–4.51 (1H, m, C(2)H), 7.25–
7.60 (5H, m, C6H5), 11.01 (1H, br, NH); dC (100 MHz, CDCl3)
13.5 (OCH2CH3), 22.8 (C(3)), 33.0 (C(4)), 59.5 (OCH2CH3), 62.5
(C(2)), 64.6 (CH2OH), 98.1 (NCC), 125.6, 127.6, 129.4 (ArC),
143.5 (quaternary ArC), 169.13, 173.0 (C(5), COOC2H5), 195.2
(C6H5CO); m/z (APCI+) 290 (M + H+, 4%), 244 (100%). dH


(400 MHz, CDCl3) (minor) 1.24 (3H, t, J 7.1, OCH2CH3), 1.67–
1.75 (1H, m, C(3)HH), 2.03–2.13 (1H, m, C(3)HH), 2.59–2.61
(2H, m, C(4)H2), 3.42–3.58 (2H, m, CH2OH), 3.64–3.86 (1H, m,
C(2)H), 4.04–4.51 (2H, m, OCH2CH3), 7.25–7.6 (5H, m, C6H5),
9.47 (1H, br, NH); dC (100 MHz, CDCl3) 14.6 (OCH2CH3), 23.8
(C(3)), 31.7 (C(4)), 59.1 (OCH2CH3), 61.6 (C(2)), 65.1 (CH2OH),
95.6 (NCC), 125.6, 128.4, 131.7 (ArC), 142.9 (quaternary ArC),
170.1, 170.8 (C(5), CO2C2H5), 195.4 (C6H5CO).


(S)-Diethyl 2-(2-(hydroxymethyl)pyrrolidin-5-ylidene)malonate 4b


To a solution of enamine 2c (3.0 g, 10 mmol) in absolute ethanol
(150 ml) was added sodium borohydride (1.5 g, 40 mmol) at 0 ◦C
and stirring continued for 30 minutes, then at room temperature


for 6 hours. Glacial acetic acid was then carefully added to the
mixture with stirring and cooling in an ice bath until pH 5.0 was
reached. The mixture was partitioned between CH2Cl2 and water.
The organic layer was washed with saturated solution of NaHCO3,
water and brine, dried with MgSO4, and the solvent evaporated.
Silica gel chromatography [EtOAc : MeOH 95 : 5] gave alcohol 4b
(2.1 g, 80%) as viscous oil. Rf = 0.26 (3 : 7 petrol (40–60) : EtOAc);
[a]22


D = +19.3 (c = 0.14, CHCl3); mmax/cm−1 (neat) 3416, 1644, 1567;
dH (400 MHz, CDCl3) 1.27 (3H, t, J 7.1, OCH2CH3), 1.28 (3H,
t, J 7.1, OCH2CH3), 1.73–1.80 (1H, m, C(3)HH), 2.05–2.15 (1H,
m, C(3)HH), 2.78 (1H, s, OH), 3.02–3.20 (2H, m, C(4)H2), 3.52
(1H, dd, J 11, 6.7, CHHOH), 3.71 (1H, dd, J 11, 4.0, CHHOH),
3.98–4.01 (1H, m, C(2)H), 4.14–4.28 (4H, m, 2 × OCH2CH3),
9.59 (1H, br, NH); dC (50 MHz, CDCl3) 14.3 (2 × OCH2CH3),
23.8 (C(3)), 33.8 (C(4)), 59.6 (2 × OCH2CH3), 60.4 (C(2)), 66.1
(CH2OH), 87.3 (NCC), 167.8, 169.7, 172.7 (C(5), 2 × CO2C2H5);
m/z (APCI+) 258 (M + H+, 8%), 212 (100%); HRMS (M + H+)
258.1340, C12H20NO5 requires 258.1341.


(S)-N-tert-Butoxycarbonyl-5-(1-ethoxycarbonyl-2-oxo-2-phenyl-
ethylidene)-pyrrolidine-2-carboxylic acid methyl ester 5a


To a solution of enamine 3 (1.00 g, 3.15 mmol) in CH2Cl2 (10 ml)
at 0 ◦C was added triethylamine (0.65 ml, 4.7 mmol), di-tert-butyl
dicarbonate (0.97 g, 4.7 mmol) as a solution in CH2Cl2 (15 ml),
and (dimethylamino)pyridine (0.39 g, 3.2 mmol) as a solution in
CH2Cl2 (15 ml). The mixture was refluxed for 48 hours, cooled,
washed with water and brine, dried with MgSO4, and evaporated.
Silica gel chromatography [toluene : EtOAc 4 : 1] afforded the
carbamate 5a (0.96 g, 73%) as a mixture of diastereomers in a ratio
of 1 : 2.25, as viscous yellow oil. Rf = 0.55 (3 : 2 petrol (40–60) :
EtOAc); mmax/cm−1 (neat) 3040, 1744, 1707, 1664, 1602, 1522, 1477;
dH (400 MHz, CDCl3) (major) 0.86 (3H, t, J 7.1, OCH2CH3), 1.21
(9H, s, C(CH3)3), 2.06–2.10 (1H, m, C(3)HH), 2.30–2.38 (1H, m,
C(3)HH), 3.09–3.15 (2H, m, C(4)H2), 3.74 (3H, s, OCH3), 3.91–
4.03 (2H, m, OCH2CH3), 4.58 (1H, dd, J 9.4, 3.3, C(2)H), 7.35–
7.39 (3H, m, ArH), 7.85–7.88 (2H, m, ArH); dC (100 MHz, CDCl3)
13.6 (OCH2CH3), 26.0 (C(3)), 27.7 (C(CH3)3), 31.6 (C(4)), 52.3
(CO2CH3), 60.4 (OCH2CH3), 62.6 (C(2)), 83.2 (C(CH3)3), 112.2
(NCC), 127.8, 128.6, 131.6 (ArC), 138.9 (quaternary ArC), 150.0,
155.2, 167.1, 172.0 (C(5), CO2CH3, CO2C2H5, COC(CH3)3), 192.2
(C6H5CO); m/z (CI+) 418 (M + H+, 12%), 318 (100%), 272 (45%);
HRMS (M + H+) 418.1858, C22H28NO7 requires 418.1866. dH


(400 MHz, CDCl3) (minor) 0.96 (3H, t, J 7.1, OCH2CH3), 1.43
(9H, s, C(CH3)3), 2.06–2.10 (1H, m, C(3)HH), 2.30–2.38 (1H,
m, C(3)HH), 2.67–2.70 (1H, m, C(4)HH), 2.79–2.85 (1H, m,
C(4)HH), 3.76 (3H, s, OCH3), 3.91–4.03 (2H, m, OCH2CH3),
4.65 (1H, dd, J 9.3, 3.3, C(2)H), 7.43–7.47 (3H, m, ArH), 7.73–
7.75 (2H, m, ArH); dC (100 MHz, CDCl3) 14.1 (OCH2CH3),
26.1 (C(3)), 27.8 (C(CH3)3), 31.7 (C(4)), 52.4 (CO2CH3), 60.6
(OCH2CH3), 62.6 (C(2)), 83.3 (C(CH3)3), 115.6 (NCC), 128.2,
128.6, 132.1 (ArC), 139.6 (quaternary ArC), 150.5, 155.5, 166.6,
171.8 (C(5), CO2CH3, CO2C2H5, COC(CH3)3), 193.6 (C6H5CO).


(S)-N-tert-Butoxycarbonyl-5-(ethoxycarbonylethylidene)-2-
hydroxymethylpyrrolidine 6


To a solution of carbamate 5a (0.20 g, 0.48 mmol) in abso-
lute ethanol (10 ml) was added sodium borohydride (0.040 g,
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0.96 mmol) at 0 ◦C and the reaction was refluxed for 23 hours.
Glacial acetic acid was then carefully added to the mixture with
stirring and cooling in an ice bath, until pH 5.0 was reached.
The mixture was partitioned between CH2Cl2 and water. The
organic layer was washed with saturated solution of NaHCO3,
water and brine, dried with MgSO4, and the solvent evaporated.
Silica gel chromatography [petrol (40–60) : EtOAc 3 : 2] afforded
alcohol 6 (0.014 g, 11%). Rf = 0.60 (3 : 2 petrol (40–60) :
EtOAc); dH (400 MHz, CDCl3) 1.41–1.44 (3H, m, OCH2CH3),
1.48 (9H, s, C(CH3)3), 1.93–2.31 (2H, m, C(3)H2), 2.94–3.07 (1H,
m, C(4)HH), 3.38–3.45 (1H, m, C(4)HH), 4.09–4.24 (4H, m,
CH2OH, 2 × OCH2CH3), 4.57–4.6 (1H, m, C(2)H), 6.55 (1H, m,
CHCO2Et); dC (125 MHz, CDCl3) 14.1 (OCH2CH3), 25.4 (C(3)),
HCH2CH2), 28.3 (C(CH3)3), 29.5 (C(4)), 59.2, 61.3 (CH2OH,
OCH2CH3), 62.1 (C(2)), 95.6 (C(CH3)3), 96.8 (CHCO2Et), 156.5,
168.6, 171.5 (C(5), COC(CH3)3, CO2C2H5); m/z (CI+) 366 (M +
H+, 100%), 112 (65%); m/z (EI+) 286 (1%), 224 (100%).


(2S,5S and 2S,5R)-5-(Di(ethoxycarbonyl)methyl)-pyrrolidine-
2-carboxylic acid ethyl ester 7a


The enamine 2c (1.00 g, 3.30 mmol) was dissolved in HOAc
(7.50 ml) to which was added Adams’ catalyst (0.16 g) in TFA
(2.5 ml). The hydrogenation apparatus was flushed 3 times with
hydrogen, and finally set to a pressure of 4.5 atm and the mixture
stirred for 48 hours. Careful filtration through Celite R© using
EtOAc, followed by solvent removal, gave a residue which was
dissolved in CH2Cl2 (50 ml) and washed with dilute aqueous
ammonia (3.2%) (50 ml), water and brine. The solution was dried
over MgSO4 and the solvent removed to give quantitative yield
(1.01 g) of amine 7a as in inseparable mixture of diastereomers
in a ratio of 1 : 2. Rf = 0.37 (3 : 2 petrol (40–60) : EtOAc);
mmax/cm−1 (neat) 3349, 1735; dH (400 MHz, CDCl3) (major) 1.26–
1.32 (9H, m, 3 × OCH2CH3), 1.61–1.65 (1H, m, C(4)HH), 1.85–
1.90 (1H, m, C(3)HH), 1.95–2.01 (1H, m, C(4)HH), 2.16–2.23
(1H, m, C(3)HH), 3.30 (1H, d, J 9.3, NCHCH), 3.79–3.82 (1H,
m, C(2)H), 3.91 (1H, dd, J 9.3, 7.3, C(5)H), 4.13–4.25 (6H, m,
3 × OCH2CH3); dC (100 MHz, CDCl3) 13.8 (3 × OCH2CH3), 29.1
(C(4)), 29.2 (C(3)), 56.9 (C(5)), 58.6 (NCHCH), 59.3 (C(2)), 61.0,
61.4, 61.5 (3 × OCH2CH3), 168.0, 168.4, 175.2 (3 × CO2C2H5);
m/z (APCI+) 302 (M + H+, 18%), 142 (100%).


(2S,5S and 2S,5R)-N-Benzoyl-5-(di(ethoxycarbonyl)methyl)-
pyrrolidine-2-carboxylic acid ethyl ester 7b


(i) Preparation by protection of amine 2c. Dry benzoyl chlo-
ride (3.20 ml, 27.4 mmol) was added to a solution of amine
2c (0.83 g, 2.7 mmol) in dry pyridine (2.50 ml, 30.7 mmol)
and the reaction was allowed to stir for 4 hours between 30–
40 ◦C. The reaction was quenched and neutralised at 0 ◦C with
2 M HCl and stirred for 1 hour. CH2Cl2 (50 ml) was added
and the organic layer was washed with water and brine. It was
dried with MgSO4 and evaporated to give a mixture (1.0 g, 93%)
of cis- and trans-diastereomers, in variable ratios separable by
silica gel chromatography [petrol (40–60) : EtOAc 3 : 2]. A small
sample of cis- was recrystallised from EtOAc, petrol (40–60), to
give transparent crystals, for single crystal X-ray analysis (CCDC


reference number 20927323). The trans-diastereomer, on the other
hand, was found to be a transparent oil.


(ii) Preparation by reduction of amide 8. The amide 8 (0.12 g,
0.30 mmol) was dissolved in CH2Cl2 (1 ml) to which was added
10% Pd/C (0.07 g) in EtOH (10 ml). The hydrogenation apparatus
was flushed 3 times with hydrogen, and finally set to a pressure
of 5 atm and the mixture stirred for 23.5 hours. Careful filtration
through Celite R© using EtOAc, followed by solvent removal gave
amine (0.10 g, 80%) as a separable mixture of cis- and trans-
diastereomers 7b, in a ratio of 9 : 1 using silica gel chromatography
[petrol (40–60) : EtOAc 3 : 2].


trans-7b. Rf = 0.50 (3 : 2 petrol (40–60) : EtOAc); [a]25
D = −137


(c = 0.1, CHCl3); mmax/cm−1 (neat) 3061, 1736, 1648, 1603; dH


(400 MHz, CDCl3) 1.01 (3H, t, J 7.1, OCH2CH3), 1.26 (3H,
t, J 7.1, OCH2CH3), 1.29 (3H, t, J 7.1, OCH2CH3), 1.94–1.98
(1H, m, C(3)H ′), 2.21–2.32 (3H, m, C(3)H, C(4)H′H), 3.80–3.91
(2H, m, OCH2CH3), 4.10–4.26 (4H, m, 2 × OCH2CH3), 4.39
(1H, d, J 5.2, NCHCH), 4.44–4.46 (1H, m, C(2)H), 4.99 (1H,
dd, J 5.2, 10.8, C(5)H), 7.32–7.39 (5H, m, C6H5); dC (100 MHz,
CDCl3) 13.8, 13.9, 14.0 (3 × OCH2CH3), 26.1 (C(4)), 29.5 (C(3)),
52.0 (NCHCH), 56.9 (C(5)), 61.3, 61.4, 61.6 (3 × OCH2CH3),
62.5 (C(2)), 126.8, 128.2, 129.9 (ArC), 136.6 (quaternary ArC),
167.8, 168.2, 171.4, 171.8 (3 × CO2C2H5, C6H5CO); m/z (APCI+)
406 (M + H+, 100%), 246 (40%), 105 (5%); HRMS (M + H+)
406.1862, C21H28NO7 requires 406.1866. dH (VT) (500 MHz, 373 K
in d6-DMSO) 1.02 (3H, t, J 6.5, OCH2CH3), 1.21 (3H, t, J
7, OCH2CH3), 1.26 (3H, t, J 7, OCH2CH3), 1.93–1.94 (1H,
m, C(3)H ′), 2.12–2.15 (2H, m, C(4)H ′H), 2.31–2.39 (1H, m,
C(3)H), 3.91 (2H, br, OCH2CH3), 4.13–4.15 (3H, m, OCH2CH3,
NCHCH), 4.20–4.24 (2H, m, OCH2CH3), 4.49 (1H, dd, J 2.5, 9.0,
C(2)H), 4.80–4.83 (1H, m, C(5)H), 7.37–7.51 (5H, m, C6H5).


cis-7b. Mp 80–82 ◦C Rf = 0.48 (3 : 2 petrol (40–60) : EtOAc);
[a]25


D = +10 (c = 0.1, CHCl3); mmax/cm−1 (neat) 1732, 1650; dH


(400 MHz, CDCl3) 1.21 (3H, t, J 6.5, OCH2CH3), 1.26 (3H,
t, J 7.0, OCH2CH3), 1.30 (3H, t, J 7.0, OCH2CH3), 2.06 (3H,
br, C(3)H2, C(4)H ′), 2.46 (1H, br, C(4)H), 4.11–4.32 (8H, m,
C(2)H, NCHCH, 3 × OCH2CH3), 4.88–4.94 (1H, m, C(5)H),
7.35–7.45 (5H, m, C6H5); dC (100 MHz, CDCl3) 13.9, 14.0, 14.1
(3 × OCH2CH3), 27.9 (C(4)), 29.7 (C(3)), 54.9 (NCHCH), 57.4
(C(5)), 61.3 (3 × OCH2CH3), 61.5 (C(2)), 125.8, 128.4, 130.3
(ArC), 136.6 (quaternary ArC), 167.8, 172.1 (3 × CO2C2H5,
C6H5CO); m/z (ES+) 428 (M + Na, 100%), 406 (M + H+, 90%),
360 (22%), 246 (35%); HRMS (M + H+) 406.1857, C21H28NO7


requires 406.1866. dH (VT) (500 MHz, 373 K in d6-DMSO) 1.18
(3H, t, J 7, OCH2CH3), 1.21 (3H, t, J 7.5, OCH2CH3), 1.25 (3H,
t, J 7.5, OCH2CH3), 1.97–2.00 (2H, m, C(3)H ′, C(4)H ′), 2.20
(1H, br, C(3)H), 2.30–2.31 (1H, m, C(4)H), 4.01 (1H, d, J 7.5,
NCHCH), 4.07–4.12 (4H, m, 2 × OCH2CH3), 4.18–4.21 (2H, m,
OCH2CH3), 4.30–4.31 (1H, m, C(2)H), 4.81 (1H, dd, J 6.0, 7.5
C(5)H), 7.36–7.51 (5H, m, C6H5). dH (400 MHz, C6D6) 0.84 (3H,
t, J 7.1, OCH2CH3), 0.92 (3H, t, J 7.1, OCH2CH3), 1.02 (3H,
t, J 7, OCH2CH3), 1.32 (1H, br, C(3)H), 1.61 (1H, br, C(3)H ′),
2.08–2.18 (1H, m, C(4)H ′), 2.32 (1H, br, C(4)H), 3.74–3.95 (2H,
m, OCH2CH3), 4.00–4.04 (3H, m, C(2)H, OCH2CH3), 4.14–4.23
(2H, m, OCH2CH3), 4.76 (1H, br, NCHCH), 5.19 (1H, br, C(5)H),
7.00–7.07 (3H, m, ArH), 7.57–7.60 (2H, m, ArH).
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(2S,5S and 2S,5R)-N-Acetyl-5-(di(ethoxycarbonyl)methyl)-
pyrrolidine-2-carboxylic acid ethyl ester 7c


Acetic anhydride (0.31 ml, 3.3 mmol) was added to a solution of
amine 7a (0.10 g, 0.33 mmol) in pyridine (0.30 ml, 3.7 mmol) and
the reaction was allowed to stir for 24 hours at room temperature.
The reaction was quenched with water. Dichloromethane was
added and the organic layer was washed with 10% HCl, water,
saturated solution of NaHCO3, water and brine, dried with MgSO4


and the solvent evaporated. Silica gel chromatography ([petrol
(40–60) : EtOAc 1 : 1] afforded the amide 7c (0.110 g, 100%) as a
separable mixture of diastereomers in a 1 : 3.8 ratio.


Minor diastereomer: Rf = 0.46 (2 : 3 petrol (40–60) : EtOAc);
mmax/cm−1 (neat) 1740, 1651; dH (400 MHz, CDCl3) 1.23–1.28 (9H,
m 3 × OCH2CH3), 1.95 (3H, s, NCOCH3), 1.98–2.02 (1H, m,
C(3)H ′), 2.16–2.42 (3H, m, C(3)H, C(4)H ′H), 4.11–4.25 (6H,
m, 3 × OCH2CH3), 4.33–4.36 (1H, m, C(2)H), 4.40 (1H, d, J
4.7, NCHCH), 4.72–4.76 (1H, m, C(5)H); dC (100 MHz, CDCl3)
13.9, 14.0, 14.1 (3 × OCH2CH3), 22.1 (NCOCH3), 26.1 (C(4)),
29.4 (C(3)), 51.6 (NCHCH), 57.2 (C(5)), 61.2, 61.9 (C(2), 3 ×
OCH2CH3), 168.0, 168.4, 170.4, 172.2 (NCOCH3, 3 × CO2C2H5);
m/z (APCI+) 344 (M + H+, 20%), 298 (23%), 184 (54%), 142
(100%); HRMS (M + H+) 344.1712, C16H26NO7 requires 344.1709.


Major diastereomer: Rf = 0.30 (2 : 3 petrol (40–60) : EtOAc);
mmax/cm−1 (neat) 1732, 1651; dH (400 MHz, CDCl3) 1.20–1.28
(9H, m 3 × OCH2CH3), 2.01 (3H, s, NCOCH3), 2.11–2.25
(4H, m, C(3)HH, C(4)HH), 4.05–4.24 (6H, m, 3 × OCH2CH3),
4.32–4.35 (1H, m, C(2)H), 4.60–4.68 (2H, m, C(5)H, NCHCH);
dC (100 MHz, CDCl3) 13.9, 14.0, 14.1 (3 × OCH2CH3), 22.6
(NCOCH3), 26.1 (C(4)), 28.7 (C(3)), 53.3 (NCHCH), 57.7 (C(5)),
61.1, 61.2, 61.4 (C(2), 3 × OCH2CH3), 167.8, 170.9, 171.3, 172.1
(NCOCH3, 3 × CO2C2H5); m/z (APCI+) 344 (M + H+, 100%),
298 (18%), 184 (23%), 142 (35%); HRMS (M + H+) 344.1699,
C16H26NO7 requires 344.1709.


(2S,5R)-N-tert-Butoxycarbonylmethyl-5-(di(ethoxycarbonyl)-
methyl)-pyrrolidine-2-carboxylic acid ethyl ester 7d


A 1 M solution of LiHMDS (0.52 ml) in THF was added to
a solution of amine 7a (0.10 g, 0.34 mmol) in THF (3 ml) at
0 ◦C and stirred for 15 minutes. tert-Butyl bromoacetate (0.12 ml,
0.69 mmol) was added dropwise as a solution in THF (2 ml) and
the reaction was allowed to come to room temperature and stir for
7 hours. The reaction was quenched at 0 ◦C by adding a saturated
solution of NH4Cl, followed by addition of water and EtOAc. The
organic layer was separated, washed with brine, dried with MgSO4


and the solvent evaporated. Silica gel chromatography ([petrol
(40–60) : EtOAc 4 : 1] afforded the amine 7d (0.072 g, 50%) as a
transparent oil. Rf = 0.36 (4 : 1 petrol (40–60) : EtOAc); [a]22


D =
−24.6 (c = 0.13, CHCl3); mmax/cm−1 (neat) 1735; dH (400 MHz,
CDCl3) 1.21–1.27 (9H, m, 3 × OCH2CH3), 1.43 (9H, s, C(CH3)3),
1.81–1.87 (1H, m, C(4)H ′), 1.94–2.02 (1H, m, C(3)H ′), 2.14–
2.27 (2H, m, C(3)H, C(4)H), 3.45 (1H, d, J 18.3, NCHHCO),
3.48 (1H, d, J 8.1, NCHCH), 3.61 (1H, d, J 18.3, NCHHCO),
3.73 (1H, t, J 7.6, C(2)H), 3.89–3.84 (1H, m, C(5)H), 4.08–4.21
(6H, m, 3 × OCHHCH3); dC (100 MHz, CDCl3) 14.0, 14.1,
14.2 (3 × OCH2CH3), 28.2 (C(CH3)3), 28.6 (C(3)), 29.5 (C(4)),
53.0 (NCH2CO), 57.5 (NCHCH), 60.4, 61.1 (3 × OCH2CH3),
62.5 (C(5), 64.9 (C(2)), 81.0 (C(CH3)3), 168.0, 168.3, 170.9, 174.0


(NCH2CO, 3 × CO2C2H5); m/z (ES+) 438 (M + Na, 100%), 416
(M + H+, 40%); HRMS (M + H+) 416.2283, C20H34NO8 requires
416.2284.


(S)-N-Benzoyl-5-(di(ethoxycarbonyl)methylidene)-pyrrolidine-2-
carboxylic acid ethyl ester 8


To a solution of enamine 2c (1.88 g, 6.30 mmol) in dry CH2Cl2


(25 ml) were added dry triethylamine (2.60 ml, 18.89 mmol),
dry benzoyl chloride (1.50 ml, 12.6 mmol) and (dimethy-
lamino)pyridine (0.77 g, 6.3 mmol) as a solution in CH2Cl2 (5 ml).
The mixture was refluxed for 48 hours, cooled, quenched and
washed with saturated solution of NH4Cl, water and brine, dried
with MgSO4, and the solvent evaporated. Silica gel chromatogra-
phy [petrol (40–60) : EtOAc 7 : 3] afforded the enamide 8 (1.0 g,
41%) as bright yellow crystals. Mp 85–87 ◦C, Rf = 0.37 (3 : 2
petrol (40–60) : EtOAc); [a]26


D = −60 (c = 0.08, CHCl3); mmax/cm−1


(neat) 1740; dH (400 MHz, CDCl3) 1.08 (3H, t, J 7.1, OCH2CH3),
1.29–1.38 (6H, m, 2 × OCH2CH3), 2.12–2.31 (1H, m, C(3)HH),
2.34–2.42 (1H, m, C(3)HH), 3.02–3.11 (1H, m, C(4)HH), 3.16–
3.23 (1H, m, C(4)HH), 3.76–3.81 (1H, m, OCHHCH3), 3.89–3.92
(1H, m, OCHHCH3), 4.11–4.21 (4H, m, 2 × OCH2CH3), 4.84 (1H,
dd, J 9.8, 2.0, C(2)H), 7.34–7.47 (3H, m, ArH), 7.50–7.60 (2H, m,
ArH); dC (100 MHz, CDCl3) 14.0, 14.1, 14.4 (3 × OCH2CH3), 25.4
(C(3)), 31.6 (C(4)), 59.8 (2 × OCH2CH3), 61.7 (OCH2CH3), 63.4
(C(2)), 109.6 (NCC), 128.3, 128.7, 131.9 (ArC), 133.8 (quaternary
ArC), 157.0 (C(5)), 165.3, 166.0, 171.1, 171.3 (C(5), 3 × CO2C2H5,
C6H5CO); m/z (ES+) 404 (M + H+, 60%), 358 (55%), 254 (100%);
HRMS (M + H+) 404.1697, C21H26NO7 requires 404.1709.


(S)-N-Methyl-5-(di(ethoxycarbonyl)methylidene)-pyrrolidine-2-
carboxylic acid ethyl ester 9a


To NaH (0.030 g, 0.75 mmol) in dry CH2Cl2 (2 ml) at room tem-
perature under argon was added enamine 2c (0.11 g, 0.38 mmol)
as a solution in dry CH2Cl2 (2 ml) and the solution stirred for
2.75 hours. Methyl triflate (0.11 ml, 0.94 mmol) was added at
−30 ◦C and the reaction allowed to come to room temperature
over 3 hours. The reaction was quenched with 2 M HCl at 0 ◦C,
neutralised with saturated solution of NaHCO3 and extracted with
CH2Cl2. The organic layer was washed with brine, dried over
MgSO4 and the solvent evaporated. Silica gel chromatography
[petrol (40–60) : EtOAc 1 : 1] afforded the N-methyl enamine 9a as
yellow oil (0.022 g, 19%). Rf = 0.56 (1 : 1 petrol (40–60) : EtOAc);
mmax/cm−1 (neat) 1741, 1688, 1578; dH (500 MHz, CDCl3) 1.27–1.34
(9H, m, 3 × OCH2CH3), 2.05–2.10 (1H, m, C(3)H ′), 2.25–2.33
(1H, m, C(3)H), 2.87 (NCH3), 3.07–3.14 (1H, m, C(4)H ′), 3.26–
3.32 (1H, m, C(4)H), 4.16–4.27 (7H, m, C(2)H, 3 × OCH2CH3);
dC (125 MHz, CDCl3) 14.1, 14.2 (3 × OCH2CH3), 25.6 (C(3)), 33.1
(C(4)), 35.7 (NCH3), 60.0, 61.5 (3 × OCH2CH3), 68.9 (C(2)), 91.5
(NCC), 165.0, 167.5, 171.1 (C(5), 3 × CO2C2H5); m/z (ES+) 336
(M + Na, 84%), 314 (M + H+, 50%), 268 (100%); HRMS (M +
H+) 314.1609, C15H24NO6 requires 314.1604.


(S)-N-Ethyl-5-(di(ethoxycarbonyl)methyl)-pyrrolidine-2-
carboxylic acid ethyl ester 9b


To a suspension of NaH (0.18 g, 7.4 mmol) in dry CH2Cl2 (5 ml)
was added a solution of enamine 2c (1.11 g, 3.71 mmol) in CH2Cl2


(5 ml) at 0 ◦C. The mixture was stirred at this temperature for 15
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minutes followed by stirring at room temperature for 2.5 hours.
Ethyl triflate (1.21 ml, 9.27 mmol) was added to the mixture
between −40 and −30 ◦C and the reaction allowed to come
to room temperature and stir for 24 hours. The reaction was
quenched with water at 0 ◦C. Dichloromethane was added and the
organic layer was washed with water and brine. It was dried with
MgSO4 and evaporated under vacuum, using room temperature
water bath. Silica gel chromatography ([petrol (40–60) : EtOAc 3 :
2] afforded the N-ethyl enamine 9b (0.70 g, 58%) as transparent
oil. Rf = 0.39 (3 : 2 petrol (40–60) : EtOAc); [a]24


D = +3.5 (c = 0.1,
CHCl3); mmax/cm−1 (neat) 1741, 1689, 1571; dH (500 MHz, CDCl3)
1.13 (3H, t, J 7.2, NCH2CH3), 1.25–1.33 (9H, m 3 × OCH2CH3),
2.02–2.08 (1H, m, C(3)HH), 2.20–2.28 (1H, m, C(3)HH), 3.08–
3.16 (1H, m, C(4)HH), 3.19–3.26 (1H, m, NCHHCH3), 3.31–3.40
(2H, m, C(4)HH, NCHHCH3), 4.16–4.28 (7H, m, C(2)H, 3 ×
OCH2CH3); dC (125 MHz, CDCl3) 11.8 (NCH2CH3), 14.0, 14.1,
14.2 (3 × OCH2CH3), 25.6 (C(3)), 33.4 (C(4)), 43.2 (NCH2CH3),
59.6, 61.0, (3 × OCH2CH3), 65.6 (C(2)), 91.5 (NCC), 163.3 (C(5)),
167.9, 171.5 (3 × CO2C2H5); m/z (ES+) 350 (M + Na, 82%),
328 (M + H+, 30%), 282 (100%); HRMS (M + H+) 328.1763,
C16H26NO6 requires 328.1760.


(S)-N-tert-Butoxycarbonylmethyl-5-(di(ethoxycarbonyl)-
methylidene)-pyrrolidine-2-carboxylic acid ethyl ester 9c


A 1 M solution of LiHMDS (0.6 ml) in THF was added to a
solution of enamine 2c (0.12 g, 0.40 mmol) in THF (4 ml) at
0 ◦C and stirred for 15 minutes. tert-Butyl bromoacetate (0.13 ml,
0.78 mmol) was added drop wise as a solution in THF (3 ml) and
the reaction was allowed to come to room temperature and stir for
6 hours. The reaction was quenched at 0 ◦C by adding a saturated
solution of NH4Cl, followed by addition of water and EtOAc.
EtOAc layer was separated, dried with MgSO4 and evaporated.
Silica gel chromatography ([petrol (40–60) : EtOAc 4 : 1] afforded
the N-alkylated enamine 9c (0.044 g, 27%) as yellow oil. Rf =
0.68 (4 : 1 petrol (40–60) : EtOAc); [a]23


D = +105.6 (c = 0.04,
CHCl3); mmax/cm−1 (neat) 1750, 1716, 1682, 1578; dH (400 MHz,
CDCl3) 1.15–1.28 (9H, m, 3 × OCH2CH3), 1.42 (9H, s, C(CH3)3),
2.01–2.09 (1H, m, C(3)HH), 2.25–2.35 (1H, m, C(3)HH), 3.00–
3.10 (1H, m, C(4)HH), 3.16–3.24 (1H, m, C(4)HH), 3.71 (1H,
d, J 18.8, NCHHCO), 3.99 (1H, d, J 18.8, NCHHCO), 4.03–
4.22 (6H, m, 3 × OCH2CH3), 4.34 (1H, dd, J 8.9, 4.0, C(2)H);
dC (100 MHz, CDCl3) 14.1, 14.3 (3 × OCH2CH3), 25.9 (C(3)),
27.9 (C(CH3)3), 33.0 (C(4)), 49.5 (NCH2CO), 60.7, 61.2, 61.6 (3 ×
OCH2CH3), 67.0 (C(2)), 82.3 (C(CH3)3), 93.0 (NCC), 163.8, 167.0,
171.1 (C(5), NCH2CO, 3 × CO2C2H5); m/z (ES+) 436 (M + Na,
58%), 414 (M + H+, 82%), 368 (100%); HRMS (M + H+) 414.2130,
C20H32NO8 requires 414.2128.


(S)-Triethyl 5-(2-tert-butoxy-2-oxoethylamino)pentane-1,1,5-
tricarboxylate 10


The enamine 9c (0.10 g, 0.24 mmol) was dissolved in HOAc (7.5 ml)
to which was added Adams’ catalyst (0.05 g) in TFA (2.5 ml).
The hydrogenation apparatus was flushed 3 times with hydrogen,
and finally set to a pressure of 4.5 atm and the mixture stirred for
48 hours. Careful filtration through Celite R© using EtOAc, followed
by solvent removal, gave a residue which was dissolved in CH2Cl2


(50 ml) and washed with dilute aq. ammonia (3.2%) (50 ml),


water and brine. The solution was dried over MgSO4 and the
solvent removed to give amine 10 (0.074 g, 73%) as transparent
oil. Rf = 0.51 (3 : 2 petrol (40–60) : EtOAc); mmax/cm−1 (CHCl3)
3350, 1732, 1682; dH (400 MHz, CDCl3) 1.17–1.35 (9H, m, 3 ×
OCH2CH3), 1.37–1.42 (2H, m, C(3)H2), 1.43 (9H, s, C(CH3)3),
1.57–1.71 (2H, m, C(4)H2), 1.84–1.90 (2H, m, C(2)H2), 2.15
(1H, br, NH), 3.17–3.33 (4H, m, C(5)H, C(1)H, NHCH2), 4.10–
4.20 (6H, m, 3 × OCH2CH3); dC (100 MHz, CDCl3) 14.0, 14.2
(3 × OCH2CH3), 23.5 ((C(4)), 28.0 (C(CH3)3), 28.5 (C(2)), 32.8
(C(3)), 49.8 (NHCH2), 51.8 (C(1)), 60.7 (C(5)), 61.1, 61.4 (3 ×
OCH2CH3), 81.2 (C(CH3)3), 169.3, 170.9, 174.3 (3 × CO2C2H5,
NHCH2CO); m/z (ES+) 418 (M + Na, 100%), 418 (M + H+, 89%);
HRMS (M + H+) 418.2440, C20H36NO8 requires 418.2441.


(S)-Diethyl 2-(4-benzamido-5-hydroxypentyl)malonate 11a


To a solution of amide 7b (1.27 g, 3.12 mmol) in absolute ethanol
(50 ml) was added sodium borohydride (0.470 g, 12.5 mmol) at 0 ◦C
and stirring continued for 30 minutes, then at room temperature
for 15 hours. Glacial acetic acid was then carefully added to the
mixture with stirring and cooling in an ice bath, until pH 5.0
was reached. The mixture was partitioned between CH2Cl2 and
water. The organic layer was washed with saturated solution of
NaHCO3, water and brine, dried with MgSO4, and evaporated.
Silica gel chromatography [CH2Cl2 : MeOH 9 : 1] afforded the
alcohol 11a (0.46 g, 40%). Rf = 0.79 (9 : 1 CH2Cl2 : MeOH);
dH (400 MHz, CDCl3) 1.18–1.27 (6H, m, 2 × OCH2CH3), 1.39–
1.48 (2H, m, CHCH2CH2), 1.59–1.71 (2H, m, CH2CHCH2), 1.87–
1.97 (2H, m, CH2CH(CO2Et)2), 3.33 (1H, t, J 7.4, CH(CO2Et)2),
3.65–3.69 (2H, m, CH2OH), 4.09–4.24 (5H, m, HNCH, 2 ×
OCH2CH3), 6.60 (1H, br, NH), 7.35–7.58 (3H, m, ArH), 7.76–7.81
(2H, m, ArH); dC (100 MHz, CDCl3) 14.0, 14.2 (2 × OCH2CH3),
23.8 (CHCH2CH2), 28.4 (CH2CH(CO2Et)2), 30.7 (CH2CHCH2),
51.7, 51.8 (CH(CO2Et)2, HNCH), 61.4 (2 × OCH2CH3), 65.0
(CH2OH), 128.3, 128.6, 131.6 (ArC), 134.2 (quaternary ArC),
168.2, 169.4 (2 × CO2C2H5); m/z (CI+) 366 (M + H+, 100%),
112 (65%); m/z (EI+) 334 (27%), 320 (6%), 122 (18%), 105 (100%)
along with minor amounts of triethyl (S)-5-(benzoylamino)-1,1,5-
pentanetricarboxylate 11b (0.08 g, 6%) Rf = 0.96 (9 : 1 CH2Cl2 :
MeOH); [a]25


D = +19.2 (c = 0.19, CHCl3); mmax/cm−1 (neat)
3329, 1732, 1645; dH (400 MHz, CDCl3) 1.21–1.25 (6H, m, 2 ×
OCH2CH3), 1.28 (3H, t, J 7.1, OCH2CH3), 1.78–1.84 (2H, m,
CHCH2CH2), 1.90–2.05 (4H, m, HNCHCH2, CH2CH(CO2Et)2),
3.31 (1H, t, J 7.5, CH(CO2Et)2), 4.11–4.26 (6H, m, 3 ×
OCH2CH3), 4.80 (1H, dt, J 5.3, 7.3, HNCH), 6.74 (1H, d, J
7.7, NH), 7.42–7.54 (3H, m, ArH), 7.79–7.82 (2H, m, ArH); dC


(100 MHz, CDCl3) 14.1 (3 × OCH2CH3), 23.0 (CHCH2CH2),
28.2 (CH2CH(CO2Et)2), 32.2 (HNCHCH2), 51.7 (CHCO2Et),
52.3 (HNCH), 61.4, 61.6 (3 × OCH2CH3), 127.0, 128.6, 131.7
(ArC), 133.9 (quaternary ArC), 167.0, 169.2, 172.4 (COPh, 3 ×
CO2C2H5); m/z (CI+) 408 (M + H+, 100%), 334 (25%), 122
(15%), 105 (20%); HRMS (M + H+) 408.2023, C21H30NO7 requires
408.2022 and minor amounts of ethyl (S)-6-(benzoylamino)-7-
hydroxy-2-(hydroxymethyl)heptanoate 11c (0.07 g, 7% (1 : 1)) Rf =
0.52 (9 : 1 CH2Cl2 : MeOH); (Diastereomer 1) dH (400 MHz,
CDCl3) 1.21 (3H, t, J 7.1, OCH2CH3), 1.36–1.46 (2H, m,
CHCH2CH2), 1.60–1.69 (2H, m, NHCHCH2), 1.73–1.79 (2H, m,
HOCH2CHCH2), 2.51–2.55 (1H, m, CHCO2Et), 3.67–3.75 (2H,
m, OHCH2CHNH), 4.08–4.14 (2H, m, HOCH2CHCO2Et), 4.22
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(2H, q, J 7.1, OCH2CH3), 4.78 (1H, m, HNCH), 7.00 (1H, d,
J 7.9, NH), 7.36–7.53 (3H, m, ArH), 7.75–7.80 (2H, m, ArH);
dC (100 MHz, CDCl3) 14.1 (OCH2CH3), 22.8 (CHCH2CH2),
26.8 (HNCHCH2), 33.0 (HOCH2CHCH2), 50.6 (CHCO2Et),
52.2 (HNCH), 60.6 (HOCH2CHCO2Et), 61.7 (OCH2CH3), 64.7
(OHCH2CHNH), 127.0, 128.6, 131.9 (ArC), 133.7 (quater-
nary ArC), 167.6, 172.8 (COPh, CO2C2H5); m/z (CI+) 324
(M + H+, 100%), 122 (65%). (Diastereomer 2) dH (400 MHz,
CDCl3) 1.29 (3H, t, J 7.1, OCH2CH3), 1.36–1.46 (2H, m,
CHCH2CH2), 1.60–1.69 (2H, m, NHCHCH2), 1.73–1.79 (1H, m,
HOCH2CHCHH), 1.89–1.93 (1H, m, HOCH2CHCHH), 2.51–
2.55 (1H, m, CHCO2Et), 3.63–3.66 (2H, m, OHCH2CHNH),
4.08–4.14 (3H, m, HOCH2CHCO2Et, HNCH), 4.22 (2H, q, J
7.1, OCH2CH3), 6.82 (1H, d, J 8.2, NH), 7.36–7.53 (3H, m, ArH),
7.75–7.80 (2H, m, ArH); dC (100 MHz, CDCl3) 14.1 (OCH2CH3),
23.4 (CHCH2CH2), 27.9 (HNCHCH2), 31.0 (HOCH2CHCH2),
50.6 (CHCO2Et), 51.6 (HNCH), 60.6 (OHCH2CHCO2Et), 62.8
(OCH2CH3), 65.4 (OHCH2CHNH), 127.0, 128.6, 131.6 (ArC),
134.2 (quaternary ArC), 168.2, 175.1 (COPh, CO2C2H5).


(2S,5S)-N-Benzoyl-5-(di(ethoxycarbonyl)(benzyl)methyl)-
pyrrolidine-2-carboxylic acid ethyl ester 12a


To NaH (0.05 g, 2 mmol) in dry DMF (3 ml) at 0 ◦C was added
amide 7b (0.800 g, 1.97 mmol) (mixture of both diastereomers)
as a solution in dry DMF (9 ml) and the solution stirred for
15 minutes. Dry benzyl bromide (0.24 ml, 2.0 mmol) was added
at 0 ◦C and stirred for 5 minutes followed by room temperature
stirring for 17.5 hours. The reaction was quenched with saturated
solution of NH4Cl at 0 ◦C and extracted with CH2Cl2. The organic
layer was washed with water, dried over MgSO4 and evaporated.
Silica gel chromatography (2 columns [petrol (40–60) : EtOAc
3 : 2] and [CH2Cl2 : EtOAc 4 : 1]) afforded the title compound
12a as colourless oil (0.71 g, 73%). Rf = 0.48 (3 : 2 petrol (40–
60) : EtOAc); [a]25


D = −66 (c = 0.1, CHCl3); mmax/cm−1 (neat)
1736, 1656; dH (400 MHz, CDCl3) 0.96 (3H, br, OCH2CH3), 1.03
(3H, t, J 7.1, OCH2CH3), 1.23–1.30 (3H, br, m, OCH2CH3), 1.87
(1H, br, C(3)H ′), 2.15 (1H, br, C(4)H), 2.21–2.33 (2H, m, C(3)H,
C(4)H ′), 3.46 (2H, br, CH2C6H5), 3.77–3.82 (2H, br, OCH2CH3),
3.87–3.95 (1H, m, OCHHCH3), 3.99–4.05 (1H, m, OCHHCH3),
4.10–4.18 (1H, m, OCHHCH3), 4.19–4.24 (1H, m, OCHHCH3),
4.51 (1H, dd, J 9.0, 1.7, C(2)H), 5.58 (1H, br, C(5)H), 7.13–
7.23 (5H, m, CH2C6H5), 7.34–7.4 (3H, m, COArH), 7.56–7.57
(2H, m, COArH); dC (100 MHz, CDCl3) 13.5, 13.6, 13.9 (3 ×
OCH2CH3), 27.3 (C(4)), 30.0 (C(3)), 40.1 (CH2C6H5), 61.1, 61.2,
61.5 (3 × OCH2CH3), 62.1 (C(5)), 63.8 (C(2)), 65.1 (NCHCBn),
126.5, 128.0, 130.2 (CH2ArC), 136.7 (quaternary CH2ArC),128.3,
128.4, 130.5 (COArC), 137.3 (quaternary COArC), 169.5, 170.1
(2 × CO2C2H5), 172.4 C(2)CO2C2H5), 173.6 (NCO); m/z (ES+)
518 (M + Na, 100%), 496 (M + H+, 22%); HRMS (M + H+)
496.2346, C28H34NO7 requires 496.2335.


dH (VT) (500 MHz, 373 K in d6-DMSO) 0.96 (3H, t, J 7,
OCH2CH3), 1.04–1.07 (3H, m, OCH2CH3), 1.20 (3H, t, J 7,
OCH2CH3), 1.88–1.90 (1H, m, C(3)H ′), 2.14–2.16 (1H, m, C(4)H),
2.19–2.26 (1H, m, C(4)H ′), 2.29–2.38 (1H, m, C(3)H), 3.35 (2H, s,
OCH2C6H5), 3.83 (2H, q, J 7, OCH2CH3), 3.91–3.95 (1H, m,
OCHHCH3), 3.99–4.03 (1H, m, OCHHCH3), 4.15 (2H, q, J 7,
OCH2CH3), 4.54 (1H, dd, J 9.5, 2.5, C(2)H), 5.63 (1H, dd, J


9.0, 2.0, C(5)H), 7.19–7.25 (5H, m, CH2C6H5), 7.43–7.47 (3H, m,
COArH), 7.50–7.52 (2H, m, COArH).


(2S,5S)-N-Benzoyl-5-(1,1-di(ethoxycarbonyl)ethyl)pyrrolidine-2-
carboxylic acid ethyl ester 12b


From MeI. To a suspension of NaH (0.04 g, 1 mmol) in THF
(1 ml) was added drop wise a solution of cis-7b (0.20 g, 0.49 mmol)
in THF (2 ml) at 0 ◦C. After 30 minutes of stirring at 0 ◦C, MeI
(0.11 g, 0.77 mmol) was added as a solution in THF (1 ml) and
the mixture was allowed to come to room temperature and stirred
for 27 hours. Water was added at 0 ◦C followed by extraction with
Et2O. The Et2O layer was dried with MgSO4 and evaporated. Silica
gel chromatography ([petrol (40–60) : EtOAc 3 : 2] afforded the title
compound 12b (0.050 g, 25%) as white crystals. A small sample
was recrystallised from EtOAc, petrol (40–60), to give transparent
crystals, for single crystal X-ray analysis (CCDC reference number
20927423). trans-7b gave the same yield under similar conditions.


From MeOTf. To a suspension of KH (0.0280 g, 0.676 mmol)
in dry Et2O (4.5 ml) was added a solution of trans-7b (0.23 g,
0.56 mmol) in dry Et2O (2 ml) at 0 ◦C under argon. The mixture
was stirred at this temperature for 15 minutes followed by stirring
at room temperature for 2.5 hours. Methyl triflate (0.10 ml,
0.84 mmol) was added to the mixture between −40 and −30 ◦C and
the reaction allowed to come to room temperature over 2.5 hours.
The reaction was quenched with 2 M HCl at 0 ◦C, and neutralised
with saturated solution of NaHCO3. EtOAc was added and the
organic layer was washed with brine. It was dried with MgSO4 and
the solvent evaporated. Silica gel chromatography [petrol (40–60) :
EtOAc 3 : 2] afforded the title compound 12b (0.21 g, 88%). Mp 74–
76 ◦C; Rf = 0.49 (3 : 2 petrol (40–60) : EtOAc); [a]25


D = −94.4 (c =
0.3, CHCl3); mmax/cm−1 (neat) 1726, 1657; dH (400 MHz, CDCl3)
0.99 (3H, t, J 7.0, OCH2CH3), 1.18–1.30 (6H, m, 2 × OCH2CH3),
1.51 (3H, s, NCHCCH3), 1.92–1.93 (1H, m, C(3)H ′), 1.98–2.03
(1H, m, C(4)H), 2.27–2.41 (2H, m, C(3)H, C(4)H ′), 3.76–3.99
(2H, m, OCH2CH3), 4.03–4.33 (4H, m, 2 × OCH2CH3), 4.54 (1H,
d, J 7.9, C(2)H), 5.42 (1H, d, J 7.4, C(5)H), 7.30–7.43 (3H, m,
ArH), 7.46–7.53 (2H, m, ArH); dC (100 MHz, CDCl3) 13.8, 13.9
(3 × OCH2CH3), 17.0 (NCHCCH3), 27.2 (C(4)), 30.4 (C(3)), 52.1
((NCHCCH3), 60.1 (C(5)), 61.2, 61.3, 61.4 (3 × OCH2CH3), 63.6
(C(2)), 127.7, 128.2, 130.2 (ArC), 136.8 (quaternary ArC), 170.6,
171.1, 172.3, 173.1 (NCO, 3 × CO2C2H5); m/z (ES+) 442 (M +
Na, 100%), 420 (M + H+, 12%); HRMS (M + H+) 420.2019,
C22H30NO7 requires 420.2022. dH (VT) (500 MHz, 373 K in d6-
DMSO) 0.96 (3H, t, J 7, OCH2CH3), 1.17 (3H, t, J 7, OCH2CH3),
1.24 (3H, t, J 7, OCH2CH3), 1.44 (3H, s, NCHCCH3), 1.88–
1.90 (1H, m, C(3)H ′), 1.90–1.97 (1H, m, C(4)H), 2.15–2.23 (1H,
m, C(4)H ′), 2.30–2.41 (1H, m, C(3)H), 3.83 (2H, dq, J 7, 5,
OCH2CH3), 4.04 (2H, dq, J 7, 5, OCH2CH3), 4.19 (2H, q, J 7,
OCH2CH3), 4.58 (1H, dd, J 8.0, 1.5, C(2)H), 5.21 (1H, dd, J 9.0,
1.5, C(5)H), 7.39–7.44 (5H, m, C6H5).


N-Benzoyl-5-(1,1-di(ethoxycarbonyl)ethyl)-2-benzyl-pyrrolidine-2-
carboxylic acid ethyl ester 14


To a 1.6 M solution of nBuLi in hexanes (0.30 ml, 0.45 mmol)
in THF (3 ml) was added diisopropylamine (40 ll, 0.49 mmol),
at 0 ◦C and stirred for 15 minutes. The temperature was lowered
to −78 ◦C and trans-amide 12b (0.16 g, 0.25 mmol) was added
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as a solution in THF (2 ml) and stirred for 30 minutes. Benzyl
bromide (75 ll, 0.49 mmol) was added and the reaction mixture
allowed to come to room temperature and stir for 4 hours. The
reaction was quenched at 0 ◦C by adding saturated solution of
NH4Cl (1.5 ml) followed by addition of water and EtOAc. The
EtOAc layer was separated, dried with MgSO4 and evaporated.
Silica gel chromatography ([petrol (40–60) : EtOAc 7 : 3] afforded
the title compound 14 (0.050 g, 27%) as an inseparable mixture
of trans- and cis-diastereomers in a ratio of 3 : 2 along with 41%
recovery of starting material. Rf = 0.42 (3 : 2 petrol (40–60) :
EtOAc); mmax/cm−1 (neat) 1736, 1669, 1602, 1479; m/z (ES+) 532
(M + Na, 22%), 510 (M + H+, 80%), 420 (100%); HRMS (M +
H+) 510.2499, C29H35NO7 requires 510.2499.


dH (400 MHz, CDCl3) (trans-diastereomer) 1.13–1.37 (9H, m,
3 × OCH2CH3), 1.77–1.79 (4H, m, C(4)H, NCHCCH3), 2.09–2.15
(1H, m, C(4)H ′), 2.42–2.44 (1H, m, C(3)H), 2.63–2.73 (C(3)H ′),
3.13 (1H, br, CHHC6H5), 3.20 (1H, d, J 7.5, CHHC6H5), 4.08–
4.17 (2H, m, OCH2CH3), 4.24–4.32 (4H, m, 2 × OCH2CH3),
6.66–6.7 (1H, m, C(5)H), 7.19–7.59 (8H, m, ArH), 7.79–7.86
(2H, m, NCOArH); dC (100 MHz, CDCl3) 12.3 (NCHCCH3),
13.7, 13.9, 14.6 (3 × OCH2CH3), 23.2 (C(4)), 31.0 (C(3)), 36.4
(CH2C6H5), 60.7, 62.6, 62.7 (3 × OCH2CH3), 62.9 (C(5)), 66.4
(C(2)), 71.9 (NCHCCH3), 127.1, 128.8, 131.9, 140.9, 139.1, 139.9
(ArC), 132.7, 137.1 (quaternary ArC), 166.1, 168.0, 171.1, 172.1
(NCO, 3 × COOC2H5).


dH (400 MHz, CDCl3) (cis-diastereomer) 1.13–1.37 (9H, m,
3 × OCH2CH3), 1.77–1.79 (4H, m, C(4)H, NCHCCH3), 2.42–
2.44 (1H, m, C(4)H ′), 2.57–2.61 (1H, m, C(3)H ′), 2.63–2.73 (2H,
m, C(3)H, CHHC6H5), 3.02 (1H, d, J 7.4, CHHC6H5), 4.08–
4.17 (2H, m, OCH2CH3), 4.24–4.32 (4H, m, 2 × OCH2CH3),
5.83–5.85 (1H, m, C(5)H), 7.19–7.59 (8H, m, ArH), 7.79–7.86
(2H, m, NCOArH); dC (100 MHz, CDCl3) 12.3 (NCHCCH3),
13.8, 14.1, 14.6 (3 × OCH2CH3), 24.0 (C(4)), 31.6 (C(3)), 45.5
(CH2C6H5), 60.4, 62.6, 62.7 (3 × OCH2CH3), 62.9 (C(5)), 66.4
(C(2)), 71.9 (NCHCCH3), 127.1, 128.8, 131.9, 140.9, 139.1, 139.9
(ArC), 132.7, 137.1 (quaternary ArC), 166.0, 168.0, 170.7, 172.3
(NCO, 3 × CO2C2H5).


(2S,5S)-N-Benzoyl-5-(di(ethoxycarbonyl)methyl)-2-methyl-
pyrrolidine-2-carboxylic acid ethyl ester 15


Using LDA as a base. Diisopropylamine (0.19 ml, 1.4 mmol)
was added as solution in THF (3 ml) to a 1.5 M solution of
nBuLi in hexanes (0.84 ml, 1.3 mmol), at 0 ◦C and stirred for
15 minutes. Temperature was lowered to −78 ◦C and trans-7b
(0.10 g, 0.25 mmol) was added as a solution in THF (4 ml) and the
reaction was allowed to come to room temperature (2.5 hours).
The temperature was again lowered to −78 ◦C and MeI (0.16 ml,
2.5 mmol) was added as a solution in THF (3 ml) and the reaction
was allowed to come to room temperature and stir for 24 hours. At
0 ◦C, a saturated solution of NH4Cl was added and the mixture
was extracted with EtOAc. The organic layer was washed with
water and brine, dried with MgSO4 and evaporated. Silica gel
chromatography [petrol (40–60) : EtOAc 3 : 2] afforded amide
15 (0.060 g, 54%) as a yellow oil. cis-Amide 7b using the same
procedure gave a lower yield (25%) of the ent-15. This yield was
improved using the following procedure.


Using LTMP as a base. A solution of lithium tetram-
ethylpiperidide (LTMP) was prepared by the addition of a solution


of nBuLi in hexanes (1.65 ml, 1.65 mmol, 1 M) to a solution
of 2,2,6,6-tetramethylpiperidine (0.29 ml, 1.7 mmol) in THF at
−78 ◦C. After 15 minutes, the reaction flask was transferred to
an ice bath for 5 minutes, then was cooled to −78 ◦C. A solution
of cis-7b (0.22 g, 0.55 mmol) in THF (3 ml) at −78 ◦C was then
added to the cold solution of LTMP. After 30 minutes, the mixture
was warmed to 0◦ for 5 minutes, then was cooled to −78 ◦C and
MeI (0.14 ml, 2.2 mmols) was added. After 1 hour, the reaction
mixture was warmed to 0 ◦C for 5 minutes and saturated solution
NaHCO3 (2 ml) and brine (2 ml) were added sequentially. The
resulting mixture was extracted with EtOAc thoroughly, dried over
MgSO4, and evaporated. Silica gel chromatography ([petrol (40–
60) : EtOAc 3 : 2] afforded the methylated amide ent-15 (0.10 g,
40%). Rf = 0.43 (3 : 2 petrol (40–60) : EtOAc); product from trans-
[a]23


D = −23 (c = 0.013, CHCl3); product from cis-[a]24
D = +13 (c =


0.04, CHCl3); mmax/cm−1 (neat) 1726, 1657; dH (400 MHz, CDCl3)
1.14 (3H, br, OCH2CH3), 1.24–1.41 (6H, m, 2 × OCH2CH3),
1.77 (3H, br, C(2)CH3), 1.94–2.04 (1H, m, C(3)H), 2.14–2.28
(2H, m, C(3)H ′, C(4)H ′), 2.37 (1H, br, C(4)H), 3.32 (1H, br,
NCHCH), 3.91–4.27 (6H, m, 3 × OCH2CH3), 4.79 (1H, br,
C(5)H), 7.27–7.49 (5H, m, C6H5); dC (100 MHz, CDCl3) 13.8, 13.9,
14.1 (3 × OCH2CH3), 23.1 (C(2)CH3), 26.2 (C(4)), 36.7 (C(3)),
54.1 (NCHCH), 59.7 (C(5)), 61.4, 61.5, 61.6 (3 × OCH2CH3),
67.42 (C(2)), 125.3, 127.2, 129.9 (ArC), 136.9 (quaternary ArC),
166.7, 167.6, 170.2, 173.6 (NCO, 3 × COOC2H5); m/z (ES+) 442
(M + Na, 100%), 420 (M + H+, 45%); HRMS (M + H+) 420.2023,
C22H30NO7 requires 420.2022. dH (VT) (500 MHz, 373 K in d8-
toluene) 0.91–0.94 (3H, m, OCH2CH3), 1.03–1.07 (6H, m 2 ×
OCH2CH3), 1.75 (3H, s, C(2)CH3), 1.92–1.95 (1H, m, C(3)H),
2.03–2.05 (1H, m, C(3)H ′), 2.24–2.26 (1H, m, C(4)H), 2.32–2.34
(1H, m, C(4)H ′), 3.76 (1H, br, NCHCH), 3.77–3.87 (2H, m,
OCH2CH3), 3.97–4.03 (4H, m, 2 × OCH2CH3), 4.96–5.0 (1H,
m, C(5)H), 7.06–7.10 (3H, m, ArH), 7.43–7.45 (2H, m, ArH).


N-Benzoyl-5-(1,1-di(ethoxycarbonyl)ethyl)-2-methyl-pyrrolidine-
2-carboxylic acid ethyl ester 16


A 1 M solution of LiHMDS (1.94 ml) in THF was added to a
solution of trans-amide 7b (0.26 g, 0.65 mmol) in THF (5 ml) at
0 ◦C and stirred for 15 minutes. Methyl iodide (0.16 ml, 2.6 mmol)
was added and the reaction was allowed to come to room
temperature and stir for 20 hours. The reaction was quenched
at 0 ◦C by adding saturated solution of NH4Cl, followed by
addition of water and EtOAc. The organic layer was separated,
washed with water and brine, dried with MgSO4 and evaporated.
Silica gel chromatography [petrol (40–60) : EtOAc 7 : 3] afforded
the doubly methylated amide 16 (0.014 g, 5%) as a mixture of
inseparable diastereomers in a ratio of 1 : 3, along with amide
12b (0.012 g, 4.0%) and recovered starting material 7b (0.091 g,
35%). The stereochemistry of the two diastereomers of product 16
could not be established. Rf = 0.55 (3 : 2 petrol (40–60) : EtOAc);
mmax/cm−1 (neat) 1725, 1642; dH (400 MHz, CDCl3) 0.99–1.14
(9H, m, 3 × OCH2CH3 (minor diastereomer)), 1.23 (3H, t, J 7.2,
OCH2CH3), 1.29 (3H, t, J 7.0, OCH2CH3), 1.34 (3H, t, J 7.2,
OCH2CH3), 1.51 (3H, s, NCHCCH3 or C(2)CH3), 1.63 (3H, s,
NCHCCH3 or C(2)CH3), 1.92–2.00 (2H, m, C(3)HH), 2.27–2.42
(2H, m, C(4)HH), 3.79–3.91 (6H, m, 3 × OCH2CH3 (minor
diastereomer)), 4.09–4.23 (6H, m, 3 × OCH2CH3), 5.00 (1H, br,
C(5)H (minor diastereomer)), 5.41 (1H, br, C(5)H), 7.35–7.46
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(5H, m, C6H5); dC (100 MHz, CDCl3 (major diastereomer) 13.8,
13.9, 14.1 (3 × OCH2CH3), 17.1 (NCHCCH3), 25.1, 26.7 (C(4),
C(3)), 29.7 (C(2)CH3), 52.1 (NCHCCH3), 57.5 (C(5)), 61.2, 61.3,
61.4 (3 × OCH2CH3), 68.4 (C(2)), 126.9, 127.7, 129.4 (ArC),
137.5 (quaternary ArC), 170.9, 171.1, 172.4, 174.3 (NCO, 3 ×
CO2C2H5); m/z (ES+) 456 (M + Na, 100%), 434 (M + H+, 20%);
HRMS (M + H+) 434.2184, C23H32NO7 requires 434.2179.


(2S,5R)-N-tert-Butoxycarbonylmethyl-5-(di(ethoxycarbonyl)-
(ethyl)methyl)-pyrrolidine-2-carboxylic acid ethyl ester 17a


To NaH (0.016 g, 0.40 mmol) in dry CH2Cl2 (1 ml) at 0 ◦C
was added amine 7d (0.097 g, 0.23 mmol) as a solution in dry
CH2Cl2 (2 ml) and the solution stirred for 15 minutes, followed
by 2.5 hours of stirring at room temperature. Ethyl triflate (37 ll,
0.28 mmol) was added at 0 ◦C and the reaction allowed to come
to room temperature and stir for 20 hours. The reaction was
quenched with water at 0 ◦C and extracted with CH2Cl2. The
organic layer was washed with brine, dried over MgSO4 and
evaporated. Silica gel chromatography [petrol (40–60) : EtOAc
4 : 1] afforded the ethylated amine 17a as yellow oil (0.033 g,
32%) along with recovered starting material 7a (0.028 g, 29%).
Rf = 0.42 (4 : 1 petrol (40–60) : EtOAc); mmax/cm−1 (neat) 1733;
dH (500 MHz, CDCl3) 0.86 (3H, t, J 7.5, CCH2CH3), 1.18–1.27
(9H, m, 3 × OCH2CH3), 1.46 (9H, s, C(CH3)3), 1.92–2.17 (6H,
m, C(3)H2, C(4)H2, CH2CH3), 3.50 (1H, d, J 18.6, NCHHCO),
3.62 (1H, d, J 18.6, NCHHCO), 3.74–3.77 (1H, m, C(2)H),
4.06–4.22 (7H, m, C(5)H, 3 × OCH2CH3);dC (100 MHz, CDCl3)
9.5 (CCH2CH3), 14.0, 14.2 (3 × OCH2CH3), 26.3 (CCH2CH3),
27.8 ((C(3)), 28.3 (C(CH3)3), 28.6 (C(4)), 53.0 (NCH2CO), 60.3,
60.7, 60.9 (3 × OCH2CH3), 62.4 (NCHCEt), 64.1 (C(2)), 65.6
(C(5), 80.9 (C(CH3)3), 170.8, 171.1, 171.3, 174.0 (NCH2CO, 3 ×
CO2C2H5); m/z (ES+) 466 (M + Na, 100%), 444 (M + H+, 27%);
HRMS (M + H+) 444.2586, C22H38NO8 requires 444.2597.


(2S,5R)-N-tert-Butoxycarbonylmethyl-5-(di(ethoxycarbonyl)-
(benzyl)methyl)-pyrrolidine-2-carboxylic acid ethyl ester 17b


To NaH (0.02 g, 0.48 mmol) in dry DMF (2 ml) at 0 ◦C was added
amine 7d (0.10 g, 0.25 mmol) as a solution in dry DMF (2 ml)
and the solution stirred for 15 minutes. Dry benzyl bromide (58 ll,
0.48 mmol) was added at 0 ◦C and stirred for 5 minutes followed by
room temperature stirring for 24 hours. The reaction was quenched
with saturated solution of NH4Cl at 0 ◦C and extracted with
CH2Cl2. The organic layer was washed with water and brine, dried
over MgSO4 and evaporated. Silica gel chromatography [petrol
(40–60) : EtOAc 4 : 1] afforded the benzylated amine 17b as
transparent oil (0.044 g, 36%). Rf = 0.77 (7 : 3 petrol (40–60) :
EtOAc); mmax/cm−1 (neat) 1732, 1604; dH (500 MHz, C6D6) 0.78–
0.84 (6H, m, 2 × OCH2CH3), 0.93 (3H, t, J 7.0, OCH2CH3),
1.32 (3H, s, C(CH3)3), 1.38 (6H, s, C(CH3)3), 2.18–2.31 (3H, m,
C(3)H2, C(4)H), 2.34–2.39 (1H, m, C(4)H ′), 3.21 (1H, d, J 13.7,
CHHC6H5), 3.65 (1H, d, J 13.7, CHHC6H5), 3.83 (1H, d, J 18.7,
NCHHCO), 3.84–3.93 (4H, m, 2 × OCH2CH3), 4.0–4.03 (3H,
m, C(2)H, OCH2CH3), 4.10 (1H, d, J 18.7, NCHHCO), 4.63
(1H, t, J 6.6, C(5)H), 7.0–7.35 (5H, m, C6H5); dC (100 MHz,
C6D6) 13.9, 14.0, 14.1 (3 × OCH2CH3), 28.2 (C(CH3)3), 28.4, 29.3
(C(3), C(4)), 39.7 (CH2C6H5), 53.5 (NCH2CO), 60.4, 61.1, 61.2
(3 × OCH2CH3), 64.5 (NCHCBn), 66.4 (C(2)), 66.6 (C(5), 80.6


(C(CH3)3), 126.8, 128.5, 130.7 (ArC), 138.4 (quaternary ArC),
168.9, 170.6, 171.1, 173.4 (NCH2CO, 3 × CO2C2H5); m/z (ES+)
528 (M + Na, 100%), 506 (M + H+, 13%); HRMS (M + H+)
528.2562, C27H39NO8Na requires 528.2573.


(S)-Diethyl 2-(2-((tert-butyldiphenylsilyloxy)methyl)pyrrolidin-5-
ylidene)malonate 18


To a solution of alcohol 4b (0.87 g, 3.4 mmol) in dry CH2Cl2


(6 ml) was added dry triethylamine (0.56 ml, 4.0 mmol), tert-
butyldiphenylsilyl chloride (2.03 g, 7.41 mmol) as a solution
in dry CH2Cl2 (2 ml), and (dimethylamino)pyridine (0.020 g,
0.15 mmol) as a solution in dry CH2Cl2 (2 ml) and the mixture
was stirred for 48 hours. Water and CH2Cl2 were added and
CH2Cl2 layer was washed with saturated solution of NH4Cl, water
and brine, dried with MgSO4, and the solvent evaporated. Silica
gel chromatography [petrol (40–60) : EtOAc 4 : 1] afforded the
protected alcohol 18 (1.5 g, 92%) as transparent oil. Rf = 0.76 (3 : 2
petrol (40–60) : EtOAc); [a]21


D = −27.5 (c = 1.24, CHCl3); mmax/cm−1


(neat) 3357, 3020, 1681, 1643, 1565; dH (500 MHz, CDCl3) 1.06
(9H, s, C(CH3)3), 1.28–1.34 (6H, m 2 × OCH2CH3), 1.74–1.79
(1H, m, C(3)HH), 2.05–2.10 (1H, m, C(3)HH), 3.09–3.17 (2H, m,
C(4)H2), 3.55 (1H, dd, J 10.4, 6.4, CHHOTBDPS), 3.64 (1H, dd, J
10.4, 4.4, CHHOTBDPS), 4.00–4.04 (1H, m, C(2)H), 4.20 (2H, q,
J 7.1, OCH2CH3), 4.23–4.25 (2H, m, OCH2CH3), 7.38–7.45 (6H,
m, 2(rings) × 3ArCH), 7.64–7.65 (4H, m, 2(rings) × 2ArCH), 9.73
(1H, s, NH); dC (125 MHz, CDCl3) 14.3 (2 × OCH2CH3), 19.0
(C(CH3)3), 23.7 (C(3)), 26.6 (C(CH3)3), 33.8 (C(4)), 59.4, 59.5 (2 ×
OCH2CH3), 61.2 (C(2)), 66.5 (CHHOTBDPS), 87.2 (NCC), 127.7
(2(rings) × 2ArC), 129.7 (2 (rings) × 1ArC), 132.8 (2 (rings) ×
1quaternary ArC), 135.4 (2(rings) × 2ArC), 167.7, 169.6, 172.3
(C(5), 2 × CO2C2H5); m/z (ES+) 518 (M + Na, 35%), 496 (M +
H+, 100%), 450 (32%); HRMS (M + H+) 496.2511, C28H38NO5Si
requires 496.2519.


(S)-Diethyl 2-(2-(methoxymethyl)pyrrolidin-5-ylidene)malonate 19


Alcohol 4b (0.31 g, 1.2 mmol) was dissolved in dry CH2Cl2 (2 ml)
and added to a solution of 2,6-di-tert-butyl-4-methylpyridine
(0.75 g, 3.7 mmol) in dry CH2Cl2 (3 ml) at room temperature.
The solution was cooled to 0 ◦C and methyl triflate (0.41 ml,
3.7 mmol) was added. After being stirred at room temperature
for 20 hours, the mixture was poured into saturated solution
of NaHCO3 and extracted with CH2Cl2. The organic layer was
washed with brine, dried over MgSO4, and evaporated. Silica gel
chromatography [petrol (40–60) : EtOAc 3 : 2] gave methyl ether
19 (0.17 g, 52%) as yellow liquid. Rf = 0.51 (2 : 3 petrol (40–60) :
EtOAc); mmax/cm−1 (neat) 3309, 1643, 1247; dH (400 MHz, CDCl3)
1.24 (3H, t, J 7.1, OCH2CH3), 1.25 (3H, t, J 7.1, OCH2CH3),
1.61–1.68 (1H, m, C(3)HH), 2.03–2.11 (1H, m, C(3)HH), 2.97–
3.06 (1H, m, C(4)HH), 3.10–3.18 (1H, m, C(4)HH), 3.23 (1H, dd,
J 9.4, 7.7, CHHOMe), 3.32 (3H, s, OCH3), 3.40 (1H, dd, J 9.4,
4.1, CHHOMe), 3.98–4.01 (1H, m, C(2)H), 4.12 (2H, q, J 7.1,
OCH2CH3), 4.16 (2H, q, J 7.1, OCH2CH3), 9.56 (1H, br, NH);
dC (100 MHz, CDCl3) 14.3 (2 × OCH2CH3), 24.0 (C(3)), 33.6
(C(4)), 59.1 (C(2)), 59.5 (CH2OCH3), 59.5, 59.7 (2 × OCH2CH3),
75.4 (CH2OMe), 87.3 (NCC), 167.7, 169.6, 172.4 (C(5), 2 ×
COOC2H5); m/z (ES+) 294 (M + Na, 100%), 272 (M + H+, 2%),
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226 (96%); HRMS (M + Na) 294.1317, C13H21NO5Na requires
294.1317.


(S)-Diethyl 2-(2-(acetoxymethyl)pyrrolidin-5-ylidene)malonate 20


Acetic anhydride (4.60 ml, 48.5 mmol) was added to a solution of
alcohol 4b (1.25 g, 4.85 mmol) in dry pyridine (4.50 ml, 54.3 mmol)
and the reaction was allowed to stir for 1.5 h at room temperature.
Glacial acetic acid was then added to the mixture with cooling
in an ice bath until pH 5.0 was reached and stirred for 1 h. The
mixture was partitioned between CH2Cl2 and water. The organic
layer was washed with saturated solution of NaHCO3, water and
brine, dried with MgSO4 and evaporated to give the acetate 20
(1.45 g, 100%). Rf = 0.44 (1 : 1 petrol (40–60) : EtOAc); mmax/cm−1


(neat) 3306, 1745, 1688, 1646, 1570; dH (400 MHz, CDCl3) 1.21
(3H, t, J 7.1, OCH2CH3), 1.27 (3H, t, J 7.1, OCH2CH3), 1.66–
1.75 (1H, m, C(3)HH), 2.06 (3H, s, OCOCH3), 2.10–2.19 (1H,
m, C(3)HH), 3.01–3.20 (2H, m, C(4)H2), 3.87 (1H, dd, J 11.2,
7.5, CHHOAc), 4.05–4.09 (1H, m, C(2)H), 4.11–4.22 (5H, m,
CHHOAc, 2 × OCH2CH3), 9.58 (1H, br, NH); dC (100 MHz,
CDCl3) 14.3 (2 × OCH2CH3), 20.7 (OCOCH3), 24.2 (C(3)), 33.3
(C(4)), 58.4 (C(2)), 59.7 (2 × OCH2CH3), 66.4 (CH2OAc), 87.9
(NCC), 167.6, 169.6, 170.7, 172.3 (C(5), OCOCH3, 2 × CO2C2H5);
m/z (ES+) 300 (M + H+, 25%), 254 (100%); HRMS (M + H+)
300.1439, C14H22NO6 requires 300.1447.


(S)-Diethyl 2-(N-benzoyl-2-(methoxymethyl)pyrrolidin-5-
yl)malonate 21


The enamine 19 (0.11 g, 0.39 mmol) was dissolved in HOAc
(7.5 ml) to which was added Adams’ catalyst (0.050 g) in TFA
(2.5 ml). The hydrogenation apparatus was flushed 3 times with
hydrogen, and finally set to a pressure of 4.5 atm and the mixture
stirred for 48 hours. Careful filtration through Celite R© using
EtOAc, followed by solvent removal, gave a residue which was
dissolved in CH2Cl2 (50 ml) and washed with dilute aqueous
ammonia (3.2%) (50 ml), water and brine. The solution was
dried over MgSO4 and the solvent removed to give crude amine
(0.096 g) as an inseparable cis- : trans-mixture. Dry benzoyl
chloride (3.20 ml, 27.4 mmol) was added to a solution of this amine
(0.096 g, 0.35 mmol) in dry pyridine (0.32 ml, 3.9 mmol) and the
reaction was allowed to stir for 3 hours at room temperature. The
reaction was quenched and neutralised at 0 ◦C with 2 M HCl and
stirred for 1 hour. Dichloromethane (50 ml) was added and the
organic layer was washed with water and brine. It was dried with
MgSO4 and evaporated. Silica gel chromatography [petrol (40–
60) : EtOAc 3 : 2] afforded the amide 21 (0.11 g, 77%, over 2 steps)
as an inseparable mixture of cis- and trans-diastereomers, in a ratio
of 2 : 1. Rf = 0.5 (3 : 2 petrol (40–60) : EtOAc); mmax/cm−1 (neat)
1728, 1632, 1260; m/z (ES+) 400 (M + Na, 100%), 378 (M + H+,
37%), 218 (15%); dH (400 MHz, C6D6) cis-diastereomer, 0.83–0.97
(6H, m 2 × OCH2CH3), 1.30–1.47 (1H, m, C(3)HH′), 1.68–1.72
(1H, m, C(3)HH ′), 2.08–2.14 (1H, m, C(4)HH ′), 2.16–2.24 (1H, m,
C(4)HH′), 2.91 (3H, s, OCH3), 3.23–3.25 (1H, br. m, CH2OMe),
3.85 (1H, br, C(2)H), 3.89–4.09 (4H, m, 2 × OCH2CH3), 4.45
(1H, br, NCHCH), 5.12 (1H, q, J 7.5, C(5)H), 7.01–7.09 (3H,
m, ArH), 7.41–7.46 (2H, br. m, ArH); dC (100 MHz, C6D6) 14.1,
14.2 (2 × OCH2CH3), 26.2 (C(4)), 27.7 (C(3)), 55.5 (NCHCH),
57.8 (C(5)), 58.7 (C(2), CH2OCH3), 61.3, 61.7 (2 × OCH2CH3),


74.5 (CH2OMe), 127.1, 128.6, 129.6 (ArC), 138.6 (quaternary
ArC), 167.9, 168.4, 170.4 (NCOPh, 2 × CO2C2H5). dH (400 MHz,
C6D6) trans-diastereomer, 0.83–0.97 (6H, m 2 × OCH2CH3), 1.68–
1.72 (1H, m, C(3)HH ′), 1.94–2.06 (1H, m, C(3)HH′), 2.16–2.24
(1H, m, C(4)HH ′), 2.25–2.39 (1H, m, C(4)HH′), 2.70 (5H, br,
OCH3, CH2OMe), 3.89–4.09 (5H, m, C(2)H, 2 × OCH2CH3),
4.87 (1H, br, NCHCH), 5.22 (1H, br, C(5)H), 7.01–7.09 (3H, m,
ArH), 7.61–7.62 (2H, br, ArH); dC (100 MHz, C6D6) 14.1 (2 ×
OCH2CH3), 26.2 (C(4)), 27.8 (C(3)), 52.5 (NCHCH), 57.5 (C(5)),
59.7 (C(2), CH2OCH3), 61.4 (2 × OCH2CH3), 73.9 (CH2OMe),
127.8, 128.6, 130.0 (ArC), 138.9 (quaternary ArC), 167.5, 168.6,
170.9 (NCOPh, 2 × CO2C2H5); HRMS (M + H+) 378.1922,
C20H28NO6 requires 378.1917.


(2S,5S)-N-Diethyl-2-(N-acetyl-2-(trityloxymethyl)pyrrolidine-5-
yl)malonate 22b


The enamine 20 (1.16 g, 3.88 mmol) was dissolved in HOAc
(7.5 ml) to which was added Adams’ catalyst (0.164 g) in TFA
(2.5 ml). The hydrogenation apparatus was flushed 3 times with
hydrogen, and finally set to a pressure of 4.5 atm and the mixture
stirred for 72 hours. Careful filtration through Celite R© using
EtOAc, followed by solvent removal, gave a residue which was
dissolved in CH2Cl2 (50 ml) and washed with dilute aqueous am-
monia (3.2%) (50 ml), water and brine. The solution was dried over
MgSO4 and the solvent removed to give crude amine 22a (1.05 g)
as an inseparable cis- : trans-mixture. This mixture of amine 22a
(0.090 g, 0.33 mmol) was dissolved in dry CH2Cl2 (2 ml) and added
to a solution of triphenylmethyl chloride (0.10 g, 0.36 mmol) in dry
CH2Cl2 (1 ml), followed by addition of (dimethylamino)pyridine
(0.01 g, 0.09 mmol) as a solution in dry CH2Cl2 (1 ml) and dry
triethyl amine (0.06 ml, 0.6 mmol), and the mixture was stirred for
24 hours. The mixture was poured into ice–water and extracted
with CH2Cl2. The organic layer was washed with saturated
solution of NH4Cl, water and brine, dried with MgSO4, and evap-
orated. Silica gel chromatography ([petrol (40–60) : EtOAc 4 : 1
then petrol (40–60) : EtOAc 3 : 2]) afforded the amide 22b (0.050 g,
59%, over 2 steps) as white crystals. Mp 148–150 ◦C; Rf = 0.38 (3 : 2
petrol (40–60) : EtOAc); [a]25


D = −12.9 (c = 0.03, CHCl3); mmax/cm−1


(neat) 1728, 1642; dH (400 MHz, CDCl3) 1.22–1.29 (6H, m 2 ×
OCH2CH3), 1.88 (3H, s, NCOCH3), 1.92–2.05 (2H, m, C(3)H2),
2.06–2.18 (2H, m, C(4)H2), 3.05 (1H, dd, J 9.4, 8.2, CHHO(Ph)3),
3.13 (1H, dd, J 9.4, 4.0, CHH(Ph)3), 3.90–3.96 (1H, m, C(2)H),
4.11–4.23 (4H, m, 2 × OCH2CH3), 4.49–4.53 (1H, m, C(5)H), 4.56
(1H, d, J 4.2, NCHCH), 7.23–7.33 (9H, m, 3(rings) × 3ArCH),
7.36–7.43 (6H, m, 3(rings) × 2ArCH); dC (100 MHz, CDCl3) 14.0,
14.1 (2 × OCH2CH3), 22.7 (NCOCH3), 25.7 (C(4)), 27.2 (C(3)),
50.4 (NCHCH), 56.76 (C(5)), 59.2 (C(2)), 61.2 (2 × OCH2CH3),
64.4 (CH2OC(Ph)3), 87.1 (OC(Ph)3), 127.2 (3(rings) × 1ArC),
127.9 (3(rings) × 2ArC), 128.5 (3(rings) × 2ArC), 143.6 (3(rings) ×
1 quaternary ArC), 168.2, 168.6, 170.0 (NCOCH3, 2 × CO2C2H5);
m/z (ES+) 566 (M + Na, 72%), 544 (M + H+, 100%); HRMS (M +
H+) 544.2700, C33H38NO6 requires 544.2699.


N-Benzoyl-2-(acetoxymethyl)-5-(di(ethoxycarbonyl)methyl)-
pyrrolidine-2-methyl acetate 22c


The enamine 20 (1.17 g, 3.89 mmol) was dissolved in HOAc
(7.5 ml) to which was added Adams’ catalyst (0.164 g) in TFA
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(2.5 ml). The hydrogenation apparatus was flushed 3 times with
hydrogen, and finally set to a pressure of 3 atm and the mixture
stirred for 72 hours. Careful filtration through Celite R© using
EtOAc, followed by solvent removal, gave a residue which was
dissolved in CH2Cl2 (50 ml) and washed with dilute aq. ammonia
(3.2%) (50 ml), water and brine. The solution was dried over
MgSO4 and the solvent removed to give the amine as white
liquid. Dry benzoyl chloride (0.50 ml, 4.2 mmol) was added to
a solution of amine (0.123 g, 0.42 mmol) in dry pyridine (0.40 ml,
4.7 mmol) and the reaction was allowed to stir for 24 hours at
room temperature. Glacial acetic acid was then added to the
mixture with cooling in an ice bath until pH 5.0 was reached
and stirred for 1 hour. The mixture was partitioned between
CH2Cl2 and water. CH2Cl2 layer was washed with saturated
solution of NaHCO3, water and brine, dried with MgSO4, and
the solvent evaporated. Silica gel chromatography [petrol (40–
60) : EtOAc 1 : 1] resulted in an inseparable mixture of amide
diastereomers 22c (0.12 g, 82% over 2 steps) in a ratio of 5 :
2. Rf = 0.41 (1 : 1 petrol (40–60) : EtOAc); mmax/cm−1 (neat)
1745, 1636, 1578; m/z (ES+) 428 (M + Na, 69%), 406 (M +
H+, 100%); dH (400 MHz, CDCl3) Major-diastereomer, 1.25–
1.33 (6H, m 2 × OCH2CH3), 1.78–1.90 (1H, m, C(3)HH′), 1.99
(3H, s, CO2CH3), 2.04–2.20 (1H, m, C(4)HH), 2.26–2.30 (1H,
m, C(3)HH ′), 2.33–2.40 (1H, m, C(4)HH), 3.90–3.95 (1H, m,
CHHOAc), 3.99–4.02 (2H, m, CHHOAc, C(2)H), 4.11–4.31 (5H,
m, NCHCH, 2 × OCH2CH3), 4.78–4.85 (1H, m, C(5)H), 7.37–
7.62 (5H, m, C6H5); dC (100 MHz, CDCl3) 13.9 (2 × OCH2CH3),
20.7 (CO2CH3), 26.7 (C(3)), 27.1 (C(4)), 54.1 (NCHCH), 57.5
(C(5)), 58.4 (C(2)), 61.4, 61.5 (2 × OCH2CH3), 64.4 (CH2OAc),
126.2, 128.6, 129.7 (ArC), 138.8 (quaternary ArC), 167.9, 167.8,
170.4, 171.9 (NCOPh, 2 × CO2C2H5, CO2CH3). dH (400 MHz,
CDCl3) Minor-diastereomer, 1.25–1.33 (6H, m 2 × OCH2CH3),
1.78–1.90 (1H, m, C(3)HH ′), 1.99 (3H, s, CO2CH3), 2.04–2.20
(2H, m, C(3)HH′, C(4)HH), 2.26–2.30 (1H, m, C(4)HH), 3.65–
3.72 (1H, m, CH2OAc), 4.11–4.31 (5H, m, C(2)H, 2 × OCH2CH3),
4.51 (1H, br, NCHCH), 4.78–4.85 (1H, m, C(5)H), 7.37–7.62
(5H, m, C6H5); dC (100 MHz, CDCl3) 14.0 (2 × OCH2CH3), 20.7
(CO2CH3), 25.7 (C(4)), 27.5 (C(3)), 51.3 (NCHCH), 56.8 (C(5)),
58.4 (C(2)), 61.4, 61.5 (2 × OCH2CH3), 64.9 (CH2OAc), 126.8,
128.5, 130.0 (ArC), 137.0 (quaternary ArC), 167.9, 167.8, 170.4,
171.9 (NCOPh, 2 × CO2C2H5, CO2CH3).
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The development of anticancer drugs started over four decades ago, with the serendipitous discovery of
the antitumor activity of cisplatin and its successful use in the treatment of various cancer types.
Despite the efforts made in unraveling the mechanism of the action of cisplatin, as well as in the
rational design of new anticancer compounds, in many cases detailed structural and mechanistic
information is still lacking.
Many of these drugs exert their anticancer activity by covalently binding to DNA inducing a distortion
or simply impeding replication, thus triggering a cellular response, which eventually leads to cell death.
A detailed understanding of the structural and electronic properties of drug–DNA complexes and their
mechanism of binding is the key step in elucidating the principles of their anticancer activity. At the
theoretical level, the description of covalent drug–DNA complexes requires the use of state-of-the-art
computer simulation techniques such as hybrid quantum/classical molecular dynamics simulations.
In this review we provide a general overview on: drugs which covalently bind to DNA duplexes, the
basic concepts of quantum mechanics/molecular mechanics (QM/MM), molecular dynamics methods
and a list of selected applications of these simulations to the study of drug–DNA adducts. Finally, the
potential and the limitations of this approach to the study of such systems are critically evaluated.
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1 Introduction


The successful development of metal-containing anticancer agents
began with cis-[PtCl2(NH3)2] (1, Fig. 1) often referred to as
cisplatin,1 the anticancer activity of which was fortuitously
discovered by Rosenberg et al. in 1964.2 Currently, cisplatin is
the most widely used anticancer drug with particular efficiency in
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Fig. 1 Structure of cisplatin (1), carboplatin (2), oxaliplatin (3),
dinuclear ([cis-{Pt(NH3)2}2(l-OH)(l-pz)]2+(4) and [cis-{Pt(NH3)2}2-
(l-OH)(l-1,2,3-tz)]2+ (5)) and trinuclear platinum antitumor drugs (6).


testicular, ovarian, head and neck cancers (where cure rates up to
90% are commonly obtained).1–4


The major drawbacks in the use of cisplatin reside in its
intrinsic and acquired resistance, which limits its application to
sensitive cancer cells. Furthermore, when administered to patients,
cisplatin causes severe side effects, such as nausea, ear damage
and vomiting.1 These limitations have prompted the design of
new anticancer drugs, starting from simple cisplatin derivatives
(second generation), to more complex dinuclear- or trinuclear
species (third generation), to drugs containing transition metals
other than platinum. Unfortunately, second generation Pt-drugs,
such as carboplatin and oxaliplatin (2, 3, Fig. 1), also suffer


from drug resistance and side effects.1,2,5–7 Third generation Pt-
drugs with different oxidation states are commonly believed to
be prodrugs of classical cisplatin agents, rather then new drugs.8,9


In contrast, dinuclear and trinuclear Pt complexes (5–7, Fig. 1)
represent a promising alternative to cisplatin, since they have been
especially designed to cause a different cellular response than
cisplatin, reducing the risk of both cross- and intrinsic resistance.1,8


Among many other transition metal compounds tested, only
ruthenium complexes have attracted interest as potential anti-
cancer agents,1,10,11 demonstrating a cytotoxic activity different
from that of cisplatin. In contrast to Pt-drugs, the cellular target of
ruthenium complexes has not been unambiguously identified,10,11


and a detailed understanding of their mechanism of action is a
highly challenging task.


A completely different cytotoxic activity is expected from
antitumor antibiotics (Fig. 2). These drugs contain several aro-
matic heterocycles, and they exert their anticancer activity by
covalently binding to the minor groove of DNA with high sequence
specificity.12,13 Among them, anthramycin (8) and duocarmycins
(9–11) (Fig. 2) are exceptionally potent antitumor antibiotics
whose derivatives have recently entered clinical trials.14,15 Although
many hypotheses have been formulated about the origin of their
sequence selectivity and a potential catalytic role of DNA in their
binding, these issues are far from completely elucidated. A detailed
understanding of the factors that govern minor groove binding and
reactivity is clearly of great pharmacological interest, as it may
provide the basis for the design of more active anticancer agents.


Nowadays, theoretical calculations of molecular and electronic
structure represent a valuable complement to experiments to eluci-
date structure–activity relationships and to study the mechanism
of drug binding at the molecular level. Over the last few years
many theoretical studies have been performed on cisplatin as a
prototype of metal-containing anticancer drugs. These studies are


Fig. 2 Anthramycin (7a) and anhydroanthramycin (7b), DSA (8) and DSI (9) and NBOC-DSA (10) duocarmycin derivatives. Schematic drawing of
nucleophilic attack of adenine to NBOC-DSA.
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mainly based either on traditional quantum mechanical electronic
structure calculations of small models of the drug16–21 and drug–
nucleoside complexes,22–26 or classical molecular dynamics sim-
ulations of the cisplatin–DNA adducts.27,28 In addition, due to
the increasing pharmacological potential of ruthenium-containing
drugs10 and aromatic antibiotics,14,15 quantum mechanical studies
have recently appeared that try to identify their binding29 and
reaction mechanism.30,31


However, both classical molecular dynamics (MD) and quan-
tum mechanical (QM) studies of a drug covalently linked to
DNA present severe drawbacks. Classical MD studies based on
predefined force fields might encounter difficulties in describing
anticancer metal-containing drugs, since their structural and
energetic properties depend in an intricate way on the electronic
structure of the transition metal ion,32,33 while purely organic
drugs bonded to DNA invariably contain non-standard groups,
for which an accurate classical parametrization is usually not
available. QM calculations overcome these problems by explic-
itly taking into account the electronic structure of the drug,
thus elegantly avoiding the parametrization of force fields for
uncommon organic or inorganic (metal-containing) molecules. In
addition, in the framework of an ab initio molecular dynamics
scheme, they allow the direct simulation of bond forming and bond
breaking in biochemical reactions.32,33 However, QM methods are
computationally quite expensive and their treatment is usually
restricted to relatively small systems in the gas phase.


Complex biochemical processes occur in a heterogeneous con-
densed phase environment that comprises several thousands of
atoms, and thus a mixed quantum/classical (QM/MM) approach
that takes into account accurately the chemically relevant region of
the system, while treating the rest of the biomolecular environment
at a computationally efficient level, has emerged as a powerful
computational tool.34–37


In this review, we focus our attention only on certain selected
antineoplastic agents such as cisplatin and its derivatives along
with antitumor antibiotics, summarizing our recent studies of the
structural, electronic and chemical properties of these drug–DNA
adducts by QM/MM MD simulations.38–41


2 The QM/MM method


The QM/MM approach combines computational methods of dif-
ferent accuracy and efficiency, resulting in an extremely powerful
tool for the study of biological systems.34–37 The partitioning of
the systems into two different regions allows concentration of
the computational efforts (QM calculations) to the chemically
interesting region, while the rest of the system is treated in a
computationally efficient manner (MM calculation). For a drug–
DNA complex, the quantum chemical region would naturally
be the drug and the covalently linked nucleobase(s), while the
mechanical and the electrostatic influence of the remaining
oligonucleotide and the solvent are treated with empirical force
fields (Fig. 3).


The general form of a mixed QM/MM Hamiltonian was
introduced by Warshel:42


H = HQM + HMM + HQM/MM


where HQM is the ab initio Hamiltonian (which can be based
on different quantum mechanical approaches, i.e. Hartree–Fock,


Fig. 3 Example of QM/MM scheme: the metal-containing drug belongs
to the QM region (in balls and sticks), the rest of the DNA and the solvent
(only oxygen atoms are shown for clarity) (in lines) belong to the MM
region.


density functional theory (DFT), or semiempirical methods),
HMM is the classical Hamiltonian, which is described by standard
biomolecular force fields and comprises bonded interactions (har-
monic bonds, angles and dihedrals) and non-bonded interactions
(electrostatic point charges and van der Waals interactions).34,36


Invariably, the pitfalls of QM/MM methods lie in the challenge
of finding a rigorous treatment of the coupling between the QM
and the MM regions as described by the interaction Hamiltonian
HQM/MM.34,36


Several methods have been developed to treat systems where
covalent bonds are split between the QM and the MM regions.
In the simplest case, either link atoms are used to saturate
the dangling bond of the terminal QM atom, or a specially
parameterized pseudo-atom is introduced, which mimics closely
the modeled group.34,36 An alternative approach consists in
constraining the SCF solution to reflect the influence of the bonds
that have been omitted.34,36 Both approaches have their strengths
and weaknesses, but they both lead to good accuracy if treated
with appropriate care.34,36


The remaining bonding and van der Waals interactions at the
interface region are treated classically. Most problematic is the
description of the electrostatic interactions between the quantum
mechanical and molecular mechanical region.34,36 The easiest
way to electrostatically couple the two regions is a mechanical
embedding in which the electrostatic interactions between the QM
and the MM parts are either not treated or are treated at the MM
level. In an electrostatic embedding the electrostatic effects of
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the classical environment are taken into account in the classical
description as an additional contribution to the quantum field of
the system.34,36 In this scheme the polarization of the QM region by
the MM charge distribution occurs as part of the QM electronic
structure calculation.34,36


2.1 The hybrid QM (Car–Parrinello)/MM method


The method we have chosen to for the study of anticancer drug–
DNA interactions is a combination of ab initio (Car–Parrinello)
MD,43,44 and classical MD simulations.


Several mixed QM (Car–Parrinello)/MM schemes have been
developed to treat the boundary region between the QM and
the MM part.45–47 In this article we describe applications of the
fully Hamiltonian coupling scheme developed by Roethlisberger
and co-workers.46 In this approach, the bonds between the
QM and the MM part are treated by the use of monovalent
pseudopotentials or by the addition of capping hydrogen atoms.
The remaining bonded and van der Waals interactions are treated
at the level of the classical force field.


The electrostatic effects of the classical environment are taken
into account as an additional contribution to the external field
acting on the quantum system, with the addition of a potential
function around the location of the classical atoms. This mimics
Pauli repulsion with these nuclei, avoiding overpolarization of the
electron density near positively charged classical point charges (the
electronic spill-out effect).46 To limit the computational overhead,
the electrostatic interactions between the QM system and the
more distant MM atoms are included by means of a Hamiltonian
term that explicitly couples the multiple moments of the quantum
charge distribution with classical point charges.46


The Car–Parrinello code CPMD (based on DFT)48 is interfaced
with the classical force field parm9949,50 in combination with
particle mesh Ewald summations to treat long-range electrostatic
interactions.51 This code has been successfully applied to the study
of the structural and electronic properties, and the chemical re-
activity of complex biological systems containing 10 000–100 000
atoms.52


3 Covalent anticancer drug–DNA binding


3.1 Platinum anticancer drugs


Cisplatin. Due to its wide range of applicability in cancer
treatment, cisplatin is widely studied both experimentally1–9 and
theoretically.16–28 Solvolysis, alkylation reaction rates and the
structural consequences of cisplatin binding to DNA are well
understood and documented.1–9 It is well known that cisplatin
binds to two adjacent guanines, forming preferentially N7(G)–
N7(G) intrastrand crosslinks, and that the formation of cisplatin–
DNA adducts induces a large kink towards the major groove,
a local unwinding at the platinated lesion and a flattening of
the minor groove. The shallow minor groove and the large axis
bend formed after the binding of cisplatin are recognized by a
series of proteins, which bind to the distorted cisplatin–DNA
adduct with high affinity. This binding inhibits the replication
and transcription machinery of the cell, leading eventually to cell
death.1–7


The wealth of available structural data makes the cisplatin–
DNA adduct a perfect candidate to benchmark the accuracy and
the predictability of the QM/MM method in the description
of drug–DNA interactions. To this end, we carried out three
simulations, starting from the X-ray structures of platinated DNA
(A)53 and the cisplatin–DNA adduct in complex with high mobility
group (HMG) protein (B),54 as well as from cisplatin docked to the
same oligomer (of A) in canonical B-DNA conformation (C).38,55,56


Both A and B reproduce the relevant experimental structural
features with good accuracy (see Table 1). Interestingly, A slightly
rearranges during the dynamics and adopts a large kink and roll
angle, similar to the characteristics of the NMR solution structure
(Table 1).57 In contrast, in B, no significant rearrangements
occur with respect to the crystal structure. In fact, the HMG
protein stabilizes and increases the kink of double strand (ds)
DNA induced by the binding of cisplatin.54,58 In agreement
with experiments, Watson–Crick hydrogen bonds are maintained
almost entirely,38 even though the DNA duplex is very flexible in
all three simulations. The simulated cisplatin–DNA adducts are
shown in Fig. 4.


Surprisingly in C, even within the limited time scale of a few
picoseconds (7 ps), the DNA undergoes remarkable structural
changes, namely a large increase in the kink along with an increase
of the roll angle and the rise (Table 1).58 During the simulation,
the helical parameters approach asymptotically the values of
simulation A, but a complete structural agreement of C is impeded
by the puckering of the sugars. Indeed, conformational changes
of the sugar occur on a time scale of hundreds of ps, and thus
they are not accessible in our simulation time scale. Nevertheless,
the extent to which DNA can rearrange in a few ps suggests
that our method may qualitatively predict structural changes of
drug–DNA adducts, for which limited structural information is
available.


Dinuclear azole-bridged platinum complexes. Azole-bridged
dinuclear platinum(II) compounds (4 and 5, Fig. 1)59,60 have been
especially designed to bind DNA, inducing minimal distortions.1


In principle, small structural changes may render the platinated
lesion less recognizable by excision repair enzymes, overcoming
the problem of cross-resistance.1,5


In agreement with this hypothesis, the NMR structure of the
4–DNA complex (the only available structural information of a
diplatinated drug–DNA complex) shows structural parameters
very close to that of canonical B-DNA (Table 1).1,61 Recently, both
4 and 5 have been shown to have an improved cytotoxic behavior
relative to cisplatin in several tumor cell lines, and to circumvent
the cross-resistance to cisplatin.62,63


Experiments show that the mechanism of binding of 5 to
dsDNA is quite complex. In fact, after the first alkylation
step, nucleophilic attack of the second guanine can occur or,
alternatively, Pt2 (and its coordination sphere) can migrate from
N2 to N3, followed by the second alkylation step (for a detailed
reaction scheme see Fig. S1 in the ESI†). Therefore, 5 can alkylate
two adjacent guanines of dsDNA in both an N1,N2 and an N1,N3
fashion. The N1,N3 isomer presents a larger intermetal distance
and can lead to the formation of a variety of inter- and intrastrand
crosslinks, which may be a key factor for the high cytotoxicity of
these drugs.62,63
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Table 1 Selected helical parameters at the N7(G)–N7(G) crosslink formed by Pt-drugs binding to DNA : a) cisplatin–5′-d(CpCpTpCpTpG*pG*-
pTpCpTpCpC)-3′ complexes A, B and C compared to experimental data;53,54,57 b) [{cis-Pt(NH3)2}2(l-OH)(l-pz)](NO3)2 (pz = pyrazolate) (4) and [{cis-
Pt(NH3)2}2(l-OH)(l-1,2,3-ta-N1,N2)](NO3)2 (ta = 1,2,3-triazolate) (5) bound to 5′-d(CpTpCpTpG*pG*pTpCpTpCp)-3′, resulting in complexes D, E
and F, compared to NMR structure,61 and reference simulation of unbound decamer with same sequence (DNA MD). Rise, major and minor groove
width (W ) and depth (D) are given in Å. Roll, tilt, twist, local angle and global axis curvature are in degrees.58 The minor and major groove parameters
refer to the largest value measured at the platinated site (G–G step)


a) A B C X-Ray X-Ray HMG NMR


Rise 4.3 ± 0.5 7.7 5.0 3.5 7.7 5.7
Roll 42 ± 9 61 ± 7 28 ± 8 29 64 46
Tilt −16 ± 7 −27 ± 4 −14 −7 −26 −21
Twist 34 2 24 25 30 35
Local angle 18 36 16 18 31 31
Global axis curvature 51 ± 10 57 ± 5 48 ± 8 40 46 85
Groove parameters W D W D W D W D W D W D
Minor groove 8.5 2.5 11.4 0.4 8.9 2.9 9.6 1.4 10.3 −0.8 9.8 1.7
Major groove 4.5 10.9 4.3 9.0 15 6 5.5 9.8 5.3 7.9 9.4 12.1


b) D E F DNA MD NMR


Rise 3.6 ± 0.2 3.6 ± 0.2 4.1 ± 0.3 3.4 ± 0.2 3.3
Roll 9 ± 4 4 ± 4 −5 ± 5 −3 ± 7 5
Tilt 8 ± 3 8 ± 3 18 ± 4 −4 ± 5 10
Twist 31 32 35 38 27
Local angle 7 ± 2 4 ± 1 6 ± 1 4 ± 2 3
Global axis curvature 19 ± 5 10 ± 3 8 ± 4 19 ± 8 5
Groove parameters W D W D W D W D W D
Minor groove 6.1 5.0 6.8 5.2 4.6 5.4 7.0 4.7 7.3 5.0
Major groove 14.9 7.4 11.9 4.1 20.9 3.2 12.9 6.1 16.3 7.9


Fig. 4 Left: Close-up QM/MM structure for model A, showing quantum region in balls and sticks, adjacent nucleobases as cylinders and the
remaining part as lines. Middle: cisplatin–DNA adduct. The kink towards the major groove is shown by yellow lines. Right: Binding of HMG–protein
to cisplatin–DNA adduct in B. The platinated moiety is shown as ball and sticks, while the intercalating aminoacid PHE37 is shown in sticks (purple).


We have performed an extensive computational study on 4 and
5, starting from detailed QM calculations in the gas phase of
the two drugs, the intermediates and the products of binding to
two guanine bases.39 Our QM calculations suggest that the N2–N3
isomerization of 5 is driven by a large thermodynamic stabilization
of the N1,N3 isomer (−20 kcal mol−1) due to the formation of an
allylic structure over the three nitrogens of the triazolate unit.39


As shown in the previous section, the QM/MM approach has
been valuable in characterizing the structural properties of the
cisplatin–DNA adduct,38 and we employed it here to characterize
and predict the structural features of 4 and 5 in complex with the
dsDNA decamer (D–F, Fig. 5). The NMR structure of the 4–DNA
complex has been used as a template to construct models of 5–


DNA adducts, considering both the N1,N2 and the N1,N3 binding
modes (E and F, Fig. 5), for which no structural information was
available.


The average QM/MM structure of D compares well with the
NMR structure, thus validating our computational setup. As
a general feature, the drug–DNA complexes D and E display
almost the same structural properties, whereas a slightly different
structure is observed for F, due to its larger intermetal distance.39


The following trends are observed (Table 1): (i) A decrease in
the roll angle and an increase of the tilt of the platinated G5–G6
bases, when going from D to F. In F a large tilt and negative
roll result in a local angle64 between the G5–G6 base pair step
similar to D and E. However, this angle is smaller in D–F than in
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Fig. 5 Average structure for modelx D, E and F. Atoms depicted by balls and sticks belong to the QM region; the remaining atoms and the solvent
belong to the MM region. Hydrogen bonds between T4/T7 and the NH3 cis-ligands are depicted by sticks.


cisplatin–DNA;38 (ii) An increase of the rise at the platinated G5–
G6 base step, which in F becomes comparable to that observed
in cisplatin–DNA adducts;38 (iii) An increase of the twist from D
to F, which for the latter leads to values typical of canonical B–
DNA. This is possibly due to a larger intermetal distance, which
increases the flexibility of the diplatinated moiety; (iv) A larger
major groove with respect to canonical B–DNA; and (v) a small
overall axis bend for all three complexes.65


Interestingly, cisplatin has exactly the opposite effect on the
helical parameters, giving thus a rationale for the lack of cross-
resistance of these drugs.38,39 In principle, the absence of a
pronounced kink and no significant changes in minor groove width
may render the platinated lesion less recognizable to the excision re-
pair enzymes, working around the problem of cellular resistance.1,5


Our results, based on QM/MM MD, provide a detailed picture
of local distortions at the platinated site, and give some qualitative
trends for the global distortions in DNA, such as a decrease in
axis curvature observed when going from D to F.39,64 Simulations
on a longer time scale are, however, required to confirm this trend
in global DNA parameters, which reach their equilibrium values
much more slowly than local parameters. To this end, accurate
force field parameters for the diplatinum moiety (embedded in its
biomolecular environment) have been derived ‘on the fly’ from
the QM/MM trajectories.66 Classical MD simulations, performed
with these parameters, confirm a decrease of the overall axis cur-
vature when going from D to F, although this is less pronounced.67


Here, QM/MM MD simulations have been used as a unique
computational tool to predict structural properties of novel
diplatinum drug–DNA adducts. Our findings complement the
existing experimental data that is available on the mechanism
of action of platinum anticancer agents (currently still under
debate), and may be crucial for the development of more specific
anticancer complexes.


3.2 Antitumor antibiotics


The discovery of the antitumor activity of natural antibiotics has
raised a lot of interest.12,13 These antibiotics are typically extended
aromatic systems, which either intercalate between two base pairs,


or enter into the minor groove of duplex DNA with high sequence
selectivity.12,13 Some of them form covalent bonds to DNA bases,
and here we will focus on this class of antibiotics. Due to the
tight binding to the minor groove, the electronic structure of these
drugs may be highly perturbed by the electric field of DNA. Thus,
a QM/MM approach can be very useful to obtain information
about the effect of the biomolecular environment on both the
electronic properties and the reactivity of the drugs.


Anthramycin. Anthramycin is a natural antibiotic belonging
to the family of pyrrolo-benzodiazepines.68 Although cardiotoxic,
anthramycin is often used as a template in drug design, and
recently a number of its derivatives with improved antitumor
activity have entered into clinical trials.14 These compounds exert
their anticancer activity by binding to the minor groove of dsDNA
and by forming subsequently a covalent bond to a guanine. The
formation of the covalent complex induces a cascade of cellular
events, which eventually lead to apoptosis.68


Anthramycin is a prototypical drug for the study of covalent
minor groove binders due to the available structural data for
the drug–DNA complex68 and due to its role as a lead in drug
design.13,14


Currently, the potential catalytic role of the dsDNA on the
formation of the covalent bond and the detailed mechanism of
binding are not completely elucidated. In addition, there is still an
ongoing debate concerning whether the hydroxy (ant, 7a in Fig. 2)
or anhydrido (imi, 7b in Fig. 2) form of the drug is the reactive
species, which undergoes the nucleophilic attack by N2(Gua).69


Hybrid QM/MM simulations of the two non covalent
(imi/DNA and ant/DNA) adducts have been performed to
investigate the catalytic role of DNA in the alkylation step, as well
as attempting to shed light on the relative reactivity of the two
complexes.40 The QM/MM scheme has been adopted to split the
source of polarization into various contributions: either including
the electrostatic effects of DNA and solvent (with bioframe) or
switching it off (without bioframe).40


A comparison of the electrostatic potential with and without
the biomolecular environment shows that the explicit electrostatic
effect of DNA induces significant differences between the reactive
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Fig. 6 Contour plots of the difference in the electrostatic potential (eV) with or without the biomolecular frame (calculated within the QM region
through the plane defined by N2, N10, C11) for (a) anhydro-anthramycin and (b) hydroxy-anthramycin.


centers (N2@Gua and C11@drug, Fig. 6). In imi/DNA the
alkylation reaction may be promoted by a gradient of the
electrostatic potential. This gradient renders C11@drug (which
undergoes the nucleophilic attack of N2@Gua) more electrophilic,
and it may assist the alkylation process. In contrast, in ant/DNA
the largest effect is in proximity of N10@Gua, and no gradient is
present between the reactive centers.


The effect of the polarization of both the drug and the dsDNA
is also monitored by calculating the bond ionicities (BI)70 of
reactive bonds and the energy gap between reactive orbitals. In
these calculations we have separately monitored the effect of the
DNA and the solvent.


The most pronounced polarization effects occur for the lone
pair of N2@Gua of ant, and for the N10–C11@drug p-bond of
imi (Table 2). These are mainly due to the electrostatic field of the
DNA, while the effect of the water molecules is negligible. Finally,
the gap between reactive orbitals (involved in bond formation and
breaking), is significantly decreased in the presence of the DNA
environment, suggesting that the drug is activated when it resides
in the minor groove of dsDNA.


Therefore, these results reveal unambiguously that the dsDNA-
environment can assist the alkylation process by altering the
electrostatic potential between the reactants. In addition, this qual-
itative analysis suggests that imi may be more reactive than ant, but
it does not allow discrimination of the two forms with certainty. A
clear indication of the relative reactivity of the two drugs requires


calculations of the activation free energy barrier for the reaction of
binding to DNA, an example of which is given in the next section.


Duocarmicyns. We studied the detailed binding mechanism of
three duocarmycin derivatives (Fig. 2), namely (+)-duocarmycin
SA (DSA), (+)-duocarmycin SI (DSI), and NBOC-DSA (8–10,
respectively). The cytotoxic potential of these drugs arises from
their binding to the DNA minor groove and from the subsequent
alkylation at the N3@Ade site.71–75 Alkylation occurs by an SN2
reaction, in which the cyclopropyl ring is opened by nucleophilic
attack of N3@Ade at the least-substituted carbon atom of the drug
(C13@drug in Fig. 2). The relative reactivity of duocarmycins
towards DNA decreases in the order DSA > DSI � NBOC-
DSA.75 Interestingly, these drugs are stable in water, and undergo
solvolysis only at pH 3.


Clearly, the DNA environment has a fundamental role in the
reactivity of duocarmycins. Several hypotheses have been made
regarding the effects of the DNA in activating the alkylation
of the duocarmycins: (i) a conformational change in DNA
upon drug-binding may render the adenine base more reactive;76


(ii) The drug, when bound to DNA, experiences a conformational
change around the amide link. The distortions around the amide
bonds could reduce the p-electron conjugation and ultimately
destabilize the cyclopropyl unit75,77,78 (shape-induced activation);
and (iii) general- or specific acid catalysis or cation complexation


Table 2 (a) Bond ionicities of N2@G and N10–C11@drug bonds. With bioframe, Without bioframe and Without solvent refer to the calculation with
both DNA and solvent, without both DNA and solvent, and with DNA and without the solvent, respectively. The last column refers to the calculation
in vacuo. (b) HOMO–LUMO gap between the Kohn–Sham energy levels that correspond to orbitals localized on the reactive centers


a) With bioframe Without bioframe Without solvent In vacuo


Imi/DNA C11–N10 0.57, 0.58 ± 0.01 0.54, 0.55 ± 0.01 0.58, 0.59 ± 0.01 0.55, 0.56
N2 lone pair 0.21 ± 0.05 0.19 ± 0.05 0.21 ± 0.07 0.24


Ant/DNA C11–N10 0.57 ± 0.01 0.57 ± 0.01 0.58 ± 0.01 0.57
N2 lone pair 0.20 ± 0.05 0.15 ± 0.06 0.15 ± 0.06 0.24


b) Energy gap/eV


Imi/DNA Ant/DNA
With bioframe D(LUMO/HOMO-2) ∼ 1.4 D(LUMO/HOMO) ∼ 1.2
Without solvent D(LUMO/HOMO-1) ∼ 1.3 D(LUMO + 1/HOMO) ∼ 2.1
Without bioframe D(LUMO/HOMO-1) ∼ 1.9 D(LUMO + 1/HOMO) ∼ 3.2
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to the O6 group could increase the electrophilicity of the cyclo-
propyl unit.79,80


Recent ab initio studies have investigated the reaction mecha-
nism of several duocarmycin derivatives, but they did not include
the DNA environment.30,31 Since the DNA has been postulated to
play a fundamental catalytic role, we have addressed this issue by
studying the structural and electronic properties of 8–10 and the
reaction energy profile of the nucleophilic attack of N3@Ade upon
C13@drug of 8–10 in their explicit biomolecular environment.41


An analysis of the structural properties of reactant and tran-
sition state structures shows no significant discrepancies in the
torsional angle profile of the three drugs (Table S1†) or in the
bond orders around the amide link (Table 3), suggesting that the
shape-induced mechansim plays a minor role.


The free energy profile for the alkylation step of 8–10 has been
obtained by thermodynamic integration, choosing as a reaction
coordinate the distance between N3@Ade and C13@drug.81 A
qualitative measure of the catalytic effect of DNA is obtained by
comparing the activation free energy calculated for the alkylation
process of 10 in water or in the minor groove of dsDNA.


The reaction energy profile for the covalent binding to DNA is
fairly similar for the three drugs (Table 3). The small differences
may be attributed to the slightly different positions that the
drugs assume in the minor groove in the initial classical MD
simulations,55 where the extended aromatic ring system of 8 and 9
allows them to occupy a more favorable position for nucleophilic
attack.41


On the other hand, a comparison between the alkylation
reaction of 10 in water and in dsDNA shows that in the latter the
free energy barrier is reduced by 4 kcal mol−1, which corresponds
to a rate enhancement of roughly three orders of magnitude. To
understand the origin of this rate acceleration, the evolution of
the electronic structure along the selected reaction path has been
followed in terms of bond ionicities70 and bond orders (Table 3)
for the C9–C13 and the N3–C13 bonds involved in the reaction
(Fig. 7).


In general, an early transition state, in which the forming bond
is poorly developed and the breaking bond is still quite strong, has
a lower activation free energy than a late transition state, in which
bond formation and breaking is more advanced. In agreement with
this statement, our simulations show that in water, bond breaking
and forming has proceeded further than in DNA. Furthermore,
BIs indicate that the C9–C13 bond is less polarized in water than in
DNA, suggesting that the polarization effects of the DNA render
the cyclopropyl unit more reactive (Table 3). Thus, the polarization
of the biomolecular frame appears to be a crucial ingredient for the
binding of antitumor antibiotics to the minor groove of dsDNA.


4 Concluding remarks and future perspectives


Many important anticancer drugs exert their biological function
by covalently binding to DNA.1,12,13 Experiments yield information
about drug binding affinities, reaction rates, cytotoxicity as well
as structural information regarding binding to their biological
targets. We have reported here a few selected examples in which
we show how QM/MM MD simulations can complement these
experimental data, to help us to understand better the principles
and the mechanism of binding of anticancer drugs at the molecular
level. T
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/Å


3.
0


2.
3


3.
0


2.
3


3.
0


2.
3


3.
0


2.
3


B
on


d
or


de
rs


N
3–


C
13


0.
00


8
0.


22
1


0.
01


9
0.


20
8


0.
00


9
0.


22
1


0.
00


9
0.


32
7


C
9–


C
13


0.
80


9
0.


41
0


0.
80


3
0.


41
1


0.
81


4
0.


39
5


0.
81


5
0.


24
0


C
14


–O
14


1.
50


4
1.


45
4


1.
57


1
1.


51
2


1.
58


8
1.


51
6


1.
57


2
1.


51
3


C
14


–N
12


1.
10


4
1.


17
3


1.
07


8
1.


13
0


1.
00


3
1.


10
7


1.
02


2
1.


12
1


N
12


–C
8


1.
09


6
1.


05
0


1.
14


4
1.


07
6


1.
13


1
1.


06
8


1.
12


0
1.


06
4


D
N


3–
C


13
/Å
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Fig. 7 The electronic structure of DSA investigated in terms of localized Boys orbital centers (a) at the ground state, and (b) at the transition state of
the alkylation step. Boys orbital centers (shown as green spheres) at the resting state and the transition state provide a visual means of inspecting of the
electron density evolution along the reaction path. The Boys orbital centers in N3@Ade and of the C9–C13@drug are highlighted in purple.


Specifically, we have characterized global and local DNA
parameters of cisplatin and novel diplatinum drugs in covalent
complexes with dsDNA.38,39 Our simulations show modest struc-
tural distortions of the azole-bridged diplatinum–DNA adduct,
compared with the large kink in dsDNA induced by cisplatin.
These different structural properties may induce diverse cellular
responses, accounting for the cytotoxicity of dinuclear drugs in
cell lines resistant to cisplatin.1,5


A detailed understanding of how these structural differences
in cisplatin–DNA and diplatin–DNA adducts may affect protein
recognition and other cellular processes triggered by the modified
DNA is a highly challenging task. Even though this problem
lies outside the possibility of an accurate theoretical study, our
simulations do provide hints and additional viewpoints to help
interpret experimental findings.


In addition, QM/MM simulations have proved to be a unique
tool to give a qualitative picture of the catalytic effect of DNA in
the binding of antitumor antibiotics.40,41 The possibility to switch
the DNA environment on or off helps in elucidating the effect of
the biomolecular frame on the electronic structure40 and on the
reactivity of the drugs.41 Our simulations have shown that rate
enhancement is achieved primarily through polarization of the
reactants.40,41 A detailed knowledge of these properties, along with
the reaction mechanism, may guide experimenters towards the
design of more active drugs.


We have also shown that activation free energy barriers and
reaction mechanisms can be studied within the QM/MM scheme,
monitoring the changes of the electronic structure ‘on the fly’
(along the reaction path).


One of the major drawbacks of hybrid QM/MM MD simula-
tions is the limited time scale (a few tens of picoseconds),which
clearly limits the accessibility of many relevant biological events.
The use of enhanced sampling techniques82–85 allows improving
the accessibility of the entire phase space and observing rare
events.


Among these computational techniques, the QM/MM meta-
dynamics scheme85 appears to be a promising computational
tool to predict reaction mechanisms of complex chemical and
biochemical processes without the bias of few arbitrarily selected
reaction coordinates.86


Another useful application of QM/MM MD is the derivation
of accurate force field parameters at no additional computational
cost.65 Empirical parameters for new metal-containing anticancer
compounds or molecules, which are difficult to access by ex-
periment, such as reaction intermediates, can appropriately be
derived, with the advantage of implicitly taking into account the
biological framework and temperature effects.65 In this framework,
a combination of classical MD and QM/MM MD allows great
extension of the potential of molecular simulations in the study of
anticancer drugs and their interactions with biological targets.66


From the genetic point of view, cancer is a multifactorial disease
dependent on the simultaneous deregulation of more than one
gene. The genes involved in the onset of the disease are the same
that regulate “normal” functions in healthy cells, and therefore
they are not specific and selective targets for the control of the
disease. However, in the post-genomic era, cancer research has
focused on the transduction of signaling pathways characteristic
of tumor cells, and it is likely that in the future attention will be
devoted towards targets other than DNA. To this end, the use
of state-of-the-art computer simulations will be valuable to help
support the study of the interactions of anticancer drugs with these
newly identified targets.
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Four different regioisomers of cationic bis-N,N-dimethylfulleropyrrolidinium salts have been prepared
and evaluated as inhibitors of the enzymatic activity of acetylcholinesterase. These fullerene-based
derivatives were found to be noncompetitive inhibitors of acetylthiocholine hydrolysis. Molecular
modelling was used to describe the possible interactions between the fullerene cage and the amino acids
surrounding the cavity of the enzyme. The cationic C60 derivatives used in this study represent a new
class of molecules potentially able to modulate the enzymatic activity of acetylcholinesterase.


Introduction


Different classes of fullerene derivatives have shown interesting
potential in biomedical applications.1 The biological proper-
ties of fullerenes include photocleavage,2 antiapoptotic activity,3


neuroprotection,4 drug and gene delivery,5 antioxidation,6


chemotaxis,7 antibacterial activity,8 and enzyme inhibition.9 Con-
cerning the development of enzyme inhibitors based on a C60


core, only a few examples have been reported.9 It has been
demonstrated that the structure of C60 is highly complementary
to the HIV protease (HIVP).9a,10 As a consequence, a series of
fullerene derivatives has been designed and found to bind to
the active site of HIVP, which is characterised by a hydrophobic
pocket. Similarly, an antibody raised against a series of fullerene
conjugates presented a non polar binding site highly specific for
C60.11


Another family of enzymes that contain a hydrophobic cavity
with the ideal dimensions to accommodate a fullerene moiety
is that of cholinesterases.12 Within these serine esterases, acetyl-
cholinesterase (AChE) plays an important role in the regulation
of functions of central and peripheral nervous systems.13 AChE
hydrolyses the cationic neurotransmitter acetylcholine (ACh).14


Dysfunctions on the level of ACh have a direct implication in the
development of neurodegenerative disorders such as Alzheimer’s
disease (AD).15 Therefore, selective ligands have been developed
over the years because of the pharmacological and toxicological
importance of AChE. The active site of AChE has been described
at the atomic resolution by X-ray crystallography of the protein
alone or complexed to different types of inhibitors.16 It comprises
the principal site, constituted by the catalytic triad Ser200,
Glu327 and His440, which is located at the bottom of a gorge
approximately 20 Å deep, and the peripheral site, near the edge
of the cavity. The two sites, about 15 Å apart, are surrounded
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by the rings of 14 conserved aromatic residues.17 The current
inhibitors present different chemical structures, ranging from
simple cationic compounds to bis-quaternary salts able to interact
with both principal and peripheral binding sites.18,19 In particular,
the dual-site inhibitors are able to form an important cation–p
interaction with Trp279 and Trp84 at the top and the bottom
of the hydrophobic pocket, respectively. On the basis of these
chemico-physical characteristics of the enzyme cavity and the
search of efficient ligands, cationic fullerene derivatives may mimic
the action of bis-quaternary salts and become a new class of
potential inhibitors of AChE.


Results and discussion


Design and synthesis of AChE fulleropyrrolidine inhibitors


The most effective, past inhibitors of AChE were characterised
by the molecular structures bearing tertiary amines or quaternary
ammonium salts, which interacted with the catalytic triad and
Trp84 at the base of the gorge.18,20,21 After a demonstration that
the peripheral site at the rim of the cavity played also an important
role in the enzymatic activity, new generations of inhibitors able
to simultaneously block the two binding sites have been conceived
and developed.19,22 In fact, bivalent ligands enhance the affinity
for the target.21f For example, decamethonium is a symmetric
bis-quaternary ammonium salt that inhibits AChE by spanning
the distance of nearly 15 Å between Trp84 and Trp279.19a The
dimension of the C60 sphere (∼7.0 Å diameter) and the possibility
of its double functionalization23 suggested the idea that fullerene
modified with the appropriate functionalities could accommodate
into the hydrophobic core of AChE and display an inhibitory ac-
tion. Indeed, cationic bis-N,N-dimethylfulleropyrrolidinium salts
1–4 (Fig. 1) can be considered very promising compounds because
the aromatic fullerene cage perfectly fits into the hydrophobic core
of AChE while the N,N-dimethylpyrrolidinium groups located
around the sphere may tackle both the main and secondary active
sites. The C60 cage would not only act as a spacer between the
quaternary ammonium moieties but might play an active role in
the target recognition process by establishing its own interaction
with the enzyme.
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Fig. 1 Molecular structures of bis-N,N-dimethylfulleropyrrolidinium
salts 1–4. For simplicity, only one enantiomer of chiral trans-2 (1), trans-3
(2) and cis-3 (4) is illustrated.24b


The synthesis of fullerene bis-adducts 1–4, using the 1,3-dipolar
cycloaddition reaction of azomethine ylides to C60, was previously
reported.24 C60 was reacted with sarcosine and paraformalde-
hyde in toluene. The mono-adduct and the different regioiso-
meric bis-adducts were separated by repeated medium-pressure
column chromatography, preparative TLC and semipreparative
HPLC. The most abundant bis-adducts were methylated with
methyl iodide, affording compounds 1–4 (Fig. 1), which were
used for the study of inhibition activity against AChE. The three
derivatives 1, 2 and 4 are chiral due to their double addition
pattern.24b The separation of the single enantiomers was beyond


the scope of this work, and the AChE inhibition experiments have
been performed using the racemic mixtures.


Study of the inhibition of AChE activity


The inhibitory activity of the four cationic fulleropyrrolidinium
regioisomers was evaluated on AChE from Electrophorus elec-
tricus.18 The determination of the type of inhibitory mechanism
can be directly correlated to the action of the inhibitor and its
interaction with the enzyme active site. The initial hydrolysis rates
(DA/Dt) were plotted versus the concentration of acetylthiocholine
iodide (ATCI), at different concentrations of inhibitors (Fig. 2).


The different curves were calculated using the typical equations
for the competitive and noncompetitive inhibition process by a
non linear regression method (Sigmaplot, Chicago, Il). The K i


values and the corresponding square correlation coefficients (R2)
are reported in Table 1. The discrimination between competitive or
noncompetitive action of the inhibitors was assessed by comparing
the values of R2 using eqn (1) and (2) (see Experimental section).


We wanted first to test the enzyme specificity using edrophonium
chloride. This competitive inhibitor was employed in our study as
the reference compound.25 We found an inhibition constant of
0.054 lM which was in full agreement with the previous data


Table 1 AChE enzymatic inhibition of bis-N,N-dimethylfullero-
pyrrolidinium salts


Entry KM/lM K i/lMa R2b


1 (trans-2) 76.9 ± 9.4 15.6 ± 1.7 0.950
2 (trans-3) 64.4 ± 4.7 31.4 ± 1.4 0.988
3 (trans-4) 80.9 ± 10.6 27.8 ± 2.8 0.959
4 (cis-3) 76.3 ± 11.0 17.7 ± 1.8 0.963
Edrophonium chloride 68.9 ± 12.3 0.054 ± 0.009 0.967


a The inhibition constants K i are noncompetitive for 1–4 and competitive
for edrophonium chloride. b R2 corresponds to the square of the correlation
coefficient.


Fig. 2 Kinetics analyses of AChE inhibition by cationic bis-N,N-dimethylfulleropyrrolidinium salts 1–4. The initial hydrolysis rates are plotted against
the concentration of the substrate. The concentrations of each inhibitor are reported on the theoretical curves.
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reported in the literature (0.050 lM) (Table 1).25 All fulleropyrro-
lidinium salts 1–4 exhibited instead a noncompetitive inhibition
as clearly indicated by a decrease of V max values with increasing
amount of substrate, while the values of KM remained almost
unchanged (Table 1). This is a common behaviour for AChE
noncompetitive inhibitors that do not affect the affinity of the
enzyme towards the substrate.26 The fullerene derivatives appear
not to directly interact with the catalytic triad but partially block
the binding gorge. These fullerene-based ligands are probably
not able to enter the gorge as deep as other double cationic
inhibitors,18,22 and this could explain their noncompetitive activity.
K i values for the four fulleropyrrolidinium salts are in the
micromolar range (Table 1). These values are similar to those
reported for other noncompetitive molecules.27 The comparison
between the affinity data of compounds 1–4 suggested that the
relative position of the N,N-dimethylpyrrolidinium moieties did
not produce a remarkable variation on the inhibition activity. In
the case of the trans isomers 1–3 the distance between the cationic
nitrogens is comprised between 10.0 and 11.5 Å (Table 2). The
best inhibitor is compound 1 (trans-2) where the functional groups
are further away. This spatial arrangement is likely in favour of a
better orientation towards Trp84 and Trp279, mimicking other bis-
quaternary salts, unless other residues affect this binding driving
the cationic groups in a different direction (vide infra). On cis
isomer 4, the two charged groups are very close (7.45 Å) and
located on the same side of the C60 cage. This conformation
does not permit the quaternary salts to orient towards both the
principal and secondary binding site. The inhibition value was
almost identical to that of compound 1, reinforcing the finding of
a noncompetitive mechanism of AChE inhibition displayed by this
new class of ligands. These results should be considered carefully,
but they seem to indicate that not all the cationic groups on C60


could completely reach the binding sites of the AChE gorge. To
explain this behaviour and to disclose the possible interactions
exerted by the bis-N,N-dimethylfulleropyrrolidinium salts inside
the hydrophobic cavity of AChE, we have subsequently carried
out a docking analysis.


Docking inside AChE active site


The molecular modelling study was performed using the crystal
structure coordinates of AChE from Torpedo californica.20 This
acetylcholinesterase is structurally homologous to that from Elec-
trophorus electricus used for the determination of the fulleropyrro-
lidine inhibitory activity.28–30 The simulations were performed on
f,sC-trans-2 (1), trans-4 (3) and f,sA-cis-3 (4) isomers. The fullerene


ligands were readily synthesised as racemates. The modelling
however required analysis of each enantiomer separately, because
the different isomers could interact differently with the chiral
environment of the AChE gorge. In the case of trans-2, the
calculation was done on both chiral regioisomers. Each derivative
was put manually into the active site of the enzyme close to
the catalytic triad. The gorge width calculated on the center of
mass of Trp279 and Gly335 has an average of 12.0 Å.27c The
two quaternary pyrrolidinium groups were oriented towards the
principal and the peripheral binding site, respectively. After a first
minimization under fixation of the enzyme backbone, the contact
residues between the C60 ligand and the active site residues of the
receptor within a distance of 5.0 Å were determined. Subsequently,
dynamics and minimization using the frames corresponding to the
most stable lower energy conformation state were run, enabling the
fullerene derivatives to relax inside the enzyme active site. Water
molecules in the gorge were not taken into consideration during
the calculations.21c It is reasonable to assume that these molecules,
which present highly reduced hydrogen bond coordination, are
rapidly displaced.16a This phenomenon is also known as the
desolvation effect. Desolvation of hydrophobic surfaces was
shown to improve for example the binding affinity in the case of
fullerene inhibitors of HIV-1 protease.10a Any significant alteration
in the structure of the enzyme was observed after the minimization
analysis in comparison to the original crystal structure. Fig. 3
shows the molecular structures of the complexes between the
residues of the AChE active pocket (black) and the regioisomers 1,
3 and 4 (cyan). The catalytic triad is displayed in magenta while the
two key residues at the principal (Trp84) and secondary (Trp279)
binding sites are shown in blue. The C60 derivatives present a high
steric hindrance and a reduced conformational flexibility. The
elements introduced around the fullerene cage can be oriented
in a limited number of ways inside the AChE active channel. All
three isomers are characterised by close proximity between the
bottom dimethylpyrrolidinium group and Trp84 while the second
cationic group remains at a distance greater than 10 Å from
Trp279 (Table 2). The lack of the second cation–p interaction,
typical of the bis-quaternary inhibitors,31 is compensated by a
series of salt bridges between the two ammonium groups and
various aspartic and glutamic residues. In particular, the bottom
pyrrolidine of the trans isomers is very close to Glu199 (4.01–
4.27 Å) and that at the top is involved in bonding with Asp72 and
Glu82 (4.44–4.91 Å). The same interactions are less strong for the
cis isomer where the distance between the positive charges and the
carboxylate side chains are comprised between 5.0 and 6.25 Å.
We could also evidence stabilisation by a cation–p interaction


Table 2 AChE docking parameters of bis-N,N-dimethylfulleropyrrolidinium salts


Entry N+(CH3)2 · · · N+(CH3)2/Åa W84 · · · N+(CH3)2/Å van der Waals/kcal mol−1b Electrostatic/kcal mol−1b


1 (f,sC-trans-2) 10.83 4.55 −107 −613
1 (f,sA-trans-2) 11.42 4.58 −131 −603
3 (trans-4) 10.01 4.20 −113 −613
4 (f,sA-cis-3) 7.45 4.25 −102 −600
4 (f,sA-cis-3)
180◦ y-rotc 7.17 ndd −120 −557


a The distance between the two pyrrolidine nitrogens was measured after the minimization of the ligand into the active site of AChE. b Energy of interaction
between the enzyme and the inhibitor (calculated as continuous evaluation energy). c rot = rotation. d nd = not determined.
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Fig. 3 Ball and stick molecular model representation of the AChE hy-
drophobic pocket complexed with bis-N,N-dimethylfulleropyrrolidinium
salts f,sC-trans-2 (1) (A), trans-4 (3) (B), and f,sA-cis-3 (4) (C).


bridging the top pyrrolidinium nitrogen with Trp432. In addition,
the hydrophobic surface of the C60 is surrounded and stabilized by
a high number of p–p contacts with the aromatic side chains of
the residues located near the peripheral (Tyr70, Phe75, Tyr121,
Tyr334) and main (Phe288, Phe290, Phe330, Phe331) binding
domains. In fact, nearly 70% of the surface of the AChE cavity
is covered by aromatic rings.17 The favourable interactions by
van der Waals forces are also supported by the values of the
non covalent complex stabilization energy (Table 2). Simulation
using the second enantiomer of the other chiral trans-2 derivative
provided the same way of binding of its mirror image (not shown).
Molecular modelling clearly showed there were no deep differences
between the two enantiomers. The enzyme seemed to show an
inherent preference for either of the two molecules. It is worth
noting that the bis-N,N-dimethylpyrrolidinium moieties might not
be large enough to influence the stereospecific preference among
the two components of the racemate.32


Although enantiomeric selectivity is a key issue in the devel-
opment of new drugs and inhibition of racemates can be less
effective than inhibition of the preferred enantiomer, examples of
non selectivity between enantiomers have already been described
for other classes of AChE ligands.22a


Due to a difficulty in the bulky C60 sphere rotating and
reorienting into the enzyme cavity, we could not exclude that
the fulleropyrrolidinium salts might display alternative modes of
binding. In fact, the cis isomer could adopt different orientation
inside the binding pocket, stabilised by favourable interactions.
A simulation was repeated after rotation of 180◦ around the
y-axis. We found that the two quaternary ammonium groups
pointed towards Trp279 at an ideal distance for the formation
of a bidentate cation–p bond (Fig. 4). We measured a distance of
4.31 and 5.07 Å for the two pyrrolidinium nitrogens from the
indole ring of Trp279. The alternative stable complex derived
from this orientation supports the good affinity of the cis-3 C60


derivative in comparison to trans-3 and trans-4 despite the fact that
the ammonium groups are spatially located at a shorter distance
(Table 2).


Fig. 4 Molecular model of f,sA-cis (4) inside the active site of AChE after
180◦ rotation of its minimized analogue around the y-axis.
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The prediction of the binding geometry and the analysis of the
ligand–receptor interactions permitted us to identify the possible
modes of binding of the fulleropyrrolidinium salts and to explain
the inhibition mechanism derived by the kinetics. The cationic bis-
fulleropyrrolidinium salts are probably not able to enter into the
hybrophobic channel as deep as decamethonium or other bivalent
ligands because they are sterically hindered.31 For this reason,
similar to other types of inhibitors, they are noncompetitive.27


However, the simulations are not conclusive and should be
considered as the initial step to provide possible structures of
the complex between AChE and the fullerene derivatives. As
other large quaternary dual inhibitors were able to crystallise into
the active cavity of the protein,19a we believe that this behaviour
could be exerted also by the fullerene derivatives. It has recently
been shown that a certain flexibility of the loops at the neck
of the gorge permitted the binding of bulky inhibitors such as
galanthamine-based derivatives.33 Indeed, enzymes are dynamic
molecular machines characterised by intrinsic motions which are
fundamental for their function.34


Finally, the description of the complex contacts may suggest
possible modifications on the surface of the fullerene that can
potentially improve the binding properties as well as modulate the
solubility and bioavailability of this new class of inhibitors.


Conclusions


In this study, we have designed a series of cationic bis-N,N-
dimethylfulleropyrrolidines and demonstrated that they were able
to inhibit the enzymatic activity of acetylcholinesterase. The
inhibition process was noncompetitive and the values of the
affinity constants were found in the micromolar range. The pos-
sible mechanism of ligand–receptor interaction was subsequently
analysed by molecular simulations. Each bis-quaternary salt was
docked into the active site of the enzyme and the models showed
that the aromatic fullerene core perfectly fits the hydrophobic
cavity of AChE, while the ammonium groups can interact with
the side chains of the key amino acid residues of the principal or
peripheral binding sites.


On the basis of our results, these new compounds might be
potential candidates for the modulation of acetylcholinesterase
activity.


Experimental


Chemistry


All reagents and solvents were obtained from commercial
suppliers and used without further purification. C60 was pur-
chased from Bucky-USA (Houston, TX). Cationic bis-N,N-
dimethylfulleropyrrolidinium salts 1–4 (Fig. 1) were prepared as
described in the literature.24


Inhibition assays


Inhibition activity of AChE was determined using the standard
method of Ellman.35 AChE from Electrophorus electricus was
obtained from Sigma (V–S type, C-2888). Lyophilised AChE
was reconstituted in 0.1 M phosphate buffer at pH 7.2 (572 U
mL−1). Enzyme stock solution was prepared by taking 15.3 lL
and diluting in 1 mL of the same buffer. One enzymatic unit (U)


was defined as the amount of enzyme which hydrolyses 1 lmol
of ATCI per minute. We initially determined the concentration
of AChE necessary to hydrolyse 50% of the substrate in about 2
minutes. This value corresponded to 0.175 U ml−1. Self-hydrolysis
of ATCI was verified at concentrations of ATCI between 1·10−5


and 1·10−3 M in the presence of a constant amount of 5,5′-
dithiobis-2-nitrobenzoic acid (DTNB) (2.5·10−3 M). No ATCI
appreciable hydrolysis in the absence of the enzyme was observed
in this range. The inhibition activity was evaluated by preparing
a reaction mixture containing 10 lL of AChE solution (8.75 U
mL−1 of 0.1 M phosphate buffer, pH 7.2), 250 lL of a solution
of DTNB (stock solution 5·10−3 M in 0.1 M phosphate buffer,
pH 7.2), a variable volume of the buffer solution of ATCI (stock
solution 5·10−3 M in 0.1 M phosphate buffer, pH 7.2), and a
variable volume of the buffer solution of the inhibitor, namely
bis-N,N-dimethylfulleropyrrolidinium salts 1–4 and edrophonium
chloride. The final volume of the mixture was adjusted to 0.5 mL
with the buffer solution. The enzyme was added as the last
component. Edrophonium chloride, the competitive inhibitor that
was taken as a reference, was used in concentrations between
2·10−7 and 2·10−6 M, while the fullerene derivatives varied in the
range 5·10−6 and 5·10−5 M. Bis-N,N-dimethylfulleropyrrolidinium
salts 1–4 (about 1 mg) were initially dissolved in 50 lL of pure
DMSO. Subsequently, 25 lL were diluted in 975 lL of 0.1 M
phosphate buffer at pH 7.2 to obtain a final concentration of
about 4.5·10−4 M. This stock solution was further diluted for
each experiment according to the final concentration of required
inhibitor. The final concentration of DMSO was less then 0.5%.
This amount of DMSO did not alter the activity of AChE. The ki-
netics analyses were conducted for 4 minutes at 23 ◦C following the
variation of the absorbance (DA/Dt) at 412 nm. At this wavelength
the absorbance of fullerene derivatives at the highest inhibitor
concentration is negligible. The experiments were performed on a
UV–Vis Anthelie Advanced V2.5 spectrophotometer.


Data analysis


Initial rate (v0) corresponding to the variation of the absorbance
within the first 10 seconds was plotted against the concentration
of ATCI. Determination of the type of inhibition was based
on the Michaelis–Menten equation. Graphs were plotted using
Sigma Plot Multiple Function Non Linear Regression. Michaelis–
Menten parameters KM and V max were calculated from the reaction
rate as a function of the substrate concentration. Apparent
K i constants were calculated by using eqn (1) and (2), that
describe a competitive and a noncompetitive inhibition process,
respectively.36


v0 = Vmax · [S]


KM ·
(


1 + [I]
Ki


)
+ [S]


(1)


v0 = Vmax · [S]


(KM + [S]) ·
(


1 + [I]
Ki


) (2)


V max and KM were obtained in the absence of in-
hibitor, while K i was calculated in the presence of the in-
hibitors. [I] and [S] represent the concentration of inhibitors


2560 | Org. Biomol. Chem., 2006, 4, 2556–2562 This journal is © The Royal Society of Chemistry 2006







(bis-N,N-dimethylfulleropyrrolidinium salts 1–4 and edropho-
nium chloride) and ATCI, respectively.


Docking studies


Docking was performed using the crystal structure coordinates
1QTI from Torpedo californica.20 Fullerene derivatives 1, 3 and
4 were manually placed into the active site of the enzyme. After
a first minimization using a conjugate gradient under fixation of
the enzyme backbone, the contact residues within 5.0 Å between
the C60 derivatives and the amino acids of the active site were
determined. All residues outside the contact pocket and the
backbone (Ca, NH and CO) of the residues within a distance of
5.0 Å were fixed to perform 100 psec dynamics at 300 K after an
equilibration step of 10 psec. Conformations were collected every
1000 fsec. The frames corresponding to the minimum were then
selected for the minimization by a conjugate gradient algorithm
(Accelrys, San Diego, CA) enabling the fullerene derivative to relax
inside the enzyme active site.
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The investigation of recognition events between carbohydrates and proteins, especially the control of
how spatial factors and binding avidity are correlated in, remains a great interest for glycomics.
Therefore, the development of efficient methods for the rapid evaluation of new ligands such as
multivalent glycoconjugates is essential for diverse diagnostic or therapeutic applications. In this paper
we describe the synthesis of chemoselectively-assembled multivalent neoglycopeptides and the
subsequent recognition assay on a solid support. Aminooxylated carbohydrates (bLac-ONH2 4,
aGalNAc-ONH2 9 and aMan-ONH2 13) have been prepared as carbohydrate-based recognition
elements and assembled as clusters onto a cyclopeptidic scaffold by an oxime-based strategy in solid
phase. Further binding tests between lectins and beads of resin derivatized with neoglycopeptides
displaying clustered lactoses, N-acetylgalactoses and mannoses (18–20) have shown specific recognition
and enhanced affinity through multivalent interactions, suggesting that the local density of
carbohydrate-based ligands at the bead surface is crucial to improve the interaction of proteins of weak
binding affinity. This solid phase strategy involving both molecular assembly and biological screening
provides a rapid and efficient tool for various applications in glycomics.


Introduction


A large number of biological phenomena involve recognition pro-
cesses between oligomeric proteins and clustered carbohydrates
expressed on the cell surface.1 In order to investigate the functional
and structural features of these complex multivalent interactions
between proteins and oligosaccharides, the design of well-defined
compounds displaying oriented glycosylated recognition elements
is essential for good affinity. Recently, the fabrication of biosensors
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Fig. 1 General strategy for solid phase preparation of multivalent neoglycopeptides and biological evaluation with lectins.


and high-throughput carbohydrate microarrays has been reported
for glycomic studies.2 For example, some glyco-based arrays
have been used to identify carbohydrate tumor antigens and to
simultaneously detect the presence of pathogens or specific anti-
bodies in a given sample.3 However, while such glyco-arrays show
promising potential for diagnostic and therapeutic applications,
the development of rapid chemical and screening methods to
evaluate the diverse supply of immobilized carbohydrate-based
ligands as well as to profile the specificity of carbohydrate-binding
proteins remains an exciting challenge. For this purpose, we report
herein the fully solid phase synthesis of chemoselectively template-
assembled neoglycopeptides exhibiting clusters of carbohydrates
as recognition elements and the subsequent binding assays with
suitable carbohydrate-binding proteins directly on the beads of
resin (Fig. 1).
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Careful control of the molecular assembly is necessary to war-
rant the well-defined structure of the target molecules immobilized
on the solid support. To date, many synthetic methodologies have
been reported to prepare multivalent glycosylated templates4 for a
wide range of biological applications.5 While recent advancements
regarding the solid phase strategies have facilitated the preparation
of structurally complex molecules, the formation of stereoselec-
tive glycosidic linkages remains critical and still involves time-
consuming manipulations of protecting groups and purifications.6


To overcome these limitations, we and others have demonstrated
that chemoselective oxime bond formation represents an at-
tractive approach for the convergent assembly of multivalent
biomolecules.7 Particularly, we have developed recently in our
laboratory some applications of the RAFT8 platforms as vectors
for neo-vasculature targeting in tumor therapy,9 as cell surface
mimics10 or as synthetic vaccine candidates.11 Such topological
cyclodecapeptidic templates were prepared by a combined solid
phase and solution convergent strategy and ensured effective
recognition with specific receptors. To improve our previous
synthetic method and extend the utility of RAFT molecules as
convenient tools in glycomics, we have designed the peptidic
template for a fully supported synthesis. Thereby, the cyclization
of the peptide, the chemoselective incorporation of sugars as well
as the biological evaluation of ligands have been entirely realized
on solid phase.


Results and discussion


Synthesis of aminooxylated carbohydrates


Chemoselective oxime ligation requires the aminooxylated car-
bohydrate to be assembled onto a cyclic decapeptide template
displaying aldehyde functions. We have reported previously a
convenient method for the synthesis of such compounds using
fluoride-activated donor sugars, followed by glycosylation reac-
tion with N-hydroxyphthalimide (N-PhtOH) as a precursor of the
oxyamine moiety.12 In all cases, the syntheses start from the fully
protected carbohydrates presenting a free anomer position.


In the lactose series (Scheme 1-A), the compound 1 was
prepared from the per-O-acetylated lactopyranosyl which was
stereoselectively deacetylated at the anomer carbon.13 The fluo-
rine was then introduced by treating 1 with diethylaminosulfur
trifluoride (DAST)14 in tetrahydrofuran to get quantitatively the
activated compound 2 which was used directly for glycosylation
without further purification. The N-PhtOH was coupled to the
donor sugar in dichloromethane in the presence of triethylamine
and boron trifluoride-diethyl etherate (BF3·Et2O) as a promoter.15


The derivative 3 was obtained in the b configuration in 70% yield
after silica gel chromatography and precipitation. The removal
of O-acetyl and phthalimide groups was finally accomplished
by treating 3 with methylhydrazine in ethanol overnight to get


Scheme 1 Synthesis of aminooxylated lactose 4 (A), N-acetylgalactose 9 (B) and mannose 13 (C). Reagents and conditions: a) DAST, THF; b)
N-hydroxyphthalimide, BF3·Et2O, Et3N, CH2Cl2; b′) H2, Pd/C, MeOH–Ac2O (9 : 1); b′′) H2, Pd/C, MeOH–CH2Cl2 (1 : 1); c) MeHNNH2–EtOH (1 : 1).
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the pure aminooxylated lactose moiety 4 in 71% yield after
evaporation and precipitation from a mixture of methanol and
dichloromethane.


The aGalNAc 9 containing an aminooxy group was obtained
following the same strategy (Scheme 1-B). The compound 5 was
converted to the corresponding fluoride derivative 6 with DAST
after the azidonitration16 of the commercial triacetyl galactal
and anomeric deprotection by denitration17 reaction following
the published procedures. Glycosylation with N-PhtOH using
BF3·Et2O provided the a and b-anomers which were isolated by
column chromatography. After recrystallisation, compound 7 was
obtained in 38% yield (88% yield for the glycosylation) as single
crystals. X-Ray analysis combined with the determination of the
coupling constant between H-1 and H-2 (J = 3.4 Hz) confirmed
that the compound 7 has the desired a-anomer configuration
(Fig. 2).18 After conversion of the azido moiety into the –
NHAc function by catalytic hydrogenation in CH3OH–Ac2O and
complete deprotection with methylhydrazine, the aminooxylated
aGalNAc derivative 9 was obtained in 72% yield.


Fig. 2 X-Ray structure of compound 7 (C20H20N4O10, FW = 476.11,
triclinic, P1, a = 10.061(2), b = 10.820(2), c = 16.603(5) Å, V = 1801.7(7)
Å3, Z = 3, Dcalcd = 1.511 g cm−3, R = 0.0664, Rw = 0.0631).18


The last mannose derivative was prepared from the tetra-O-
benzylated mannopyranoside 10 (Scheme 1-C). The activation
of the anomer position with fluoride followed by glycosylation
with N-PhtOH were achieved using procedures described above.
Compound 12 bearing the phthalimido group in an a config-
uration was purified by silica gel chromatography (75% yield).
The final deprotection was more critical. The O-benzyl groups
were first removed by short catalytic hydrogenation which was
carefully controlled by TLC to prevent the cleavage of the N–
O bond under these conditions. This reaction led generally to the
expected debenzylated derivative which was isolated from partially
deprotected compounds by extraction with ethyl acetate. This
compound was then treated with methylhydrazine to cleave the
remaining phthalimido group to provide the aminooxylated aMan
derivative 13 after final silica gel chromatography in a modest
deprotection yield (50%).


Solid phase synthesis of mono/tetravalent neoglycopeptides


The choice of a suitable resin and orthogonal protecting groups for
amino acids was an important consideration for such an approach.
In view of further synthetic conditions, we considered that the acid-
labile NovaSyn R© Tentagel resin (TGR) would provide a convenient
support for the whole molecular assembly. Furthermore, it might
improve the accessibility of the ligand to the screened lectin and
might also prevent unspecific interactions by inclusion at the


interior of the beads.19 Dde20 was employed as the protecting
group for the lysine side-chains providing the anchoring sites
for carbohydrates. The type-II b-turn conformation traditionally
promoted by a P–G sequence21 was ensured by the incorporation
of the allyl protected D-glutamic acid 14 whose side chain serves
as the attachment site on the resin (Scheme 2).22


The building block 14 was prepared from the commercial
Fmoc-Dglu(OtBu)OH which was protected with an allyl group by
treatment of the corresponding caesium salt with allyl bromide and
then was deprotected by acidolysis to provide the free carboxylic
side chain.23 Starting from 14, the orthogonally protected linear
peptide 15 was then assembled by solid phase synthesis using
standard Fmoc–tBu protocol. Each coupling step was achieved
with PyBOP24 as the coupling reagent and diisopropylethylamine
(DIPEA) as the base in DMF. The O-allyl protecting group was re-
moved following the standard procedure with PhSiH3–Pd(PPh3)4


in CH2Cl2.25 The subsequent Fmoc deprotection of N-terminal
lysine by classical treatment with a solution of piperidine–DMF
(1 : 4) gave the linear peptide presenting a free N- and C-terminal
end. The head-to-tail cyclization between the amine function of
terminal lysine and the carboxylic acid of glutamic acid was the key
step of the synthesis. This reaction occurred quantitatively in DMF
after two successive cycles using PyAOP as the coupling reagent26


and DIPEA as the base to obtain 16. At this stage, no evidence of
side-products was detected by reverse phase HPLC (RP-HPLC)
and mass spectrometric analysis of an aliquot of resin. Further
functionalization of the cyclic template was realized after removal
of Dde protecting groups by treatment of 16 with 4% of hydrazine
in DMF20 to provide four free lysine side chains pointing to the
upper side of the template. FmocSer(Trt) was then incorporated
using standard conditions on each anchoring site. After removal
of O-Trt with 1% TFA in dichloromethane, the loading of the
resin was calculated by measuring the optical density at 299 nm
of the dibenzofulvene–piperidine adduct resulting from the Fmoc
deprotection. Finally, the oxidative cleavage27 of 17 with a large
excess of sodium periodate in DMF–H2O (1 : 1) afforded the
desired RAFT molecule presenting four glyoxyaldehyde functions.
As for coupling and cyclization steps, the completeness of the
oxidation was followed by TNBS28 and Kaiser29 colorimetric tests.


The final incorporation of carbohydrate recognition motifs was
realized following an oxime-based strategy from aminooxylated
modified sugars.12 Chemoselective conjugation with an excess of
aminooxylated sugars (bLac-ONH2 4, aGalNAc-ONH2 9 and
aMan-ONH2 13) was performed on a solid support in aqueous
acetic acid. After 8 hours stirring at room temperature, the excess
of sugar was recovered by filtration and the resin was washed
carefully. Subsequent analysis of an aliquot of resin after cleavage
with pure TFA has shown a single peak by RP-HPLC, which
corresponds to the expected final neoglycopeptides 18–20 as
confirmed by ES-MS (Fig. 3).


Biological evaluation with lectins


Several studies describe the biological evaluation of carbohydrate-
based ligands on a solid support using one-bead-one-compound
combinatorial technology.30 Particularly, new lectin ligands have
been discovered from encoded neoglycopeptide libraries by screen-
ing with fluorescent or enzyme-labeled proteins and mass spec-
trometry analysis. Due to the efficiency of our solid phase synthesis
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Scheme 2 Solid phase synthesis of mono/tetravalent neoglycopeptides 18–20 and 24–26. Reagents and conditions: a) 1. DMF–piperidine (4 : 1) 2.
Pd(Ph3P)4, PhSiH3, CH2Cl2 3. PyAOP, DIPEA, DMF; b) 1. DMF–hydrazine (24 : 1) 2. FmocSer(Trt), PyBOP, DIPEA, DMF 3. CH2Cl2–TFA (99 : 1) 3.
DMF–piperidine (4 : 1); c) 1. NaIO4, DMF–H2O (1 : 1) 2. 4, 9 or 13, AcOH–H2O (1 : 1).


Fig. 3 RP-HPLC profile of crude 20 (Nucleosil 120 Å 3 lm C18 particles,
30 × 4.6 mm2; solv. B: 0.09% TFA in 90% CH3CN and solv. A: 0.09%
TFA, 1.3 mL min−1, detection k = 214 and 250 nm, linear gradient 95 : 5
A : B to 60 : 40 A : B in 15 min).


protocol, we investigated the binding of lectins with the beads of
resin derivatized with neoglycopeptides 18–20. To prevent the non
specific interaction of lectins with the solid support, the resin was
first pre-incubated for one hour at 37 ◦C in the presence of bovine
serum albumin (BSA). The binding assay was then realized by
incubating the resin displaying clustered sugars 18–20 for one hour
at 37 ◦C with solutions of horseradish peroxidase (HRP) labeled
lectins from Arachis hypogaea (PNA, galactoside-binding lectin),
concanavalin A from Canavalia ensiformis (ConA, mannoside-
binding lectin) and lectin from Helix pomatia agglutinin (HPA, N-
acetylgalactoside-binding lectin) in HEPES buffer 0.1 M pH 7.2
containing 0.9 M NaCl, 1 mM CaCl2 and 1 mM MnCl2. After
washings, a peroxidase substrate was added and the binding


was visualized by measuring the optical density of the resulting
solution at 450 nm.


As shown in Fig. 4-A, the peptides displaying clustered
sugars bind to the corresponding lectins in a selective manner.
RAFT(bLac)4 18, RAFT(aGalNAc)4 19 or RAFT(aMan)4 20
interacted with PNA, HPA and ConA respectively while no
significant recognition was detected with the non-functionalized
RAFT(Ser)4 18. This suggests that neither the solid support
nor the RAFT core interfere with the binding. In addition, an
inhibition experiment was realized with a high concentration (10
mM) of D-galactose, methyl N-acetyl-a-D-galactopyranoside and
methyl a-D-mannopyranoside. We observed that the binding of
the resin derivatized by the neoglycoconjugate was inhibited by
the corresponding oligosaccharide, confirming unambiguously
the specificity of the interactions with lectins.


In addition, Kahne et al. have demonstrated that a solid support
derivatized with monovalent carbohydrate ligands could bind with
lectins in a polyvalent manner due to the spatial organization
at the resin surface.31 Thus, in order to assess the influence of
multivalency for such interactions, we prepared the corresponding
monovalent neoglycopeptides as a control. Starting from 14,
the linear decapeptide 21 was cyclized after C- and N-terminal
deprotection to give 22 using the procedure described above
(Scheme 2). The subsequent incorporation of serine followed
by oxidation and chemoselective coupling of sugars afforded
the monovalent neoglycopeptides 24–26. To compare the affinity
of immobilized mono/tetravalent neoglycopeptides with lectins,
binding tests were realized in parallel, using an equal quantity
of resin displaying one or four carbohydrate ligands (Fig. 4-B).
Interestingly, the interaction of tetravalent ligands exhibiting bLac
18 and aMan 20 with PNA and ConA was enhanced compared
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Fig. 4 A) Binding assay of tetravalent neoglycopeptide derivatized beads
18–20 was achieved with 100 lL solutions of horseradish peroxidase
(HRP) labeled lectins from Arachis hypogaea (peanut, Sigma L 7759),
concanavalin A from Canavalia ensiformis (Jack bean, Sigma L 6397) and
lectin from Helix pomatia agglutinin (Sigma L 6387) at 2 lg mL−1 (PNA
and HPA) or 5 lg mL−1 (ConA) in HEPES buffer 0.1 M pH 7.2 containing
0.9 M NaCl, 1 mM CaCl2 and 1 mM MnCl2; B) Comparison of affinity
between monovalent 24–26 and tetravalent neoglycopeptides 18–20 with
PNA, ConA and HPA (same conditions).


to the corresponding monovalent ligands 24 and 26, whereas no
significant difference was observed for the binding of 19 and 25
with HPA. Such a difference of binding could be attributed to
the lower affinity of ConA and PNA for mannose and lactose32


in comparison with the binding of HPA with GalNAc.33 Since
presentation at the resin surface is multivalent formally for all
systems (e.g. 18–20 vs. 24–26), the enhancement obtained with
our multivalent carbohydrate-based ligands emphasizes that it is
not only the multivalent presentation of the sugar ligands that is
important to improve the interaction but also that the control of
its local density is crucial. These results highlight the potential of
such template assembled multivalent ligands for the recognition
of proteins with weak binding affinities.


Conclusions


In conclusion, we have prepared resin derivatized with cyclopep-
tides displaying clustered carbohydrate-based ligands through a
combined oxime ligation and solid phase protocol. This new
polymer-supported methodology including peptide cyclization
and chemoselective assembly occurred cleanly and appears as
a significant improvement of our previous solution protocol,10


suggesting that such compounds might be fully assembled using
an automatic parallel peptide synthesizer. Additionally, the im-
mobilized neoglycopeptides were tested on-bead for recognition


with lectins. This study has emphasized specific recognition
and enhanced affinity through multivalent protein–carbohydrate
interactions, suggesting that the local density of sugars at the bead
surface is essential to improve the affinity. In view of these results,
we anticipate that this supported recognition system might enable
the rapid discovery of new selective carbohydrate-based ligands as
well as the analysis of protein glycopatterns in glycomics. Thus, this
approach comprises a prerequisite for high-throughput screening
of diverse multivalent glycoconjugate libraries through combi-
natorial techniques. Particularly, the optimization of recognition
might be further explored rapidly by tuning the size of the spacer
between the template and relevant carbohydrate binding elements.
This is currently under investigation in our laboratory.


Experimental


General methods


All chemical reagents and solvents were purchased from Aldrich
(Saint Quentin Fallavier, France) or Acros (Noisy-Le-Grand,
France) and were used without further purification. Thin layer
chromatography was performed on 0.2 mm silica 60 coated
aluminium foils with F-254 indicator (Merck) and detected under
UV light and developed with aqueous sulfuric acid (100 mL,
H2SO4–H2O 15%) containing molybdic acid (2 g) and cerium(IV)
sulfate hydrate (1 g). Preparative column chromatography was
done using silica gel (Merck 60, 200–63 lm). Melting points were
measured on an Electrothermal Serie IA9100 apparatus. 1H and
13C NMR spectra were recorded on Bruker AC300 spectrometers
and chemical shifts (d) were reported in parts per million (ppm).
Spectra were referenced to the residual proton solvent peaks.
Proton and carbon assignments were obtained from GCOSY and
1H,13C GHMQC experiments. The a-anomeric configuration of all
carbohydrates was established by determination of the coupling
constant (J) between H-1 and H-2. Mass spectra were obtained
by electron spray ionization (ES-MS) on a VG Platform II in
the positive mode. Lectins were obtained from Sigma (Saint
Quentin Fallavier, France) for peptides and neoglycopeptides. For
the synthesis of peptides, protected amino acids were obtained
from Advanced ChemTech Europe (Brussels, Belgium), Bachem
Biochimie SARL (Voivins-Le-Bretonneux, France) and France
Biochem S. A. (Meudon, France). NovaSyn R© tentagel resin and
PyBOP were purchased from France Biochem. Reverse phase
HPLC analyses were performed on Waters equipment using C18


columns. The analytical (Nucleosil 120 Å 3 lm C18 particles, 30 ×
4.6 mm2) was operated at 1.3 mL min−1 and the preparative
column (Delta-Pak 300 Å 15 lm C18 particles, 200 × 25 mm2)
at 22 mL min−1 with UV monitoring at 214 nm and 250 nm using
a linear A–B gradient (buffer A: 0.09% CF3CO2H in water; buffer
B: 0.09% CF3CO2H in 90% acetonitrile).


Synthesis of aminooxylated carbohydrates (4), (9) and (13)


O-(2,3,4,6-Tetra-O-acetyl-b-D-galactopyranosyl)-(1 → 4′)-(2′,3′,6′-
tri-O-acetyl-D-glucopyranosyl)-N-oxyphthalimide (3). Com-
pound 1 (5.24 g, 8.24 mmol) was dissolved in dry THF (70 mL)
and the solution was cooled at −30 ◦C. Diethylaminosulfur
trifluoride (1.31 mL, 9.89 mmol) was then added and the solution
stirred under inert gas at room temperature for 30 minutes.
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After addition of methanol (5 mL) at −30 ◦C, the solution was
concentrated and taken up with CH2Cl2. The organic layer was
washed successively with a saturated solution of NaHCO3 then
water, dried over sodium sulfate and evaporated to get 2 as a
colorless oil (5.10 g, quantitative yield) which was used directly
without further purification. To a stirring solution of compound
2 (1.67 g, 2.63 mmol), N-hydroxyphthalimide (0.43 g, 2.63 mmol)
and triethylamine (0.47 mL, 2.63 mmol) in CH2Cl2 (40 mL)
was added BF3·Et2O (1.66 mL, 13.15 mmol). The reaction was
stirred at room temperature for 1 h (monitored by thin layer
chromatography) and CH2Cl2 was added to the mixture (40 mL).
The organic layer was washed two times with 10% aqueous
sodium hydrogencarbonate then water, dried under sodium
sulfate and evaporated. Compound 3 was finally purified by silica
gel chromatography (CH2Cl2–EtOAc, 4 : 1) and precipitation
from CH2Cl2–pentane to give compound 5 (1.43 g, 70%). Mp
109–111 ◦C; 1H NMR (300 MHz, CDCl3): d = 7.86–7.74 (m,
4 H, Har.), 5.34 (dd, 1 H, J4′ ,5′ = 0.9 Hz, J3′ ,4′ = 3.3 Hz, H-4′),
5.28–5.18 (m, 2 H, H-2, H-3), 5.14 (d, 1 H, J1,2 = 6.9 Hz, H-1),
5.10 (dd, 1 H, J1′ ,2′ = 7.8 Hz, J2′ ,3′ = 10.4 Hz, H-2′), 4.95 (dd, 1 H,
J3′ ,4′ = 3.3 Hz, J2′ ,3′ = 10.4 Hz, H-3′), 4.53 (d, 1 H, J1′ ,2′ = 7.8 Hz,
H-1′), 4.42 (dd, 1 H, J5,6a = 2.2 Hz, J6a,6b = 12.1 Hz, H-6a), 4.15
(dd, 1 H, J5,6b = 5.8 Hz, J6a,6b = 12.1 Hz, H-6b), 4.11–4.07 (m, 3
H, H-4, H-6′), 3.88 (td, 1 H, J4′ ,5′ = 0.9 Hz, J5′ ,6′ = 6.8 Hz, H-5′),
3.78–3.73 (m, 1 H, H-5), 2.16, 2.13, 2.08, 2.06, 2.05, 2.03, 1.94
(7s, 21 H, 7OCOCH3); 13C NMR (75 MHz, CDCl3): d = 170.8
(C=OAc), 170.7 (C=OAc), 170.5 (C=OAc), 170.4 (C=OAc), 170.0
(C=OAc), 169.9 (C=OAc), 169.5 (C=OAc), 163.1 (C=OPht), 135.1
(CHar.), 129.1 (Car.), 124.2 (CHar.), 104.5 (C-1), 101.5 (C-1′), 76.3
(C-4), 73.3, 73.1 (C-3, C-5), 71.4, 71.1 (C-3′, C-5′), 70.4 (C-2), 69.4
(C-2′), 67.1 (C-4′), 62.5 (C-6), 61.3 (C-6′), 21.2 (OCOCH3), 21.1
(OCOCH3), 21.0 (OCOCH3), 20.9 (OCOCH3); ES-MS (positive
mode): calcd for C34H39NO20K 820.17 [M + K]+, found: 820.15.


O-(b-D-Galactopyranosyl)-(1 → 4′)-(b-D-glucopyranosyl) oxy-
amine (4). The acetylated compound 3 (0.40 g, 0.51 mmol) was
dissolved in a solution of ethanol–methylhydrazine (1 : 1, 10 mL)
and stirred at room temperature overnight. After evaporation, the
fully depotected b-aminooxylated lactose 4 was precipitated in
MeOH–CH2Cl2 to get a white powder (0.13 g, 71%). 1H NMR
(300 MHz, D2O): d = 4.62 (d, 1 H, J1′ ,2′ = 8.3 Hz, H-1′), 4.47 (d,
1 H, J1,2 = 7.7 Hz, H-1), 4.03 (dd, 1 H, J5′ ,6a′ = 1.3 Hz, J6a′ ,6b′ =
11.6 Hz, H-6a′), 3.95 (br d, 1 H, J3,4 = 3.1 Hz, H-4), 3.84 (dd, 1
H, J5′ ,6b′ = 4.6 Hz, J6a′ ,6b′ = 11.6 Hz, H-6b′), 3.79–3.63 (m, 7 H,
H-3, H-5, H-6, H-3′, H-4′, H-5′), 3.66 (dd, 1 H, J1,2 = 7.7 Hz,
J2,3 = 9.8 Hz, H-2), 3.38 (br t, 1 H, J2′ ,3′ = 8.4 Hz, H-2′); 13C
NMR (75 MHz, D2O): d = 105.2 (C-1′), 103.3 (C-1), 78.6, 75.7,
75.1, 74.8, 72.8, 71.7 (C-2′), 71.3 (C-2), 68.9 (C-4), 61.4 (C-6′), 60.4
(C-6). ES-MS (positive mode): calcd for C12H24NO11 358.13 [M +
H]+, found: 358.15.


O-(3,4,6-Tri-O-acetyl-2-azido-2-deoxy-a-D-galactopyranosyl)-
N-oxyphthalimide (7). The oxyphthalimide derivative 7 was
prepared from 6 (4.30 g, 13.0 mmol) using the procedure described
for 3. A mixture of aand b anomers was obtained and each anomer
was separated by silica gel chromatography (CH2Cl2–ethyl acetate,
9 : 1) to give pure compound 7 (2.35 g, 38%) after crystallization
from diethyl ether–pentane; mp 105–107 ◦C; 1H NMR (300 MHz,
CDCl3) d = 7.85–7.75 (m, 4 H, Har.), 5.57 (br d, 2 H, J1,2 = J3,4 =
3.6 Hz, H-1, H-4), 5.47 (dd, 1 H, J1,2 = 3.6 Hz, J2,3 = 11.3 Hz,


H-3), 5.17 (br t, 1 H, J5,6a = 6.4 Hz, H-5), 4.23 (dd, 1 H, J5,6a =
6.4 Hz, J6a,6b = 11.3 Hz, H-6a), 3.97–3.92 (m, 2 H, H-2, H-6b), 2.14,
2.06, 2.02 (3s, 9 H, 3OCOCH3); 13C NMR (75 MHz, CDCl3) d =
170.8 (C=OAc), 170.3 (C=OAc), 169.9 (C=OAc), 163.3 (C=OPht),
135.2 (CHar.), 129.1 (Car.), 124.2 (CHar.), 103.5 (C-1), 69.2 (C-5),
68.2 (C-4), 67.7 (C-3), 61.6 (C-6), 57.0 (C-2), 21.1 (OCOCH3);
ES-MS (positive mode): calcd for C20H19N4O10Na: 498.09 [M +
Na]+, found: 497.96. The corresponding b anomer (3.09 g; 50%)
was also obtained. Mp 78–80 ◦C; 1H NMR (300 MHz, CDCl3):
d = 7.92–7.78 (m, 4 H, Har.), 5.37 (dd, 1 H, J4,5 = 1.1 Hz, J3,4 =
3.3 Hz, H-4), 5.03 (d, 1 H, J1,2 = 8.4 Hz, H-1), 4.89 (dd, 1 H,
J3,4 = 3.3 Hz, J2,3 = 10.7 Hz, H-3), 4.20–4.13 (m, 2 H, H-6), 4.00
(dd, 1 H, J1,2 = 8.4 Hz, J2,3 = 10.7 Hz, H-2), 3.91 (td, 1 H, J4,5 =
1.1 Hz, J5,6 = 6.9 Hz, H-5), 2.18, 2.09, 1.97 (3s, 9 H, 3OCOCH3);
13C NMR (75 MHz, CDCl3): d = 170.6 (C=OAc), 170.4 (C=OAc),
170.0 (C=OAc), 163.0 (C=OPht), 135.2 (CHar.), 129.1 (Car.), 124.3
(CHar.), 106.2 (C-1), 71.8 (C-5), 71.4 (C-3), 66.1 (C-4), 61.1 (C-6),
59.5 (C-2), 21.0 (OCOCH3), 20.9 (OCOCH3), 20.9 (OCOCH3).


O -(2-Acetamido-3,4,6-tri-O -acetyl-2-deoxy-a-D-galactopy-
ranosyl)-N-oxyphthalimide (8). Compound 7 (1.68 g, 3.5 mmol)
was dissolved in a solution of methanol–acetic anhydride (9 : 1,
40 mL) and 10% Pd/C (0.38 g, 0.3 mmol) was added. After stirring
the mixture at room temperature under an atmosphere of hydrogen
for one hour, the catalyst was removed by filtration under celite and
washed with methanol. The solvent was evaporated under reduced
pressure and the N-acetylated derivative 6 (0.92 g, 53%) was
finally obtained as a white powder after silica gel chromatography
(CH2Cl2–EtOAc, 4 : 1 then 0 : 1) followed by precipitation from
CH2Cl2–diethyl ether. Mp 148–150 ◦C; 1H NMR (300 MHz,
CDCl3): d = 7.86–7.77 (m, 4 H, Har.), 6.07 (d, 1 H, J2,NH = 9.6 Hz,
NH), 5.54 (d, 1 H, J3,4 = 3.0 Hz, H-4), 5.38 (d, 1 H, J1,2 = 3.4 Hz,
H-1), 5.34 (dd, 1 H, J3,4 = 3.0 Hz, J2,3 = 11.3 Hz, H-3), 5.08 (br
t, 1 H, J5,6 = 6.4 Hz, H-5), 4.80 (ddd, 1 H, J1,2 = 3.4 Hz, J2,NH =
9.6 Hz, J2,3 = 11.3 Hz, H-2), 4.30 (dd, 1 H, J5,6 = 6.4 Hz, J6a,6b =
11.3 Hz, H-6a), 4.00 (dd, 1 H, J5,6 = 6.4 Hz, J6a,6b = 11.3 Hz,
H-6b), 2.18, 2.12, 2.09, 2.04 (4s, 12 H, 3OCOCH3, NHCOCH3);
13C NMR (75 MHz, CDCl3) d = 171.2 (C=O), 135.2 (CHar.), 129.1
(Car.), 124.2 (CHar.), 105.4 (C-1), 71.5, 69.5, 67.7, 61.9 (C-3, C-4,
C-5, C-6), 47.7 (C-2), 21.1 (OCOCH3).


O-a-D-Galactopyranosyl oxyamine (9). The aminooxylated
derivative 9 was prepared from 8 (0.86 g, 1.7 mmol) using the
procedure described for 4. Compound 9 (0.37 g, 90%) was purified
by flash silica gel chromatography (CH2Cl2–ethanol, 7 : 3 then 0 :
1) to get a white powder after lyophilisation. 1H NMR (300 MHz,
D2O): d = 4.99 (d, 1 H, J1,2 = 4.1 Hz, H-1), 4.24 (dd, 1 H, J1,2 =
4.1 Hz, J2,3 = 11.3 Hz, H-2), 4.03–3.99 (m, 2 H, H-4, H-5), 3.89–
3.76 (m, 3 H, H-3, H-6), 2.08 (s, 3 H, HNCOCH3); 13C NMR
(75 MHz, D2O): d = 175.0 (HNCOCH3), 101.0 (C-1), 71.4, 68.8
(C-4, C-5), 68.0 (C-3), 61.5 (C-6), 49.6 (C-2), 22.3 (HNCOCH3);
MS-CI (positive mode): calcd for C8H17N2O6 237.10 [M + H]+,
found: 237.00.


O-(2,3,4,6-Tetra-O-benzyl-a-D-mannopyranosyl)-N-oxyphthali-
mide (12). Compound 12 was prepared from 11 (1.27 g,
2.3 mmol) using the procedure described for 3. This product
(1.20 g, 75%) was obtained as a colorless oil after silica gel
chromatography (hexane–EtOAc, 7 : 3). 1H NMR (300 MHz,
CDCl3): d = 7.74–7.63 (m, 4 H, Har.(Pht)), 7.37–7.10 (m, 20 H,
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Har.(Bn)), 5.48 (d, 1 H, J1,2 = 1.8 Hz, H-1), 4.81–4.33 (m, 8 H,
4CH2), 4.50 (m, 1 H, H-5), 4.13–4.03 (m, 2 H, H-2, H-4), 3.91
(dd, 1 H, J2,3 = 3.2 Hz, J3,4 = 8.9 Hz, H-3), 3.81 (dd, 1 H, J5,6a =
3.7 Hz, J6a,6b = 11.2 Hz, H-6a), 3.61 (dd, 1 H, J5,6b = 1.9 Hz,
J6a,6b = 11.2 Hz, H-6b); 13C NMR (75 MHz, CDCl3): d = 163.6
(C=O), 138.9 (Car.(Bn)), 138.8 (Car.(Bn)), 138.7 (Car.(Bn)), 138.2 (Car.(Bn)),
134.9 (CHar.(Pht)), 128.8 (Car.(Pht)), 128.7 (CHar.(Bn)), 128.7 (CHar.(Bn)),
128.6 (CHar.(Bn)), 128.5 (CHar.(Bn)), 128.3 (CHar.(Bn)), 128.2 (CHar.(Bn)),
128.0 (CHar.(Bn)), 128.0 (CHar.(Bn)), 127.9 (CHar.(Bn)), 127.8 (CHar.(Bn)),
123.9 (CHar.(Pht)), 104.1 (C-1), 79.7 (C-3), 75.3 (CH2), 74.6, 74.1,
73.6 (CH2), 73.5, 73.3 (CH2), 72.7 (CH2), 69.0 (C-6).


O-a-D-Mannopyranosyl oxyamine (13). A mixture of com-
pound 12 (6.3 g, 9.19 mmol) and 10% Pd/C (1.8 g, 3.3 mmol)
in MeOH–CH2Cl2 (100 mL, 1 : 1) was stirred at room temperature
under a hydrogen atmosphere during 2 hours. After removal of the
catalyst by filtration under celite and evaporation, ethyl acetate
was added and the fully debenzylated compound was separated
from partial deprotected products after washing with water. This
compound was immediately treated after lyophilisation following
the procedure described for 3. After silica gel chromatography and
lyophilisation, the aminooxylated derivative 13 (0.9 g, 50% for two
steps) was obtained as a colorless oil. 1H NMR (300 MHz, D2O):
d = 5.00 (d, 1 H, J1,2 = 1.7 Hz, H-1), 4.03 (dd, 1 H, J1,2 = 1.7 Hz,
J2,3 = 2.8 Hz, H-2), 3.97 (dd, 1 H, J5,6a = 1.3 Hz, J6a,6b = 12.3 Hz, H-
6a), 3.88 (dd, 1 H, J5,6b = 3.7 Hz, J6a,6b = 12.3 Hz, H-6b), 3.76–3.72
(m, 3 H, H-3, H-4, H-5); 13C NMR (75 MHz, D2O): d = 103.8 (C-
1), 73.4, 71.2, 69.4 (C-2), 67.2, 61.4 (C-6); MS-CI (positive mode):
calcd for C6H14NO6 196.08 [M + H]+, found: 195.94.


Supported assembly of mono/tetravalent neoglycopeptides (18–20)
and (24–26)


Fmoc-Dglu(Oallyl)OH (14). Commercial Fmoc-Dglu-
(OtBu)OH (2.89 g, 6.8 mmol) was dissolved in a mixture of
MeOH–H2O (20 mL, 20 : 1) and a solution of caesium carbonate
(3 M) was added dropwise until pH 8. The solution was evaporated
to dryness and the white solid taken up with acetonitrile (100 mL).
Allyl bromide (4 mL, 44.2 mmol) was added to the solution
and the mixture was kept at room temperature overnight. The
solution was concentrated and AcOEt (100 mL) was added then
the organic layer was washed with water, an aqueous solution of
NaHCO3 and water, dried over sodium sulfate and evaporated.
After silica gel chromatography (CH2Cl2 then CH2Cl2–AcOEt,
9 : 1), the resulting residue was dissolved with a solution of
CH2Cl2–TFA (20 mL, 1 : 1) and the mixture stirred at room
temperature for one hour. The solvent was finally evaporated and
product 14 was obtained as a white powder (1.59 g, 57%) after
precipitation from diethyl ether–pentane. 1H NMR (300 MHz,
DMSO): d = 12.10 (br s, 1 H, CO2H), 7.89–7.33 (m, 8 H, Har.),
7.71 (d, 1 H, JNH,CHa = 7.5 Hz, NH), 5.98–5.82 (m, 1 H, CH=),
5.30 (dd, 1 H, J=CH2′ ,CH2′′ = 1.2 Hz, J=CH2′ ,CH= = 17.1 Hz, =CH2


′),
5.20 (dd, 1 H, J=CH2′ ,CH2′′ = 1.2 Hz, J=CH2′′ ,CH= = 10.5 Hz, =CH2


′′),
4.58 (d, 2 H, JOCH2,CH= = 5.1 Hz, OCH2), 4.32–4.21 (m, 3 H,
CHFmoc, CH2Fmoc), 4.16–4.08 (m, 1 H, CHa), 2.32 (t, 2 H, JCHb,CHc =
7.2 Hz, CH2c), 2.06–1.76 (m, 2 H, CH2b); 13C NMR (75 MHz,
DMSO): d = 174.0 (HOC=O), 172.1 (C=O), 156.5 (C=O),
144.2 (Car.), 144.1 (Car.), 141.1 (Car.), 132.7 (CH=), 128.0 (CHar.),
127.4 (CHar.), 125.6 (CHar.), 120.5 (CHar.), 118.1 (CH2=), 66.1


(CH2Fmoc), 65.2 (OCH2), 53.5 (CHa), 47.0 (CHFmoc), 30.3 (CH2c),
26.3 (CH2b).


Cyclic templates RAFT(Dde)4 (16) and RAFT(Dde)1 (22).
Synthesis of linear peptides 15 and 21. The synthesis of linear


peptides 15 and 21 was carried out following the Fmoc–tBu
strategy in a glass reaction vessel fitted with a sintered glass frit
with the NovaSyn R© Tentagel resin (1 g, 0.1 mmol). The resin was
swollen with CH2Cl2 (10 mL, 2 × 15 min) and DMF (10 mL, 1 ×
15 min). The coupling reactions were performed with N-a-Fmoc-
protected amino acid (0.4 mmol), PyBOP (0.21 g, 0.4 mmol) and
DIPEA (140 lL, 0.8 mmol) in DMF (10 mL) for 30 min. After
washing with DMF (10 mL, 4 × 1 min) and CH2Cl2 (10 mL, 2 ×
1 min), the completeness of the coupling reaction was controlled
by Kaiser and TNBS tests. Fmoc protecting groups were removed
by treatment with a piperidine–DMF solution (10 mL, 1 : 4,
3 × 10 min). After washing with DMF (10 mL, 6 × 1 min), the
completeness of deprotection was verified by the UV absorption
of the piperidine washings at 299 nm. Allyl deprotection: the
NovaSyn R© Tentagel resin bearing the linear peptides 15 or 21
(1 g, 0.1 mmol) was swollen in a glass reaction vessel fitted with
a sintered glass frit with CH2Cl2 (10 mL, 2 × 15 min) and DMF
(10 mL, 1 × 15 min). The resin was treated with PhSiH3 (617 lL,
5 mmol) in dry CH2Cl2 (10 mL) for 5 minutes. Pd(Ph3P)4 (46 mg,
0.04 mmol) was then added and the resin was stirred under argon
gas for 20 minutes. The reagents were removed by filtration, the
resin washed with CH2Cl2 (10 mL, 4 × 1 min) and the cycle was
repeated once. The resin was finally washed with CH2Cl2 (10 mL,
2 × 1 min), dioxane–water (10 mL, 9 : 1, 2 × 1 min) and DMF
(10 mL, 2 × 1 min). N-terminal Fmoc deprotection: the resin was
treated three times with a solution of piperidine in DMF (10 mL,
1 : 4, 10 min) then washed with DMF (10 mL, 6 × 1 min). The
completeness of deprotection was controlled by the UV absorption
of the piperidine washings at 299 nm (loading: ≈0.07 mmol g−1


of resin). Cyclisation: PyAOP (73 mg, 0.14 mmol) and DIPEA
(61 lL, 0.35 mmol) were added to the resin in DMF (10 mL) and
the mixture was stirred at room temperature. After 30 minutes, the
reagents were removed by filtration, the resin washed with DMF
(10 mL, 2 × 1 min) then the procedure was repeated. An aliquot
of resin was taken and treated with pure TFA for 30 minutes then
the filtrate was analyzed by reverse-phase HPLC. RAFT(Dde)4


16: Rt = 10.6 min; linear gradient: 95 : 5 to 0 : 100 A : B in 15 min;
detection: k = 214 and 250 nm. RAFT(Dde)1 22: Rt = 7.0 min;
linear gradient: 95 : 5 to 0 : 100 A : B in 15 min; detection: k = 214
and 250 nm.


Cyclic templates RAFT(Ser)4 (17) and RAFT(Ser)1 (23).
Dde deprotection. The resin was treated four times with a


solution of hydrazine in DMF (10 mL, 1 : 24, 10 min) then
washed with DMF (10 mL, 4 × 1 min), CH2Cl2 (10 mL, 2 ×
1 min) and DMF (10 mL, 2 × 1 min). Coupling of protected serine:
FmocSer(OTrt) (319 mg, 0.56 mmol for 16; 80 mg, 0.17 mmol
for 22), PyBOP (291 mg, 0.56 mmol for 16; 73 mg, 0.17 mmol
for 22) and DIPEA (244 lL, 1.4 mmol for 16; 71 lL, 0.35 mmol
for 22) in DMF (10 mL) were added to the resin and stirred for
30 minutes at room temperature. After removing the reagents by
filtration, the resin was washed with DMF (10 mL, 4 × 1 min)
and CH2Cl2 (10 mL, 2 × 1 min) and the completeness of the
coupling reaction was controlled by TNBS and the Kaiser test on
a few beads of resin. Trt deprotection: the resin was treated with


2634 | Org. Biomol. Chem., 2006, 4, 2628–2636 This journal is © The Royal Society of Chemistry 2006







a solution of TFA in CH2Cl2 (10 mL, 1 : 99) until the mixture
remains uncolored (10 mL, 5 × 3 min) and was then washed with
CH2Cl2 (10 mL, 5 × 1 min) and DMF (10 mL, 2 × 1 min). Fmoc
deprotection: Fmoc groups were removed following the procedure
described for 16 and 22. The completeness of deprotection was
controlled by the UV absorption of the piperidine washings at
299 nm (loading: ≈0.07 mmol g−1 of resin). An aliquot of resin
was taken and treated with pure TFA for 30 minutes then the
filtrate was analyzed by reverse-phase HPLC. RAFT(Ser)4 17:
Rt = 6.2 min; linear gradient: 95 : 5 to 60 : 40 A : B in 15 min;
detection: k = 214 and 250 nm; ES-MS (positive mode): calcd for
C59H104N19O19 1382.77 [M + H]+, found: 1381.71. RAFT(Ser)1 23:
Rt = 6.3 min; linear gradient: 95 : 5 to 60 : 40 A : B in 15 min;
detection: k = 214 and 250 nm; ES-MS (positive mode): calcd for
C41H67N13O13 950.50 [M + H]+, found: 950.41.


Cyclic templates RAFT(Sugar)4 (18–20) and RAFT(Sugar)1 (24–
26).


Oxidation of serines. The resin was treated with sodium perio-
date (1.30 g, 5.6 mmol for 17; 0.30 g, 1.4 mmol for 23) in a solution
of DMF–water (10 mL, 1 : 1) for one hour. The completeness of
the coupling reaction was controlled by TNBS and the Kaiser test.
The resin was finally washed with water (10 mL, 3 × 1 min) and
DMF (10 mL, 3 × 1 min). Chemoselective coupling of sugars: to
the resin (40 mg, ≈2.8 lmol) bearing the aminooxy sugar, (for
RAFT(CHO)4: 20 mg of 4, 13.2 mg of 9 and 10.9 mg of 13, 56
lmol; for RAFT(CHO)1: 5 mg of 4, 3.3 mg of 9 and 2.7 mg of
13, 14 lmol) was added in solution in AcOH–H2O (7 : 3, 1 mL).
The resin was stirred at room temperature overnight. The excess
of unreacted aminooxy sugar was recovered by filtration, then the
resin was washed successively with AcOH–H2O (1 mL, 1 : 1, 2 ×
1 min), DMF (1 mL, 2 × 1 min) and water (1 mL, 2 × 1 min).
An aliquot of resin was taken and treated with pure TFA for
30 minutes then the filtrate was analyzed by reverse-phase HPLC
and mass spectrometry. RAFT(bLac)4 18: Rt = 6.7 min (linear
gradient: 95 : 5 to 60 : 40 A : B in 15 min, detection: k = 214 and
250 nm); ES-MS (positive mode): calcd for C103H168N19O59 [M +
H]+, 2615.07, found: 2614.93. RAFT(aGalNac)4 19: Rt = 7.7 min
(linear gradient: 95 : 5 to 60 : 40 A : B in 15 min, detection: k =
214 and 250 nm); ES-MS (positive mode): C87H140N23O39 calcd for
2130.96 [M + H]+, found: 2130.86. RAFT(aMan)4 20: Rt = 7.2 min
(linear gradient: 95 : 5 to 60 : 40 A : B in 15 min, detection: k =
214 and 250 nm); ES-MS (positive mode): C79H128N19O39 calcd for
1966.86 [M + H]+, found: 1966.81. RAFT(bLac)1 24: Rt = 6.6 min
(linear gradient: 95 : 5 to 60 : 40 A : B in 15 min, detection: k =
214 and 250 nm); ES-MS (positive mode): calcd for C52H84N13O23


1258.58 [M + H]+, found: 1258.45. RAFT(aGalNac)1 25: Rt =
7.1 min (linear gradient: 95 : 5 to 60 : 40 A : B in 15 min, detection:
k = 214 and 250 nm); ES-MS (positive mode): C48H77N14O18 calcd
for 1137.55 [M + H]+, found: 1137.50. RAFT(aMan)1 26: Rt =
7.0 min (linear gradient: 95 : 5 to 60 : 40 A : B in 15 min, detection:
k = 214 and 250 nm); ES-MS (positive mode): C46H74N13O18 calcd
for 1096.52 [M + H]+, found: 1096.42.


Recognition tests with lectins and mono/tetravalent
neoglycopeptides (18–20) and (24–26)


Binding assay. All experiments were done in duplicate. The
resin bearing neoglycopeptides 18–20 and 24–26 (≈2 mg) was
pre-incubated in a microtube with a solution of 5% BSA (Bovine


Serum Albumin) in PBST buffer (Phosphate Buffer Saline 0.01 M
pH 7.4 containing 0.01% v/v Tween 20) at 37 ◦C for one hour.
After filtration and washing with PBST buffer (5 × 1 mL),
the binding assay was realized in a microtube with solutions
of horseradish peroxidase (HRP) labelled lectins from Arachis
hypogaea (peanut, Sigma L 7759, PNA), concanavalin A from
Canavalia ensiformis (Jack bean, Sigma L 6397, ConA) and lectin
from Helix pomatia agglutinin (Sigma L 6387, HPA) (100 lL,
2 lg mL−1 for PNA and HPA) or (100 lL, 5 lg mL−1 for ConA)
in HEPES buffer 0.1 M pH 7.2 containing 0.9 M NaCl, 1 mM
CaCl2 and 1 mM MnCl2 at 37 ◦C for one hour. After filtration and
washing with PBST (5 × 1 mL), the beads of resin were transferred
in a microtube and the HRP substrate (200 lL, TMB (3,3′,5,5′-
tetramethylbenzidine) Substrate Reagent Set, BD Biosciences Cat.
555214) was added. The enzymatic reaction was finally quenched
with 10% aqueous sulfuric acid (100 lL) after 5 minutes and a
fraction of the yellow solution was transferred in a multiwell plate
(200 lL) to measure the binding at 450 nm with a UV microplates
reader. Experiments were done in duplicate.


Inhibition assay. The resin bearing neoglycopeptide 18–20 or
24–26 (≈2 mg) was pre-incubated with a solution of 5% BSA
in PBST buffer at 37 ◦C for one hour. After filtration and
washing with PBST buffer (5 × 1 mL), the binding assay was
realized in a microtube with solutions of PNA–HRP, ConA–
HRP and HPA–HRP (100 lL, 2 lg mL−1 for PNA and HPA)
or (100 lL, 5 lg mL−1 for ConA) in HEPES buffer containing
inhibitor (10 mM, respectively D-galactose, methyl N-acetyl-a-
D-galactopyranoside or methyl a-D-mannopyranoside) at 37 ◦C
for one hour. After filtration and washing with PBST (5 ×
1 mL), the beads of resin were transferred in a microtube and the
HRP substrate (200 lL) was added. The enzymatic reaction was
quenched with 10% aqueous sulfuric acid (100 lL) after 5 minutes
and the binding measured at 450 nm with a UV microplates reader.


Acknowledgements


This work was supported by the Association pour la Recherche
contre le Cancer (ARC), the Centre National pour la Recherche
Scientifique (CNRS), the ministère de la Recherche for the ACI-
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The strongly antifungal phytoalexins brassilexin and sinalexin were metabolized by the stem rot fungus
Sclerotinia sclerotiorum to glucosyl derivatives, whereas the phytoalexins brassicanal A, spirobrassinin
and 1-methoxyspirobrassinin, displaying lower antifungal activity, were transformed via
non-glucosylating pathways. Significantly, these transformations led to metabolites displaying no
detectable antifungal activity. The chemical characterization of all new metabolites as well as the
chemistry of these processes and a facile chemical synthesis of 1-b-D-glucopyranosylbrassilexin are
reported. Overall, our results indicate that phytoalexins, strongly antifungal against S. sclerotiorum, are
detoxified via glucosylation, which in turn suggests that S. sclerotiorum has acquired efficient
glucosyltransferase(s) that can disarm some of the most active plant chemical defenses. Consequently,
we suggest that these glucosylation reactions are potential metabolic targets to control S. sclerotiorum.


Introduction


The fungus Sclerotinia sclerotiorum (Lib.) de Bary causes stem rot
in crucifer plants, an economically important disease leading to
severe yield losses around the world. Because no commercially
useful stem rot resistant species are known, and the application of
fungicides poses serious environmental concerns,1,2 the discovery
of metabolic targets that bring about the selective control of this
pathogen is of enormous interest. However, the detection of such
targets requires a reasonable understanding of the metabolic pro-
cesses involved in the interaction of crucifers with S. sclerotiorum.
It is well known that upon pathogen attack, crucifers produce de
novo a complex mixture of defense metabolites that have antifungal
activity, i.e. phytoalexins.3 Furthermore, while some crucifer
pathogens are able to detoxify phytoalexins effectively, others,
although sensitive, are unable to transform these plant defenses.4


For example, the pathogen S. sclerotiorum can detoxify camalexin
(1) and 6-methoxycamalexin (2) via 6-hydroxycamalexin (3) to
6-oxy-(O-b-D-glucopyranosyl)camalexin (4) (Scheme 1), whereas
Leptosphaeria maculans [Desm. Ces. et de Not., asexual stage
Phoma lingam (Tode ex Fr) Desm.] is unable to detoxify camalexin
(1), albeit being sensitive to it.4 As well, S. sclerotiorum can
detoxify brassinin (5), 1-methoxybrassinin (6) and cyclobrassinin
(9) to the glucosides 7, 8, and 10, respectively (Scheme 1).5 These
glucosylation processes appear to be unusual reactions in plant
pathogenic fungi, but are common transformations in plants.6


To date, the significance of several phytoalexins in the crucifer–
S. sclerotiorum interaction and the reaction of S. sclerotiorum
to a number of seemingly important phytoalexins remains to be
established.
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† Electronic supplementary information (ESI) available: 1H NMR spectra
of new compounds 12, 16, 17, 19, 23, 25–28, 31 and 32. See DOI:
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Scheme 1 Biotransformation of camalexins 1 and 2, brassinins 5 and 6
and cyclobrassinin 9 in Sclerotinia sclerotiorum.5,6


In continuation of our investigation of phytoalexin
detoxification reactions occurring in S. sclerotiorum,5,6 we
have analyzed the metabolism of the phytoalexins brassilexin (11),
sinalexin (15), brassicanal A (14), spirobrassinins 22 and 24, as well
as methyl derivatives 18 and 27. Here we report for the first time the
detoxification pathways and the characterization of various new
metabolites as well as the chemistry involved in these processes and
a facile chemical synthesis of b-D-glucopyranosylbrassilexin (12).
Overall, our results indicate that phytoalexins, which are strongly
antifungal against S. sclerotiorum, are detoxified via glucosylation.
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Consequently, we suggest that these glucosylation reactions
emerge as potential metabolic targets to control S. sclerotiorum.


Results


Biotransformations


Phytoalexins 11, 14, 15, 22, and 24 and their derivatives 18
and 27 (1 × 10−4 M) were administered to fungal cultures
of S. sclerotiorum, the cultures were incubated and analyzed
over a period of several days to determine the best times to
isolate potential metabolic products. HPLC chromatograms of
extracts of cultures incubated with brassilexin (11) indicated
that 11 was completely metabolized in ca. 48 h (Fig. 1). The
metabolites were found to be an unknown compound with tR =
4.5 min (12), the known phytoalexin brassicanal A (14), and 3-
(amino)methylenindoline-2-thione (13), resulting from reduction
of the isothiazole ring of brassilexin (11)7 (Scheme 2). Enamine
13 was detected in culture immediately after adding brassilexin
(11), while brassicanal A (14) was detected after 6 h of in-
cubation and the unknown metabolite (12) was detected after
12 h. To determine the sequence of the biotransformation steps,
enamine 13 was synthesized and administered to cultures of S.
sclerotiorum. Culture samples were withdrawn at different times,
these were extracted and the extracts were analyzed by HPLC;


Fig. 1 Progress curves of the metabolism of brassilexin (11), sinalexin
(15) and 1-methylbrassilexin (18) in Sclerotinia sclerotiorum. Cultures
were extracted and extracts were analyzed by HPLC; concentrations
were determined using calibration curves; each point is an average of
experiments conducted in triplicate ± standard deviation.


Scheme 2 Biotransformation of brassilexin (11) in Sclerotinia sclerotio-
rum: (i) main pathway, (ii) minor pathway.


the chromatograms indicated that enamine 13 was completely
metabolized to brassicanal A (14) in ca. 12 h. Subsequently, to
isolate the unknown metabolite with tR = 4.5 min (12), larger
scale cultures of S. sclerotiorum were incubated with brassilexin
(11). After 24 h, the extracts obtained from these cultures were
fractionated by reverse phase silica gel chromatography, and each
fraction was analyzed by HPLC. The fractions containing the
unknown metabolite (12) were combined and further separated
by preparative TLC to yield chromatographically homogeneous
material. The 1H NMR spectrum, obtained in CD3OD, indicated
the presence of the intact brassilexin (1) tricyclic system plus a
doublet at dH 5.75 (J = 9 Hz, 1H) and several multiplets at
dH 3.49–3.96, suggesting the presence of a carbohydrate moiety.
Both the molecular formula (C15H16N2O5S obtained by HRMS-
ESI) and the 13C NMR spectral data corroborated the presence
of a carbohydrate residue. The identity of the carbohydrate
moiety was assigned as a b-glucopyranosyl residue from 1H–1H
homonuclear decoupling experiments (axial–axial couplings, J =
7–9 Hz, between the various protons). The b-glucopyranosyl unit
was established to be located at N-1 from analysis of the HMBC
data (correlations of the anomeric proton H-1′ with C-2 and C-
7a of the indole moiety). Furthermore, the structure of this new
metabolic product of brassilexin (1) was confirmed to be 1-b-D-
glucopyranosylbrassilexin (12) by synthesis, as described below.
Hence, the biotransformation of brassilexin (11) in S. sclerotiorum
proceeded via two different pathways (Scheme 2): (i) glucosylation
of brassilexin at N-1, and (ii) reductive ring opening of the
isothiazole moiety. Although the yield of glucoside 12 was lower
than that of brassicanal A (14) (Table 1), since 12 was further


Table 1 Products of metabolism of phytoalexins 11, 14, 15, 22, and 24 and their analogues 18 and 27 (1 × 10−4 M) in cultures of Sclerotinia sclerotiorum


Compound added to cultures Incubation time Products of metabolism (%)a Recovered starting material (%)a


Brassilexin (11) 24 h 14 (18%); 12 (7%) 15
1-b-D-Glucopyranosylbrassilexin (12) 48 h Complete transformation to


undetermined products
None


3-(Amino)methylenindoline-2-thione (13) 6 h 14 (10%) None
Brassicanal A (14) 6 d 20 (15%); 21 (13%) 28
Sinalexin (15) 30 h 16 (2%); 17 (15%) 8
6-Oxy-(O-b-D-glucopyranosyl)sinalexin (17) 48 h Complete transformation to


undetermined products
None


1-Methylbrassilexin (18) 4 d 19 (7%) 10
Spirobrassinin (22) 7 d 23 (22%) 20
1-Methoxyspirobrassinin (24) 7 d 25 (16%); 26 (7%) 20
1-Methylspirobrassinin (27) 7 d 22 (7%); 28 (16%); 29 (5%) 16


a Percentage yields (molar) of products represent HPLC-determined yields.
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metabolized at a faster rate than brassicanal A (14) (48 h vs. 7
d), it becomes apparent that glucosylation represents the main
metabolic pathway.


HPLC analysis of the broth extracts of cultures incubated with
sinalexin (15) indicated it to be completely metabolized to two
products with tR = 4.9 and 12.0 min, in ca. 48 h (Fig. 1). To obtain
sufficient quantities of each product for both chemical charac-
terization and bioassay, larger scale mycelial cultures incubated
with 15 were extracted, the extract was fractionated by reverse
phase silica gel chromatography and each fraction was analyzed by
HPLC. The fractions containing new metabolites were combined
and further separated by reverse phase preparative TLC. The
molecular formula of the less polar metabolite (16, tR = 12.0 min)
(obtained by HRMS-EI) indicated the presence of an additional
oxygen atom relative to that of sinalexin (15) (C10H8N2O2S vs.
C10H8N2OS) and the 1H NMR spectrum indicated the presence of
a substituted sinalexin, since only four protons were displayed in
the aromatic region. Three of the signals were assigned to the spin
system in the benzene ring and a singlet at dH 8.63 was assigned
to the isothiazole ring. These spectroscopic data suggested that
the less polar metabolite (16) contained an OH group located
either at C-5 or C-6. That the OH group was attached to C-6
rather than C-5 was finally deduced from NOE experiments, as
follows. Irradiation of the N-methoxy group at dH 4.14 caused an
enhancement of the signal due to H-7 (dH 6.98) and vice versa.
That is, assignment of the resonance of H-7 demonstrated that
the HO group was located at H-6 and thus 16 was the structure of
the less polar metabolite. The molecular formula of the more polar
metabolite (17, tR = 4.9 min, C16H18N2O7) obtained by HRMS-ESI
indicated the presence of a hexose unit, which was corroborated by
NMR data. The identity of the hexose unit was determined as b-
D-glucopyranose from homonuclear (1H) decoupling experiments
and X-ray crystallography (see ESI†). To establish the sequence
of biotransformation steps of sinalexin (15), compound 16 was
administered to cultures of S. sclerotiorum, samples were with-
drawn at different times, and these were extracted and analyzed by
HPLC. As expected, compound 16 was completely metabolized
to 17 in ca. 12 h. This result indicated that sinalexin (15) was
metabolized to 6-oxy-(O-b-D-glucopyranosyl)sinalexin (17) via 6-
hydroxysinalexin (16) (Scheme 3).


Scheme 3 Biotransformation of sinalexin (15) in Sclerotinia sclerotiorum.


To probe the substrate specificity of the enzyme(s) involved
in the metabolism of brassilexin (11) and sinalexin (15), 1-
methylbrassilexin (18) was synthesized and incubated with cultures
of S. sclerotiorum as described for brassilexin (11). HPLC analysis
of extracts of fungal cultures incubated with 1-methylbrassilexin
(18) showed that the rate of metabolism of 18 was slower than


the transformation rates of brassilexin (11) and sinalexin (15)
(Fig. 1). While the naturally-occurring 11 and 15 were completely
metabolized in about two days, 1-methylbrassilexin (18) was
completely metabolized to an unknown polar compound (19,
tR = 4.4 min) in about four days. To establish the structure of
this polar metabolite (19), larger scale cultures of S. sclerotiorum
incubated with 1-methylbrassilexin (18) were extracted and the
extracts were fractionated by reverse phase silica gel column
chromatography. Fractions containing the new metabolite were
further separated by preparative TLC to yield a chromatograph-
ically homogeneous solid material. The 1H NMR spectrum of
this compound [19, (CD3)2CO)] showed five aromatic hydrogens,
suggesting the presence of an intact brassilexin moiety, and a
methylene group (dH: 6.13, d, J = 11.5 Hz, 1H; 5.90, d, J =
11.5 Hz) instead of the (N)Me group. The 13C NMR spectrum of
19 confirmed the absence of the (N)Me group and the presence
of the methylene at dC 73.4, which indicated that the (N)Me
group had been oxidized to (N)CH2O–R. Additional signals at
dH 4.39 (d, J = 8 Hz, 1H) and several multiplets at dH 3.85–3.50
suggested the presence of a carbohydrate moiety. The molecular
formula of C16H18N2O6S (obtained by HRMS-ESI) and 13C NMR
spectral data also indicated the presence of a carbohydrate residue.
The identity of the carbohydrate moiety was assigned as a b-
glucopyranosyl residue from 1H–1H homonuclear decoupling
experiments (axial–axial couplings, J = 7–9 Hz). HMBC spectral
data showed correlations of (N)CH2O protons with C-2 and
C-7a of indole and also with the anomeric carbon (C-1′) as
shown in Scheme 4, suggesting that the b-glucopyranose unit
was attached to the oxygen atom of the (N)CH2O group. From
this reasoning the structure of the biotransformation product
of 1-methylbrassilexin (18) was assigned as 1-methyl-(oxy-O-b-
D-glucopyranosyl)brassilexin (19) (Scheme 4).


Scheme 4 Biotransformation of 1-methylbrassilexin (18) in Sclerotinia
sclerotiorum and selected HMBC correlations of 19.


HPLC analysis of extracts obtained from fungal cultures
of S. sclerotiorum incubated with brassicanal A (14) showed
it to be completely metabolized to 3-(hydroxymethyl)indole-2-
methylsulfoxide (21) via brassicanal A sulfoxide (20) (Scheme 5)
in ca. 7 d (Fig. 2). After isolation of metabolites 20 and 21 their
structures were deduced from comparison of their spectroscopic
data to those of brassicanal A and finally confirmed by synthesis.8


To ascertain the sequence of the biotransformation steps, com-
pound 20 was separately incubated with cultures of S. sclerotiorum,
and extracts of the fungal cultures collected at different times
were analyzed by HPLC. These experiments confirmed that the
aldehyde group of brassicanal A (14) was enzymatically reduced
to alcohol 21 (Scheme 5).


Compared to the transformation of brassilexin (11) and
sinalexin (15), the biotransformation of the phytoalexin spiro-
brassinin (22) in S. sclerotiorum was a much slower process.
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Scheme 5 Biotransformation of the phytoalexin brassicanal A (14) in
Sclerotinia sclerotiorum.


Fig. 2 Progress curves of the metabolism of brassicanal A (14), spiro-
brassinin (22), 1-methoxyspirobrassinin (24) and 1-methylspirobrassinin
(27) in Sclerotinia sclerotiorum. Cultures were extracted and the extracts
were analyzed by HPLC; concentrations were determined using calibration
curves; each point is an average of experiments conducted in triplicate ±
standard deviation.


Spirobrassinin (22) was detected in cultures up to nine days after
incubation with S. sclerotiorum (Fig. 2); a single biotransformation
product (23, HPLC tR = 5.1 min) substantially more polar than
spirobrassinin was detected. Similar to the experiments described
above, to establish the structure of this metabolic product, larger
scale cultures of S. sclerotiorum were incubated with spirobrassinin
(22) for seven days, then filtered, extracted, and the broth extract
fractionated by column chromatography followed by preparative
TLC to yield a new metabolite (23). Standard spectroscopic
analyses (1H and 13C NMR, HMQC, HMBC, and HRMS-EI)
indicated the molecular formula C10H8N2O2S. Comparison of
the 1H NMR spectra of spirobrassinin (22) and that of the
new metabolite (23) revealed the presence of an NH signal at
dH 6.40 and the absence of the SCH3 signal in the latter. A
downfield shift for the C-2′ carbon (dH 163.2 in 22 to 171.9
in 23) in the 13C NMR spectrum suggested the presence of
a carbonyl group (NHC=OSR). Hence, on the basis of these
spectral data, the structure of the new metabolite 23 was assigned
as a spirothiazolidinone attached to C-3 of the oxoindole ring
(Scheme 6, 23, [a]D = −35). The enantiomeric excess (ee) of
untransformed spirobrassinin (22) recovered from cultures after
a seven day incubation period was determined to be 14% by 1H
NMR spectroscopy (integration of the SMe resonances) using
the chiral solvating agent (R)-2,2,2-trifluoro-1-(9-anthryl)ethanol
(TFAE, Table 2).9 However, the enantiomeric excess of metabolite


Scheme 6 Biotransformation of spirobrassinin (22) in Sclerotinia sclero-
tiorum.


23 could not be determined (the diastereotopic methylene protons
were not sufficiently resolved in the presence of the chiral solvating
agent TFAE).


HPLC analysis of the broth extract of fungal cultures incubated
with 1-methoxyspirobrassinin (24) indicated it to be completely
metabolized to two products with tR = 7.5 and 11.5 min in ca.
10 days (Fig. 2). The structure of each product was determined
from comparison of their spectroscopic data and those of 1-
methoxyspirobrassinin (24). The 1H NMR spectra of both com-
pounds (25 and 26) showed four aromatic hydrogens, characteristic
of a 2-oxoindole nucleus and two additional hydrogens (H-4′)
with geminal coupling. In addition, both compounds showed
a signal for an exchangeable hydrogen and the absence of the
SCH3 signal. The 13C NMR spectrum of the compound with
tR = 7.5 min (25) displayed a downfield shift attributable to C-
2′ (dC 163.2 in 24 to 171.4 in 25), suggesting the presence of a
carbonyl group [NH(S)C=O], whereas the compound with the
tR = 11.5 min (26) showed a substantially higher chemical shift for
C-2′ (dC 163.2 in 24 to 198.3 in 26), suggesting the presence of a
thiocarbonyl group [NH(S)C=S]. These data were consistent with
the molecular formula of each compound determined by HRMS-
EI (25, C11H10N2O3S, and 26, C11H10N2O2S2). That is, the SCH3


group of 1-methoxyspirobrassinin (24) had been transformed to a
carbonyl group in 25 and to a thiocarbonyl group in 26. On the
basis of these results, the structure of the major metabolite (tR =
7.5 min) was established as the spirothiazolidinone 25 and the
structure of the minor metabolite (tR = 11.5 min) was established
as the spirothiazolidinethione 26 (Scheme 7). As established for
spirobrassinin (22), the ee of 1-methoxyspirobrassinin (24) isolated
after incubation for seven days (33% ee) and of metabolites 25 (11%
ee) and 26 (30% ee) were determined by 1H NMR spectroscopy
using the chiral solvating agent TFAE (Table 2).9


Table 2 Enantiomeric excess (ee) and optical rotation of spirobrassinins
22, 24, 27, and metabolites 23, 25, 26, and 28


Compounds; amount recovered from
cultures after incubation for 7 d Ee (%)a Optical rotation [a]D


Spirobrassinin (22); 20% 14b −15 (c 0.34, MeOH)
Spirooxathiazolidinone (23); 22% ndc −35 (c 0.33, MeOH)
1-Methoxyspirobrassinin (24); 20% 33d +11 (c 0.21, MeOH)
Spirothiazolidinone (25); 16% 11d −7 (c 0.34, MeOH)
Spirothiazolidinethione (26); 7% 30d −31 (c 0.10, MeOH)
1-Methylspirobrassinin (27); 16% 26e +7 (c 0.25, MeOH)
Spirothiazolidinone (28); 16% 33e −5 (c 0.20, MeOH)


a Enantiomeric excess {ee = ([R − S]/[R + S]) × 100}was determined using
chiral solvating reagent (R)-2,2,2-trifluoro-1-(9-anthryl)ethanol (TFAE)
by 1H NMR.9 b Determined by integration of the 1H NMR signals
of SCH3. c nd = not determined as 1H NMR signals were not re-
solved. d Determined by integration of the 1H NMR signals of OCH3.
e Determined by integration of the 1H NMR signals of NCH3.
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Scheme 7 Biotransformation of 1-methoxyspirobrassinin (24) in Sclero-
tinia sclerotiorum.


Similar to the biotransformation of spirobrassinins 22 and 24,
the biotransformation of 1-methylspirobrassinin (27) – a synthetic
analogue of spirobrassinin (22) – by S. sclerotiorum was a very
slow process. Compound 27 was completely metabolized only after
incubation for 12 days (Fig. 2). The metabolism of this compound
by the fungus S. sclerotiorum led to the detection and isolation
of three metabolites with tR = 6.6, 11.1 and 13.2 min (28, 29,
and 22, respectively, Scheme 8). The structure of each metabolite
was determined from comparison of its spectroscopic data and
those of 1-methylspirobrassinin (27). The 1H NMR spectrum of
the most polar compound (tR = 6.6 min, 28) showed the four
aromatic hydrogens characteristic of a 2-oxoindole nucleus and
two additional hydrogens (H-4′) showing geminal coupling. In
addition, compound 28 showed a proton resonance attributable
to the NH and the absence of the proton resonance due to SCH3.
The 13C NMR of 28 showed a downfield shift for the C-2′ carbon
(dC 163.2 in 27 to 171.9 in 28) which suggested the presence of a
carbonyl group, i.e. transformation of the N=C(SCH3)S group to
the NH–C=O(S) group. These assumptions were consistent with
the molecular formula obtained by HRMS-EI (C11H10N2O2S,).
Thus, on the basis of these results the structure of this metabolite
was assigned as the spirothiazolidinone 28 (Scheme 8). The
compound of intermediate polarity (tR = 11.1 min, 29), relative
to 1-methylspirobrassinin (27) (C12H12N2OS2) contained an ad-
ditional oxygen atom (C12H12N2O2S2), as determined by HRMS-
EI. Comparison of the 1H NMR spectrum of the parent compound
27 with that of 29 indicated the presence of signals attributable
to NCH2OH (dH 5.21 and 5.35) and the absence of the NCH3


signal. This reasoning was corroborated by the 13C NMR spectrum
[downfield shift for the (N)CH2OH carbon dC 26.7 in 27 to 64.7 in
29]. That is, the N–CH3 group was oxidized enzymatically to the
N–CH2–OH group. Therefore, the structure of this metabolite was
assigned as 1-hydroxymethylspirobrassinin (29, Scheme 8). The
third metabolite was established as spirobrassinin (22) based on
its spectroscopic data and comparison with an authentic sample.


Scheme 8 Biotransformation of 1-methylspirobrassinin (27) in Sclero-
tinia sclerotiorum.


To establish the sequence of biotransformation steps, compound
29 was administered to cultures of S. sclerotiorum. As expected,
spirobrassinin (22) was detected in the HPLC chromatogram of the
broth extract of these cultures, demonstrating it to be a metabolite
of 29 resulting from enzymatic oxidation followed by decarboxy-
lation of 27 (Scheme 8). As described for 1-methoxyspirobrassinin
(24), the ee values of untransformed 1-methylspirobrassinin (27)
and metabolite 28 were determined using the chiral solvating agent
TFAE (Table 2).9


Synthesis


The phytoalexins 11, 14, 15, 22, and 24 were synthesized following
previously reported procedures,3 whereas the 1-methyl derivatives
of brassilexin (11) [1-methylbrassilexin (18)] and spirobrassinin
(22) [1-methylspirobrassinin (27)] were synthesized from their par-
ent compounds following treatment with NaH/MeI. The chemical
synthesis of 1-b-D-glucopyranosylbrassilexin (12) was carried out
to confirm the absolute stereochemistry of the biotransformation
product of brassilexin (11) and to obtain sufficient amounts for
bioassays.


N-Glucosylation of indolyl-containing molecules has been
reported for a number of substrates,10 including the syntheses
of N-glucosylated brassinin (5), brassenins A and B, cyclo-
brassinin (9) and related compounds.11 However, the indoline-
indole methodology12 or the various carbohydrate donors used
in those preparations were not readily applicable to bras-
silexin (11). On the other hand, the reaction of 6-nitroindole
with 2,3,4,6-tetra-O-acetyl-a-D-glucopyranosyl bromide (30) in
the presence of silver oxide, reported to yield a mixture of
O-acetylated 1,2-O-[1-(6-nitroindol-1-yl)ethylidene]-a-D-glucose
and 1,2-O-[1-(6-nitroindol-3-yl)ethylidene]-a-D-glucose, appeared
promising.13 Although in that synthesis no N-glucosylated product
was observed, because brassilexin (11) had the C-2 and C-
3 positions of the indole moiety blocked and no electron-
withdrawing groups were present, it was expected to be sub-
stantially more reactive than 6-nitroindole. Thus, an approach
similar to that used for 6-nitroindole was chosen to synthe-
size 1-b-D-glucopyranosylbrassilexin (12). Subsequently, cou-
pling of brassilexin (11) with 1-bromo-2,3,4,6-tetra-O-acetyl-a-
D-glucopyranose (30) in the presence of silver oxide yielded a
mixture of D-glucopyranosylbrassilexins 31 and 32 in a 1 : 1
ratio (Scheme 9). Finally, deacetylation of 31 yielded 1-b-D-
glucopyranosylbrassilexin (12), albeit in a rather poor yield (12%).
Synthetic 1-b-D-glucopyranosylbrassilexin (12) was identical in
all respects to the sample isolated from fungal cultures of S.
sclerotiorum and was used to carry out all bioassays. It is likely that
the yield of 31 could be improved by using other protecting groups
in 30, to prevent the neighboring group assistance effect depicted
in Scheme 9.14 The absolute stereochemistry of the stereogenic
center C-1′ of compound 32 was established using NOESY
data. The NOESY spectrum of 32 showed a correlation between
the methyl group at C-1′ and the H-5′′ of the glucosyl residue
(Scheme 9). This correlation suggested that the new stereocenter
C-1′ had the S configuration, which was consistent with that
reported for tryptophan N-glucoside.15 Furthermore, contrary to
1-b-D-glucopyranosylbrassilexin (12), the H–H coupling constants
obtained for H-1′′, H-2′′ and H-3′′ (cf. experimental data) suggest
that the glucosyl moiety of 32 is not in a chair conformation.
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Scheme 9 Synthesis of 1-b-D-glucopyranosylbrassilexin (12) and selected
NOE of compound 32.


Antifungal assays


The antifungal activity of brassilexin (11), brassicanal A (14),
sinalexin (15), 1-methylbrassilexin (18), spirobrassinin (22), 1-
methoxyspirobrassinin (24), and 1-methylspirobrassinin (27)
against S. sclerotiorum was investigated using the mycelial radial
growth bioassay reported in the Experimental section.6 After


incubation for three days, the mycelium of control plates incubated
with S. sclerotiorum covered 100% of the plate surfaces, while
plates containing 11 showed no mycelial growth at either 1 × 10−4


or 5 × 10−5 M and plates containing 15 showed growth at 1 ×
10−4 M. By contrast plates containing metabolites 12, 17, 19, 20,
21, 23, 25, 26 and 29 showed growth similar to controls, even at
5 × 10−4 M (Table 3).


Discussion and conclusion


Bioassays conducted with brassilexins 11 and 18, sinalexin (15),
spirobrassinins 22, 24, and 27 and brassicanal A (14) against S.
sclerotiorum showed that the most antifungal compounds were
brassilexins 11 and 18 and sinalexin (15), and that brassilexin (11)
displayed the strongest activity (Table 3). On the other hand, the
metabolites resulting from the fungal transformation of 11, 14, 15,
18, 22, 24, and 27 were not toxic to S. sclerotiorum, indicating that
all these metabolic transformations were detoxification processes.
Comparison of the inhibitory activity of brassilexin (11, 100%
inhibition at 5 × 10−5 M, Table 3) and sinalexin (15, 100%
inhibition at 1 × 10−4 M, 80 ± 4% inhibition at 5 × 10−5 M,
Table 3) against S. sclerotiorum with the activities of camalexin (1,
100% inhibition at 1 × 10−4 M and 76 ± 5% at 5 × 10−5 M)6 and
brassinins 5 (100% inhibition at 3 × 10−4 M, 37 ± 8% inhibition


Table 3 Percentage of growth inhibitiona of Sclerotinia sclerotiorum incubated with phytoalexins brassilexin (11), brassicanal A (14), sinalexin (15),
spirobrassinin (22), 1-methoxyspirobrassinin (24), and derivatives 1-methylbrassilexin (18) and 1-methylspirobrassinin (27) (two days, constant light)


Compound assayed against S. sclerotiorum Concentration/M Inhibition ± SD (%)a


Control — 0
Brassilexin (11) 1 × 10−4 100 ± 0


5 × 10−5 100 ± 0
2 × 10−5 76 ± 5


1-b-D-Glucopyranosylbrassilexin (12) 5 × 10−4 No inhibition
3-(Amino)methylenindoline-2-thione (13) 5 × 10−4 64 ± 2


3 × 10−4 42 ± 2
1 × 10−4 18 ± 3


Brassicanal A (14) 5 × 10−4 42 ± 5
3 × 10−4 17 ± 4
1 × 10−4 No inhibition


Sinalexin (15) 1 × 10−4 100 ± 0
5 × 10−5 80 ± 4
2 × 10−5 60 ± 6


6-Oxy-(O-b-D-glucopyranosyl)sinalexin (17) 5 × 10−4 No inhibition
1-Methylbrassilexin (18) 3 × 10−4 100 ± 0


1 × 10−4 43 ± 3
5 × 10−5 24 ± 6


1-Methyl-(oxy-O-b-D-glucopyranosyl)brassilexin (19) 5 × 10−4 No inhibition
Brassicanal A sulfoxide (20) 5 × 10−4 No inhibition
3-(Hydroxymethyl)indol-2-methylsulfoxide (21) 5 × 10−4 No inhibition
Spirobrassinin (22) 5 × 10−4 58 ± 3


3 × 10−4 38 ± 8
1 × 10−4 26 ± 5


Spirothiazolidinone (23) 5 × 10−4 No inhibition
1-Methoxyspirobrassinin (24) 5 × 10−4 24 ± 4


3 × 10−4 10 ± 4
1 × 10−4 No inhibition


Spirothiazolidinone (25) 5 × 10−4 No inhibition
Spirothiazolidinethione (26) 5 × 10−4 No inhibition
1-Methylspirobrassinin (27) 5 × 10−4 49 ± 2


3 × 10−4 36 ± 7
1 × 10−4 20 ± 7


1-Hydroxymethylspirobrassinin (29) 5 × 10−4 No inhibition


a The percentage of inhibition was calculated using the formula: % inhibition = 100 − [(growth on treated/growth in control) × 100]; experiments were
conducted in triplicate.
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at 1 × 10−4 M) and 6 (100% inhibition at 3 × 10−4 M, 56 ± 6%
inhibition at 1 × 10−4 M)5 indicates that (i) 11 is a stronger inhibitor
of mycelial growth than 1, 5 or 6, and (ii) 15 is a stronger inhibitor
than 5 or 6 but shows similar activity to that of camalexin (1).


Results of the metabolism of brassilexin (11) suggested that the
main pathway of brassilexin detoxification involved glucosylation
at N-1 to yield the corresponding N-glucosylated compound 12,
whereas in the case of sinalexin (15), in which the N-1 position is
blocked with a methoxy group, detoxification involved oxidation
to 6-hydroxysinalexin (16) followed by glucosylation to 6-oxy-(O-
b-D-glucopyranosyl)sinalexin (17). In addition, a minor pathway
for detoxification of brassilexin (11) in S. sclerotiorum involved
reductive ring opening of the isothiazole to the enamine 13,
followed by methylation and hydrolysis (or vice versa) to the known
phytoalexin brassicanal A (14). The yield of metabolite 12 was
lower than that of brassicanal A (14) (Table 1); however, since
1-b-D-glucopyranosylbrassilexin (12) was metabolized at a faster
rate than brassicanal A (14) was transformed (48 h vs. 7 d), the
main pathway for brassilexin (11) detoxification appears to be
glucosylation (Scheme 2). This is the first time that a phytoalexin
is found to be an intermediate of phytoalexin detoxification in
S. sclerotiorum. However, in previous studies with other crucifer
pathogens (Rhizoctonia solani) brassicanal A (14) was found to be
an intermediate in the detoxification of cyclobrassinin (9).4


Perhaps not surprisingly, compared to brassilexin (11) and
sinalexin (15), detoxification of 1-methylbrassilexin (18), an un-
natural compound, occurred at a substantially slower rate (ca.
2 d vs. 4 d). Because oxidation of C-6 of the indole moiety was
observed in the transformation of sinalexin (15), it was surprising
to observe oxidation of 1-methylbrassilexin (18) at the (N)–CH3


rather than at C-6. These differences are likely due to the substrate
specificity of the enzymes involved in the transformations of the
natural substrates 11 and 15. The substrate specificity of such
enzymes was previously formulated and probed using analogues
of camalexins 1 and 2 6 and brassinins 5 and 6.5


The detoxification reactions of the less antifungal phytoalexins
brassicanal A (14), spirobrassinins 22 and 24 and analogue 27 in
S. sclerotiorum were slower and yielded no glucosylation products.
The detoxification of brassicanal A (14) involved the oxidation of
S(CH3) to the corresponding sulfoxide and reduction of the alde-
hyde to the alcohol, a process similar to the detoxification of bras-
sicanal A in L. maculans.8 The detoxification of spirobrassinins 22,
24, and 27 involved the hydrolysis of the spirothiazolidine moiety
to spirothiazolidinones 23, 25, and 28, respectively. In addition,
spirothiazolidinethione 26 was isolated as a minor metabolite of 1-
methoxyspirobrassinin (24), and 1-hydroxymethylspirobrassinin
(29) was isolated as a minor metabolite of 1-methylspirobrassinin
(27). The optical rotation of metabolite 23 and the significant ee
of metabolites 26 and 28 suggested that their enzymatic formation
was somewhat stereoselective in S. sclerotiorum. Furthermore,
the following suggest that two or more enzymes are involved
in these processes (Table 2): (1) the significant ee of 24 and 27
(recovered from cultures, Table 2) and similarity to the ee of their
biotransformation products 26 and 28, (2) the high percentages
of conversion of spirobrassinins 22, 24 and 27 (ca. 80%), and
(3) the similar rates of transformation of either (R)- or (S)-
spirobrassinin in S. sclerotiorum. However, further studies with
purified enzymes would be required to determine their potential
substrate stereoselectivity and catalytic promiscuity.16


Overall, our results suggested that the plant pathogen S.
sclerotiorum utilizes different enzymes to transform different
phytoalexins. The enzymes involved in the biotransformation of
brassicanal A (14) and spirobrassinins 22, 24, and 27 might be
‘house-keeping’ enzymes used in general detoxification processes.
By contrast, the detoxification reactions of brassilexin (11) and
sinalexin (15) might be catalyzed by substrate-selective glucosyl-
transferases, while sinalexin (15) might require a selective oxidase
as well. It is worthy to note that replacement of the methoxy
group (at N-1) of sinalexin (15) with a methyl group decreases
the rate and the site of transformation of 18. These results and
our previous work5,6 suggest that S. sclerotiorum has acquired or
evolved efficient glucosyltransferase(s) that can disarm some of the
most active plant chemical defenses. Especially because brassilexin
(11) and sinalexin (15) display (hitherto) the strongest antifungal
activity against S. sclerotiorum and are metabolized efficiently to
inactive products, our results suggest that the detoxification of 11
and 15 are potential metabolic targets to control S. sclerotiorum.
For example, application of potential brassilexin (11) and/or
sinalexin (15) detoxification inhibitors to infected plants might
prevent the pathogen from metabolizing these phytoalexins and
thus the continuous depletion of these natural plant defenses.
A concentration increase of strongly antifungal phytoalexins is
expected to slow down if not stop growth of S. sclerotiorum.
Nonetheless, before such inhibitors can be designed, a better un-
derstanding of the enzymes and enzymatic mechanisms involved
in these fungal transformations is required.


Experimental


General experimental procedures


All chemicals were purchased from Sigma-Aldrich Canada Ltd.,
Oakville, ON, Canada. All solvents were HPLC grade and used
as such, except for CH2Cl2 and CHCl3 which were redistilled. The
remaining conditions are as previously reported.5


HPLC analysis was carried out with a high performance liquid
chromatograph equipped with a quaternary pump, automatic
injector, and diode array detector (wavelength range 190–600 nm),
degasser, and a Hypersil ODS column (5 mm particle size silica, 4.6
id × 200 mm), equipped with an in-line filter. Mobile phase: 75%
H2O–25% CH3CN to 100% CH3CN, for 35 min, linear gradient,
and a flow rate of 1.0 ml min−1. Specific rotations, [a]D were
determined at ambient temperature on a Rudolph DigiPol DP781
polarimeter using a 1 ml, 10 cm path length cell; the units are 10−1


deg cm2 g−1 and the concentrations (c) are reported in g (100 ml)−1.
UV spectra were recorded on Varian-Cary spectrophotometer in
MeOH or CH3CN. Fourier transform IR spectra were obtained
on a Bio-Rad FTS-40 spectrometer in KBr. NMR spectra were
recorded on 500 MHz spectrometers: for 1H (500 MHz) and for
13C (125 MHz) the chemical shifts are referenced to a solvent peak,
as previously reported;7 spin coupling constants (J) are reported
to the nearest 0.5 Hz. Mass spectra (MS) were obtained on a VG
70 SE mass spectrometer using a solids probe or on a Q Star XL,
Applied Biosystems.


Fungal cultures


S. sclerotiorum clone #33 (obtained from C. Lefol, AAFC,
Saskatoon, Canada) was grown on potato dextrose agar (PDA)
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plates at 20 ± 1 ◦C, in the dark. Sclerotia were collected over a four-
week period and stored at 20 ◦C in the dark. Erlenmeyer flasks
(250 ml) containing 100 ml of minimal media were inoculated with
sclerotia of S. sclerotiorum and were incubated at 22 ± 1 ◦C on a
shaker at 120 rpm under constant light.


Time-course studies of metabolism. Six-day-old cultures of S.
sclerotiorum were incubated with phytoalexins or analogues at
22 ± 2 ◦C on a shaker at 120 rpm under constant light. Each com-
pound dissolved in CH3CN (200 ll) was added to fungal cultures
(final concentration 1 × 10−4 M) and to uninoculated medium
(control); CH3CN (200 ll) was added to control cultures. Samples
(5 ml each) were taken from the flasks at appropriate times, frozen
or immediately extracted with EtOAc (2 × 10 ml). Both organic
and water phases were concentrated, dissolved in CH3CN (0.5 ml)
or CH3OH (0.5 ml) and analyzed by HPLC.


Large-scale metabolism experiments. To obtain sufficient
amounts of extracts to isolate the products of metabolism of each
compound, experiments were carried out with one-liter batches, as
described above for time-course studies. Only the chromatograms
of the EtOAc extracts of fungal cultures showed peaks not present
in chromatograms of extracts of control cultures. Thus, the EtOAc
extracts were fractionated by FCC on reverse phase silica gel
(gradient elution: H2O–CH3CN, 90 : 10, 80 : 20, 70 : 30, 50 :
50, 0 : 100), and each fraction was analyzed by HPLC. Finally, the
metabolites were isolated by preparative TLC (silica gel, CH2Cl2–
CH3OH, 90 : 10, multiple development) and/or reverse phase
preparative TLC (RP C-18 silica gel, H2O–CH3CN, 60 : 40).


Antifungal bioassays


The antifungal activity of compounds was determined using
the following mycelial radial growth bioassay. Solutions of each
compound in DMSO (5 × 10−2 M) were used to prepare assay
solutions in minimal media (5 × 10−4, 3 × 10−4, 1 × 10−4, 5 × 10−5,
2 × 10−5 M); control solutions contained 1% DMSO in minimal
media. Sterile tissue culture plates (12-well, 23 mm diameter)
containing test solutions and control solution (1 ml per well) were
inoculated with mycelium plugs (4 mm cut from three-day-old
PDA plates of S. sclerotiorum, clone #33) placed upside down on
the center of each plate and incubated under constant light for
three days. All bioassay experiments were carried out in triplicate
at least three times.


Syntheses and spectral data


Synthesis of 1-b-D-glucopyranosylbrassilexin (12). Conden-
sation of brassilexin (11) with 2,3,4,6-tetra-O-acetyl-a-D-
glucopyranosyl bromide (30): a solution of glucosyl bromide
30 (142 mg, 0.35 mmol) in dry benzene (3 ml) was added
dropwise during 30 min to a mixture of brassilexin (11) (20 mg,
0.11 mmol) and Ag2O (31 mg, 0.13 mmol) in dry benzene
(3 ml) under stirring. The reaction mixture was allowed to
reflux for 20 h at 90 ◦C, was filtered through a tight cotton
plug and the insoluble material was washed with benzene. The
combined filtrate and washings were concentrated, the residue was
subjected to column chromatography (silica gel, EtOAc–hexane,
3 : 7), followed by preparative TLC to afford 2,3,4,6-tetra-O-
acetyl-1-b-D-glucopyranosyl brassilexin (31) [6 mg, 12% based on
recovered brassilexin (11)] and 1-[1-(3,4,6-tri-O-acetyl-1,2-O-a-D-


glucopyranosyl)ethylidene]brassilexin (32) [6 mg, 12% based on
recovered brassilexin (11)]. 31: [a]D = −3 (c 0.40, CH3OH). dH


(500 MHz, CD2Cl2): 8.71 (s, 1H), 7.90 (d, J = 7.5 Hz, 1H), 7.54
(d, J = 8 Hz, 1H), 7.41 (dd, J = 7.5, 8 Hz, 1H), 7.31 (dd, J = 7.5,
7.5 Hz, 1H), 5.90 (d, J = 9 Hz, 1H), 5.56 (dd, J = 9.5, 9.5 Hz,
1H), 5.43–5.37 (m, 2H), 4.33 (s, br, 2H), 4.18–4.16 (m, 1H), 2.17 (s,
3H), 2.12 (s, 3H), 2.02 (s, 3H), 1.52 (s, 3H); dC (125 MHz, CD2Cl2):
170.7 (s), 170.2 (s), 169.7 (s), 168.7 (s), 157.8 (s), 147.6 (d), 143.6 (s),
127.9 (s), 124.3 (d), 122.0 (d), 121.0 (d), 120.8 (d), 110.8 (d), 83.5
(d), 75.5 (d), 72.6 (d), 70.5 (d), 68.2 (d), 61.8 (d), 20.9 (q), 20.8 (q),
20.7 (q), 20.0 (q). HRMS-ESI m/z: measured 503.1110 ([M − 1]−,
calc. 503.1124 for C23H23N2O9S). MS-ESI m/z (relative intensity):
503 ([M − 1]−, 100), 461 (10), 173 (6). FTIR mmax (KBr): 3059,
2945, 1752, 1503, 1473, 1444, 1370, 1222, 1102, 1039 cm−1. UV
(CH3OH) kmax (log e): 222 (4.7), 244 (4.1), 264 nm (4.0). 32: [a]D =
−19 (c 0.30, CH2Cl2). dH (500 MHz, CD2Cl2): 8.70 (s, H-3′), 7.90
(d, J = 8 Hz, H-4), 7.82 (d, J = 8 Hz, H-7), 7.41 (dd, J = 7.5, 8 Hz,
H-6), 7.33 (dd, J = 8, 7.5 Hz, H-5), 5.88 (d, J = 5 Hz, H-1′′), 5.37
(underneath the solvent peak, H-3′′), 4.99 (d, J = 9.5, Hz, H-4′′),
4.35–4.26 (m, H-6a′′, H-6b′′, H-2′′), 4.19–4.17 (m, H-5′′), 2.19 (s,
3H), 2.15 (s, 3H), 2.06 (s, 3H), 2.04 (s, 3H); dC (125 MHz, CD2Cl2):
170.8 (s), 170.0 (s), 169.3 (s), 158.6 (s), 147.5 (d), 142.0 (s), 126.7 (s),
126.4 (s) 124.5 (d), 122.0 (d), 120.5 (d), 113.9 (s), 113.1 (d), 98.3 (d),
73.7 (d), 69.5 (d), 68.4 (d), 67.8 (d), 63.5 (d), 22.2 (q), 21.1 (q), 20.9
(q), 20.8 (q). HRMS-ESI m/z: measured 505.1280 ([M + 1]+, calc.
505.1275 for C23H25N2O9S). MS-ESI m/z (relative intensity): 505
([M + 1]+, 100), 331 (9). FTIR mmax (KBr): 3057, 2932, 1746, 1469,
1439, 1370, 1225, 1175, 1131, 1093, 1042, 967 cm−1. UV (CH2Cl2)
kmax (log e): 229 (4.7), 245 (4.2), 264 nm (4.1). Deacetylation
of 2,3,4,6-tetra-O-acetyl-1-b-D-glucopyranosyl brassilexin (31):
sodium methoxide (0.1 M methanolic solution, 0.015 mmol) was
added to a stirred solution of 31 (8.0 mg, 0.015 mmol) in dry
methanol (0.3 ml) and the reaction mixture was allowed to stir at
room temperature for 45 min. After concentration under reduced
pressure, the crude residue was chromatographed using a small
Pasteur pipette containing reverse phase silica to yield 1-b-D-
glucopyranosylbrassilexin (12) (5 mg, 94% yield). HPLC tR =
4.5 min; [a]D = +19 (c 0.22, CH3OH). dH (500 MHz, CD3OD):
8.75 (s, 1H), 7.92 (d, J = 8 Hz, 1H), 7.69 (d, J = 8.5 Hz, 1H), 7.39
(ddd, J = 7.5, 8, 1 Hz, 1H), 7.27 (dd, J = 7.5, 8 Hz, 1H), 5.75 (d,
J = 9 Hz, 1H), 3.94 (dd, J = 10, 1 Hz, 1H), 3.86 (dd, J = 9, 9 Hz,
1H) 3.76–3.67 (m, 3H), 3.49 (dd, J = 9, 9 Hz, 2H); dC (125 MHz,
CD3OD): 157.9 (s), 147.4 (d), 145.0 (s), 127.4 (s), 124.1 (d), 121.3
(d), 120.7 (s), 120.0 (d), 111.3 (d), 85.1 (d), 80.0 (d), 77.6 (d), 72.6
(d), 70.6 (d), 61.9 (d). HRMS-ESI m/z: measured 337.0858 ([M +
1]+, calc. 337.0858 for C15H17N2O5S). FTIR mmax (KBr): 3349, 3069,
2910, 1510, 1475, 1446, 1376, 1256, 1075, 742 cm−1. UV (CH3OH)
kmax (log e): 221 (4.6), 245 (4.1), 265 nm (4.0).


Synthesis of 1-methylspirobrassinin (27). Sodium hydride (60%
suspension in mineral oil, 30.6 mg, 1.28 mmol) was added to
a solution of spirobrassinin (22) (127 mg, 0.51 mmol) in THF
(10 ml) at 0◦ C under an argon atmosphere. The reaction mixture
was allowed to stir for 10 min, methyl iodide (49 ll, 0.77 mmol)
was added, and stirring at room temperature was continued for
4 h. Ice-cold water was added to quench the reaction, the reaction
mixture was extracted with EtOAc (3 × 30 ml) and the com-
bined extracts were dried and concentrated. The crude reaction
mixture was subjected to column chromatography on silica gel
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(CH2Cl2–CH3OH, 99 : 1) to yield 1-methylspirobrassinin (27)
(125 mg, 93%). HPLC tR = 15.9 min. dH (500 MHz, CD3CN):
7.38–7.36 (m, 2H), 7.12 (ddd, J = 7.5, 7.5, 1 Hz, 1H), 6.95 (d, J =
8 Hz, 1H), 4.53 (d, J = 15.5 Hz, 1H), 4.44 (d, J = 15.5 Hz, 1H),
3.17 (s, 3H); dC (125 MHz, CD3CN): 176.0 (s), 163.2 (s), 143.5 (s),
130.5 (s), 130.1 (d), 124.1 (d), 123.6 (d), 109.2 (d), 75.0 (t), 64.5
(s), 26.7 (q), 15.3 (q). HRMS-EI m/z: measured 264.0389 ([M]+,
calc. 264.0391 for C12H12N2OS2). MS-EI m/z (relative intensity):
264 ([M]+, 67), 217 (82), 191 (100), 159 (22), 158 (21), 130 (41),
87 (41), 71 (32). FTIR mmax (KBr): 2929, 1712, 1611, 1583, 1492,
1471, 1370, 1345, 1091, 940 cm−1.


6-Hydroxysinalexin (16). HPLC tR = 12.0 min. dH (500 MHz,
CD3CN): 8.63 (s, 1H), 7.74 (d, J = 8.5 Hz, 1H), 7.24 (br s, 1H D2O
exchangeable), 6.98 (d, J = 2 Hz, 1H), 6.83 (dd, J = 8.5, 2 Hz,
1H), 4.14 (s, 3H). HRMS-ESI m/z: measured 221.0377 ([M + H]+,
calc. 221.0379 for C10H9N2O2S). MS-ESI m/z (relative intensity):
221 (100), 190 (56), 114 (34). FTIR mmax (KBr): 3353, 2928, 2857,
1611, 1460, 1248, 1203, 1075 cm−1. UV (CH3CN) kmax(log e): 228
(4.5), 266 nm (4.0).


6-Oxy-(O-b-D-glucopyranosyl)sinalexin (17). HPLC tR =
4.9 min; [a]D = −57 (c 0.20, MeOH). dH [500 MHz, (CD3)2CO]:
8.73 (s, 1H), 7.86 (d, J = 8.5 Hz, 1H), 7.33 (d, J = 2 Hz, 1H), 7.06
(dd, J = 8.5, 2 Hz, 1H), 5.10 (d, J = 7.5 Hz, 1H), 4.23 (s, 3H),
3.94–3.47 (m, 8H, 2H D2O exchangeable); dC (125 M Hz, CD3OD):
156.3 (s) 155.7 (s), 147.9 (d), 142.5 (s), 123.9 (s), 121.1 (d), 112.8 (s),
112.6 (d), 102.1 (d), 97.7 (d), 77.4 (d), 77.1 (d), 74.0 (d), 70.6 (d),
63.9 (q), 61.7 (t). HRMS-ESI m/z: measured 383.0928 ([M + H]+,
calc. 383.0912 for C16H18N2O7S). MS-ESI m/z (relative intensity):
383 ([M + H]+, 95), 185 (11), 114 (100). FTIR mmax (KBr): 3359,
2926, 2854, 1611, 1459, 1248, 1205, 1073 cm−1. UV (CH3CN) kmax


(log e): 228 (4.6), 267 nm (4.0).
X-Ray crystal data for 17: C16H18N2O7S, M = 382.38, mon-


oclinic, space group P21, a = 13.8821(3), b = 4.5502(2), c =
14.6589(4) Å, b = 109.8086(17)◦, U = 871.16(5) Å3, T = 173(2)
K, Z = 2, l(Mo-Ka) = 0.228 mm−1, 10 196 reflections collected,
3438 independent reflections (Rint = 0.0632), final R values: R1 =
0.0471, wR2 = 0.1037 [I > 2r(I)]; R1 = 0.0559, wR2 = 0.1090 (all
data). CCDC reference number 603052. For crystallographic data
in CIF or other electronic format see DOI: 10.1039/b604400j.


1-Methyl-(oxy-O-b-D-glucopyranosyl)brassilexin (19). HPLC
tR = 4.4 min; [a]D = −109 (c 0.060, MeOH). dH [500 MHz,
(CD3)2CO, after adding D2O]: 8.80 (s, 1H), 7.98 (d, J = 8 Hz,
1H), 7.76 (d, J = 8 Hz, 1H), 7.40 (ddd, J = 7, 7, 1 Hz, 1H), 7.29
(dd, J = 8, 7 Hz, 1H), 6.13 (d, J = 11.5 Hz, 1H), 5.90 (d, J =
11.5 Hz, 1H), 4.39 (d, J = 7.5 Hz, 1H), 3.86 (dd, J = 12, 3 Hz, 1H),
3.70–3.60 (m, 3H), 3.58–3.48 (m, 2H); dC [125 MHz, (CD3)2CO]:
161.6 (s), 148.3 (d), 144.6 (s), 124.5 (d), 121.7 (d), 121.2 (s), 120.8
(s), 120.5 (d), 111.1 (d), 100.0 (d), 76.5 (d), 73.5 (d), 73.4 (t), 70.1
(d), 63.4 (d), 61.4 (d). HRMS-FAB m/z: measured 367.0968 ([M +
1]+, calc. 367.0963 for C16H19N2O6S). FTIR mmax (KBr): 3350, 3068,
2910, 1509, 1476, 1446, 1375, 1257, 1073, 745 cm−1. UV (CH3OH)
kmax (log e): 221 (4.4), 243 (3.9), 264 nm (3.8).


Brassicanal A sulfoxide (20). HPLC tR = 6.3 min; [a]D = −245
(c 0.33, CH3OH). dH (500 MHz, CD3OD): 10.26 (s, 1H), 8.11
(d, J = 8 Hz, 1H), 7.59 (d, J = 8 Hz, 1H), 7.36 (ddd, J = 8,
8, 1 Hz, 1H), 7.31 (ddd, J = 8, 8, 1 Hz, 1H), 3.08 (s, 3H); dC


(125 MHz, CD3OD): 186.0 (s), 147.7 (s), 138.6 (s), 127.9 (s), 126.3


(d), 124.7 (d), 121.4 (d), 116.9 (s), 114.1 (d), 42.2 (q). HRMS-
EI m/z: measured 207.0353 (M+, calc. 207.0354 for C10H9NO2S).
MS-EI m/z (relative intensity): 207 (M+, 21), 190 (100), 175 (14),
146 (16). FTIR mmax (KBr): 3166, 2925, 2854, 1656, 1488, 1448,
1391, 1095, 1035, 747 cm−1.


3-(Hydroxymethyl)indole-2-methylsulfoxide (21). HPLC tR =
3.9 min. dH (500 MHz, CD3CN): 10.40 (br s, 1H D2O exchange-
able), 7.69 (d, J = 8 Hz, 1H), 7.49 (d, J = 8 Hz, 1H), 7.28
(ddd, J = 7, 8, 1 Hz, 1H), 7.14 (ddd, J = 8, 7, 1 Hz, 1H), 4.88
(d, J = 13 Hz, 1H), 4.81 (d, J = 13 Hz, 1H), 2.9 (s, 3H); dC


(125 MHz, CD3OD): 139.3 (s), 134.5 (s), 127.8 (s), 126.1 (d), 121.3
(d), 121.1 (d), 120.7 (s), 113.3 (d), 55.1 (t), 41.1 (q). HRMS-EI m/z:
measured 209.0508 (M+, calc. 209.0511 for C10H11NO2S). MS-EI
m/z (relative intensity): 209 (M+, 54), 192 (87), 176 (100), 147 (68),
117 (52), 91 (28). FTIR mmax (KBr): 3268, 2929, 1711, 1667, 1450,
1212, 1023, 749 cm−1.


Spirobrassinin (22) recovered from cultures (after incubation for
7 d). [a]D = −15 (c 0.34, MeOH); 14% ee (using chiral solvating
agent TFAE, the ee was calculated by integration of the SMe
signals observed in the 1H NMR).


Spiro[3H-indole-3,5′-thiazolidin]-2(1H), 2′-dione (23). HPLC
tR = 5.1 min; [a]D = −35 (c 0.33, MeOH). dH (500 MHz, CD3CN):
8.63 (br s, 1H D2O exchangeable), 7.53 (d, J = 7.5 Hz, 1H), 7.31
(ddd, J = 7.5, 7.5, 1 Hz, 1H), 7.10 (ddd, J = 7.5, 8, 1.0 Hz, 1H),
6.95 (d, J = 8 Hz, 1H), 6.40 (br s, 1H D2O exchangeable), 3.82
(d, J = 11 Hz, 1H), 3.77 (d, J = 11 Hz, 1H); dC (125 MHz,
CD3CN): 176.7 (s), 171.9 (s), 141.2 (s), 130.4 (d), 129.9 (s),
124.7 (d), 123.4 (d), 110.6 (d), 57.0 (s), 51.0 (t). HRMS-EI m/z:
measured 220.0304 (M+, calc. 220.0306 for C10H8N2O2S). MS-EI
m/z (relative intensity): 220 (M+, 48), 191 (59), 164 (36), 135 (27).
FTIR mmax (KBr): 3273, 2919, 2854, 1719, 1619, 1472, 1328, 1247,
1185, 1079, 748 cm−1. UV (CH3CN) kmax (log e): 212 (4.4), 250
(3.7), 297 nm (3.2).


1-Methoxyspirobrassinin (24) recovered from cultures (after
incubation for 7 d). [a]D = +11 (c 0.21, MeOH); 33% ee (using
chiral solvating agent TFAE, the ee was calculated by integration
of the OMe signals observed in the 1H NMR).


1-Methoxyspiro[3H-indole-3,5′-thiazolidin]-2(1H),2′-dione (25).
HPLC tR = 7.5 min; [a]D = −7 (c 0.34, MeOH); ee 11% (calculated
using chiral solvating agent by 1H NMR). dH (500 MHz, CD3CN):
7.59 (d, J = 7.5 Hz, 1H), 7.43 (dd, J = 7.5, 7.5 Hz, 1H), 7.20 (dd,
J = 7.5, 7.5 Hz, 1H), 7.08 (d, J = 7.5 Hz, 1H), 6.45 (br s, 1H D2O
exchangeable), 4.01 (s, 3H), 3.85 (d, J = 11 Hz, 1H), 3.80 (d, J =
11 Hz, 1H); dC (125 MHz, CD3CN): 171.4 (s), 170.2 (s), 139.9 (s),
130.6 (d), 126.0 (s), 124.7 (d), 124.4 (d), 108.0 (d), 63.8 (q) 55.3 (s),
50.6 (t). HRMS-EI m/z: measured 250.0410 (M+, calc. 250.0412
for C11H10N2O3S). MS-EI m/z (relative intensity): 250 (M+, 100),
194 (24), 163 (23), 162 (39), 148 (53), 131 (32). FTIR mmax (KBr):
3268, 2935, 2883, 1704, 1617, 1466, 1324, 1226, 1080, 750 cm−1.
UV (CH3CN) kmax (log e): 212 (4.3), 256 nm (3.7).


1-Methoxy-2′-thioxospiro[3H-indole-3,5′-thiazolidin]-2(1H)-
one (26). HPLC tR = 11.5 min; [a]D = −31 (c 0.10, MeOH);
ee 30% (calculated using chiral solvating agent by 1H NMR). dH


(500 MHz, CD3CN): 8.18 (br s, 1H D2O exchangeable), 7.57 (d,
J = 7.5 Hz, 1H), 7.41 (dd, J = 7.5, 7.5 Hz, 1H), 7.19 (dd, J = 7.5,
7.5 Hz, 1H), 7.05 (d, J = 7.5 Hz, 1H), 4.23 (d, J = 13 Hz, 1H),
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4.20 (d, J = 13 Hz, 1H), 3.98 (s, 3H); dC (125 MHz, CD3CN):
198.3 (s), 169.6 (s), 139.9 (s), 130.8 (d), 124.8 (d), 124.5 (s), 124.3
(d), 108.2 (d), 63.9 (q) 59.5 (s), 58.7 (t). HRMS-EI m/z: measured
266.0189 (M+, calc. 266.0184 for C11H10N2O2S2). MS-EI m/z
(relative intensity): 266 (M+, 100), 194 (36), 175 (26), 162 (44),
148 (36), 144 (37), 116 (19). FTIR mmax (KBr): 3220, 2935, 2859,
1731, 1617, 1503, 1463, 1291, 1058, 753 cm−1. UV (CH3CN) kmax


(log e): 217 (4.4), 264 nm (4.2).


1-Methylspirobrassinin (27) recovered from cultures (after incu-
bation for 7 d). [a]D = +7 (c 0.25, MeOH); 30% ee (using chiral
solvating agent TFAE, the ee was calculated by integration of the
NMe signals observed in the 1H NMR).


1-Methylspiro[3H-indole-3,5′-thiazolidin]-2(1H),2′-dione (28).
HPLC tR = 6.6 min; [a]D = −5 (c 0.20, CH3OH). dH (500 MHz,
CD3CN): 7.57 (dd, J = 7.5, 0.5 Hz, 1H), 7.39 (ddd, J = 8, 8, 1.1 Hz,
1H), 7.15 (ddd, J = 8, 8, 1 Hz, 1H), 6.98 (d, J = 8 Hz, 1H), 6.39
(br s, 1H D2O exchangeable), 3.81 (d, J = 11 Hz, 1H), 3.75 (d, J =
11 Hz, 1H), 3.19 (s, 3H); dC (125 MHz, CD3CN): 175.2 (s), 171.9
(s), 143.6 (s), 130.4 (d), 129.6 (s), 124.3 (d), 123.6 (d), 109.3 (d),
56.9 (s), 51.1 (t), 26.6 (q). HRMS-EI m/z: measured 234.0459 (M+,
calc. 234.0463 for C11H10N2O2S). MS-EI m/z (relative intensity):
234 (M+, 44), 179 (11), 178 (100), 177 (17), 174 (18), 158 (11).
FTIR mmax (KBr): 3263, 3058, 2935, 2883, 1706, 1611, 1470, 1372,
1347, 1247, 1133, 1077, 754 cm−1. UV (CH3CN) kmax (log e): 214
(4.5), 257 (3.9), 299 nm (3.3).


1-Hydroxymethylspirobrassinin (29). HPLC tR = 11.1 min. dH


(500 MHz, CDCl3): 7.45 (d, J = 8 Hz, 1H), 7.4 (dd, J = 8, 8 Hz,
1H), 7.20–7.14 (m, 2H), 5.35 (d, J = 11 Hz, 1H), 5.21 (d, J =
11 Hz, 1H), 4.76 (d, J = 14.5 Hz, 1H), 4.55 (d, J = 14.5 Hz, 1H),
2.82 (s, 3H); dC (125 MHz, CDCl3): 176.9 (s), 164.7 (s), 140.8 (s),
130.6 (s), 130.3 (d), 124.7 (d), 124.6 (d), 110.0 (d), 75.4 (t), 64.8 (s),
64.7 (t), 16.1 (q). HRMS-EI m/z: measured 280.0348 (M+, calc.
280.0340 for C12H12N2O2S2). MS-EI m/z (relative intensity): 280
(M+, 26), 250 (49), 203 (40), 177 (100), 149 (51), 117 (47), 87 (57).
FTIR mmax (KBr): 3311, 2935, 2854, 1739, 1620, 1583, 1464, 1086,
945, 743 cm−1.
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By bioassay-guided isolation, phenylpropanoid-derived polyketides, including an unusual
5-methyl-3(2H)-furanone derivative (inotilone) with potent cyclooxygenase (COX) and xanthone
oxidase (XO) inhibitory activities were obtained from the fruiting body of the mushroom Inonotus sp.


Introduction


Arthritis is a general term for severe inflammatory processes
in joints or joint tissue. Nonsteroidal anti-inflammatory drugs
(NSAIDs), such as diclofenac and indomethacin, have emerged
as the most commonly used anti-inflammatory agents for the
therapy of rheumatoid arthritis.1 Many of these drugs target
cyclooxygenases (COX), which catalyze the first two steps in the
biosynthesis of the prostaglandins from the substrate arachidonic
acid.2,3 In this context, the selective inhibition of enzyme subtypes,
COX-1 and COX-2, has become an important goal.4 In contrast
to rheumatoid arthritis, gouty arthritis is mediated by the crys-
tallisation of uric acid (UA) in the joints.5,6 Gout can be treated
with drugs that either increase the urinary excretion of UA, or with
xanthine oxidase (XO) inhibitors that block the terminal step of
UA biosynthesis.7,8 The purine analogue allopurinol is currently
the only XO inhibitor in clinical use. Unfortunately, it seems to be
associated with an infrequent but severe hypersensitivity.9 Thus,
the search for new potent inhibitors of these enzymes, which
could be useful as lead structures for new anti-inflammatory and
anti-arthritic therapeutics, plays a pivotal role. Here we report
on the isolation, structural elucidation and biological evaluation
of natural anti-inflammatory COX and XO inhibitors from the
mushroom Inonotus sp.


Results and discussion


Extracts from the fruiting body Inonotus sp. exhibited significant
inhibitory activities against key enzymes involved in inflammatory
processes: 3a-HSD, COX and xanthine oxidase. Bioassay-guided
separation of the combined crude ethanolic and CHCl3/MeOH
extracts of the fruiting body using open column and preparative
HPLC yielded several phenolic compounds 11 (4 mg), 9 (20 mg),
5 (4 mg) together with the known compounds 4 (500 mg) and 7 (6
mg) (Scheme 1).
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Research and Infection Biology, Beutenbergstr. 11a, 07745, Jena, Ger-
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Scheme 1 Structures of Inonotus sp. metabolites and model for their
biosynthesis. Key HMBC and NOESY correlations of 11.


The main product from Inonotus sp. was identified as the known
metabolite hispidin (4) by comparison of MS, IR and NMR data.10


In addition to 4, another compound 5 with the same molecular
formula (C13H10O5) was isolated. Also the 1H NMR spectrum of
5 showed signals similar to those of 4.10 However, the 13C NMR
spectrum, which showed a signal for a conjugated carbonyl at
d 179.1, clearly established 5 as the tautomeric c-pyrone (iso-
hispidin).
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The molecular formula of the second main product (9) was
determined as C14H14O6 based on HR-EIMS and its 13C NMR
spectrum. Similar to 4 and 5, the 1H-NMR spectrum showed
signals attributable to the ABX spin coupling system of a
trisubstituted phenyl moiety at d 6.77 (1H, d, J = 8.1 Hz, H-
12), d 7.02 (1H, dd, J = 8.2, 1.8 Hz, H-13), d 7.07 (1H, d, J =
1.8 Hz H-9), a trans disubstituted double bond at d 7.45 (1H, d,
J = 15.8 Hz, H-7) and d 6.50 (1H, d, J = 15.8 Hz, H-6), and
two exchangeable phenolic hydroxyl protons at d 9.15 and 9.65. In
addition, a chelated proton at d 15.20 was detected. Analyses of
13C, DEPT 135 and HMQC NMR spectra of 9 showed 14 carbon
signals including six sp2 methines, four quaternary sp2 carbons
(three of which are oxygenated), one methylene carbon at d 45.6,
a methoxy carbon at d 51.8, a carbonyl carbon at d 191.8, and a
carboxyl carbon at d 167.9. HMBC NMR spectra proved to be
very helpful in defining their connectivities. The correlation of the
H-9 (d 7.07) with C-7 (d 141.0), C-8 (d 126.2), C-10 (d 145.6), and
C-11 (d 148.4), the correlation of H-12 (d 6.77) with H-8, H-10,
H-11, and H-13 and the correlation of H-13 (d 7.02) with C-7, C-8,
C-9, C-11 and C-12, revealed an ortho substitution of the phenolic
hydroxyl protons. Other important information was obtained from
the observed correlation of the methylene protons (H-2) with C-1
(d 167.9), C-3 (d 191.8) and C-4 (d 100.3). Structural deductions
from NMR data were supported by the IR spectrum of 9, which
showed absorption bands for hydroxyl groups at 3183 cm−1, a
conjugated carbonyl (1632 cm−1) a carboxyl group at 1733 cm−1,
and aromatic rings (1567, 1513 and 1435 cm−1). Consequently, 9
represents the methyl ester of the open chain derivative of 4 or 5,
and was named inonotic acid methyl ester.


The molecular formula of compound 11 was determined as
C12H10O4 based on HR-EIMS and 13C NMR data. Similar to 4, 5
and 9, the 1H NMR spectrum of 11 showed signals attributable to
the ABX spin coupling system of a trisubstituted phenyl moiety.
Two olefinic protons at d 6.49 (1H, s, H-6), d 5.82 (1H, d, J =
0.6 Hz, H-4) and a methyl group at d 2.39 (3H, s, H-13) were also
observed. Two proton signals were attributable to the phenolic
exchangeable hydroxyl protons. The 13C NMR and DEPT 135
spectra of 11 showed 11 sp2 carbon signals including five methines
and five quaternary oxygenated carbons including one carbonyl.
The occurrence of the carbonyl moiety was confirmed by the 13C
spectrum, which showed one signal at d 186.6. The protonated
carbons and their corresponding protons and the full connection
of compound 11 were established using HMQC and HMBC
experiments, respectively. The correlation of the methyl proton
d 2.39 (3H, s, H-13) with C-2 (d 180.4), and C-3 (d 105.4),
and the correlation of the olefinic proton H-3 (d 5.82) with C-
4 (carbonyl moiety) and C-5 (d 144.3) unambiguously revealed
a disubstituted dihydrofuranone moiety. The correlation of the
olefinic proton H-6 (d 6.49) with C-4 (d 186.6), C-5 (d 144.3),
C-7 (d 122.9), C-8 (d 117.9) and C-12 (d 124.7) enabled us to
connect the dihydrofuranone moiety with the rest of the molecule.
The configuration of the C-5 double bond was established based
on molecular modeling and NOESY, which showed a correlation
between H-6 (d 6.49) and H-3 (d 5.82) and the correlation between
the protons H-8 (d 7.35) and H-12 (d 7.17) with the methyl
protons H-13 (d 2.39). Thus the structure was established as 2-
(3,4-dihydroxybenzylidene)-5-methyfuran-3-one, named inotilone
(11). Only recently, related 5-methyl-3(2H)-furanone metabolites
have been reported from Phellinus igniarius.11


Table 1 Inhibitory activities of 4, 5, 7, 9, and 11 against 3-aHSD, COX-1,
COX-2, and XO


IC50/lM


Compound 3a-HSD COX-1 COX-2 COX-2/COX-1 XO


4 8.1 0.01 8 × 10−4 0.08 4.4
5 12.1 0.05 0.13 2.6 13.8
7 8.9 0.03 0.01 0.3 10.1
9 16.1 0.46 0.21 0.4 7.1
11 50.4 0.36 0.03 0.08 9.1
Indomethacin 15.4 0.10 6.00 60 n.a.
Allopurinol n.a. n.a. n.a. n.a. 4.4


The structures of compounds 5, 9 and 11, as well as the isolation
of the known 4 and 7 suggest that all metabolites share the same
biosynthetic origin. All compounds represent linear or cyclized
polyketides derived from caffeyl-CoA (1). While 7 appears to
be a shunt product resulting from a premature release from the
polyketide synthase, 4, 5, 9 and 11 are the result of two rounds
of elongation. The structurally unusual 11 could be the product
of a decarboxylation-radical ring closure sequence via the known
metabolite hispolon 10.12 A related sequence could be involved
in the formation of the tri- and tetrahydroxyaurone aglycones of
sulfurein and cernuosides.13,14


All compounds were evaluated for their inhibitory activities in
hydroxysteroid dehydrogenase (3a-HSD), COX-1, COX-2 and XO
enzyme assays according to previously documented procedures.
Their inhibitory potencies, expressed as IC50 values, are shown
in Table 1 and are compared with those of the references,
indomethacin and allopurinol. The results in the present study
demonstrated that the phenolic compounds exhibit strong COX
inhibitory effects with a prevalence for COX-2 in the case of
the compounds 4, 7, 9 and 11. It should be highlighted that
hispidin (4) and the novel inotilone (11) selectively inhibit COX-
2 at concentrations as low as those of the marketed selective
inhibitors meloxicam and nimesulide.3 In all cases, except for
compound 11, strong 3a-HSD inhibitory effects were noted, as
well as moderate inhibitory effects toward XO, except hispidin
(4), which exhibited an inhibitory activity at a level comparable
with that of the standard allopurinol. As far as the tautomeric
compounds 4 and 5 are concerned, it seems that the a-pyrone is
more active than the c-pyrone.


In summary, we have isolated and characterized three new
phenylpropanoid polyketides with potent COX and XO inhibitory
activities from the mushroom Inonotus sp. Apart from their potent
anti-arthritic activities, these metabolites represent new members
of caffeyl derived polyketides, out of which the structure of
inotilone is most notable.


Experimental


General experimental procedures


IR spectra (film) were recorded on a JASCO FT/IR-4100 spec-
trometer equipped with an ATR device. UV spectra were measured
with a Spericord 200 Carl Zeiss spectrometer. High-resolution
electron impact mass spectra (HR-EIMS) were recorded on an
AMD 402 double-focussing mass spectrometer with BE geometry.
NMR spectra were recorded on a Bruker Avance 500 DRX
spectrometer at 300.133 MHz for 1H and 75.475 MHz for 13C
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in DMSO-d6. Chemical shifts are given in ppm relative to TMS
as internal standard. HSQC and NOESY (mixing time 0.7 s)
data were obtained in the phase-sensitive mode TPPI. Column
chromatography was performed using silica gel (60, Merck; 0.063–
0.2 lm) and Sephadex LH-20. HPLC was performed using a
Gilson binary gradient HPLC system equipped with a UV detector
(UV/VIS-151)(370 nm) using a preparative reverse phase C18


(7 lm) column. TLC was carried out with silica gel 60 F254 plates.
Spots were visualized by spraying with vanilline/H2SO4 followed
by heating. All solvents used were spectral grade or distilled prior
to use.


Strains


The fruiting body of Inonotus sp. was collected in Vietnam.
Its identity was verified by Prof. Trinh Tam Kiet from the
Mycological Research Center, Hanoi State University, Vietnam,
where a specimen was deposited.


Extraction and isolation


The fruiting body of Inonotus sp. (25 g dry weight) was cut
into small species, dried and crushed. The resulting powder was
extracted three times with ethanol (2 L) and chloroform–methanol
(1 : 1) (3 × 2 L, 3 days each). The extracts were subjected to silica
gel chromatography (silica gel 60, Merck, 0.063∼0.1 mm, column
4 × 60 cm), using stepwise CHCl3–MeOH (9 : 1, 8 : 2, 1 : 1 v/v)
as eluent. Final purification was achieved by preparative HPLC
(Spherisorb ODS-2 RP18, 5 lm (Promochem), 250 × 25 mm,
acetonitrile–H2O (83 : 17 v/v), at a flow rate of 10 ml min−1 and
UV detection at 372 nm). Yields: 500 mg of 4, 4 mg of 5, 6 mg of
7, 20 mg of 9, and 4 mg of 11.


iso-Hispidin (5). Was obtained as a red oil by open column
chromatography on Sephadex LH20 using CHCl3–MeOH 80 : 20
as eluent. Further purification was done by HPLC using gradient
(water–acetonitrile 95 : 5 to 5 : 95; 30 min) Rt = 14 min; UV
(MeOH) kmax 248, 361 nm; IR (film) 3059, 1649, 1590, 1494, 1411,
1276, 1202, 1050, 1000 cm−1; 1H NMR (DMSO-d6, 300 MHz) data
see Table 2; 13C NMR (DMSO-d6, 75 MHz) data see Table 2; m/z


245 [M − H]−; HR-EIMS (found [M − H]−): 245.0464 calcd. for
C15H15O6: 245.0445).


Inonotic acid methyl ester (9). Was obtained as a yellow oil by
open column chromatography on Sephadex LH 20 using CHCl3–
MeOH (v/v = 90 : 10) as eluent. Further purification was achieved
by HPLC using a water–acetonitrile gradient (95 : 5 to 5 : 95;
30 min) Rt = 20.5 min; UV (MeOH) kmax 261, 380 nm; IR (film)
3094, 1733, 1632, 1567, 1513, 1435, 1282, 1022, 974 cm−1; 1HNMR
(DMSO-d6, 300 MHz) data see Table 2; 13C NMR (DMSO-d6, 75
MHz) data see Table 2; m/z 277 [M − H]−; HR-EIMS (found
[M − H]−): 277.0682 calcd. for C14H13O6: 277.0707).


Inotilone (11). Was obtained as a yellow oil by open column
chromatography on Sephadex LH 20 using CHCl3–MeOH (v/v =
85 : 15) as eluent. Further purification was achieved by HPLC
using a water–acetonitrile gradient (95 : 5 to 5 : 95; 30 min); Rt =
16 min; UV (MeOH) kmax 264, 312, 378 nm; IR (film) 3184, 1682,
1588, 1435, 1287, 1014, 951 cm−1; 1HNMR (DMSO-d6, 300 MHz)
data see Table 2; 13C NMR (DMSO-d6, 75 MHz) data see Table 2;
m/z 217 [M − H]−; HR-EIMS (found [M − H]−): 217.0495, calcd.
for C12H9O4: 217.0495).


Biological assays


The 3a-hydroxy steroid dehydrogenase assay (3-aHSD) was mea-
sured spectrophotometrically, and conducted according to the
method described by Penning.15 The inhibitory activities of the
test compounds are indicated in terms of IC50. Indomethacin was
used as reference.


The peroxidative activity of cyclooxygenases I and II was
measured using luminol as a specific chemiluminescent substrate
according to the method described by Forghani et al.16 The
inhibitory activities of the test compounds are given in terms of
IC50. Indomethacin was used as reference.


The xanthine oxidase activity was measured using lucigenin as
the chemiluminescence substrate, and conducted according to the
method described by Pierce et al.17 The inhibitory activities of the
test compounds are indicated in terms of IC50. Allopurinol was
used as the reference.


Table 2 1H and 13C NMR dataa for compounds 5, 9, and 11


5 9 11


N◦ d 1H (J/Hz) d 13C d 1H (J/Hz) d 13C d 1H (J/Hz) d 13C


1 167.9
2 165.4 3.55 s 45.6 180.4
3 4.42 d (1.2) 86.5 191.8 5.82 q 105.5
4 179.1 5.91 s 100.3 186.6
5 5.59 d (1.2) 109.0 178.3 144.3
6 156.1 6.50 d (15.8) 118.6 6.49 s 111.9
7 6.12 d (15.8) 118.5 7.45 d (15.8) 141.0 122.9
8 6.87 d (15.8) 130.8 126.2 7.35 d (2.0) 117.9
9 127.4 7.07 d (1.8) 114.7 145.4


10 6.94 d (1.5) 113.5 145.6 148.1
11 145.6 148.4 6.80 d (8.2) 115.9
12 146.5 6.77 d (8.1) 115.7 7.17 dd (8.2, 2.0) 124.7
13 6.70 d (8.1) 115.7 7.02 dd (8.1,1.8) 121.5 2.39 s 15.67
14 6.82 dd (8.1,1.5) 119.2
1′ 3.65 s 51.8


a Recorded in DMSO-d6.
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Two modified b-cyclodextrins (b-CDs) with a thymine dimer and a thymine oxetane adduct respectively,
TD-CD and Ox-CD, have been prepared, and utilized to bind an electron-rich chromophore, indole or
N,N-dimethylaniline (DMA), to form a supramolecular complex. We have examined the
photosensitized splitting of the dimer/oxetane unit in TD-CD/Ox-CD by indole or DMA via an
electron-transfer pathway, and observed high splitting efficiencies of the dimer/oxetane unit. On the
basis of measurements of fluorescence spectra and splitting quantum yields, it is suggested that the
splitting reaction occurs in a supramolecular complex by an inclusion interaction between the modified
b-CDs and DMA or indole. The back electron transfer, which leads low splitting efficiencies for the
covalently-linked chromophore–dimer/oxetane compounds, is suppressed in the non-covalently-bound
complex, and the mechanism has been discussed.


Introduction


DNA repair has received increased attention in recent years as
ozone depletion threatens to significantly increase DNA damage
by UV radiation. The two major lesions formed in DNA by
this radiation are the cyclobutane pyrimidine dimers (CPDs)
and pyrimidine–pyrimidone (6–4) photoproduct, which constitute
70–80% and 20–30% of total photoproducts, respectively,1 using
thymine base as an example shown in Fig. 1. The two photolesions
can be repaired through DNA photoreactivation catalyzed by
CPD photolyase and (6–4) photolyase, respectively.


CPD photolyase is the monomeric protein that contains
two non-covalently-bound chromophore/cofactors. One chro-
mophore is a fully reduced flavin adenine dinucletide (FADH−),
the catalytic cofactor that carries out the repair function upon
excitation by either direct photon absorption or resonance energy
transfer from another chromophore, which is the antenna cofactor
(methenyltetrahydrofolate or deazaflavin) that harvests sunlight.
The model for the catalytic reaction is that the enzyme binds CPD
in a light-independent reaction, the excited FADH− transfers an
electron to CPD to generate a charge-shifted radical pair (FADH•–
CPD•−), the dimer radical anion (CPD•−) undergoes spontaneous
splitting and back electron transfer restores the dipyrimidine and
the functional form of flavin ready for a new catalytic cycle.2 As (6–
4) photolyases have similar structures and the same chromophores,
the same basic reaction mechanism has been proposed.2c Despite
these similarities, however, certain important differences exist
between the two classes of enzymes: such as the repair efficiency,
CPD photolyases with a uniformly high quantum yield (U = 0.7–
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Fig. 1 Formation of the two major photoproducts between adjacent
thymines in DNA under UV light, CPDs and (6–4) photoproducts.


0.9); and a low efficiency (0.05–0.1) for (6–4) photolyases.2c The
mechanism for the difference remains unknown.


The photosensitized repair of photoproducts by a covalently
attached chromophore appears inefficient, such as U < 0.1 for
the indole–dimer system,3 and ca. 0.2 for the tryptophan–oxetane
system,4 in aqueous solutions, and lower values of U for the
corresponding flavin model system.5 The factor limiting repair
efficiency in covalent systems was thought to be back electron
transfer within the charge-separated species formed upon forward
electron transfer from an excited electron donor to the substrate.
Furthermore, it has been discussed that the reasons leading to low
repair efficiencies are back electron transfer for indole/tryptophan
model systems, and an additional factor, non-radiative processes
that include internal conversion and intersystem crossing of
excited flavin, for flavin model systems. 4
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Comparing the covalently-linked chromophore–substrate mod-
els with the enzyme–substrate complex, a significant difference is
in their modes linking cofactor/chromophore and substrate, that
is, one is the covalent, the nother is the non-covalent. Two research
groups have presented small-molecule recognition units that can
bind a uracil dimer, and the uracil dimer is split through photo-
sensitization by chromophores attaching on the recognition unit.6,7


Using indole-containing marocycles as recognition units, Rose and
Goodman achieved the repair of a uracil dimer by photoinduced
electron transfer from indole within a hydrogen-bonding complex
with U > 0.1 in both protic and aprotic solvents.6 Another
group utilized a zinc-cyclen moiety covalently linked to a reduced
flavin derivative as an artificial photolyase model, by which the
uracil dimer was recognized through a combination of charge
and hydrogen-bonding interactions. The efficiency of the dimer
splitting in the complex is four times as high as the bimolecular
background reaction.7 The distances between the chromophore
and the dimer in two cases are longer than the covalently-linked
models mentioned above.


In CPD photolyase, the back electron transfer can be ef-
ficiently suppressed, for CPDs are repaired with a quantum
yield close to unity. Thus, the back electron transfer could also
be suppressed in the simple complexes formed from a small-
molecule recognition unit with the substrate because of higher
splitting efficiencies of dimers in the complex models over the
corresponding covalently-linked models.


To estimate the efficiency in a supramolecular complex, we have
prepared two modified b-cyclodextrins (b-CDs) with a cis-syn
thymine dimer and a thymine oxetane adduct respectively, TD-
CD and Ox-CD, which were intended to include an electron-rich
chromophore such as indole and N,N-dimethylaniline (DMA),
shown in Chart 1. We have observed efficient photosensitized
splitting of the dimer/oxetane unit by the chromophore within
a possible complex. This implies that the back electron-transfer
process is suppressed in a supramolecular complex formed from
the modified b-CD and the chromophore.


Results and discussion


Synthesis of the modified b-CDs, TD-CD and Ox-CD


The synthesis of ethyl cis-syn thymine cyclobutane dimer-yl-N,N ′-
dipropionate (TD, shown in Chart 1) was carried out according
to the literature method.3c The thymine oxetane-1-acetate was


prepared from the Paternò–Büchi reaction of the thymine and
benzophenone.4 Mono-6-deoxy-6-amino-b-cyclodextrin was pre-
pared from b-cyclodextrin according to reported methods.8


The compound TD-CD was prepared through the condensation
of the thymine dimer dicarboxylic acid and mono-6-deoxy-
6-amino-b-cyclodextrin using dicyclohexylcarbodiimide (DCC)
and hydroxybenzotriazole (HOBt) as coupling reagent in DMF
(Scheme 1). Under the same conditions, the compound Ox-CD
was gained using oxetane carboxylic acid instead of the dimer
dicarboxylic acid. The reaction residues were isolated by column
of macroporous resin, giving two compounds with yields of 19
and 16%, respectively.


Scheme 1 Synthesis of the model compounds. Reagents and conditions:
DCC, HOBt, DMF, rt, 48 h.


Absorption and fluorescence emission spectra


Fig. 2 shows UV absorption spectra of two modified b-CDs and
two photosensitizers, indole and DMA, and fluorescence emission
spectra of the photosensitizers, in aqueous solutions. The spectra
show that there is no overlap between the emission spectra of the
indole and DMA and the absorption spectra of the TD-CD and
Ox-CD, which have no significant absorption at above 290 nm.


Obvious changes of fluorescence emission of DMA were ob-
served when the concentration of Ox-CD was increased gradually
in aqueous solution of DMA (Fig. 3). As the concentration of Ox-
CD increases, the fluorescence spectra show a decrease in intensity
and a blue shift (the peak from 372 to 355 nm). In general, the
fluorescence emission for DMA entering the hydrophobic cavity
of b-CD becomes strong and shows a blue shift. A possible
explanation for the blue shift and the decrease in intensity is
the formation of a possible supramolecular complex by Ox-CD


Chart 1
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Fig. 2 UV absorption spectra of relative compounds (solid), and
fluorescence emission spectra (dots) of indole and DMA upon excitation
at 295 nm, in aqueous solutions.


Fig. 3 Dependence of the fluorescence of 0.05 mM DMA on the
concentration of Ox-CD (0–6.0 × 10−4 M, kex = 295 nm).


including DMA, and in the complex, electron transfer from the
excited DMA to the oxetane unit occurs to lead to fluorescence
quenching instead of fluorescence enhancement.


Photosensitized splitting of the dimer/oxetane unit of
TD-CD/Ox-CD by indole/DMA


To examine the photochemical behavior of the complex formed
from Ox-CD and DMA, a photolysis experiment was performed.
The cycloreversion of thymine oxetane to the thymine monomer
and benzophenone was confirmed through measurement of the 1H
NMR spectra (Scheme 2). Likewise, photolysis of Ox-CD/TD-
CD solutions containing indole led to the splitting of the
oxetane/dimer, which was detected by 1H NMR spectroscopy.
The splitting reactions were clean conversions because no side
products were detected.


The singlet–singlet energy transfer from the excited indole/
DMA to the substrate TD/Ox unit should be ruled out, for there


Scheme 2


is no overlap between the emission spectra of the indole and DMA
and the absorption spectra of TD-CD and Ox-CD. Since the TD-
CD and Ox-CD have no significant absorption at above 290 nm,
an internal filter effect is insignificant. A control experiment shows
that no splitting of the oxetane unit for a 0.5 mM Ox-CD aqueous
solution was detected upon irradiation with 310 nm light for
10 min in the absence of DMA. Hence, the splitting reaction may
undergo an electron transfer from the excited indole/DMA to the
oxetane/dimer. The driving force for the electron transfer can be
estimated in terms of the Rehm–Weller equation,9


DG (eV) = [Eox − Ered − e2/eRD+A− ] − DE0,0


where DE0,0 is the energy level of an excited photosensitizer, which
is obtained from its fluorescence emission spectra, and Eox and
Ered are the oxidation potential of a donor and the reduction
potential of an acceptor, respectively. The Ered of the dimer was
reported to be between ca. −1.4 and −1.9 V,10 and its average
value, −1.7 V, was used in the calculation. Data in Table 1 showed
that the electron-transfer reaction from the excited indole or DMA
to the dimer would spontaneously occur. Although the value of
Ered for the oxetane is unavailable, the excited oxidation potentials
(Eox* = Eox − DE0,0) for both indole and DMA are in the range,
where the electron-transfer reaction has been confirmed, from −
2.45 to − 3.32 V.13


Two groups of control experiments revealed that the splitting
reactions in the systems of Ox-CD/TD-CD and indole/DMA
are not simple biomolecular reactions, for the splittings of the
dimer/oxetane unit in the modefied b-CDs are more efficient than
TD or Ox in the presence of indole or DMA (compare entries 1 and


Table 1 Excited oxidation potentials of photosensitizers and calculated
DG values (eV) from the Rehm–Weller equation


Eox/V (SCE) DE0,0 Eox* DG


Indole +0.96a 3.42 −2.46 −0.79
DMA +0.53a 3.34 −2.81 −1.14


a From ref. 11, 12 respectively.
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Table 2 Splitting quantum yields of the dimer/oxetane unit in various
systemsa


Entry System U


1 0.2 mM Ox-CD + 0.05 mM indole 0.13
2b 0.2 mM Ox-CD + 0.05 mM indole 0.01
3 0.5 mM Ox + 0.05 mM indole <0.01
4 0.2 mM Ox-CD + 0.05 mM DMA 0.27
5b 0.2 mM Ox-CD + 0.05 mM DMA 0.01
6 0.2 mM TD-CD + 0.05 mM Indole 0.08
7b 0.2 mM TD-CD + 0.05 mM Indole 0.01
8 0.5 mM TD + 0.05 mM Indole <0.01


a Irradiation with 295 nm light for the indole-containing systems and
310 nm light for the DMA-containing systems, 10 nm bandwidths. b 50%
Methanol aqueous solution.


6 with 3 and 8, respectively, in Table 2). This shows that interactions
exist between the modified b-CDs and indole or DMA. However,
a very low efficiency for the TD-CD system was observed in the
presence of DMA, similar to the TD system.


Splitting quantum yields of the dimer/oxetane unit


The splitting quantum yields of the dimer/oxetane unit in the
systems of Ox-CD/TD-CD and DMA/indole were measured,
and are listed in Table 2. Data in Table 2 result in three eductions,
as follows: (1) a strong concentration dependence (Fig. 4); (2)
more efficient splitting over the systems of free Ox/TD and
indole/DMA; and (3) a solvent-dependent splitting efficiency
(entries 1/2, 4/5 and 6/7), much more efficient in water over that in
the binary solvent of water–methanol (v/v, 50 : 50) due to a higher
binding constant for a CD complex in water. The results showed
the formation of supramolecular complexes between Ox-CD/TD-
CD and the chromophores, in which the photosensitized splittings
of the dimer/oxetane unit occur. In addition, the splitting of Ox-
CD by DMA is more efficient than the indole system. A larger
driving force for electron transfer between Ox-CD and DMA over
indole may be an important reason for it.


Furthermore, a titration experiment was carried out and is
shown in Fig. 4. The splitting quantum efficiency did not reach


Fig. 4 Dependence of the quantum yield of splitting on concentration
of Ox-CD aqueous solution containing 0.05 mM indole (kir = 295 nm) or
DMA (kir = 310 nm).


a maximum, for it was limited by a low solubility of Ox-
CD. According to the inclusion interaction in a ratio of 1 : 1, the
double reciprocal plot of 1/U versus 1/cOx-CD (Michaelis–Menten
equation) gave the association constant K s from the ratio of the
intercept to the slope of the straight line fit: 780 M− 1 for the Ox-
CD–DMA system, and 730 M− 1 the for Ox-CD–indole system.


It is evident that the quantum efficiencies in the complexes
must be much higher than that in the covalently-linked models
(Chart 2)3c,4 composed of oxetane/dimer and a tryptophan
residue, such as 0.093 for TD-Trp3c and 0.24 for Ox-Trp4 in
aqueous solutions. For example, the splitting quantum efficiencies
are 0.16 for TD-CD/indole, and 0.24 for Ox-CD/indole in
aqueous solution (at a ratio of 0.5 mM/0.05 mM), in which
part indole molecules are included such as only 27% indole in
the Ox-CD/indole complex in the solution. This implies that
the photosensitized splitting reaction of the dimer/oxetane by
an electron donor in a complex is highly efficient. Thus, back
electron transfer of the radical ion pair upon electron transfer
from an electron donor within a complex would be suppressed.


Chart 2


A recent ultrafast spectroscopic study14 showed the charge shift
with an quantum efficiency of 0.87, consistent with the repair
quantum yield of 0.89, implying that the efficiency of the ring
cleavage is nearly 100%. The active-site solvation was thought to
be critical to strategically slowing down the charge recombination
by dynamically tuning the redox potentials of reaction species and
stabilizing the charge-shift radical intermediates, leaving enough
time to cleave the cyclobutane ring to reach a maxium-repair
quantum yield.


There may be a similar effect with the active-site solvation in the
complex of Ox-CD/TD-CD and indole/DMA. After the forward
electron transfer from the excited donor to the dimer/oxetane,
the solvation of formed radical ions – a TD-/Ox- unit radical
anion and a sensitizer radical cation – would occur, and more
solvent molecules move to the interspace of the radical ion pair.
This may change the redox potentials of the species, enlarge
the distance of the two charge centers and stabilize the charge-
separated radical pair. These would lead to a decrease in the driving
force of back electron transfer, i.e. the charge recombination would
be suppressed. However, the effects in a zwiterionic intermediate
may not be well achieved for a covalently-linked model, at least
the through-bond distance between a TD-/Ox- unit radical anion
and a chromophore radical cation is constant, and the through-
bond back electron transfer is the special mechanism for the
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covalently-linked models. Therefore, it is further demonstrated
that CPD photolyase binding the substrate and the active-
site solvation in photoreactivation are important reasons why
CPD photolyases can repair the substrates with high quantum
efficiencies.


Despite the forward electron transfer (charge separation) in
the tryptophan-containing model systems with similar quantum
efficiencies (ca. 0.8)3c,4 to CPD photolyase,2c the splitting quantum
yields of the dimer or the oxetane are very low, ca. 0.1 for dimer–
tryptophan models3c and ca. 0.3 for oxetane–tryptophan models4


due to unproductive back electron transfer (charge recombina-
tion). In the case of flavin-containing systems, the deactivation of
the excited flavin by non-radiative processes, which compete with
forward electron transfer, is another important reason causing
low splitting quantum yields.4 Therefore, inefficient suppression
of non-radiative processes and/or charge recombination may be
responsible for the low repair efficiency of (6–4) photolyase. The
mechanistic detail warrants co-crystal structures of photolyase–
DNA complexes and ultrafast spectroscopic studies on (6–4)
photolyase.


Experimental


General


b-Cyclodextrin was recrystallized three times and dried in vacuo at
100 ◦C for 12 h before use. Indole was purified by recrystallization
from EtOH–water (1 : 10) before use. N,N-Dimethylaniline
(DMA) was purified by distillation in vacuo. Deionized water was
used throughout the experiments. The samples are fully aqueous
solutions unless otherwise indicated. 1H and 13C NMR spectra
were recorded on a Bruker AV (300 MHz for 1H, 75 MHz for 13C)
spectrometer. The chemical shifts were referenced to acetone (d
2.05, 29.8) in [D6]acetone and DMSO (d 2.50, 39.5) in [D6]DMSO
for 1H and 13C NMR, respectively. Mass spectra were measured
on a Bruker BIFLEXTM III mass spectrometer. Elemental analysis
was performed at the Analytic Center of University of Science and
Technology of China. FTIR spectra were recorded on a BRUKER
VECTOR22 infrared spectrometer. UV-Vis spectra were measured
on a Shimadzu UV-2401PC spectrometer. Fluorescence emission
spectra were measured on a Shimadzu RF-5301PC fluorescence
spectrometer.


Measurement of quantum yield of splitting


The photosensitized splitting of the dimer/oxetane unit of TD-
CD/Ox-CD by DMA or indole was first performed through
determining the 1H NMR spectra of solutions irradiated with
a 300 W high pressure Hg lamp (k > 290 nm) for 20 min. The
solutions were prepared through dissolving TD-CD/Ox-CD and
DMA/indole in D2O in a Pyrex NMR tube, irradiating under
ultrasonic waves for 15 min, then allowing to stand overnight.


The sample solutions (3 mL) of indole and DMA added to TD-
CD or Ox-CD aqueous solutions were placed in quartz cuvettes
(10 × 10 mm) with a Teflon stopper, and after standing for sev-
eral hours at room temperature after ultrasonification for 15 min
were then irradiated with 295 nm (for indole) or 310 nm (for DMA)
light from a Shimadzu RF-5301PC spectrofluorophotomer. After
certain time intervals, the absorbance of the irradiated solutions


was recorded by a Shimadzu UV-2401PC spectrometer. The rates
of the dimer/oxetane unit split were measured by the monitoring
the increase in absorbance at 270 nm due to the regeneration
of the 5,6-double bond of the thymines and benzophenone. The
intensity of the light beam (I 0 einsteins/min) was measured by
ferrioxalate actinometry.13 Thus, the rate of photons absorbed
was obtained from the absorbance (A) at 295 or 310 nm in terms
of Beer’s law, I a = I 0(1 − 10− A). The observed quantum yields
of dimer/oxetane splitting of TD-CD/Ox-CD were calculated
according to U = (rate of dimer/oxetane split)/(rate of photon
absorbed). In order to avoid competition of absorbing between the
model compound and the photosplitting products, the splitting
reaction was controlled within 10% yield in the measurements.


Mono-6-deoxy-6-amino-b-cyclodextrin. 1H NMR (300 MHz,
D2O, [D6]acetone): d = 3.46–3.69 (m, 14H), 3.87–4.02 (m, 28H),
5.09 (d, 7H). 13C NMR (75 MHz, D2O, [D6]acetone): d = 61.47,
73.05, 73.33, 74.52, 82.42, 82.59, 84.34, 103.08, 103.28.


6-Deoxy-6-cis-syn thymine dimer-b-cyclodextrin (TD-CD). A
dimethylformide (DMF, 20 mL) solution of the cis-syn thymine
dimer diacid (220 mg, 0.55 mmol) and 6-amino-b-cyclodextrin
(0.57 g, 0.5 mmol) was stirred at 0–5 ◦C for 30 min. Dicyclohexyl-
carbodiimide (DCC) (160 mg, 0.75 mmol) and hydroxybenzotria-
zole (HOBt) (110 mg, 0.75 mmol) were added to the above mixture,
and the solution was stirred at 0–5 ◦C for 2 h and then at room
temperature for 2 d. After the insoluble material was removed
by filtration, the filtrate was poured into acetone (200 mL) to
precipitate the product. After being washed with acetone twice, the
crude product was absorbed on a column of macroporous resin
and eluted with an aqueous solution of ethanol (0 to 20%, v/v).
The eluted solution was concentrated to obtain the desired product
as a white powder (140 mg, 19%). Mp > 250 ◦C; mmax(KBr)/cm−1 =
3419 s, 1702 s, 1646 s, 1155 m, 1081 m, 1034 s; 1H NMR (300 MHz,
D2O, [D6]acetone): d = 1.30 (s, 6 H, CH3), 2.47 (m, 4H, CH2), 3.02
(m, 2H, CH2), 3.11–3.79 (m, majority, proton of CD unit + CH2),
4.02 (s, 2 H, CH), 4.90 (broad s, 7 H, H-1); 13C NMR (75 MHz,
D2O, [D6]acetone): d = 17.05 (2C, CH3), 33.00, 39.58, 39.73, 42.96,
47.34 (C), 47.42 (C), 59.20 (CH), 59.31 (CH), 59.64, 59.87, 69.68,
71.36, 71.48, 71.61, 72.32, 72.63, 80.46, 80.67, 82.39, 82.76, 101.41,
152.35, 152.39, 172.08, 172.73, 172.83; TOFMS (MALDI) calc.
for [M + Na]+ C58H89N5O41: 1535.3, found 1534.5.


6-Deoxy-6-oxetane-b-cyclodextrin (Ox-CD). Using the oxe-
tane acid instead of the cis-syn thymine dimer diacid (183 mg,
0.5 mmol), the same procedure was performed, and the desired
product Ox-CD was obtained as a white powder (115 mg, 16%).
Rf = 0.18 (EtOAc–MeOH–AcOH 3 : 4 : 1); mp > 250 ◦C;
mmax(KBr)/cm−1 = 3424 s, 1705 s, 1155 m, 1081 m, 1032 s; 1H
NMR (300 MHz, [D6]DMSO): d = 1.58 (s, 3 H, CH3), 3.22–3.76
(m, majority, proton of CD unit), 4.45 (m, 2 H), 4.84 (broad s,
7H, H-1), 5.73 (m, proton of CD unit), 7.27–7.44 (m, 10 H,
Ar–H), 8.06 (s, 1 H, CONH), 10.39 (s, 1 H, NH); 13C NMR
(75 MHz, [D6]DMSO): d = 23.28 (CH3), 47.68 (CH2), 59.82,
59.93, 60.01, 65.11 (CN), 69.54, 72.08, 72.38, 72.99, 76.12 (CCH3),
81.33, 81.54, 81.74, 83.37, 90.83 (OCC), 101.97, 102.07, 102.36,
124.89 (2C), 124.97, 125.51, 127.77, 128.25, 128.60 (2C), 139.61,
144.60, 151.26, 167.70, 169.86; Anal. calc. for C62H87N3O38·6H2O
(1590.46): C, 46.82; H, 6.27; N, 2.64. Found: C, 47.07; H, 6.41;
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N, 2.61%; TOFMS (MALDI) calc. for [M + Na]+ C62H87N3O38:
1505.4, found 1504.6.
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Manganese(III) acetate dihydrate-mediated reactions of [60]fullerene with b-enamino carbonyl
compounds afforded [60]fullerene-fused pyrroline derivatives, of which the nitrogen atom is directly
connected to the fullerene cage. A possible reaction mechanism is proposed.


Introduction


Chemical modification of [60]fullerene (C60) to generate novel
C60 derivatives with new structures and properties has attracted
great attention over the last two decades for their poten-
tial applications in materials, biology and nanoscience.1–3 Free
radical reactions were one of the first investigated reactions
of fullerenes4,5 and are still attractive protocols to synthesize
fullerene derivatives.6–10 Over the past decades, manganese(III)-
mediated free radical reactions have been explored extensively,
have found widespread applications in organic synthesis, and have
demonstrated remarkable advantages over traditional peroxide or
light-initiated processes.11–13 We have successfully applied man-
ganese(III) acetate dihydrate (Mn(OAc)3·2H2O) to the free radical
reactions of C60.14–18 The Mn(OAc)3·2H2O-mediated reactions of
C60 with various active methylene compounds and aromatic methyl
ketones afforded 1,4-adducts and 1,16-adducts of C60,14,15 singly-
bonded fullerene dimers,14 C60-fused dihydrofuran derivatives16


and methanofullerenes.14,16 The in situ generated ArC60–H could
be transformed to ArC60–OAc by Mn(OAc)3·2H2O in a one-pot
procedure.17 In our recent work, we found that Mn(OAc)3·2H2O-
mediated reactions of C60 with carboxylic acids, carboxylic anhy-
drides, or malonic acids gave C60-fused lactones, which underwent
novel reductive ring opening by reacting with Grignard reagents.18


An independent work on the Mn(OAc)3·2H2O-mediated reactions
of C60 with malonate esters, b-keto esters and b-diketones in
chlorobenzene and/or toluene was reported by Gao and co-
workers.19 In continuation of our interest in Mn(OAc)3·2H2O-
mediated reactions of C60,14–18 herein we report the radical
reactions of C60 with b-enamino carbonyl compounds mediated
by Mn(OAc)3·2H2O to give C60-fused pyrroline derivatives.


Results and discussion


b-Enamino carbonyl compounds have a vinyl C–H and an active
N–H bond, while the enol forms of b-keto esters or b-diketones
similarly possess a vinyl C–H and an active O–H bond (Fig. 1).
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Fig. 1


We and Gao’s group have already reported that the Mn(OAc)3·
2H2O-mediated reactions of C60 with b-keto esters and b-diketones
afforded C60-fused dihydrofuran derivatives.16,19 We were wonder-
ing if b-enamino carbonyl compounds could react with C60 in a
similar way to b-keto esters and b-diketones. To our satisfaction,
the Mn(OAc)3·2H2O-mediated reactions of C60 with b-enamino
carbonyl compounds 1 in refluxing chlorobenzene gave the C60-
fused pyrroline derivatives 2 (Scheme 1).


To examine the scope and limitation of the used substrates, we
synthesized various b-enamino carbonyl compounds 1a–1h by the
reactions of 1,3-dicarbonyl compounds such as 5,5-dimethyl-1,3-
cyclohexanedione, acetoacetate esters and 2,4-pentanedione with
both aromatic amines (aniline and 4-methylaniline) and aliphatic
amines (benzyl amine and n-butylamine), and applied them to the
Mn(OAc)3·2H2O-mediated reactions of C60. The reaction times
and isolated yields along with recovered C60 for the reactions of C60


with b-enamino carbonyl compounds 1a–1h and Mn(OAc)3·2H2O
in a molar ratio of 1 : 2 : 2.5 in chlorobenzene at 140 ◦C are listed
in Table 1.


As seen from Table 1, all examined substrates could react with
C60. Enaminones 1a and 1b derived from cyclic b-diketone and
aromatic amine were most reactive and gave the highest yields
(61–62%, 85–93% based on consumed C60), while the b-enamino
carbonyl compound 1h derived from noncyclic b-diketone and
aliphatic amine afforded the lowest yield and required a long
reaction time. The exact reason for this phenomenon is not clear
right now. Further extension of the reaction time for 1h resulted
in more consumption of C60, but could not improve the product
yield. It should be noted that the addition of a base such as 4-
dimethylaminopyridine and the presence of air had a negligible
effect on the reactions. Products 2a–2h are not very stable, and
tend to decompose in solution upon storage. Fullerene derivatives
containing the enamine moiety were reported to photochemically
react with oxygen,20–22 thus the instability of compounds 2a–2h
were most likely due to their reactions with aerial oxygen during
storage.
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Scheme 1


Table 1 Reaction times, yields and recovered C60 for the reactions of C60 with 1a–1h mediated by Mn(OAc)3·2H2O at 140 ◦C


Entry Substrate 1 Product 2 Reaction time/min Yield (%) Recovered C60 (%)


1 2a 15 61 28


2 2b 15 62 33


3 2c 45 38 35


4 2d 10 36 56


5 2e 45 34 53


6 2f 100 32 47


7 2g 15 32 52


8 2h 90 16 71


The structures of C60-fused pyrroline derivatives 2a–2h were
fully established by their MS, 1H NMR, 13C NMR, FT-IR and
UV-vis spectral data. The negative APCI mass spectra of 2a–2h
showed the correct molecular ion peaks. The 13C NMR spectra
of 2a–2h clearly exhibited less than thirty peaks with two half-
intensity ones in the range of 133–150 ppm for the sp2-carbons of
the fullerene cage, and two peaks at 88–91 and 72–74 ppm for the
two sp3-carbons of the fullerene skeleton, consistent with the Cs


symmetry of their molecular structures.
A possible reaction mechanism similar to the Mn(OAc)3·2H2O-


mediated reactions of C60 with b-keto esters and b-diketones16,19 is
shown in Scheme 2 to elucidate the formation of 2a–2h.


Chelation of Mn(OAc)3 by the enamine nitrogen of 1 with the
loss of acetic acid results in the formation of Mn(III)-complex
3.23,24 Homolytical addition of 3 to C60 gives fullerene radical 4,
which equilibrates to fullerene radical 5 with an enamine structure.
Coordination of Mn(OAc)3 by intermediate 5 generates Mn(III)-
complex 6 that undergoes intramolecular cyclization with the loss
of Mn(II) species to afford product 2.


C60-fused pyrroline derivatives have been synthesized by the
reactions of C60 with nitrile ylides generated by photolysis of 2H-
azirines25,26 or from imidoyl chloride and triethylamine,27,28 with a
cyclic azomethine ylide formed from 2-phenyl-4,5-dihydrooxazol-
5-one,29 with isocyanides catalyzed by a base or Cu2O,30 and with
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Scheme 2


N-(diphenylmethylene)glycinate esters under Bingel conditions.31


However, none of them have a structure with a nitrogen atom
bonded to a fullerene cage. Our present protocol is a unique way
of preparing C60-fused pyrroline derivatives with a nitrogen atom
directly attached to a fullerene skeleton.


In summary, Mn(OAc)3·2H2O has been successfully utilized in
the radical reactions of C60 with b-enamino carbonyl compounds
to give C60-fused pyrroline derivatives, of which the nitrogen atom
is directly connected to the fullerene cage. Further application
of Mn(OAc)3·2H2O and other inorganic compounds in fullerene
chemistry is underway.


Experimental


General methods


1H NMR and 13C NMR spectra were recorded in CS2–CDCl3


at 300 MHz and 75 MHz, respectively, on a Bruker Avance
300 spectrometer. Negative APCI mass spectra were taken on a
Thermo Finnigan LCQ Advantage MAX mass spectrometer. FT-
IR spectra were recorded on a Shimadzu 8600 FT IR spectrometer.
UV-vis spectra were obtained on a Shimadzu UV-2501PC spec-
trometer. C60 (>99.9%) was purchased from the Henan Tian’an
Company. All other commercial available reagents are of analytical
grade. Coupling constants are measured in Hz.


Typical procedure for the Mn(OAc)3·2H2O-mediated reactions of
C60 with b-enamino carbonyl compounds 1a–1h.


A mixture of C60 (36.0 mg, 0.05 mmol), b-enamino carbonyl
compounds 1a–1h (0.10 mmol) and Mn(OAc)3·2H2O (33.4 mg,
0.125 mmol) was dissolved in chlorobenzene (15 mL) and stirred
in an oil bath preset at 140 ◦C for a desired time. After removal of
the solvent in vacuo, the obtained residue was separated on a silica
gel column with toluene or toluene–ethyl acetate as the eluent to
give unreacted C60 and C60-fused pyrroline derivatives 2a–2h.


Spectral data of 2a. 1H NMR (300 MHz, CS2–CDCl3) d 7.49
(d, J = 8.1, 2H), 7.32 (d, J = 8.1, 2H), 2.58 (s, 2H), 2.51 (s, 2H),
2.44 (s, 3H), 1.34 (s, 6H); 13C NMR (75 MHz, CS2–CDCl3, with
Cr(acac)3 as relaxation reagent) (all 2C unless indicated) d 189.75
(1C, C=O), 163.47 (1C, NC=C), 149.20, 147.68 (1C), 147.36,
146.95 (1C), 146.30, 145.84 (4C), 145.78, 145.76, 145.74, 145.22,


145.13, 144.98, 144.85, 144.69, 144.14, 143.75, 142.79, 142.58,
142.49, 142.41 (4C), 141.78 (4C), 141.75, 141.60, 139.82, 139.37
(1C, aryl C), 139.28, 136.90, 134.13, 134.00 (1C, aryl C), 130.53
(aryl C), 130.49 (aryl C), 106.45 (1C, NC=C), 91.33 (1C, sp3-
C of C60), 71.96 (1C, sp3-C of C60), 51.44 (1C, OCCH2), 38.21
(1C, NCCH2), 33.85 (1C, C(CH3)2), 28.68 (C(CH3)2), 21.39 (1C,
ArCH3); UV-vis (CHCl3) kmax nm (log e) 256 (5.14), 313 (4.73),
428 (3.48), 690 (2.44); FT-IR m/cm−1 (KBr) 2955, 2922, 2851,
1634, 1581, 1511, 1438, 1387, 1319, 1273, 1179, 1121, 1065, 1036,
806, 609, 575, 550, 527; MS (–APCI) m/z 947.


Spectral data of 2b. 1H NMR (300 MHz, CS2–CDCl3) d 7.63
(d, J = 7.3, 2H), 7.54 (t, J = 7.2, 2H), 7.48 (t, J = 7.2, 1H), 2.59 (s,
2H), 2.53 (s, 2H), 1.35 (s, 6H); 13C NMR (75 MHz, CS2–CDCl3,
with Cr(acac)3 as relaxation reagent) (all 2C unless indicated)
d 190.06 (1C, C=O), 163.28 (1C, NC=C), 149.07, 147.61 (1C),
147.24, 146.88 (1C), 146.22, 145.76 (4C), 145.71, 145.69, 145.66,
145.14, 144.94, 144.91, 144.77, 144.60, 143.99, 143.67, 142.71,
142.50, 142.40, 142.32 (4C), 141.68 (6C), 141.50, 139.77, 139.20,
136.85, 136.61 (1C, aryl C), 134.08, 130.66 (aryl C), 129.83 (aryl
C), 129.19 (1C, aryl C), 106.67 (1C, NC=C), 91.20 (1C, sp3-C
of C60), 71.95 (1C, sp3-C of C60), 51.44 (1C, COCH2), 38.11 (1C,
NCCH2), 33.86 (1C, C(CH3)2), 28.59 (C(CH3)2); UV-vis (CHCl3)
kmax nm (log e) 254 (5.13), 313 (4.72), 428 (3.46), 689 (2.41); FT-
IR m/cm−1 (KBr) 2953, 2925, 2866, 1633, 1581, 1517, 1493, 1431,
1386, 1320, 1273, 1179, 1120, 1065, 1002, 766, 701, 606, 574, 553,
527; MS (–APCI) m/z 933.


Spectral data of 2c. 1H NMR (300 MHz, CS2–CDCl3) d 7.50
(d, J = 7.4, 2H), 7.39 (t, J = 7.4, 2H), 7.30 (t, J = 7.2, 1H),
5.47 (s, 2H), 2.78 (s, 2H), 2.53 (s, 2H), 1.37 (s, 6H); 13C NMR
(75 MHz, CS2–CDCl3, with Cr(acac)3 as relaxation reagent) (all
2C unless indicated) d 189.74 (1C, C=O), 164.13 (1C, NC=C),
149.89, 147.78 (1C), 147.44, 147.07 (1C), 146.41, 145.94 (6C),
145.88, 145.78, 145.30, 145.10, 144.95, 144.83, 144.67, 143.80,
143.59, 142.93, 142.68, 142.57, 142.50, 142.46, 141.94, 141.90,
141.86, 141.64, 139.91, 139.44, 137.20, 136.66 (1C, aryl C), 134.18,
129.14 (aryl C), 128.03 (1C, aryl C), 126.49 (aryl C), 105.75 (1C,
NC=C), 89.94 (1C, sp3-C of C60), 72.05 (1C, sp3-C of C60), 51.30
(1C, COCH2), 47.76 (1C, PhCH2), 37.78 (1C, NCCH2), 34.06 (1C,
C(CH3)2), 28.84 (C(CH3)2); UV-vis (CHCl3) kmax nm (log e) 256
(5.12), 314 (4.71), 428 (3.48), 689 (2.42); FT-IR m/cm−1 (KBr)
2952, 2922, 2851, 1626, 1579, 1510, 1466, 1426, 1389, 1351, 1263,
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1178, 1115, 1057, 735, 695, 604, 573, 550, 526; MS (–APCI) m/z
947.


Spectral data of 2d. 1H NMR (300 MHz, CS2–CDCl3) d 4.20–
4.12 (m, 2H), 2.86 (s, 2H), 2.50 (s, 2H), 2.08–1.95 (m, 2H), 1.60–
1.41 (m, 2H), 1.41 (s, 6H), 1.04 (t, J = 7.3, 3H); 13C NMR
(75 MHz, CS2–CDCl3, with Cr(acac)3 as relaxation reagent) (all
2C unless indicated) d 189.12 (1C, C=O), 163.59 (1C, NC=C),
149.95, 147.87 (1C), 147.53, 147.11 (1C), 146.50, 146.01, 145.98,
145.96, 145.94, 145.89, 145.31, 145.16, 145.01, 144.93, 144.72,
143.97, 143.88, 143.01, 142.74, 142.65, 142.62, 142.55, 142.04,
141.97, 141.93, 141.81, 139.96, 139.62, 137.33, 134.14, 105.10 (1C,
NC=C), 89.82 (1C, sp3-C of C60), 72.27 (1C, sp3-C of C60), 51.35
(1C, COCH2), 44.39 (1C, NCH2), 37.83 (1C, NCCH2), 34.02 (1C,
NCH2CH2), 33.66 (1C, C(CH3)2), 29.00 (C(CH3)2), 20.79 (1C,
CH2CH3), 14.08 (1C, CH2CH3); UV-vis (CHCl3) kmax nm (log e)
255 (5.10), 314 (4.67), 428 (3.47), 690 (2.39); FT-IR m/cm−1 (KBr)
2953, 2924, 2853, 1623, 1574, 1511, 1471, 1430, 1392, 1183, 1115,
1047, 1001, 573, 552, 526; MS (–APCI) m/z 913.


Spectral data of 2e. 1H NMR (300 MHz, CS2–CDCl3) d 7.62
(d, J = 7.1, 2H), 7.52 (t, J = 7.3, 2H), 7.45 (t, J = 7.2, 1H), 4.30
(q, J = 7.2, 2H), 2.60 (s, 3H), 1.28 (t, J = 7.2, 3H); 13C NMR
(75 MHz, CS2–CDCl3, with Cr(acac)3 as relaxation reagent) (all
2C unless indicated) d 165.78 (1C, COO), 159.57 (1C, NC=C),
149.51, 147.99, 147.90 (1C), 147.36 (1C), 146.49, 146.17, 146.11,
146.05, 145.98, 145.83, 145.32, 145.19, 145.11, 145.04, 144.81,
144.79, 144.14, 142.99, 142.84, 142.68 (4C), 142.65, 142.10, 142.01,
141.88, 141.80, 139.50, 139.17, 137.71, 136.77 (1C, aryl C), 134.79,
131.67 (aryl C), 129.94 (aryl C), 129.23 (1C, aryl C), 98.13 (1C,
NC=C), 90.45 (1C, sp3-C of C60), 73.92 (1C, sp3-C of C60), 59.71
(1C, OCH2CH3), 15.37 (1C, C=CCH3), 14.60 (1C, OCH2CH3);
UV-vis (CHCl3) kmax nm (log e) 256 (5.06), 309 (4.60), 427 (3.41),
693 (2.41); FT-IR m/cm−1 (KBr) 2953, 2922, 2852, 1680, 1581,
1493, 1431, 1370, 1330, 1313, 1232, 1173, 1130, 1096, 1024, 763,
700, 575, 527; MS (–APCI) m/z 923.


Spectral data of 2f. 1H NMR (300 MHz, CS2–CDCl3) d 4.17–
4.11 (m, 2H), 3.76 (s, 3H), 2.88 (s, 3H), 2.04–1.93 (m, 2H),
1.55–1.45 (m, 2H), 1.01 (t, J = 7.3, 3H); 13C NMR (75 MHz,
CS2–CDCl3, with Cr(acac)3 as relaxation reagent) (all 2C unless
indicated) d 165.78 (1C, COO), 159.64 (1C, NC=C), 149.78,
147.64 (1C), 147.51, 147.08 (1C), 146.25, 145.84, 145.82, 145.79,
145.70, 145.61, 144.95, 144.92, 144.76, 144.60, 144.40, 144.03,
143.82, 142.89, 142.78, 142.58, 142.45, 142.43, 142.35, 141.86 (4C),
141.67, 141.56, 139.43, 139.01, 136.81, 134.30, 95.54 (1C, NC=C),
88.75 (1C, sp3-C of C60), 73.58 (1C, sp3-C of C60), 50.13 (1C,
OCH3), 44.01 (1C, NCH2), 32.97 (1C, NCH2CH2), 20.53 (1C,
CH2CH3), 13.86 (1C, CH3), 13.84 (1C, CH3); UV-vis (CHCl3)
kmax nm (log e) 256 (5.10), 309 (4.62), 427 (3.46), 690 (2.38); FT-
IR m/cm−1 (KBr) 2951, 2923, 2854, 1673, 1575, 1461, 1422, 1367,
1337, 1304, 1186, 1132, 1080, 1007, 932, 791, 774, 759, 574, 527;
MS (–APCI) m/z 889.


Spectral data of 2g. 1H NMR (300 MHz, CS2–CDCl3) d 7.65
(d, J = 7.0, 2H), 7.59–7.46 (m, 3H), 2.67 (s, 3H), 2.59 (s, 3H); 13C
NMR (75 MHz, CS2–CDCl3, with Cr(acac)3 as relaxation reagent)
(all 2C unless indicated) d 190.70 (1C, C=O), 158.41 (1C, NC=C),
149.45, 148.35, 147.76 (1C), 147.12 (1C), 146.46, 146.03, 145.96,
145.92, 145.85, 145.79, 145.30 (4C), 145.06, 144.99, 144.93, 144.79,
143.96, 142.82, 142.72, 142.68, 142.50, 142.40, 141.92, 141.87,


141.65 (4C), 139.34, 138.86, 137.16 (1C, aryl C), 136.81, 134.36,
131.62 (aryl C), 129.91 (aryl C), 129.50 (1C, aryl C), 110.31 (1C,
NC=C), 89.66 (1C, sp3-C of C60), 73.97 (1C, sp3-C of C60), 31.21
(1C, COCH3), 16.24 (1C, CH3); UV-vis (CHCl3) kmax nm (log e)
257 (5.08), 314 (4.69), 429 (3.48), 689 (2.36); FT-IR m/cm−1 (KBr)
2921, 2851, 1616, 1557, 1513, 1490, 1426, 1379, 1357, 1334, 1170,
1127, 1071, 1025, 765, 701, 575, 552, 527; MS (–APCI) m/z 893.


Spectral data of 2h. 1H NMR (300 MHz, CS2–CDCl3) d 4.30–
4.24 (m, 2H), 2.89 (s, 3H) 2.61 (s, 3H), 2.11–2.01 (m, 2H), 1.62–1.49
(m, 2H), 1.08 (t, J = 7.3, 3H); 13C NMR (75 MHz, CS2–CDCl3,
with Cr(acac)3 as relaxation reagent) (all 2C unless indicated) d
188.77 (1C, C=O), 156.91 (1C, NC=C), 149.55, 148.13, 147.50
(1C), 146.82 (1C), 146.24, 145.72 (4C), 145.63, 145.57 (4C), 144.97,
144.79, 144.67, 144.64, 144.61, 144.25, 143.65, 142.66, 142.50,
142.47, 142.32, 142.12, 141.79, 141.62, 141.44, 141.42, 139.30,
138.49, 136.89, 133.86, 108.35 (1C, NC=C), 87.94 (1C, sp3-C
of C60), 74.05 (1C, sp3-C of C60), 44.06 (1C, NCH2), 33.35 (1C,
NCH2CH2), 31.01 (1C, COCH3), 20.65 (1C, CH2CH3), 14.73 (1C,
CH3), 13.86 (1C, CH3); UV-vis (CHCl3) kmax nm (log e) 256 (5.08),
314 (4.68), 429 (3.60), 687 (2.42); FT-IR m/cm−1 (KBr) 2954, 2925,
2867, 1625, 1583, 1459, 1431, 1376, 1360, 1324, 1260, 1184, 1119,
1086, 1034, 976, 942, 575, 527; MS (–APCI) m/z 873.
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FluoRuGel—a hybrid fluorinated silica glass doped with TPAP (tetra-n-propylammonium
perruthenate)—is a versatile catalyst for the aerobic oxidation of different alcohols in dense phase CO2


with marked stabilization and activity enhancement of perruthenate upon its confinement in the sol–gel
fluorinated silica matrix. A brief competitive analysis shows large potential rewards.


Competitive advantage—and not benefits to the environment or
to human health or safety—drives companies’ choices in adopting
new technologies, including any “greener” options designed to re-
place earlier methods.1 For instance, the heterogeneously catalysed
aerobic oxidation of alcohols in dense phase (or “supercritical”)2


carbon dioxide (scCO2) is highly desirable as it would eliminate
the need for both potentially polluting and toxic organic solvents3


and stoichiometric Cr and Mn oxides employed in industrial
oxidations.4


Remarkably, a number of highly selective heterogeneous cat-
alytic reactions are carried out on an industrial scale in small, high-
throughput reactors in which the CO2 is recycled and eventually
completely removed from the products by simply reducing the
pressure.5


However, no oxidative conversions of alcohols are as yet
conducted in this solvent6 despite the fact that an efficient process
in scCO2 would afford a variety of carbonyls of high purity7


meeting a key industry’s requirement for commercial compounds
which are widely used as precursors of drugs, vitamins, fragrances
and other valuable fine chemicals.


The selective oxidation of alcohols to carbonyls in scCO2


remained unexplored until the early 2000s when the aerial catalytic
conversion of water-insoluble alcohols in supercritical CO2 in a
continuous fixed bed reactor over Pt–Pd–Bi/C was reported8 to
afford high yields of ketones and aromatic aldehydes, but not of
primary aliphatic aldehydes, showing the same limitation in scope
as noble metal-catalysed oxidation of alcohols in water.


A similar outcome was found using Pd/Al2O3 catalyst;9 while
higher selectivity to aldehydes was obtained using a Pt/C (teflon-
coated) catalyst10 in which the fluorinated surface, spilling off
water molecules, prevented overoxidation to the acid. Finally, an
interesting selectivity enhancement (compared to the process in
liquid solvent) was recently reported for the aerobic oxidation
of cyclohexanol to cyclohexanone in scCO2 over a Cu-based
catalyst.11


We recently introduced an efficient sol–gel solid catalyst (Fluo-
RuGel) for the dehydrogenation of benzyl alcohol in scCO2 with
O2 consisting of a fluorinated organic–inorganic silica glass doped
with [NPr4]+ [RuO4]−.12
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153, 90146, Palermo, Italy. E-mail: mario.pagliaro@gmail.com
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The oxoruthenate catalyst is entrapped in a porous sol–gel
fluorinated matrix through which dense phase carbon dioxide
dissolving both O2 and the alcohol substrate, upon contact with the
powdered CO2-philic sol–gel material, rapidly spills the reactants
into the cages where the oxidative dehydrogenation takes place,
and then it extracts the benzaldehyde product (Scheme 1).


Scheme 1


Now we show how this results in another example of a
molecule’s reactivity change upon its sol–gel confinement, whereas
the FluoRuGel–O2–scCO2 catalytic system selectively affords a
variety of valuable carbonyl compounds (including those which
are not obtained over supported noble metals) with the catalyst
retaining its activity upon prolonged use.


Under the experimental conditions of Scheme 2, the aerobic
oxidation of a variety of structurally different alcohols mediated
by 10% mol of FluoRuGel-entrapped perruthenate proceeds to
completion and no overoxidation of the alcohol to acid is observed
(Table 1).
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Table 1 Oxidation of various alcohols (5 × 10−2 mmol) with O2 (1 bar at
25 ◦C) catalysed by FluoRuGel (content of TPAP: 0.5 × 10−2 mmol per
100 mg) in scCO2 at 75 ◦C and 22 MPa


Entry Alcohol k × 104/mol−1 min−1


1 Benzyl alcohol 49
2 Benzyl alcohola 5.88 and 6.50a


3 2-Octanol 2.03
4 1-Octanol 5.02
5 1-Phenylethanol 6.46
6 p-MeO-benzyl alcohol 9.67 e 10.45
7 m-Cl-benzyl alcohol 8.27
8 p-Me-benzyl alcohol 8.27


a Upon washing the catalyst with CH2Cl2.


Scheme 2


The corresponding rate constants (kcat.) were obtained
from integrated pseudo first-order plots, i.e. ln(1-[aldehyde]t = t/
[aldehyde]t = ∞) vs. time, which are linear up to 80–90% reaction
as shown in Fig. 1 (the kcat. values are the slopes of these kinetic
plots). The linearity of the plot shows that catalyst deactivation
does not occur, at least in the time intervals examined.


Fig. 1 Plot of log([aldehyde]t = ∞ − ([aldehyde]t = t) vs. time in the oxidation
of benzyl alcohol (4.83 × 10−2 mmol) with oxygen (1 Pa at 25 ◦C) catalysed
by FluoRuGel (TPAP content of 0.5 × 10−3 mmol) in scCO2 at 22 MPa
and 75 ◦C.


Carrying out the reaction at 75 ◦C, the pressure was set at
220 bar because scCO2 at this pressure exhibits an optimal density
of 0.67 g mL−1 which ensures complete solubilization of both the
alcohol and the aldehyde in the homogeneous supercritical phase.


After recycling the catalyst upon washing with dichloromethane
(DCM), the activity dropped to almost one tenth of its original
value (entries 1 and 2 in Table 1). However, the same catalyst
retained its activity in subsequent reaction runs with a variety of
alcohol substrates with variations included in a factor of ca. 5
including the case of primary and secondary aliphatic substrates
and showing the typical selectivity of TPAP for primary vs.
secondary alcohols.


Washing the catalyst with DCM, as we originally attempted
for recovering the product,13 results in rapid evolution of gaseous
Cl2 bubbles with the significant reduction in the catalyst’s original
activity mentioned above (from 49 to 6 × 10−3 mol−1 min−1). This
shows first evidence that the sol–gel encapsulation of TPAP ion
pairs indeed changes the reactivity of the entrapped dopant as
TPAP alone readily dissolves in DCM which in fact is used as
optimal solvent for perruthenate-mediated oxidations.14


We recently investigated this surprising outcome and found
that rapid oxidation of DCM to Cl2 does indeed take place;
with a similar deactivation occurring also with a variety of
other solvents, but deactivation occurred at the lowest pace with
unreactive solvents such as n-hexane.15 On the other hand, the
use of dense phase CO2 as the sole reaction and recovery solvent
considerably improves catalyst stability and this, along with the
sol–gel entrapment of the oxoruthenate, ensures stabilization of
the material’s reactivity. Ru-based oxidation catalysts generally
lose their activity due to aggregation of the intermediate ruthenate
species,16 a phenomenon that is intrinsically prevented here by the
encapsulation of perruthenate in the inner porosity of the sol–gel
organosilica matrix.


We are currently investigating the nature (and the mechanism) of
the entrapment of perruthenate in sol–gel glasses. XPS analysis of
a similar ORMOSIL (organically modified silicate) doped with 1.7
wt% TPAP, for instance, is not capable of detecting the entrapped
ruthenium even after two minutes’ sputtering of the surface with
Ar+ ions accelerated at 4 keV to remove contaminants, showing
how deep the encapsulation of Ru is in these catalysts.17


FluoRuGel consists of an agglomerate of organosilica particles
whose regular surface geometry, upon large magnification, retains
its morphology also on the nanometre scale (Fig. 2) which is that
experienced by the approaching reactant molecules dissolved in
scCO2 (where the only diffusional barrier is that between the
“supercritical” phase and the solid).7


In all cases, in fact, the oxidative dehydrogenation takes place
within the sol–gel cages since no TPAP is leached from the catalyst
during the reaction (in reaction samples withdrawn from the sc
phase with a Ru detection limit <1 ppb).


Surprisingly, comparison between the reactivity of TPAP and
TPAP encapsulated in FluoRuGel shows a different kinetic
behaviour (Fig. 3).


While both homogeneous TPAP14 and also ORMOSIL-
entrapped TPAP13 show typical perruthenate-mediated oxidation
kinetics consisting of a fast initial stage up to 40–50% conversion,
followed by a slower oxidation stage mediated by less reactive
RuO2, the reaction mediated by FluoRuGel shows an initial
induction stage followed by a faster linear stage up to complete
conversion of the substrate.


This points to improved catalysis by TPAP entrapped in the
fluoroalkyl-modified silica matrix, i.e. a different chemistry of
the entrapped dopant obtained by changing the properties of
the entrapping silica sol–gel cage, similar to what happens when
dopant molecules are co-entrapped in silica with a surfactant that
modifies the sol–cage properties.18


We make the hypothesis that the partly positive carbon in
highly dipolar –CF3 groups19 that concentrate at the cage surface20


further attracts the entrapped RuO4
− (Fig. 4) synergistically


adding to the effect of the large N(CH2CH2CH3)4
+ cation whose


use in combination with perruthenate was introduced to mitigate
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Fig. 2 FluoRuGel (shown here are SEM 100, 10 000 and 50 000x photographs) shows a regular, compact surface (bottom) which is experienced by the
approaching reactant molecules.25


the strong oxidation power of RuO4
− alone and thus promote


selectivity.21


Eventually, this results in mutually isolated RuO4
− anions


entrapped in the inner porosity of the fluorinated gel where they
mediate the oxidative dehydrogenation of the alcohol substrate
according to a bi-electronic reaction mechanism that involves
formation of the alcoholate,15 but without formation of inactive
RuO2.22


In general, Ru-based aerobic catalysts16 are highly selective and
afford good yields of carbonyls but, in liquid-phase, they also show
considerably lower activity compared to less selective carbon-
supported Pt and Pd.23 This is not the case in scCO2. Hence,
while Pt/C,2 Pt–Pd–Bi/C8 and Pd/Al2O3


9 afford the desired
carbonyl in good yields with catalytic activity in the order of 10 ×
−5 mol−1 min−1 (kinetic constant), FluoRugel is generally 100 times


faster (Table 1) while retaining the pronounced selectivity typical
of Ru catalysts even upon prolonged reaction time.


In general, the catalytic stability of all the catalytic materials
mentioned above considerably improves in dense phase carbon
dioxide with a concomitant enhanced activity with increasing
lipophilicity of the catalyst support (i.e. Pt/teflon-coated carbon10


> Pt/carbon2 > Pt/charcoal > 8Pt/SiO2
2 and ORMOSIL > SiO2.13


Only FluoRuGel, however, shows similar good activity in the
oxidation of primary and secondary aliphatic alcohols such as
1- and 2-octanol (Table 1) whereas, for comparison, Pt/SiO2


employed in scCO2 is not capable of aerobically converting more
than 20% of the secondary alcohol substrates.2 FluoRuGel in fact
is a mesoporous glass whose vast accessible porosity (0.53 cm3 g−1)
narrowly distributed around 20 Å allows facile access of widely
different alcohol molecules to the confined catalytic species.


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 2637–2641 | 2639







Fig. 3 Aerobic oxidation of benzyl alcohol to benzaldehyde in scCO2 over
sol–gel entrapped TPAP in FluoRuGel (circles) and TPAP alone (squares).


Fig. 4 Schematic representation of RuO4
− and n-propylammonium


relocation in the sol–gel entrapped microenvironment in response to
fluorination of the cage.


Finally, along with performance, cost and feasibility of a
new catalytic process are crucial in evaluating its practical
introduction.24 Based on the prices of its precursors from three
chemical companies25 (Table 2), one can see that the production
cost of FluoRuGel is competitive with those of supported noble
metals showing its potentially large rewards.26


Reactions in scCO2 require a dedicated plant and a substantial
amount of expensive electricity to compress the fluid at 100–
250 bar typically applied for optimal conversions. Yet, as a
leading industry practitioner puts it, they are “simple, safe,
versatile, efficient, selective and clean. And therefore economic”.27


Production of carbonyls by oxidative dehydrogenation of alcohols
in CO2 over a similar fluorinated silica matrix will be convenient
for all those products for which lack of heavy metals leaching and
“solvent-free” conditions are required, such as in the case of the
expensive carbonyls employed as aromes, fragrances, pharmaceu-
ticals, nutritional and cosmetic products. Sol–gel catalysts can be
obtained in practically any shape, and are thus easily adapted to
the configuration of a continuous reactor. The route to oxidative
dehydrogenations in scCO2 is open.


Table 2 Price of FluoRuGel and commercial supported noble metals


Catalyst Price (€/kg) Amount/kg


FluoRuGel 230 >1000
FluoRuGel 630 <100
5% Pt/C 300
4%Pd–1%Pt–5%Bi 500


Experimental


Catalyst preparation


FluoRuGel was prepared by sol–gel processing the fluoro-alkyl
containing monomer 3,3,3-trifluoropropyl-trimethoxysilane (TF-
PTMOS purchased from Fluka) with tetramethylorthosilicate
(TMOS) in the presence of TPAP dissolved in methanol keeping
the Si–MeOH–H2O molar ratio at 1 : 8 : 4, i.e. using a stoichiomet-
ric amount of water (Si : H2O = 1 : 4) and a high amount of co-
solvent (Si–MeOH = 1 : 8), that was recently found to be crucial in
promoting reactivity of analogous doped ORMOSILs in scCO2.13


Other chemicals including benzyl alcohol, n-decane, TMOS and
TPAP were purchased from Sigma Aldrich and were used without
further purification. Ultra pure water (Millipore Type 1) was used
in all the preparations.


FluoRuGel, a 10% fluoro-propyl doped silica gel, was thus
synthesised by adding TMOS (2.68 mL) and TFPTMOS (0.39
mL) to a solution of TPAP (24.5 mg) in MeOH (6.45 mL) cooled
in an ice bath, followed by the addition of H2O (1.44 mL). The
mixture was stirred for 30 min when it gelled yielding a black
alcogel which was sealed and left to age at room temperature for
24 h prior to drying at 50 ◦C (5 days). The grey xerogel thus
obtained was powdered, washed under reflux (CH2Cl2 × 2, 40 ◦C)
and dried to 50 ◦C prior to use.


Oxidation procedure


A typical oxidation was carried out in the 10 mL modified Carlo
Erba SFC 3000 reactor described elsewhere13 at 75 ◦C and 22 MPa.
Benzyl alcohol (5 lL, 0.5 mmol) and 0.1 equiv. of FluoRuGel (156
mg) were added to the reaction vessel with n-decane (5 lL, 1
mmol) as internal standard. After flowing the oxygen (1 bar), the
reaction vessel was sealed, placed into a thermostated oven and
liquid CO2 was pumped into the autoclave using a cryogenic pump
to bring the reactor pressure to 22 MPa. The reaction mixture was
kept stirring at 400 rpm by means of an alternating magnetic field
stirrer for the desired reaction time and reaction samples were
withdrawn through a 6-way valve connected to a restrictor (kept
at 90 ◦C) prior to GC analysis. When reaction was complete,
the heating was stopped and the system was allowed to cool to
ambient temperature. The reactor was then opened and the CO2


gradually vented off in n-hexane allowing the total pressure inside
the reactor to reach the atmospheric value, after which the product
was extracted with a further amount of n-hexane and the catalyst
recovered, dried and reused as such in a subsequent reaction run.


Analyses and reaction rates


The carbonyl products’ content was determined by GC analysis
on a Shimadzu chromatograph equipped with a Supelcowax 10
capillary column (30 m, 0.25 mm ID) using the internal standard
method (with previously calculated response factors). The rate
constants kcat. were assessed from the aldehyde formed integrating
the pseudo first-order plots obtained from a quadratic equation
in which one reactant (O2 in this case) is in large excess, that is
ln(1-[ald.]t/[ald.]t = ∞) = − kcat[O2]t. The N2–BET textural values
were obtained with a Carlo Erba Instruments Sorptomatic 1900
powder analyzer, and ruthenium contents measured by ICP-MS
on a HP 4500 spectrometer.
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Novel a-hydrazino-a,b-unsaturated nitroalkenes, which ex-
hibit dynamic phenomenon on the NMR time scale, were syn-
thesized in excellent yields via imidazole or DMAP mediated
Morita–Baylis–Hillman (MBH) type reaction of nitroalkenes
with azodicarboxylates.


The coupling of the a-position of activated alkenes (vinyl anion
equivalents) with various carbon electrophiles mediated by a
tertiary amine or tertiary phosphine, popularly known as the
Morita–Baylis–Hillman (MBH) reaction, has emerged as an
important C–C bond forming reaction in organic synthesis.1–4 It
provides a simple, convenient and atom-economical methodology
for the synthesis of densely functionalized molecules.3 However, C-
hetero atom bond formation via similar strategy has not received
much attention.5,6 For instance, C–N bond formation via the MBH
reaction is equivalent to electrophilic amination of a vinyl anion.


Electrophilic amination of carbanion equivalents is, in fact,
an important C–N bond forming strategy offering a conve-
nient entry into natural/unnatural amino acids and other syn-
thetically and biologically useful building blocks.7 Commonly
employed electrophiles for this purpose are azodicarboxylates,8


azides,8,9 oxaziridines10 etc.7 Among the handful of methods
available in the literature for the synthesis of a-hydrazino-a,b-
unsaturated compounds5,11 which are potential precursors to
bioactive compounds,12 only two reports, to our knowledge,
involve the electrophilic amination of vinyl anion equivalents with
azodicarboxylate.5 More importantly, there is no report, to our
knowledge, on the MBH type coupling of the a-position of b-
substituted activated alkenes with azodicarboxylate or any other
electrophilic aminating agents mentioned above.13 Furthermore,
despite their well documented synthetic utility, especially as
powerful Michael acceptors, conjugated nitroalkenes14 have been
scarcely employed as substrates in more than three decades of the
MBH chemistry.15–18


The possible application of multifunctional MBH adducts aris-
ing from nitroalkenes as novel synthetic scaffolds and biologically
active molecules17 prompted us to pursue a fundamentally novel
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coupling of nitrovinyl anion with N-centered electrophiles. Thus,
in this report, we describe our results on the successful MBH
type reaction of b-substituted nitroalkenes with activated azo
compounds, namely, azodicarboxylates leading to a-hydrazino-
a,b-unsaturated nitro compounds in excellent yields.


Our initial optimization studies using 2-nitrovinyl furan (NVF)
1a as the model substrate with diisopropyl azodicarboxylate
(DIAD) 2a as the electrophile in THF at room temperature in the
presence of 10 mol% of various catalysts revealed the suitability
of imidazole19 and/or DMAP20 as catalyst(s) of choice for further
optimization (Scheme 1) (see ESI†).


Scheme 1


Subsequent optimization experiments suggested that stoichio-
metric amounts of imidazole or DMAP, would be beneficial to
obtain the best yield of the MBH adduct 3a in the shortest
possible reaction time. In contrast to the excellent catalytic ability
of imidazole in THF (4 h, 98%), DMAP, even in stoichiometric
amounts provided only moderate yield of 3a when THF was used
as solvent (24 h, 43%). Since no conclusions could be drawn on
the behavior of DMAP from the experiments in THF alone, other
solvents were screened uniformly for both the catalysts. Thus, the
most appropriate solvent for the imidazole catalyzed reaction was
found to be THF and for the DMAP catalyzed reaction, it was
acetonitrile. Finally, the optimum substrate–electrophile ratio (1a :
2a) was determined to be 1 : 1.5 for the imidazole catalyzed reaction
and 1 : 1.3 for the DMAP catalyzed reaction.


Having established the optimum experimental conditions for
obtaining the best yields of the MBH adduct 3a, i.e. one equiv. of
imidazole in THF or DMAP in acetonitrile with 1 : 1.3 to 1 : 1.5
ratio of substrate to electrophile under N2 at room temperature,
we reacted a variety of aromatic and heteroaromatic nitroalkenes
1b–m and an aliphatic nitroalkene 1n with DIAD 2a (Table 1). We
were delighted to note the formation of the desired MBH adducts
3b–m in impressive yields, especially under the imidazole catalyzed
conditions (Table 1, Entries 1–13), although aliphatic nitroalkene
1n did not provide satisfactory results (Entry 14). Surprisingly, the
nature of aromatic ring in 1a–m did not appreciably influence the
reactivity in terms of the % yield. Parent nitrostyrene 1g which is
highly prone to polymerization and its analogues 1k and 1m with
strongly electron withdrawing and electron donating substituents,
respectively, reacted remarkably well providing the adducts 3g, 3k
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Table 1 The MBH reaction of nitroalkenes 1 with DIAD 2aa in the presence of 100 mol% imidazole in THF or 100 mol% DMAP in acetonitrile at
room temperature


Imidazole (a) DMAP (b)


Entry 1 R Time/h Yield (%)b Time/h Yield (%)b


1 1a 2-Furyl 4 98 3 1
4


85
2 1b 2-Thienyl 4 1


4
94 3


4
86


3 1c 3-Furyl 2 3
4


100 1 1
2


87
4 1d 3-Thienyl 2 98 3


4
83


5 1e (4-Cl)Ph 3
4


93 1
2


70
6 1f (4-OMe)Ph 4 98 2 84
7 1g Ph 3


4
83 1


2
78


8 1h 3,4-(OCH2O)Ph 2 92 2 82
9 1i 3,4-(OMe)2Ph 6 99 2 81


10 1j (4-CF3)Ph 1
2


93 1
4


43d


11 1k (4-NO2)Ph 1
2


84 1
4


68
12 1l (3-OMe,4-OH)Ph 6 97 2 79
13 1m (4-NMe2)Ph 24 86c 8 46e


14 1n n-C6H13 48 f 1 g


a 1.5 equiv. for imidazole catalyzed reaction and 1.3 equiv. for DMAP catalysed reaction. b Isolated yield of 3 after column chromatography. c 11% of 1m
was recovered. d Complete consumption of 1j was observed. e 35% of 1m was recovered, there was no further progress after 8 h. f Complex mixture. g 1n
polymerized.


and 3m, respectively, in well over 80% yield under the imidazole
catalyzed conditions (Table 1, Entries 7a, 11a and 13a). The
reaction times were indeed less for parent nitrostyrene 1g and its
analogs with electron withdrawing groups at the para position 1e,
1j and 1k (Table 1, Entries 7, 5, 10 and 11). In general, the reaction
time exceeded 6 h only for nitrostyrene with a strongly electron
donating group at the para position, i.e. 1m (Table 1, Entry 13).


Although the yields of MBH adducts 3a–m from DMAP
catalyzed reactions were less impressive (Table 1, Entries 1b–
13b) as compared to that from the imidazole catalyzed reactions
(Entries 1a–13a), complete conversion of 1 was observed in
satisfactory reaction time except in the case of 1m (Entry 13).


Finally, Table 2 shows that diethyl azodicarboxylate (DEAD)
2b is equally effective as an electrophilic aminating agent for our
b-substituted nitroalkenes (for e.g. for 1a and 1f, Entries 1 and
2). On the other hand, diamide 2c was found to be an ineffective
electrophile under our optimized conditions (Table 2, Entry 3).
Entries 4–6 (Table 2) show that while b-substituted cyclic enone 4
reacts with 2a, acyclic enone 5 and acrylate 6 are unreactive.


The (E) geometry of MBH adducts 3 and 7 was determined
by analysis of the 1H–1H NOESY spectrum of a representative
compound 3a (see ESI†). The positive NOE interaction between
the furyl protons and the Me protons of the i-Pr group taken
together with the absence of any NOE interaction between the
styrenic proton and the Me protons of the i-Pr group were the


basis for this assignment. Subsequently, the single crystal X-ray
analysis of a representative system 3a (Fig. 1)21 unambiguously
established the structure and (E) geometry of the double bond in
3 and 7. In particular, a dihedral angle of close to 180◦ between C4


and N1 and partial double bond character for the C-N bonds of
the hydrazino dicarboxylate moiety were apparent from the X-ray
data (see ESI†).


Fig. 1 ORTEP diagram of 3a.


Interestingly, all the MBH adducts 3a–m, 7a and 7f exhibited
dynamic phenomenon on NMR time scale. For instance, 1H NMR
spectra recorded for 3f in the temperature range −40 to +55 ◦C
(233–328 K) showed broad resonances at room temperature for
the Me group, the styrenic proton and the aromatic protons
meta to OMe, sharp averaged signals at elevated temperature
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Table 2 The MBH reaction of activated alkenes 1, 4–6 with azo compounds 2a–ca in the presence of 100 mol% imidazole in THF or 100 mol% DMAP
in acetonitrile at room temperature


Imidazole (a) DMAP (b)


Entry 1 2 7–11 Time/h Yield (%)b Time/h Yield (%)b


1 1a 2b 7a 3 1
2


95 2 75
2 1f 2b 7f 2 1


4
94 2 1


4
87


3 1f 2c 8 24 NRc 24 NRc


4 4 2a 9 72 52 120 38d


5 5 2a 10 168 NRc 72 NRc


6 6 2a 11 168 NRc 168 NRc


a 1.5 equiv. for imidazole catalyzed reaction and 1.3 equiv. for DMAP catalysed reaction. b Isolated yield of 7–11 after column chromatography. c No
reaction. d 28% of 4 was recovered.


and sharp but multiple signals at low temperature (Fig. 2a–c).
Even at +55 ◦C, the i-propyl Me of one of the ester groups,


Fig. 2 1H NMR Spectra of 3f recorded at (a) 223 K, (b) 293 K and (c)
328 K.


was broad (Fig. 2c). This is attributable to the anisotropy of the
carbonyl group which arises from restricted rotation about the
C–N bond(s) of the hydrazino dicarboxylate moiety which has
partial double bond character. The dynamic phenomenon due to
a possible tautomerism involving the NHCO2Pri group was ruled
out as the product arising from N-allylation of 3a also exhibited
similar phenomenon. An independent phenomenon involving
atropisomerism about the Ca–N bond due to the presence of a
b-substituent22 also appeared unlikely because similar broadening
of peaks was observed in b-unsubstituted products, e.g. arising
from MVK and 2a.23


In conclusion, novel b-substituted a-hydrazinonitroalkenes have
been synthesized in excellent yields in a very simple, one-pot, atom
economical fashion from readily available b-substituted conju-
gated nitroalkenes and azodicarboxylates in short reaction times.24


It is for the first time, to our knowledge, b-substituted activated
alkenes have been transformed to their a-hydrazino derivatives
under the MBH conditions. Our studies also establish the fact
that nitroalkenes, whose reactivity as MBH substrates remained
obscure until recently, are, in fact, amenable for the synthesis of
novel embellished molecules with interesting properties. Future
efforts will be focused on the application of other N-centered
electrophiles in the MBH reaction of nitroalkenes as well as on
the synthetic and biological applications of these nitrogen rich
multifunctional molecules.
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294436. For crystallographic data in CIF or other electronic format see
DOI: 10.1039/b604899d.


22 For a recent report on the atropisomerism of arylhydrazino dicarboxy-
late: S. Brandes, M. Bella, A. Kjaersgaard and K. A. Jørgensen, Angew.
Chem., Int. Ed., 2006, 45, 1147.


23 This was independently verified by us by preparing the MBH adduct
of MVK and 2a under the reported conditions: Ref. 5. The results of
detailed NMR studies will be reported in the full paper.


24 Indian Patent Application No. 1410/MUM/2005.
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Polymer incarcerated platinum catalysts (PI Pt) were con-
veniently prepared from PtCl2(COD) or H2PtCl6·6H2O and
styrene copolymers via reduction of the Pt sources with tri-
ethylamine, coacervation, and cross-linking. The Pt catalysts
have been successfully applied to catalytic hydrogenation
including saturation of heterocyclic compounds.


Recently the great importance of polymer supported metal cata-
lysts has been recognized for both academic and industrial use in
the aspects of economical and safe use of expensive or toxic metals.
In the course of our continuous study to develop highly active
polymer-supported metal catalysts,1 we have already reported
the preparation of a polymer incarcerated platinum catalyst (PI
Pt), which was prepared from Pt(PPh3)4 and styrene copolymers.2


Although this PI Pt effectively catalyzed hydrosilylation of olefins,
it did not work well as a catalyst for hydrogenation. The instability
of Pt(PPh3)4 in air also prompted us to invent other versatile
and convenient methods to prepare PI Pt from other Pt sources
for effective hydrogenation.3 In this paper, we disclose a new
preparation method of PI Pt from platinum salts such as platinum
dichloride cyclooctadiene complex, PtCl2(COD). The application
of PI Pt to hydrogenation is also described.


The preparation of PI Pt was first examined using PtCl2(COD)
and styrene copolymers according to our procedure for PI catalysts
by using THF and hexane as solvents (Table 1).1 As reducing
agents, hydrogen and hydrazine afforded no immobilized platinum
clusters, because the reduction of PtCl2(COD) was too fast and
platinum metal precipitated immediately (Entries 1 and 2). In the
case of sodium borohydride, no cross-linking proceeded after the
coacervation with hexane (Entry 3). As a reducing agent, silanes
were tried next and triethylsilane gave a satisfactory result to
afford the desired PI Pt (Entry 5). In this catalyst, the cluster
size of Pt was less than 1 nm by transmission electron microscope
(TEM) analysis. However, this procedure was not reproducible
presumably due to poor solubility of PtCl2(COD) in THF. In
fact, when the solvent was changed to dichloromethane which
dissolved PtCl2(COD) well, PI Pt was obtained reproducibly
(Entry 6). The Pt loading value of this PI Pt determined by
fluorocene X-ray analysis (XRF) was 0.142 mmol g−1. Hydrogen
hexachloroplatinate hexahydrate (H2PtCl6·6H2O) was also found
to be a good platinum source of the PI Pt (Entry 7). PI Pt
with a higher loading level (0.286 mmol g−1) was prepared from
H2PtCl6·6H2O and triethylsilane by the similar procedure. In this
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Table 1 Preparation of PI Pt from Pt salts and copolymer


Entry Pt source
Reducing
agent


Pl Pt
yield/mg


Pt loading/mmol g−1


cat (recovery, %)


1 PtCl2(COD) H2 0a —
2 PtCl2(COD) NH2NH2 0a —
3 PtCl2(COD) NaBH4 0b —
4 PtCl2(COD) HSi(OEt)3 218 Not determinedc


5d PtCl2(COD) HSiEt3 162 0.193 (78%)
6e PtCl2(COD) HSiEt3 199f 0.142 (71%)
7 H2PtCl6·6H2O HSiEt3 143g 0.286 (quant.)


a Pt metal precipitated. b No cross-linking proceeded. c Huge clusters were
obtained. d Not reproducible. e Dichloromethane and methanol were used
as solvents. f Clusters of less than 1 nm size were observed by TEM analysis.
g Clusters of 2–3 nm size were observed.


case, THF and hexane were used as solvents and the cluster size
of this PI Pt observed by TEM was 2–3 nm.


The reactivity of the PI Pt catalysts prepared was tested
by hydrogenation of nitrobenzene in THF under atmospheric
pressure of hydrogen (Table 2). As expected, with 1 mol% of the
PI Pt catalyst prepared from PtCl2(COD), the reaction completed
within 1 hour to give aniline quantitatively and no leaching of
Pt from the catalyst was observed by XRF analysis. By contrast,
6 hours were required to finish the same hydrogenation with the
PI Pt prepared from Pt(PPh3)4 and 19% leaching of the platinum
was observed. For comparison, PI Pd was also applied to this
reaction. Reactivity of the PI Pd was moderate to complete the
hydrogenation in 3 hours. It should be noted that the PI Pt from
PtCl2(COD) gave higher activity than the PI Pt prepared from
Pt(PPh3)4. In addition, the PI Pt from PtCl2(COD) could be reused
at least 5 times repeatedly for the reaction without loss of activity
and no Pt leaching was observed in each run. It should be also
mentioned that the cluster size of the PI Pt did not change after 5
runs.
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Table 2 Hydrogenation of nitrobenzene catalyzed by PI catalysts


Entry Pl catalyst Time/h Yield (%) Leaching (%)a


1 Pl Pt from PtCl2(COD) 1 Quant. NDb


2 Pl Pt from Pt(PPh3)4 6 Quant. 19
3 Pl Pd 3 Quant. NDb


a Measured by XRF analysis. b Not detected (<2%).


Next the PI Pt catalyst was applied to the hydrogenation of
various substrates (Table 3). In most cases, alkenes and alkynes
were smoothly hydrogenated with 1 mol% PI Pt prepared from
PtCl2(COD) in THF at room temperature under atmospheric
pressure of hydrogen. The sterically hindered C–C double bond
of cholesterol was hydrogenated to give cholestanol in 80% yield
after 24 hours with 5 mol% PI Pt prepared from H2PtCl6·6H2O
(Entry 5).4 In the case of quinoline, 80 hours were required to
complete the hydrogenation to afford tetrahydroquinoline in 82%
yield (Entry 6). In all cases tested, no leaching of platinum metal
was observed by XRF analysis.


Table 3 Hydrogenation of various substrates catalyzed by PI Pt


Entry Substrate Product (yield, %)


1


2


3


4


5b Cholesterol


6 Quinoline


All reactions were performed at room temperature under atmospheric
pressure of hydrogen. In all entries except entry 5, 1 mol% of Pl Pt
prepared from PtCl2(COD) and THF as solvent were used. Reaction
time was 1 h for entries 1–4, 24 h for entry 5, and 80 h for entry 6. In
all entries, no leaching of Pt was detected by XRF analysis (<2%).a The
yield was determined by NMR analysis. b 5 mol% of Pl Pt prepared from
H2PtCl6·6H2O and dichloromethane as solvent were used. 20% of starting
material was recovered.


Table 4 Selective hydrogenation catalyzed by PI Pt


Entry Substrate Product (yield, %)


1


2


3


4a


In all entries, reaction time was 1 h. In all entries except entry 4, the
reactions were performed in THF at room temperature under atmospheric
pressure of hydrogen with 1 mol% of Pl Pt prepared from PtCl2 (COD).
No leaching of Pt was observed by XRF analysis (< 2%).a The reaction
was conducted in methanol–THF (1 : 1) under 5 atm pressure of hydrogen
with 5 mol% Pl Pt prepared from H2PtCl4·6H2O.4 No leaching of Pt was
observed by ICP analysis (< 0.06%).


Finally selective reduction with PI Pt catalyst was tried by using
multi-functionalized substrates (Table 4). Alkene, alkyne and nitro
groups were hydrogenated selectively in the presence of O-benzyl
or aromatic halogen substituents (Entries 1 to 3). Hydrogenation
of the pyridine ring is a characteristic transformation by platinum
catalysts.5 As shown in Entry 4, hydrogenation of the pyridinium
salt successfully proceeded in the presence of indole and benzene
rings to give the analgesic compound6 in 95% yield with 5 mol%
PI Pt prepared from H2PtCl6·6H2O under 5 atm pressure of
hydrogen.4 In this reaction, no leaching of Pt was detected by
ICP analysis which detection limit was 0.06%.


In summary, a practical method to prepare a PI Pt catalyst
has been developed by using PtCl2(COD) or H2PtCl6·6H2O
as a Pt source and triethylsilane as a reductant. This catalyst
was successfully applied to hydrogenation of various substrates.
Further study to synthesize biologically active compounds and to
prepare chemical libraries for drug discovery research with this
catalyst is now in progress.


Preparation of the copolymer


The copolymer was prepared according to the literature.1f


The molar ratio of the components was determined by 1H NMR
analysis (x : y : z = 89 : 7 : 4). Mw: 23189, Mn: 8258, Mw/Mn = 2.81
(gel permeation chromatography analysis).


Preparation of the PI Pt from PtCl2(COD)


To a stirred solution of the copolymer (1.00 g) and triethylsilane
(0.32 cm3, 2.0 mmol) in dichloromethane (10 cm3) was added
dropwise PtCl2(COD) (75 mg, 0.20 mmol) in dichloromethane
(10 cm3) at 40 ◦C. The mixture was stirred at this temperature
for 3 h, and then methanol (150 cm3) was slowly added for
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coacervation. The resulting mixture was left at room temperature
overnight and the supernatant liquid was removed by decantation.
The residual dark brown solid was heated at 120 ◦C for 2 h,
washed with THF, and dried in vacuo to afford PI Pt (996 mg).
Pt loading amount was 0.142 mmol g−1 determined by XRF after
decomposition of the catalyst with sulfuric acid and nitric acid at
180 ◦C for 2 h. The loading yield of Pt was 71%.


Typical procedure for hydrogenation catalyzed by the
PI Pt


Nitrobenzene (131 mg, 1.07 mmol) was dissolved in THF (5 cm3)
and hydrogenated with PI Pt (75 mg, 0.0107 mmol Pt, 1 mol%) at
room temperature under atmospheric pressure of hydrogen. The
reaction was monitored by TLC. After completion of the reaction,
the mixture was filtered and the PI Pt was recovered (69 mg,
92%).7 The filtrate was concentrated in vacuo and Pt leaching was
measured by XRF. The crude product was purified by silica gel
column chromatography eluted with chloroform–methanol–25%
aqueous ammonia = 190 : 9 : 1 to give aniline as colorless oil
(99 mg, quant.).8
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